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Chapter

Introduction

The concept of the heterostructure is one of the most important pillars of solid state
physics [Mit99]. Initiated by technological advances such as the invention of molecular
beam epitaxy at the Bell laboratories [Cho70], the deterministic fabrication of atom-
ically sharp interfaces between different materials has allowed to realize and study
quantum mechanical model systems, such as potential wells or tunnel barriers. There,
quantum confinement is enabled by the small dimensions of the devices in the nanome-
ter regime, which are comparable to the extent of the electronic wave function. The re-
sulting novel experimental playground allows one to test the predictions from quantum
mechanics and led to fundamental discoveries such as the observation of the quantum
Hall effect in a two-dimensional electron system [K1i80].

At the same time, the enormous technological advancements and the resulting economic
progress over the last decades can be traced back in substantial parts to the develop-
ment and steady miniaturization of solid-state heterostructures. Numerous building
blocks of modern information technology such as thin-film transistors, light-emitting
diodes or lasers could be realized via this building principle. The importance of these
developments was highlighted with the Nobel Prize in physics in 2000 for Kroemer,
Kilby and Alferov for “developing semiconductor heterostructures used in high-speed-
and opto-electronics” and “the invention of the integrated circuit”. Therefore it is
obvious that the continuous improvement and evolution of heterostructure systems is
of fundamental importance for both basic scientific research and technological appli-
cations. In this respect, the ultimate limit of miniaturization in vertical dimensions
is strictly predetermined by the thickness of a single atomic layer, which is in the

sub-nanometer regime.



1 Introduction

Recently, the notion of the heterostructure was greatly expanded by the discovery
of atomically thin van der Waals crystals. This novel research field was initiated by
the successful isolation of graphene as a monolayer of sp?-hybridized carbon [Nov04].
Due to their thickness of only one atomic layer, such monolayers represent the ulti-
mate quantum limit in two dimensions. The peculiar electronic properties of graphene
[Cas09] allowed for the observation of unique fundamental phenomena such as the
half-integer quantum hall effect [Nov05a, Zha05] or Klein tunneling [You09].

However, the lack of a band gap strongly hampers the implementation of graphene
into optical devices and applications or thin-film field effect transistors. Novoselov et
al. [Nov05b] demonstrated in 2005 that the isolation of monolayer crystals by mechan-
ical cleavage is readily extendable to other van der Waals materials such as MoSy or
NbSe,. Specifically, MoSs belongs to the family of transition metal dichalcogenides
(TMDCs) and is an indirect semiconductor in its bulk form [Gou97]. Five years later,
by using photoluminescence spectroscopy the seminal experimental works by Mak et
al. [Mak10] and Splendiani et al. [Spl10] demonstrated that MoS, is a direct band gap
semiconductor in its monolayer form. These studies marked the beginning of the vi-
brant research field of two-dimensional semiconductors, which experienced a staggering

growth ever since.

The optical transitions in atomically thin TMDCs are governed by the formation and
dissociation of Coulomb-bound quasiparticles, so-called excitons [Klil2]. As a com-
posite many-body state, an exciton consists of an electron and a hole and can be
understood as an elementary excitation in a semiconductor. Due to the spatial con-
finement and the reduced dielectric screening in monolayer TMDCs, excitons in these
materials possess binding energies on the order of 0.5eV and are thus highly stable
even at room temperature [Wanl18]. As a result, the fundamental optical properties in
these materials are determined by pronounced excitonic resonances, with up to 20 %
light absorption in the monolayer limit depending on the energetic region [Lil4a]. This
strong interaction further enables the formation of more intricate many-body states
such as charged excitons [Mak13] and excitonic molecules in the form of biexcitons
[Youls).

Moreover, owing to the crystal structure in monolayer TMDCs combined with strong
spin-orbit interaction, a peculiar coupling of spin and the global extrema in momen-
tum space, so-called valleys, emerges. This spin-valley coupling can be harnessed to
optically address and read out a valley polarization using circularly polarized light
[Xial2, Mak12, Zenl2]. In analogy to the concept of spintronics, which makes use

of the spin as the information carrier, this gives rise to the field of valleytronics in



two-dimensional materials, where the so-called valley pseudospin serves as a switch-
able quantity [Sch16]. In recent years, this has led to the observation of fascinating
fundamental phenomena such as the valley Hall effect [Mak14] or ultrafast switching
of the valley pseudospin on subcycle timescales [Lan18].

Atomically thin crystals are not only subject to intriguing physics, they can also serve
as building blocks for a fundamentally novel type of heterostructure, the so-called van
der Waals heterostructure [Geil3]. In such a system, the different functionalities of the
individual monolayers can be combined to create an entirely novel material platform
in the ultimate thickness limit. Over the last years, a variety of transfer techniques
was developed to deterministically fabricate heterostructures consisting of different van
der Waals crystal sheets [Fril8b]. In stark contrast to artificially grown semiconductor
heterostructures such as AlGaAs/GaAs, van der Waals heterostructures are not subject
to lattice matching conditions due to the chemically saturated surfaces. As a result,
the twist angle between different layers emerges as a hitherto inaccessible degree of
freedom. The sheer endless parameter space of van der Waals heterostructures renders
these structures one of the currently most promising testbeds of condensed matter
physics.

Naturally, it can be expected that the properties of excitons in TMDC-based het-
erostructures can strongly deviate from their physical behavior in the individual mono-
layers. Novel excitonic physics in heterostructures could, for instance, stem from the
varying dielectric environment or the interaction between different TMDC monolayers.
This calls for detailed optical studies to advance our understanding of light-matter
interaction in such systems.

In this thesis, photoluminescence (PL) spectroscopy is employed to shed light on the
physics of excitons in van der Waals heterostructures. Two distinct heterostructures
will be fabricated and thoroughly investigated during the course of the work. The
first material platform is an atomically thin vertical heterostructure consisting of two
different semiconducting monolayer TMDCs, WSe; and MoSey. In this system, the
spatial separation of electrons and holes gives rise to a novel excitonic species, called
interlayer exciton. Due to their comparatively long lifetimes in the nanosecond regime,
these excitons are particularly promising for future applications [Riv18]. In the second
part, a semiconducting monolayer of WS, is encapsulated by two thin sheets of the
insulating hexagonal boron nitride (hBN). The surrounding by hBN will allow to study
the excitonic resonances of the monolayer TMDC with a drastically reduced spectral
linewidth. In particular, this will positively affect the observation of biexcitons and

the subsequent investigation of this many-body state in high magnetic fields.



1 Introduction

This thesis is structured as follows: Chapter 2 gives a brief overview of the most
important theoretical foundations for this thesis. This includes the band structure and
the properties of excitonic quasiparticles in monolayer TMDCs, along with the intricate
valley physics in these systems. Furthermore, the concept and realization of van der
Waals heterostructures will be described in more detail.

Subsequently, chapter 3 elaborates on the experimental techniques employed during
this work. The photoluminescence setup is presented, including the realization of
time-resolved measurements and the magneto-PL studies at the High Field Magnetic
Laboratory in Nijmegen. Additionally, the sample fabrication of van der Waals het-
erostructures by a deterministic transfer approach is discussed.

In chapter 4, a detailed spectroscopic study of interlayer excitons in a WSes/MoSe,
heterostructure is presented. This involves the investigation of the dynamics and in-
teraction effects of this excitonic species. Moreover, magneto-PL studies on interlayer
excitons in high magnetic fields reveal the peculiar valley physics of the investigated
heterostructure.

The experiments presented in chapter 5 deal with the physics of biexcitons in an hBN-
encapsulated monolayer WSy, The encapsulation with hBN gives access to spectrally
ultra-narrow linewidths of all excitonic features, including the biexciton. By employing
magneto-PL measurements, further insight on the momentum space structure of this
many-body state will be gained.

The experimental findings and the resulting conclusions are summarized in chapter 6

together with an outlook on possible future research directions.



Chapter 2

Theoretical foundations

2.1 Basic properties of atomically thin transition

metal dichalcogenides

2.1.1 Crystal structure

Transition metal dichalcogenides are a class of materials with the chemical formula
MXs, where M is a transition metal from subgroup IV, group V or group VI of the
periodic table and X is a chalcogen. The focus of this thesis will be on TMDCs,
where the transition metal is either molybdenum (Mo) or tungsten (W) from group
VI and the chalcogen is either sulfur (S) or selenium (Se), resulting in four different
compounds, namely MoS,, MoSey;, WSey and WS,. These four configurations are
all semiconducting and can be considered the most commonly studied systems for
optical experiments within the family of TMDCs. While the research on TMDCs in
the atomically thin limit has just emerged over the past couple of years, the structural
properties of the respective bulk systems have already been examined in detail many
decades ago. The first basic study on the crystal structure of a TMDC was published

in 1923 by Linus Pauling on the prototypical material MoSs [Dic23].
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Figure 2.1 (a) Trigonal prismatic unit cell of a MXy TMDC. (b) Arrangement of the
hexagonal crystal lattices in a monolayer TMDC.
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2 Theoretical foundations

Naturally occurring TMDCs crystallize either in the 2H or 3R stacking order, whereas
the 2H type is much more commonly found. Therefore, only crystals of the 2H polytype
will be treated in the following and studied experimentally in this work. The relevant
unit cell is trigonal prismatic, where the transition metal is in the center and the six
chalcogen atoms are situated at the corners of the cell, see Fig. 2.1(a). The distance
between the chalcogen atoms in the same plane is given by a, and b is the separation
between a chalcogen atom and a transition metal. The height of a single monolayer
is determined by 2u. In general we have 2u = a and b = \/ga for the trigonal
prismatic unit cell. Using values for the prototypical TMDC MoS, [Wil69], we obtain
a=3.16A, b =241 A resulting in a thickness of a monolayer of about 6 A. The related
space group of the monolayer is Ds;,. Note that the monolayer lacks an inversion center,
giving rise to the coupling of the spin and valley degree of freedom, see section 2.3. The
crystal arrangement of a monolayer TMDC is further depicted in Fig. 2.1(b), showing
that one monolayer consists of three hexagonal lattices of a single type of atoms in a

honeycomb-like arrangement.
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Figure 2.2 | (a) Top view of the crystal structure of 2H TMDCs. (b) Side view of the 2H
crystal structure, where the unit cell that reconstructs the whole lattice is indicated in green.
The red dot together with the respective red lines indicate the center of inversion, present
in any even-layered 2H TMDC crystal. The chalcogen atoms in the upper layer are situated
exactly above the metal atoms in the lower layer, as indicated by the dashed lines.

Stacking individual monolayers on top of each other results in a bulk crystal that follows
a Dgp, point symmetry group. A top view of such a 2H TMDC is depicted in Fig. 2.2(a),
which highlights the honeycomb-like configuration of the atoms. In the case of the 2H
polytype, which can be described by a bilayer system, the two monolayers are rotated
by 60° with respect to each other and the transition metals of the upper layer are
situated exactly above the chalcogen atoms of the second layer, see Fig. 2.2(b). As
can be deduced from Fig. 2.2(b), the bilayer has an inversion center in the middle of
the van der Waals gap (red dot), as the whole lattice can be reconstructed by the unit

cell indicated in green. Consequently, even-numbered 2H TMDCs are always inversion-



2.1 Basic properties of atomically thin transition metal dichalcogenides

symmetric, while odd-numbered are not. It is important to note that strong covalent
bonds act within a single monolayer while the bonding between the stacked monolayers
follows from comparatively weak van der Waals forces. The resulting anisotropy of the
binding forces enables the mechanical exfoliation of TMDCs, in analogy to graphene,

down to the monolayer limit [Nov04, Nov05b], see section 3.2.

2.1.2 Band structure, spin-orbit interaction and

photoluminescence
Electronic band structure

A thorough understanding of the electronic band structure of a semiconductor is of
key importance since the optical properties are largely determined by the energetic
configuration in momentum space. In this respect, the gradual transition in TMDCs
from an indirect gap in the bulk to a direct band gap in the monolayer limit [Mak10,
Spl10] is largely responsible for the tremendous scientific interest of solid-state research
in atomically thin materials. To start with, the Brillouin zone of typical TMDCs such
as MoSs or WSe;, is schematically depicted in Fig. 2.3(a). As can be seen, due to
the hexagonal lattice in real space (see Fig. 2.2), the Brillouin zone also exhibits a
hexagonal shape. The most important points of high symmetry are the I' point in the
center and the K points at the corners. A cut-through in the (001)-plane is shown
in Fig. 2.3(b). The two inequivalent K points in the two-dimensional Brillouin zone,
called K™ and K™, result from the fact that the crystal structure of TMDCs is based
on two inequivalent sublattices [Bro72].

In the case of bulk TMDCs, both time-reversal symmetry E;(k)=E,(—Fk) and inversion
symmetry E4;(k)=F3(—k) hold, where E; | (k) is the energy of the respective spin state

at a certain wave vector k. This results in the Kramers degeneracy E;(k)=E| (k) for

Figure 2.3|(a) The Brillouin zone of a bulk 2H TMDC and the corresponding high-
symmetry points. (b) The hexagonal Brillouin zone in the 2D limit with the I" point and the
two inequivalent K™ and K~ points.



2 Theoretical foundations

the different spin states in bulk TMDCs.

First band structure calculations for bulk TMDCs, mainly on MoS,, date back to the
1970s and reported an indirect gap resulting from a global maximum of the valence
band at the I' point and a global minimum of the conduction band between the I and
the K point [Bro72, Mat73a, Mat73b]. However, it was generally assumed that atomi-
cally thin TMDCs are unstable under ambient conditions until the first experimental
exfoliation of graphene in 2004 [Nov04], which could explain the general lack of theo-
retical studies for the two-dimensional case. Following early calculations of the band
structure of monolayer TMDCs [Alb02, Li07], the work by Lebegue et al. [Leb09] is
considered the first study to suggest the direct band gap of monolayer MoS,, which was
confirmed by various following works [Mak10, Spl10, Kucll, Yunl2, Zhal3b, Roll4].
The evolution of the bandgap with decreasing layer thickness for two prototypical
TMDCs, namely MoS,; and WS,, is shown in Fig. 2.4.

MoS,, bulk MoS, bilayer MoS, monolayer
- 0.2 |t o2
o Z§
©
i 0 7J[K7 0
i &g
0.2 >4 0.2
M K r
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o
W

VNN
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N

-

r M K rr M K rr M K

Figure 2.4 | Band structure calculations of MoSs and WSy performed by DFT for the case of
bulk, bilayer and monolayer. The highest-lying valence band and the lowest-lying conduction
band are marked in blue and green respectively. The position of the energetically lowest band
gap is indicated by arrows. Figure taken from [Kucll].

With decreasing number of layers, the fundamental indirect gap increases until the
monolayer limit, where the material becomes an atomically thin direct gap semiconduc-

tor. Qualitatively, this transition can be understood by analyzing the atomic orbitals



2.1 Basic properties of atomically thin transition metal dichalcogenides

contributing to the states near the I" and K points, which will be shortly discussed in
the following for the case of MoS, but is largely applicable to the other semiconduct-
ing TMDCs [Spl10, Kucll]. The density of states at the I point comprises a linear
combination of d-orbitals from molybdenum and antibonding p,-orbitals originating
from sulfur. The latter are highly sensitive to the surrounding and therefore also to
the number of crystal layers. In contrast, the states at the K points are mostly com-
posed of strongly localized d-orbitals of the transition metal, thus largely unaffected
by the adjacent layers. Hence, by gradually thinning down the crystal, the states at
the I' point change their energy to higher levels while the energetic splitting at the K
points remains basically the same, finally resulting in a direct gap at the K point in

the monolayer limit.

Spin-orbit interaction

Additionally, to fully describe the electronic band structure of monolayer TMDCs, it
is necessary to include the influence of spin-orbit interaction arising from the metallic
d-orbitals [Zhull, Xial2, Zenl3]. For crystals with broken inversion symmetry, the
Kramers degeneracy Ei(k)=E| (k) is lifted. In combination with the effect of spin-orbit
interaction, this results in a spin-dependent split-up of conduction and valence bands
at various points in the Brillouin zone [Xial2, Xul4]. As both conduction and valence
band show an energetic splitting, the spin degeneracy is fully lifted, leading to chiral
optical selection rules, which will be discussed in more detail in section 2.3.

For the valence band maximum at the K points, the splitting has a positive value for
all studied monolayer TMDCs in this thesis and is on the order of a few hundreds of
meV [Chel2, Xial2, Zhald, Miwl5] with good agreement between experimental and
theoretical values (see Table 2.1). The large energy scale of the splitting results from
the non-linear scaling of the spin-orbit interaction with the atomic number Z based
on the approximation known from atomic physics (o Z4) taking into account that
molybdenum (Z =42) and tungsten (Z =T72) are relatively heavy atoms. The influence
of spin-orbit interaction on the valence band splitting is also shown in Fig. 2.5(a) for the
case of monolayer MoSe,. Experimentally, the energetic splitting of the valence band
due to spin-orbit interaction is accessible by angle-resolved photoemission spectroscopy
(ARPES), as shown in Fig. 2.5(b) for the representative case of monolayer MoSes.
Since this technique relies on exciting electrons from occupied states below the Fermi
level into vacuum, it is only possible to determine the structure of the valence band.
At the conduction band minimum, a smaller but also significant splitting arises due

to an admixture of chalcogen p-orbitals and dy,- and dy,-orbitals from the transition
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Figure 2.5 | (a) DFT band structure calculations for monolayer MoSes with (black line)
and without (red dotted line) inclusion of spin-orbit interaction. Figure taken from [Zhull].

(b) Second derivative of angle-resolved photoemission spectra (ARPES) of monolayer MoSes,
demonstrating the valence band splitting at the K point. Figure taken from [Zhal4].

metals. Importantly, theoretical calculations predict that the sign of the conduction
band splitting depends on the relative strength of these contributions, resulting in a
positive splitting for molybdenum-based TMDCs (MoSs and MoSe;) and a negative
splitting for tungsten-based TMDCs (WS, and WSe,) [Ko$13, Korl5]. Experimentally,
the negative sign of the conduction band splitting in WX, compounds and the positive
sign in MoSe, has been confirmed by temperature-dependent PL studies [Zhal5c] and
measurements with transverse magnetic fields [Zhal7b, Moll7]. However, the sign
of the conduction band splitting in MoS, is still under debate due to contradicting
experimental results. Table 2.1 summarizes a selection of theoretical and experimental

values of the conduction- and valence band splitting of the relevant monolayer TMDCs.

I\/IOSQ 1\’10862 WSZ VVSEQ
Ago,y (meV) Theo. | 148 [Zhull] 183 [Zhul1] 426 [Zhull] | 456 [Zhull]
Agov (meV) Exp. 132 [Zhalbd] | =180 [Zhal4d] | 410 [Zhal3a] | 426 [Zhal3a]
Ago (meV) Theo. 3 [Korl5] 22 [Korl5] 32 [Korl5] 37 [Korl5]
Agoc (meV) Exp. ~1 [Marl7] | ~30 [Wanl7b] | -55[Wanl7a] | ~46 [Zhal7b]
~-100 [Mol17) 40 [Wan17a]

Table 2.1: Theoretical and experimental values of the spin-orbit splitting Ago for the
conduction- and valence band at the K point for different TMDCs.

The presented experimental and theoretical values for the spin-orbit splitting are not
fully comparable, as the experimental values include the electron-hole Coulomb ex-

change energy, which is not considered in the theoretical calculations.
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2.1 Basic properties of atomically thin transition metal dichalcogenides

Photoluminescence of monolayer TMDCs

The tremendous interest in atomically thin TMDCs was sparked by two experimental
studies on the photoluminescence properties of MoS, in dependence of the number of
layers [Mak10, Spl10]. Generally, photoluminescence is understood as the emission of

photons in a material after excitation by an external light source, usually a laser.

(a) -, Conductionband . (b)
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14 16 18 20 22
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Figure 2.6 | (a) Schematic photoluminescence process in a direct gap semiconductor: (1)
Excitation of an electron to the conduction band by a laser above the band gap. (2) Electrons
and holes relax towards the direct band gap by emission of phonons. (3) Radiative recom-
bination leads to the emission of a photon. (b) PL of monolayer (red) and bilayer (green)
MoSs. The inset shows the quantum yield of the material depending on the number of layers.
Figure taken from [Mak10].

On a basic level, the process leading to photoluminescence in a semiconductor can be
described by a three-step model, as depicted in Fig. 2.6(a). First, the excitation by a
laser with a photon energy larger than the bandgap of the material excites an electron
from the valence band to the conduction band, leaving a positively charged hole in the
valence band behind (1). In the following, electrons and holes relax to the bottom of
the conduction band and the top of the valence band under the momentum-conserving
emission of phonons (2). Finally, electron and hole recombine at the direct band gap
leading to the emission of a photon (3). Momentum conservation during excitation
and recombination leads to approximately vertical transitions in the E-k diagram (see
Fig. 2.6(a)) due to the negligible momentum of photons.

The indirect to direct band gap transition from bulk to monolayer TMDCs as discussed
previously can be readily observed in PL experiments (see Fig. 2.6(b)). In the case of
an indirect band gap (bulk down to bilayer), the PL is strongly suppressed since an
additional phonon is required for the emission of a photon to fulfill momentum conser-

vation. However, the PL drastically increases (red line in Fig. 2.6(b)) in the case of

11



2 Theoretical foundations

monolayer MoSy due to the direct band gap of the material. The strong increase of PL
intensity from the bulk crystal to the monolayer limit was also observed in the other
prominent semiconducting TMDCs (see [Tonl3, Zhal3a] for the first layer-dependent
PL experiments on MoSez, WSey and WSs) directly confirming the theoretical predic-

tions of a band gap transition.

2.2 Excitonic quasiparticles in monolayer TMDCs

Up to now, we have treated the properties of photo-excited electrons and holes by
the band structure within the single-particle approximation. However, to adequately
describe the optical properties of atomically thin TMDCs, it is of fundamental impor-
tance to include the effects of Coulomb interaction between the created electron-hole
pair. The resulting correlated quasiparticle is called an exciton [Yul0, Kli12].
Excitons in solids can be usually separated into two limiting cases, either Frenkel-like
or Wannier-Mott-like, depending on the spatial extent of the exciton and the related
binding energy of the electron-hole pair. Frenkel excitons are strongly localized and
exhibit an approximate electron-hole separation on the order of the lattice constant,
leading to large binding energies of about 0.1-1eV [Fre31, Barl4]. They are found in
materials with a low dielectric constant, for instance in molecular crystals. Wannier-
Mott excitons, on the other hand, are typically present in inorganic semiconductors
such as GaAs with a high dielectric constant [Wan37, Rid13]. Due to the strong di-
electric screening, Wannier-Mott excitons are weakly bound and can move quasi-freely
through the crystal. Consequently, their radius is much larger than the lattice spacing
and the binding energy is typically on the order of 0.1-0.01eV. Due to their lightly-
bound nature it is possible to apply the effective mass approximation for parabolic
bands in the case of Wannier-Mott excitons and thus to describe their energetic states
by a modified Rydberg series, in close analogy to the hydrogen atom.

In this respect, both Wannier-Mott and Frenkel characteristics can at first glance be
attributed to excitons in monolayer TMDCs. As will be discussed in the following in
more detail, they possess very large binding energies on the order of hundreds of meV
(Frenkel type) but also show a spatial extension of several lattice constants and can be
described by a hydrogen-like model (Wannier-Mott type). Nevertheless, experimental
and theoretical evidence shows that excitons in monolayer TMDCs are most adequately
described within the Wannier-Mott picture [Wan18].

Figure 2.7(a) schematically illustrates an exciton in a two-dimensional crystal in real

space. Electron and hole are separated by several unit cells, implying a Wannier-

12



2.2 Excitonic quasiparticles in monolayer TMDCs
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Figure 2.7 | (a) Schematic real-space depiction of an electron-hole pair in a Wannier-Mott
exciton picture, spreading over several unit cells. (b) Momentum space representation of an
exciton in a direct gap semiconductor. The binding energy (Epind) and the optical bandgap
(Ep1,) add up to the quasiparticle band gap (Eqap)-
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Mott description. As can be seen in Fig. 2.7(b), the energy Epr, that is emitted in
photoluminescence (optical bandgap) is not equal to the quasiparticle band gap Egap
but lowered by the binding energy of the exciton Egjnq, resulting in Egap=FEpr,+Egind-
Strictly speaking the representation of an exciton in the single-particle picture as shown
in Fig. 2.7(b) is not correct since the exciton is a two-particle state with its own

dispersion relation (see Fig. 2.9(a)).

Exciton binding energy in monolayer TMDCs

High exciton binding energies have been experimentally extracted for all prototypical
monolayer TMDCs, including WS, [Cheldb, Stil6a, Yeld], WSe, [Hel4, Poel5], MoS,
[Klo15, Rigl6] and MoSe, [Ugeld, Zhalba] (see [Wanl8] for a comprehensive sum-
mary). The respective Fpi,q values of the exciton range roughly from about 300 meV
to 800 meV. These values were determined by a variety of experimental techniques,
for instance linear reflectance [Cheldb], scanning tunneling spectroscopy [Ugeld] or
magneto-reflectance measurements [Stil6al. Similar values for the excitonic states
and their binding energies have been obtained by a variety of theoretical approaches
[Chel2, Kom13, MS13, Qiul3, Trul6, Vanl7]. However, even though these high bind-
ing energies would suggest a Frenkel-like picture, it was shown that the wavefunction
of excitons in monolayer TMDCs can extend over several nanometers [Chel4b, Ple16b,
Stil6a, Stil8] with a typical exciton Bohr radius of ag ~1nm [Stil6b, Plel6b]. The
Wannier-Mott picture of excitons in monolayer TMDCs was further corroborated by
the applicability of the effective mass approximation and the observation of a Rydberg-
like series of the excitonic resonances [Cheldb, Hel4, Hill5].
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2 Theoretical foundations

Figure 2.8 | (a) Exciton in the three-dimensional bulk case. All of the field lines arising
from the Coulomb interaction run within the crystal, which has a homogeneous dielectric
constant €. (b) Monolayer TMDC on a substrate. The electric field lines permeate both the
material and the surroundings, which typically have a far lower dielectric constant.

To understand the origin of the high binding energies in monolayer TMDCs, we have
to take into account three contributions. First, following the hydrogen-like description
of Wannier-Mott excitons, the reduction to the strictly two-dimensional limit leads to
an increase of the binding energy by a factor 4 in comparison to the three-dimensional
case [Kli12]. Moreover, the effective masses of electrons and holes, m, and my, which
directly contribute to the binding energy are comparatively large in monolayer TMDCs
at the K points, on the order of about 0.5 mg, where mg is the mass of the free electron
[Liul3]. Finally, we have to consider the effects of reduced dielectric screening on
the binding energy in the monolayer case. As shown in Fig. 2.8(a), the electric field
lines between electron and hole in the bulk case are situated within the crystal. The
relatively high dielectric constants of TMDCs of € & 10 result in a strong screening
and consequently lead to a reduction of the exciton binding energy in bulk crystals.
In the case of a monolayer TMDC, which is typically placed on a substrate with a
dielectric constant €; and surrounded by air or vacuum (¢, = 1), the field lines now
mostly run outside of the crystal and experience a different dielectric environment.
Hence, the screening is drastically reduced, resulting in a strongly increased binding
energy of the exciton. To adequately describe this scenario within the effective mass
approximation a potential of the following form is usually applied [Ryt67, Kel79]:

Vip) = —(11—) [0 (£) -3 (2)] (21)

Hy and Y{ are first order Struve- and Neumann functions, p is the relative electron-
hole coordinate p = p. — pn, ro the effective screening length without substrate and e,
the dielectric constant of the substrate. The resulting energy spectrum of the exciton
deviates from the ideal 2D hydrogen model, i.e. for small p it behaves like log(p) and
for large p it is proportional to 1/r [Cheldb, Hel4, Trul6].
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2.2 Excitonic quasiparticles in monolayer TMDCs

Radiative exciton dynamics in monolayer TMDCs

The strong interaction of electrons and holes in monolayer TMDCs directly affects the
exciton dynamics in these systems. To analyze the optical activity of excitons it is

important to consider the so-called light cone of excitons, see Fig. 2.9(a).

(@ . (b)
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Figure 2.9 | (a) Parabolic dispersion of the exciton ground state with center-of-mass mo-
mentum K including a schematic illustration of the light cone. Radiative recombination of
excitons is only allowed within the cone. (b) Time-resolved PL spectra of the exciton reso-
nance in monolayer MoSes using quasi-resonant excitation via a phonon resonance. Figure
taken from [Rob16].

In the two-particle picture, excitons have a dispersion with a center-of-mass momentum
K, taking into account the correlated motion of electrons and holes. Owing to energy-
and momentum conservation, the radiative recombination of excitons is only allowed
within the light cone, which is based on the linear dispersion of photons (see Fig.
2.9(a)), while excitons outside of the light cone are essentially dark [Yul0]. Therefore,
following non-resonant excitation, excitons have to relax towards the light cone in order
to become optically bright.

In general, the total decay time 7 of an exciton population is comprised by the
effective radiative Tfil and non-radiative Tyonrad decay time via [K1i12]:

1 1 1
— =+ (2.2)

eff
Ttot Trad Tnonrad

The effective radiative lifetime can be written as Tﬁﬁl = Traa/ @, where T,q is the radia-

tive recombination time of excitons in the radiative cone and « is the fraction of the
total exciton population that lies within the radiative cone. Hence, the effective radia-
tive lifetime is always longer than the radiative lifetime, since a considerable part of
the exciton population is situated outside of the light cone, depending on their kinetic
energy [And91, Mool6, Wan18].
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In monolayer TMDCs, the small Bohr radius of about 1nm implies a high probability
of finding an electron and a hole within the same unit cell, leading to a radiative decay
time Tyaq Of less than 1 ps based on theoretical calculations [Glal4, Palls, Wanl6a]. The
most direct approach to experimentally access this decay time is based on terahertz
pump-probe spectroscopy [Kai03]. For this technique, a pump pulse creates excitons
in the ground state (1s) and a second mid-infrared pulse probes the internal transition
of the exciton (1s-2p) irrespective of K, yielding radiative decay times 7,4 of about
150 fs in monolayer WSe, [Poel5].

In contrast, other time-resolved measurements such as four-wave mixing [Moolba,
Dey16, Jak16] or time-resolved PL probe different quantities, such as exciton coherence
time (T3) or effective radiative decay time. Time-resolved PL measurements with off-
resonant excitation conditions at low temperatures showed effective radiative lifetimes
in the 1-10 ps range [Korll, Lagl4, Wan14, Wan15b] for monolayer TMDCs (see Fig.
2.9(b)) in very good agreement to calculations of the effective radiative lifetime [Pall5].
As a consequence, in experiments at room temperature, where most of the excitons
are distributed outside of the light cone, the effective radiative lifetimes can extend to

nanoseconds [Amal5, Kullg].

Trions and biexcitons

Besides excitons, which are comprised of one electron and one hole, more complex
many-body states such as trions or biexcitons can emerge in monolayer TMDCs, see
Fig. 2.10 for a schematic depiction. In the case of trions, free charge carriers (either
electrons or holes) bind to the neutral exciton and form a three-particle state in analogy
to an ion in the hydrogen atom picture. Since monolayer TMDCs are predominantly
n-doped [Radll] one usually assumes the case of a negatively charged trion.

Calculations predict that the binding energy of trions amounts to about 10 % of the
binding energy of the neutral exciton [Ber13, Driil7, Vanl7|. Experimentally, the bind-

Exciton (X) Trion (T) Biexciton (XX)

Figure 2.10 | Schematic illustration of an exciton, trion and biexciton in real space.
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Figure 2.11 | (a) Power-dependent spectra of monolayer WSey at 10K using pulsed laser
excitation demonstrating the emergence of biexciton emission (XX). The dashed grey lines
indicate the position of the neutral exciton (X) and the trion (T). (b) Double logarithmic
representation of the biexciton intensity (Ipg) as a function of the neutral exciton intensity
Ix. The red line is a power-law fit with Ipg~ (Ix)* with a=1.39. The black dashed line
indicates a linear relation. Both figures taken from [Youl5] and slightly adapted.

ing energy of the trion (Ep 1) can be determined by subtracting a possible contribution
of the Fermi energy (Er) of the free charge carriers from the energetic separation be-
tween neutral exciton (Ex) and trion (Er) [Mak13, Chel5] with: Egr = Ex— Er— Ep.
Therefore, the spectral separation between exciton and trion peak represents an up-
per limit for the binding energy of the trion. Typical binding energies of trions in
monolayer TMDCs were shown to be on the order of 30 meV for MoS, [Mak13], MoSe,
[Ros13], WS, [Shal5, Plel5] and WSe, [Jonl3| rendering these quasiparticles stable
up to room temperature. Due to their charged nature, trions are sensitive to tun-
able carrier densities via electrostatic gating, which also gives access to negatively and

positively charged trions in the same sample [Ros13, Wan17b, Coul7].

Biexcitons emerge when two excitons bind to form a molecule-like four-particle state.
In experiments, biexcitons are observed as the dissociation of two excitons, where
one of them recombines radiatively [Klil2]. A crucial hallmark of biexcitons is the
superlinear emission characteristics, since the density of biexcitons generally depends
quadratically on the density of excitons [Gou79, Kim94], resulting in a power law of

the form Ixx ~ (Ix)® with a=2 in the case of full equilibrium between the exciton and
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biexciton population.

In monolayer TMDCs, biexciton emission was observed in WSey [Youl5] (see Fig.
2.11), WS, [Shal5, Plel5, Siel6, Kim16, Okal7, Par17], MoS, [Siel5, Leel6] and MoSey
[Haol7a]. To reach the required high-density regime for the observation of biexcitons,
experiments were either performed with a pulsed laser or high continuous-wave (CW)
laser excitation powers. The parameter a from the power-law fit was usually found
to be smaller than 2 in monolayer TMDCs (see for instance Fig. 2.11 (b)), which
was attributed to a lack of full equilibrium between excitons and biexcitons. The
binding energy of the biexciton corresponds to the difference of the emission of the
exciton and the biexciton in the spectrum. Experiments on monolayer TMDCs showed
a considerable spectrum of binding energies of the biexciton in a range from 20 meV
[Haol7a] to 75 meV [Okal7], which was also present in a variety of theoretical calcula-
tions [Youlb, Kyl15, Zhal5sbh, May15, Kid16, Szy17, Danl7]. The reason for this large
spread could arise from inconsistent spectral attributions of the biexciton feature and

the possibility of a charged biexciton complex (see chapter 5).

2.3 Coupled spin-valley effects in monolayer
TMDCs

A considerable part of the research interest in monolayer TMDCs can be attributed
to coupled spin-valley effects and the emergence of valley polarization in this class
of materials [Xul4, Yulba, Sch16]. In this context, a valley is a local minimum in
the conduction band or a local maximum in the valence band. If an electron can be
attributed to a specific valley in a system of two well-defined valleys, it acquires a
so-called valley pseudospin. The valley pseudospin of an electron can be understood
as an additional degree of freedom besides charge and spin.

In monolayer TMDCs, the optical transitions take place at the two inequivalent K+
and K~ points at the corners of the Brillouin zone, see Fig. 2.3(b), which represent
the relevant two-valley system. As already outlined in section 2.1.2, for odd-layered
2H TMDC crystals, which have a broken inversion symmetry, the Kramers degeneracy,
i.e. the energetic degeneracy of different spin states in a valley, is lifted. Therefore, a
coupling of the spin- and valley degree of freedom emerges, where the spin configuration
is directly linked to a certain valley. The coupling is further stabilized by the strong
spin-orbit coupling in monolayer TMDCs, which leads to a sizable splitting of the

valence bands. In this respect, excitonic transitions stemming from the energetically
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upper (lower) valence band are denoted as A (B) excitons. The two valleys at the
K* and K~ points are energetically degenerate since they are linked by time-reversal
symmetry. Figure 2.12 shows schematically the single-particle band structures of MoX,
and WX, monolayers at the relevant K points, where the two highest valence bands
and two lowest conduction bands are depicted. The splitting in MoXs compounds is
assumed to be reversed with respect to WX, materials, as already discussed in section
2.1.2. Since optically allowed transitions have to be spin-conserving, the energetically
lowest transition in MoXs-based TMDCs is optically bright, whereas in WXy-based
TMDCs it is optically dark [Liul3, Korl4, Korl5, Zhal5c]. Due to varying effective
masses in the case of MoX, materials, the spin-split conduction bands are predicted to
cross for large values of k, given the assumption of a constant effective mass for each
conduction band respectively.

The most important consequence of the spin-valley locking in monolayer TMDCs is the
possibility to selectively address and read out a valley polarization, i.e. a preferential
occupation of a certain valley that was first theoretically predicted by Xiao et al. and
Cao et al. [Xial2, Caol2]. Within this concept, a certain helicity of light can only
couple to a specific valley, for instance ot polarized light to the K* valley, as can also

be seen in Fig. 2.12.

T‘ K- f K+ ¢

c
Figure 2.12| Schematic illustration of the band structure of monolayer MoXs and WXs

TMDCs at the K points. The spin-valley locking gives rise to valley-dependent optical selec-
tion rules for circularly polarized light (6%, ¢~). Figure based on [Korl5].

Experimentally, the effect of valley polarization was confirmed by a variety of studies
using helicity-resolved PL experiments [Mak12, Zen12, Caol2, Sal12, Jon13, Wanl4]. A
representative helicity-resolved PL measurement of the prototypical monolayer TMDC
WSey at a sample temperature of 4K is shown in Fig. 2.13(a). Here, o polarized
light was used to excite the sample. As can be seen, the ot polarized component
in emission (black line) emits stronger than the o~ polarized component (red line),

clearly demonstrating valley polarization of the excitonic features. The overall degree
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of valley polarization is defined as P = (I,+ — I,-)/(I,+ + I,-), where I_ /- is the
intensity of the respective polarization component of the emitted light. In steady-state
PL measurements, polarization degrees close to unity have been observed [Mak12].
High degrees of valley polarization in a steady-state PL experiment do not necessarily
have to result from long valley relaxation times. Instead, in a simplified picture the
degree of polarization P depends on the initially created polarization Py, the exciton

lifetime 74 and the polarization decay time 74 via [Lagl4]:

— PO
o ]. + TtoL/Td

As already discussed in section 2.2, monolayer TMDCs usually exhibit ultra-short

P (2.3)

exciton lifetimes 7y, at low temperatures, mostly due to the very fast intrinsic radiative
decay. Hence, high degrees of valley polarization in static PL. measurements can be
reached in principle even in the presence of very short polarization times 74. A notable
exception is MoSey, where valley polarization can only be observed by exciting quasi-

resonantly to the excitonic transition [Barl7b].
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Figure 2.13 | (a) Helicity-resolved PL measurements of monolayer WSes at 4K using o
polarized excitation. (b) Time-resolved Kerr rotation measurements of monolayer WSes
at 4K. The inset depicts schematically the valley depolarization mechanism via long-range
exchange interaction. Both figures taken from [Zhul4].

Direct access to the valley polarization dynamics in monolayer TMDCs is provided by
helicity- and time-resolved PL measurements [Lagl4] or pump-probe techniques such
as time-resolved Kerr rotation [Plel4, Zhul4, Dall5, Yanl17, Plel7] or helicity-resolved
transient absorption spectroscopy [Mail4]. Typical values for valley depolarization
times in these experiments were found to be in the picosecond range at low tempera-
tures. Figure 2.13(b) shows time-resolved Kerr rotation measurements on monolayer

WSe, at 4 K, which are sensitive to the spin-valley polarization of the absolute number
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of polarized carriers [Bau94], yielding depolarization times of about 5 ps.

Based on the single-particle illustration of Fig. 2.12, the ultra-short depolarization
times in monolayer TMDCs seem to be counter-intuitive at first glance, since the re-
laxation of initial valley polarization would require energetically unfavorable intervalley
scattering with a simultaneous change of spin and momentum. However, this notion
neglects the strong Coulomb interaction acting between electrons and holes giving rise
to a long-range exchange interaction [Glal4, Yulda, Yuldb]. Via this mechanism, an
exciton with an electron in the K* valley can recombine and create an exciton with an

electron in the K™ valley, resulting in a very efficient loss of the initial polarization.

2.4 Breaking the valley degeneracy by external

magnetic fields

As pointed out in section 2.3, the two valleys at the K™ and K~ points in a monolayer
TMDC are linked by time-reversal symmetry resulting in an energetic degeneracy of the
two optical transitions. To gain further control over the valley degree of freedom, it is
therefore desirable to lift this energetic degeneracy by breaking time-reversal symmetry.
This can be achieved by the application of an external magnetic field that is oriented

perpendicular to the sample plane.
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Figure 2.14 | (a) Breaking of the valley degeneracy in a monolayer TMDC by application
of an external out-of-plane magnetic field. The energy of the transition at the K* point is
lowered while it is increased at the K~ point. (b) Magneto-PL measurements of monolayer
MoSes at 4K in an out-of-plane magnetic field of 0T and 6.7 T. Figure taken from [Mac15].

The effects of an out-of-plane magnetic field on the two valleys and the respective

optical transitions are schematically depicted in Fig. 2.14(a). For a positive magnetic

field (B > 0), the energy of the transition at the K* point decreases, whereas it increases
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at the K~ point. The expected effect of an external magnetic field is evidenced by
experimental data of magneto-PL on monolayer TMDCs such as MoSey as shown in
Fig. 2.14(b). Here, the sample is illuminated with linearly polarized light, thereby
populating both valleys equally. The PL emission from the sample, which consists
of radiative recombination from excitons and trions, is subsequently analyzed in the
basis of the respective o and ¢~ polarized components. In the case of B=0 (upper
panel of Fig. 2.14(b)), both valleys emit at the same energy since they are linked by
time-reversal symmetry (see dashed line in Fig. 2.14(a)) resulting in identical emission
of the two polarized components. However, for a positive out-of-plane magnetic field,
the ot (07) component emits at a lower (higher) energy, as can be seen in the lower
panel of Fig. 2.14(b). This observed energetic splitting AE' is called valley Zeeman
splitting. By using the equation

AE=E" — E° =gupB, (2.4)

where E°* are the emission energies of the respective polarized components, pp ~
58 116V /T is the Bohr magneton and B is the magnetic field one introduces a g factor,
which describes the susceptibility of the valley splitting to the external magnetic field.
Furthermore, the lifting of the valley degeneracy can lead to a population imbalance
between the two valleys and therefore to field-induced valley polarization. This is
also visible in Fig. 2.14(b), where the energetically lower o+ component has a higher
intensity than the energetically higher ¢~ component. A variety of recent magneto-PL
experiments on monolayer TMDCs were able to demonstrate the emergence of a valley
splitting, such as in WSe, [Aiv15, Sril5, Wanlba, Mit15], WS, [Stil6a, Ple16b, Kuh17],
MoS, [Stil6a, Mit16] and MoSe, [Lil4db, Macl5]. In these experiments, the observed

g factor was mostly found around a value of —4.

To understand the origin of the size and direction of the observed ¢ factor in monolayer
TMDC s it is necessary to evaluate the behavior of the band structure in the vicinity
of the K points in an external magnetic field. Generally, this can be achieved by an
approach, where the g factor is essentially determined by the three possible magnetic
moments from the corresponding atomic shells, namely the spin moment, the orbital
moment and the valley moment [Sril5, Aiv15]. Another theoretical access to the g
factor is provided by k- p perturbation theory, where the parametrization is found by
tight-binding theory [Ryb17]. Within the course of this thesis, both approaches will
be discussed in more detail to describe the behavior of interlayer excitons (chapter 4)

and biexcitons (chapter 5) in an out-of-plane magnetic field respectively.
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2.5 Van der Waals heterostructures

General concept

Two-dimensional crystals usually have no dangling bonds and are therefore fully chem-
ically saturated at the surface. The resulting weak forces acting between individual
layers of van der Waals crystals enable the isolation and subsequent deterministic fab-
rication of heterostructures by a variety of experimental techniques. This concept
of creating atomically thin, so-called van der Waals heterostructures [Geil3, Nov16],
results in a large parameter space, where materials of varying functionalities can be
easily integrated into one structure. As illustrated in Fig. 2.15, the choice of materials
ranges nowadays from insulators such as hexagonal boron nitride over semimetals like
graphene to semiconductors like the TMDCs. More recently, atomically thin supercon-
ductors such as NbSe, [Ugel6] and two-dimensional ferromagnets [Gonl7, Hual7] were
successfully isolated and added to the library of available building blocks. The pos-
sibility of heterogeneous integration therefore creates hybrid systems, which promise

novel physics and devices at the atomically thin limit.

Figure 2.15 | Schematic illustration of a van der Waals heterostructure, where atomically
thin crystals with different functionalities are combined within one structure. Figure taken
from [Nov16] and slightly adapted.

The assembly of van der Waals heterostructures is considerably facilitated by the fact
that the stacking of individual monolayers on top of each other is not restricted by
crystal lattice matching conditions. This stands in marked contrast to epitaxially grown
heterostructures such as GaAs or AlGaAs, where lattice matching at the interface is
required. Furthermore, the twist angle between individual atomic layers arises as a
novel degree of freedom in van der Waals heterostructures, which is not accessible in

epitaxial systems.
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Fabrication and interfaces

Experimentally, van der Waals heterostructures are usually fabricated by handcraft
using mechanical transfer approaches in combination with an optical microscope, where
individual layers are stacked subsequently on top of each other [Deal0, Zom11, Wan13].
The heterostructures for this thesis were produced using the PDMS-based approach
developed by Castellanos-Gomez et al. [CG14], which will be explained in more detail
in section 3.2. For a summary of the different mechanical assembly techniques for van
der Waals heterostructures, see [Fril8b]. Recently, the first fully automated assembly
of van der Waals heterostructures consisting of up to 29 individual layers by means of
a robot was reported [Mas18].

Even though van der Waals heterostructures are usually fabricated under ambient
conditions, the interfaces between individual monolayers can be atomically sharp on
a microscopic scale [Hail2]. This is demonstrated in Fig. 2.16, which shows a cross-
sectional scanning tunneling electron microscopy (STEM) image of a heterostructure
consisting of graphene and hBN.
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Figure 2.16 | Cross-sectional STEM image from a graphene/hBN heterostructure and av-
eraged line scan of the intensity along the dashed black line, the scale bar is 2nm. Figure
taken from [Hail2] and slightly adapted.

Generally, it is assumed that adsorbates on the surface segregate into isolated pockets
leading to the formation of pronounced bubbles and wrinkles. Current approaches to
overcome these effects and to obtain atomically flat heterostructures on a large lateral
scale include the fabrication in an inert atmosphere [Caol5], deterministic flattening
of the structure by an AFM tip [Ros18] or thermal annealing (see chapter 4).
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Optoelectronic devices based on van der Waals heterostructures

The large variety of 2D materials combined with their high processability provides
promising perspectives for engineering optoelectronic devices based on van der Waals
heterostructures. In this respect, atomically thin TMDCs are particularly attractive
building blocks due to their semiconducting behavior. Sparked by the first realization
of a transistor with a monolayer TMDC as the conducting channel [Rad11], a plethora
of optoelectronic devices has been realized in the ultimate thickness limit.

In two pioneering proof-of-principle works, the semiconducting properties of a TMDC
were combined with ultra-thin graphene electrodes to fabricate a highly efficient pho-
todetector [Yul3, Bril3]. Electron-hole pairs were initially created in the TMDC by an
external light source and detected by transparent graphene electrodes as a photocurrent
(see Fig. 2.17(a)).

(a) Laser (b)

Back gate

Figure 2.17 | (a) Schematic depiction of a photocurrent device consisting of multilayer
MoS; sandwiched between monolayer graphene electrodes. Electrons (red) and holes (blue)
are separated by the graphene electrodes leading to a photocurrent. Figure taken from [Yul3].
(b) Drawing of an atomically thin solar cell device consisting of a monolayer WSes and MoSs.
Figure taken from [Furl4].

Moreover, the p-n-junction as the most fundamental constituent of optoelectronics was
realized by different approaches involving 2D materials. The first demonstration of
such a junction consisting of two monolayer TMDCs was shown by Lee et al. [Leeld],
where two monolayer TMDCs (MoS, and WSe;) with n- and p-doping respectively
were stacked upon each other in a vertical van der Waals heterostructure. A schematic
depiction of such a structure is shown in Fig. 2.17(b). Following studies confirmed this
concept over the course of the last years with successful experimental demonstrations
of photodetectors [Mas15, Lon16], solar cells [Furl4, LS14] and LEDs [Chel4a, Wit15].
For a comprehensive treatment of optoelectronic devices based on van der Waals het-
erostructures see: [Fiold, Zhal6, Pos16, Fril8al.
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Interlayer excitons in van der Waals heterostructures

Van der Waals heterostructures consisting of TMDCs can also give rise to the emergence
of a novel excitonic complex, called an interlayer exciton (IEX), that is inaccessible
in monolayer TMDC systems. To understand the behavior of charge complexes in
the framework of a vertical heterostructure one has to take into account the band
alignment of the two individual semiconductors, which can be provided by the so-called
Anderson rule [Dav09]. Within this approximation, it is assumed that the electronic
states between the different materials do not hybridize but can be derived from a
consideration of the individual band edges. Following this rule the band edges of the
conduction and valence bands of two semiconductors align according to their electron
affinity y and their bandgap. The electron affinity y of a semiconductor is defined as
the required energy to add an electron that is situated far away from the semiconductor
to the crystal. The offset of the conduction bands AFE¢ of two semiconductors A and
B that constitute a vertical heterostructure then follows from the difference of their
respective electron affinity AEc = xa — xB. The offset of the valence bands is given by
the bandgaps of the two semiconductors. Depending on the combination of electron
affinity and band gaps of two semiconductors, three different types of band alignments
result according to the Anderson rule, which are depicted in Fig. 2.18.
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Figure 2.18 | Band offset of two different semiconductors A and B according to the Ander-
son rule. Depending on the electron affinity ya and xp and the energetic edges of conduction
band and valence band, three different types of band alignments emerge: type I, type II and
type III.

In a type I structure, the conduction band of semiconductor A is energetically lower and
the valence band energetically higher than for semiconductor B or vice versa. Type II
band alignment is characterized by a situation, where the energetically favorable band

extrema are located in different semiconductors. In Type III structures, the conduction
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2.5 Van der Waals heterostructures

band of one semiconductor is energetically lower than the valence band maximum of
the other.

Recent theoretical [Liul5, Lat17] and experimental works [Chil5, Hill6, Job16, Will7]
have shown that the Anderson rule is largely applicable for heterostructures consisting
of monolayer TMDCs. At the K points, where the optical transitions usually take
place, the coupling between the layers is weak compared to the energy mismatch re-
sulting in a vanishing hybridization between the layers. Moreover it was predicted that
vertical heterostructures between two different monolayer TMDCs show a type I band
alignment within the concept of the Anderson rule [Kom13, Lial3, Ter13, Oz¢16].

As will be discussed in the following, this energetic configuration can give rise to the
formation of interlayer excitons. Figure 2.19(a) schematically illustrates the energetic
situation of a vertical TMDC heterostructure with two different TMDCs, where the
bands have a type II alignment.
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Figure 2.19 | (a) Interlayer excitons in a type II TMDC heterostructure. First, electron-
hole pairs are optically excited in the individual monolayers TMDC A/B. Subsequent charge
transfer leads to a spatial separation of electrons and holes. Finally, the interlayer exciton is
formed across the heterojunction. (b) PL spectrum of a WSes/MoSe; heterostructure at 4 K.
Besides the emission from the individual monolayers (intralayer excitons) the energetically
lowered interlayer exciton is visible. Figure taken from [Riv15]. (c) Schematic real space
depiction of an interlayer exciton between two different TMDCs.
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2 Theoretical foundations

By optically exciting the heterostructure, electron-hole pairs are initially created in
the respective monolayers. However, due to the type Il band alignment it is favor-
able for holes in TMDC A and electrons in TMDC B to undergo a charge transfer,
which was shown to occur on ultra-fast timescales in the sub-picosecond regime by
using pump-probe experiments [Hon14, Ceb14, Penl16] and corroborated by theoretical
considerations [Lil7]. This also leads to a considerable quenching of the PL inten-
sity from the individual monolayers of the heterostructure. Following this process, the
electron-hole pairs are formed across the two different TMDCs, where electrons reside
in TMDC A and holes in TMDC B giving rise to interlayer excitons. A schematic real
space depiction of an interlayer exciton across two different TMDCs is given in Fig.
2.19(c).

From a fundamental point of view, interlayer excitons possess novel physical properties
that are not accessible in bare monolayer excitonic systems. The separation of electrons
and holes into two different layers gives rise to a permanent dipole moment oriented
perpendicularly to the plane of the heterostructures. Hence, interlayer excitons are
in principle sensitive to a manipulation by an external electric field along the axis of
the dipole [Unul8]. The increased average distance of electrons and holes in the case
of interlayer excitons also directly affects the radiative dynamics. Since the intrinsic
radiative lifetime depends on the separation of electrons and holes, interlayer excitons
are expected to show much longer lifetimes in comparison to excitons in monolayer
systems.

Experimentally, interlayer excitons in TMDC heterostructures have been first observed
in WSey/MoS, [Fanld] and WSey/MoSe, [Riv15] heterostructures. Figure 2.19(b)
shows a representative PL spectrum on a WSey/MoSey heterostructure taken from
Rivera et al. [Riv15] at a sample temperature of 4 K. The recombination of intralayer
excitons from the individual monolayers at the right side of the spectrum is strongly
quenched due to the ultra-fast charge transfer but still discernible. At around 1.4eV,
the emission from the interlayer exciton is visible, which is spectrally separated from
the intralayer emission. Following the above mentioned two pioneering works, signa-
tures of interlayer excitons have been observed also in other material combinations
based on monolayer TMDCs such as MoS, /WS, [Tonl4, Hill6], MoSes/ WS, [Ceb15],
MoSy/MoSes [Moul7] or MoSs/MoSey/MoS, [Barl7al.
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Chapter

Experimental methods

3.1 Photoluminescence spectroscopy

3.1.1 Experimental setup

The setup used for performing PL measurements during the course of this thesis in

Regensburg is schematically depicted in Fig. 3.1. It enables measurements with high

spatial precision in the pm regime and at low temperatures down to 4 K.
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Figure 3.1 | Schematic illustration of the optical setup for PL measurements.
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A diode-pumped frequency-doubled continuous-wave laser with a wavelength of 561 nm
or 532nm is used as an excitation source. The laser light is guided via beamsplitters
and a mirror through a long-working distance 100x objective (Nikon L Plan SLWD,
NA 0.7) onto the sample. The spatial resolution of the setup, which is determined
by the full width at half maximum (FWHM) of the spot size of the laser, amounts to
about 1 pm. The sample is situated on an x-y-table driven by linear motors with a step
size of about 100 nm. Optionally, for low-temperature measurements, the sample can
be placed on the cold finger of a continuous-flow cryostat (CryoVac KONTI), which
can be cooled down to 4K by liquid helium. After interacting with the sample, the
scattered signal together with the reflected laser light is guided through beamsplitters
to a longpass filter, which filters out the scattered laser light. The remaining signal
from the sample is focused via a lens of short focal length onto the entrance of an
optical fiber bundle, which guides the light to the entrance of a spectrometer. The
overall signal yield can be adjusted and improved by optimizing the position of the
optical fiber bundle, which is fixed to an x-y-z-stage. The spectrometer (Princeton
Instruments Acton SP2750) is equipped with three different diffraction gratings (150,
600 and 1800 lines/mm), which spectrally disperse the light onto a Peltier-cooled CCD
chip. For PL measurements, a 150 lines/mm grating is mostly used due to the larger
detectable energy range. For most experiments, an image of the relative position of
the laser spot on the studied sample is required. Therefore, the white light of an LED
lamp is guided through the same path as the laser and imaged onto a camera after
being reflected by the sample. The resulting image on the camera can then be used for

finding the respective sample position.

Measurements of valley polarization require the excitation of the sample via circularly
polarized light and subsequent detection of the emitted signal in a circular basis. The
additional optical elements for this experiment are indicated in Fig. 3.1 and can be
placed optionally into the beam path. The beam emitted from the laser is first circularly
polarized by a combination of a linear polarizer and a subsequent quarter-wave plate
with a relative angle of +45°. Guiding the emitted light from the sample through

another quarter-wave plate and linear polarizer enables helicity-resolved measurements.

Spatial PL maps can be realized by scanning the sample with the x-y-table. For this,
a predefined area is automatically scanned in defined step sizes employing a LabView
software, where a PL spectrum at each measurement point is recorded. Using another
LabView program, the recorded spectra are automatically fitted with a Gaussian fit
function, which allows for the extraction of the total intensity, the spectral position
and the FWHM for each data point of the PL map.
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3.1 Photoluminescence spectroscopy

3.1.2 Magneto-PL at the HFML in Nijmegen

A substantial part of the experimental data presented in this thesis result from magneto-
PL measurements on van der Waals heterostructures. These data were all collected at
the High Field Magnetic Laboratory (HFML) in Nijmegen (The Netherlands), which is
a user facility within the framework of the European Magnetic Field Laboratory. The
setup in Nijmegen offers the possibility to conduct PL measurements in out-of-plane
magnetic fields up to 30 T. The experimental setup is realized within two floors: The
ground floor with the magnet chamber and the first floor, where most of the optical
components are placed.

Gaseous Attocube positioner

Liquid “pejium
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Solen\oids L J
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Figure 3.2 (a) Picture of the magnet facility (ground floor) at the HFML in Nijmegen,
where all magneto-PL experiments presented in this thesis were performed. The temperature
of the resistive 30 T magnet is regulated by an internal water cooling system. The upper part
of the optical cryostat, which is placed within the magnet, is also visible. The laser beam from
the optical setup upstairs enters the cryostat by the indicated optical access. (b) Schematic
cross-section of the cryostat system at the HFML for optical measurements. Figure taken
from [Plel6a] and slightly adapted.

Magnetic fields up to 30T are realized by the construction of resistive magnets in the
form of a so-called Bitter coil. Such a Bitter magnet is based on current-carrying
conducting copper plates of circular shape and insulating spacer material arranged in
a helical configuration [Her03]. The most crucial factor for reaching high fields is an
efficient cooling system of the magnet since the applied currents of up to 20 kA lead
to a significant heat loss. The cooling is realized by an internal water cooling system
at the HFML by which the water is pumped in perpendicular direction through small

openings in the Bitter magnet with a maximum flow of 140 liters/s. Nevertheless,
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fields higher than 25T can only be kept for a duration of about 10—15minutes due
to possible overheating of the system. The overall power consumption of the magnet
system at the highest fields amounts to about 20 MW.

To perform the experiments at low temperatures, the sample is placed into a bath
cryostat as it is shown in Fig. 3.2(b). The lower part of this cryostat, where the optical
excitation takes place, is fitted into the bore of the magnet, which has a diameter of
50mm. Within the bath cryostat, an outer chamber with liquid nitrogen surrounds
the inner chamber filled with liquid helium, which are both separated by insulating
vacuum. The sample itself is situated in a tube filled with gaseous helium serving as
an exchange gas. An x-y-z system consisting of three attocube positioners placed on
top of each other allows for positioning the sample with high precision.

In the upper floor, a similar optical setup compared to the one presented in section
3.1.1 and Fig. 3.1 is employed. Continuous-wave laser sources of different wavelengths
(e.g. 532nm, 561 nm or 640 nm) are available and can be coupled into the optical path.
The beam is aligned through a hole in the ceiling between upper and lower floor over a
distance of 5 m into the optical window of the cryostat (see Fig. 3.2(a)). Inside the tube
of the cryostat the laser is focused onto the sample by a 40x objective to a spot size of
about 4 pm. The scattered light from the sample is emitted back to the upper floor,
where it is guided through a non-polarizing beam splitter, a longpass and subsequent
lens into a spectrometer, in analogy to section 3.1.1. The spectrometer in Nijmegen
offers three different diffraction gratings (300, 600 and 1200 lines/mm) depending on
the required resolution and the CCD chip is cooled with liquid nitrogen.

Optionally it is also possible to carry out time-resolved magneto-PL measurements at
the HFML facility. For this, the CW-laser is replaced by a pulsed diode laser with a
pulse length of 80 ps and a wavelength of 690 nm, which is synchronized to an avalanche
photodiode (APD). The PL signal emitted from the sample by using this excitation is
filtered by a bandpass filter and the APD is employed to detect the PL intensity as a
function of time.

Unlike the PL setup used in Regensburg, no direct imaging of the sample via a white-
light source combined with a camera system is available in Nijmegen rendering the
positioning on the sample with respect to the laser beam far more intricate. Neverthe-
less, it is possible to find the sample by imaging the scattered light of a Helium-Neon
laser, which is reflected on the substrate, onto a wall. Thereby, the scattered light of
the gold markers and the respective numbers on the substrate enable the orientation.

This procedure takes place before the sample is mounted into the helium gas tube.
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3.1 Photoluminescence spectroscopy

3.1.3 Streak camera system

Time-resolved PL measurements in Regensburg are carried out by using a streak camera
in combination with a pulsed laser system. In principle, this setup is similar to the
PL setup of section 3.1.1, apart from the laser source and the detection scheme. Short
light pulses are provided by a FemtoFiberPro T-Vis (TOPTICA) fiber laser with a
repetition rate of 80 MHz. In this system, an Erbium-doped fiber serves as the active
medium, which is pumped by diodes. Short pulses in the femtosecond regime are
initially created by passive mode-locking using a saturable absorber mirror within an
oscillator. Subsequently, the pulses are transformed into a supercontinuum through a
non-linear fiber and frequency doubled via second harmonic generation in a non-linear
crystal. The angle of this crystal can be adjusted manually for tuning the wavelength
range of the laser from 490nm to 700nm. The resulting pulses have a duration of
about 200 fs and the maximum output power lies between 3—9mW, depending on the

wavelength.
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Figure 3.3 | Operation principle of a streak camera system as described in the main text.

Due to the pronounced spectral sidelines of the resulting pulses, the laser first needs to
be filtered by a bandpass of the desired wavelength, in order to perform PL experiments.
In analogy to Fig. 3.1, the beam is then coupled into a 100x objective and focused onto
the sample, which can be placed in a cryostat for measurements at low temperatures.
The reflected PL signal is guided into a spectrometer and spectrally dispersed by a
grating with 300 lines/mm. Now, the photons of the PL signal having a certain energy
and a specific time delay with respect to the interaction of the excitation pulse with the
sample enter the streak camera (Hamamatsu C5680) by a horizontal opening slit (see
left side of Fig. 3.3). These photons hit a photocathode, which leads to the emission

of electrons based on the photoelectric effect. The spatial and temporal distribution of
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Figure 3.4 | Example of a time-resolved PL image acquired with a streak camera. The
sample under study is an hBN-encapsulated monolayer WSy measured at 4 K. The spectrum
and the transient are extracted by integration of the indicated intervals.

the emitted electrons is highly correlated to the initial order of the photons due to the
quasi-instantaneous nature of the photoelectric effect. The electrons are subsequently
accelerated by an electric field and deflected by two horizontally aligned capacitor
plates. Importantly, the oscillating deflecting voltage of sinusoidal shape is locked to
the repetition rate of the laser (80 MHz) by electrical synchronization resulting in an
oscillation period of 12.5 ns (so-called synchro-scan mode). Being triggered in the quasi-
linear regime of the sinusoidal voltage, the electrons are deflected vertically with respect
to their initial interaction time with the photocathode. The following multi-channel
plate (MCP, see Fig. 3.3) serves as a secondary electron multiplier to optionally amplify
the signal strength (gain). Finally, the electrons are converted back to photons by a
phosphor screen and detected with a CCD camera. The vertical position of the signal
on the CCD chip therefore directly corresponds to the initial temporal distribution
of the photons, while the spectral information is resolved on the horizontal axis. A

prototypical PL image obtained from the streak camera system is shown in Fig. 3.4.

The time resolution of the streak camera system is mainly determined by the amplitude
of the deflection voltage. Depending on the selected time frame of the trigger signal,
the resolution ranges from 2ps (time range 1) to 11ps (time range 4) corresponding
to an available time window for the detection of 200 ps (time range 1) to 2.1ns (time
range 4). However, due to technical problems related to the triggering of the signal,

only time range 2 -4 were accessible for measurements during this thesis.
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3.2 Sample fabrication

3.2 Sample fabrication

The weak van der Waals forces acting between the individual layers of a TMDC crystal
(see section 2.1.1) enable the mechanical exfoliation down to the atomically thin limit.
This concept was first demonstrated by the isolation of monolayer graphene [Nov04] and
subsequently expanded to other layered crystals such as MoS, or NbSey [Nov05b], which
were successfully thinned down to a monolayer. For the present work, bulk crystals
of different commercial sources were used as the starting material for exfoliation. The
TMDCs studied during this thesis, MoSes, WSe, and WS, are based on artificial growth
and the bulk crystals were purchased either from HQ Graphene (The Netherlands) or
2D Semiconductors Inc. (USA).

The original method for mechanical exfoliation is called Scotch-tape technique, where
a bulk crystal is repeatedly cleaved using Scotch magic tape and subsequently pressed
onto a substrate. With a certain chance, a flake with monolayer thickness can then
be found on an arbitrary position. While the Scotch-tape technique is easy to learn
and only requires a minimum amount of resources, it also comes with specific draw-
backs. On the one hand, the producible monolayers applying this method are generally
rather small (<100 pm?). On the other hand and even more crucial for this thesis, the
position where the flakes remain on the substrate cannot be controlled, rendering the

deterministic fabrication of vertically stacked heterostructures virtually impossible.

To overcome these limitations, a modified exfoliation method was applied to fabricate
samples during this thesis, which is called Polydimethylsiloxane (PDMS)-transfer and
was proposed by Castellanos-Gomez et al. [CG14]. The general approach of this
technique is schematically depicted in Fig. 3.5 and will be outlined in more detail in the
following. First, a small piece of a transparent and viscoelastic PDMS film (GelFilm
WF-20-X4, height 0.6mm) is placed on a microscope slide, serving as a temporary
substrate for the exfoliation. The cleaving of the bulk crystals is performed with a
tape of lower adhesive force than Scotch-tape namely Nitto-tape (Nitto Denko Co., SPV
224P). After the exfoliated crystals have been put on the PDMS substrate, an optical
microscope with a 10x objective is used to inspect the substrate for monolayer flakes
of interest. This is facilitated by the high optical contrast of monolayer flakes, which
enables their direct identification with the naked eye through the microscope (Fig.
3.5(a)). After a suitable flake has been found, the microscope slide is turned upside-
down and mounted onto a x-y-z stage (Fig. 3.5(b)). From now on, the procedure takes
place under an optical microscope with a 10x objective. A substrate of choice is fixed

on a rotatable stage with double-sided tape. The x-y-z stage with the PDMS stamp is
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now lowered onto the substrate and finally brought into direct contact (Fig. 3.5(c)).
Afterwards, the PDMS film is slowly (5—15min) released by using the z-component
of the stage resulting in a mostly successful transfer (success rate = 7090 %) of the
flake from the PDMS film to the substrate.

(a) (b) 10x objective

x-y-z stage -
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Figure 3.5 | Exfoliation and deterministic transfer of monolayer TMDCs using the PDMS
transfer technique. (a) Using Nitto-tape, a monolayer TMDC is exfoliated onto a PDMS
substrate, which itself sticks to a microscope slide. (b) The microscope slide is clamped into
an x-y-z stage and positioned below the 10x objective of an optical microscope. (c¢) The flake
is brought into contact with the SiO2 substrate. (d) After slowly releasing the PDMS film,
the monolayer TMDC remains on the substrate.

The working principle of this transfer method is based on the viscoelasticity of the
PDMS film [Mei06, Fen07]. On short timescales, for instance during the exfoliation
process, the film can be considered as an elastic solid. However, on long timescales it
behaves like a liquid. Hence, during the slow lift-off of the PDMS, the TMDC flake
experiences a lower adhesion force and therefore remains on the substrate.

The substrates used during the course of this thesis were 4.5 mm x 4.5 mm sized pieces
of a p*T-doped silicon wafer with a capping layer of SiO5 with a height of 285 nm. In
analogy to the case of graphene [Bla07], the optical contrast of monolayer TMDCs is

strongly enhanced by interference effects stemming from the specifically chosen height
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of the SiO, layer [CG10]. Furthermore, a coordinate system on the substrate consisting
of gold numbers and periodic crosses with lateral dimensions of 5pm fabricated by
optical lithography greatly facilitate the orientation (see Fig. 3.5(d)).

In contrast to the Scotch-tape technique, the PDMS transfer is highly suitable for
the fabrication of vertical van der Waals heterostructures. Due to the high lateral
positioning accuracy in the micrometer range, it is possible to deterministically stack
several flakes on top of each other by repeating the transfer process. Examples of
successfully produced heterostructures will be presented in chapter 4 and 5. Moreover,
the mechanical exfoliation on the PDMS substrate employing Nitto-tape empirically
results in larger monolayer flakes compared to the Scotch-tape technique.

By steadily optimizing the exfoliation process and simultaneously paying special atten-
tion to the surface quality of the cleaved crystals, ultra-large monolayers with lateral
dimensions of around 50,000 pm? could be fabricated during this thesis. Examples are
shown in Fig. 3.6, which represent arguably some of the largest samples worldwide
produced by mechanical exfoliation based on the published literature at the present

time.

(@,

Figure 3.6 | Examples of ultra-large monolayer flakes of (a) WSes and (b) MoSe; on a
PDMS substrate.

Samples of this extended lateral dimensions are a crucial requirement for optical exper-
iments with a very large laser spot size and were provided within multiple collaborative
efforts during this thesis [Poel5, Hao16, Lan16, Haol7a, Haol7b, Stel7, Lanl18, Stel8].
Such conditions usually occur in experiments in the terahertz regime or in setups,

where no magnification objective can be integrated for technical reasons.
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Chapter

Interlayer excitons in a two-dimensional

heterostructure

4.1 Introduction

In this chapter, the remarkable physical properties of interlayer excitons arising from
an atomically thin van der Waals heterostructure will be studied in detail. As discussed
in section 2.5, experimental signatures of interlayer excitons have been observed for a
variety of TMDC heterobilayer combinations. Within the course of this thesis, the
focus will be put on the WSes/MoSe, system. Previous experimental results by Rivera
et al. [Riv1l5, Riv16] demonstrated that the IEX PL in a WSey/MoSe, heterostructure
is spectrally well-separated from the emission peaks of the excitons from the individual
monolayer constituents (see Fig. 2.19), rendering this material combination especially
appealing from a spectroscopic point of view.

While it is well established that the optical transitions in monolayer TMDCs take place
at the respective K points of the conduction and valence band, the situation is less
straightforward in the case of interlayer excitons. Therefore, we need to consider the
configuration of interlayer excitons in momentum space in a WSe,/MoSe, heterostruc-
ture. Recently, it was shown for instance that interlayer excitons in a WSes/MoS,
heterostructure are formed through holes at the I' point and electrons at the K point
and are therefore indirect in momentum space [Kunl8]. However, in the case of in-
terlayer excitons of a WSey/MoSe, structure, as studied here, experimental evidence
suggests that the optical transitions result from electrons and holes at the K points of
the constituent materials [Nay17]. Consequently, particular attention has to be payed

to the twist angle of the heterostructure, as outlined in Fig. 4.1(a).
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Figure 4.1 (a) Schematic momentum space arrangement of the conduction and valence
bands in a WSez/MoSes heterostructure for 0° (AA stacking) and 60° (AB stacking) twist
angle, where the optical transitions take place at the K points of the Brillouin zone. (b) PL
intensity of interlayer excitons at room temperature in a WSea/MoSes heterostructure as a
function of the twist angle ¢ of the two monolayer materials. Figure taken from [Nay17] and
slightly adapted.

Interlayer excitons in a WSe, /MoSe, heterostructure stem from electrons of the conduc-
tion band in MoSe; and holes of the valence band in WSey. Assuming recombination
at the K points, efficient radiative emission of interlayer excitons can only be expected
for vanishing momentum mismatch between electrons and holes, which is fulfilled for
stacking angles close to 0° (AA stacking) and 60° (AB stacking). This hypothesis was
recently confirmed by a twist-angle dependent PL study on WSey/MoSe; heterostruc-
tures by Nayak et al. [Nay17], where PL from the interlayer exciton was only observable
for stacking angles close to 0° and 60°, see Fig. 4.1(b). Importantly, a peculiar situa-
tion arises for an AB stacking of the heterostructure since in this case, optically allowed
transitions occur between valleys of different index, in stark contrast to the scenario of

monolayer systems.

Using an AB-stacked WSe,;/MoSe, heterostructure as a testbed, we will focus on two
main aspects of interlayer exciton physics in the following. First, by employing steady-
state and time-resolved PL measurements, we shed light on interaction effects and the
dynamics of this novel excitonic species. The arising phenomena differ drastically from
typical observations in monolayer systems and are direct evidence for the permanent
dipole moment and the ultra-long lifetime of interlayer excitons. Second, probing inter-
layer excitons under the influence of a high magnetic field will provide crucial insights
on the intricate valley physics of this system. The impact of the inter-valley transitions
in our AB-stacked structure is directly visible in a strongly enhanced g factor, giving
rise to near-unity valley polarization of interlayer excitons at high magnetic fields. This
part of the work has been published in [Nagl7a] and [Nagl7b].
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4.2 Sample structure and fundamental optical

properties

We start with a thorough principal characterization of the heterostructure under study.
After fabrication, the WSey/MoSe, heterostructure is analyzed by PL spectroscopy at
low temperatures. We observe the emergence of spectrally narrow and well-defined
emission from interlayer excitons, which is further corroborated by photoluminescence
excitation spectroscopy. Helicity-resolved PL measurements show pronounced valley

polarization of the interlayer exciton that can be enhanced by quasi-resonant excitation.

4.2.1 Fabrication of a two-dimensional heterostructure

In the following, the fabrication of the WSey/MoSe, heterostructure using the approach
discussed in section 3.2 will be presented. All experimental data in chapter 4 on
interlayer excitons were obtained using this sample. Figure 4.2 shows the step-by-step
procedure, which was performed under ambient conditions.

First, using Nitto-tape and a bulk MoSey crystal from HQ graphene, a monolayer
of MoSe, with a well-defined crystallographic axis is mechanically exfoliated on the
PDMS film (see Fig. 4.2(a)). Using the PDMS-transfer technique, the monolayer is
subsequently placed on the SiO, substrate as shown in Fig. 4.2(b). Now, the upper
layer of the heterostructure, monolayer WSey (Fig. 4.2(c)), which also has a recog-
nizable crystallographic axis is mechanically exfoliated using bulk WSe, crystals from
HQ graphene. In the final step, the WSey; monolayer is placed deterministically on
top of the MoSe; monolayer. During the last transfer step, special care is taken to
ensure a crystallographic alignment of the two monolayers, which is achieved by us-
ing the rotating stage of the transfer setup. Figure 4.2(d) shows the resulting vertical
WSes/MoSe; heterostructure, where the white-framed area indicates the region of verti-
cal overlap between monolayer MoSe,; and WSe,. It should be noted that the individual
monolayers were not fully transferred, as can be seen for the case of monolayer WSes
(Fig. 4.2(b),(d)), where some parts of the flake did not remain on the SiO, substrate.
However, in the region of the WSey/MoSe, heterostructure, the two materials have a
continuous overlap.

In order to observe emission from interlayer excitons, a sufficient electronic interlayer
coupling within the heterostructure is essential. However, due to the ambient fab-
rication conditions, a layer of undesirable adsorbates between the vertically stacked

monolayers can occur, acting as an additional spacer. The detrimental effects of such a
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Figure 4.2 | Fabrication process of a two-dimensional WSes/MoSes heterostructure. (a)
Monolayer MoSes on the PDMS film, the black-framed area indicates the monolayer region.
(b) Monolayer MoSe; after transfer on the SiO2 substrate. (¢) Monolayer WSez on the PDMS
film, the red-framed area indicates the monolayer region. (d) WSea/MoSey heterostructure
on a SiOs substrate. The white-framed area depicts the region, where the two materials
overlap vertically.

spacer could be observed in a specifically designed experiment [Fanl4], where a mono-
layer of hBN was placed between a MoSs/WSe, heterostructure resulting in a strong
reduction of the interlayer exciton signal. A feasible approach to effectively enhance
the contact of the heterojunction is provided by thermal annealing [Ton14, Kunl8].
For this, the sample is put under vacuum and heated up to temperatures ranging from
120 C° to 500 C° [Fril8b]. During annealing, the mobility of the adsorbates is increased,
leading to a segregation into small local pockets and consequently to a reduction of the
overall layer spacing [Uwal5]. Therefore, the emergence of small bubbles and wrin-
kles on a heterostructure can be principally considered as an indication of sufficient
interaction between the layers.

In the case of the sample used for this thesis, no annealing was initially required since
the heterostructure showed clear signs of good contact between the layers as indicated

by the emerges of large bubbles. This assessment was corroborated by the observation
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of pronounced interlayer exciton emission right after fabrication. However, approxi-
mately 6 months after fabrication of the sample, the obtainable signal in the region of
the heterostructure mostly vanished. Therefore, to recover the signal, the sample was
initially flushed with both hydrogen and argon gas and subsequently annealed in high
vacuum at a temperature of 150 C° for five hours, following the approach from [Kun18].
After the procedure, the signal from the interlayer exciton could be observed again with
the same magnitude as before, clearly evidencing the positive effects of annealing on

the interaction between the layers.

4.2.2 Determination of the twist angle via SHG

The twist angle between the two individual monolayers of the WSey/MoSe; heterostruc-
ture has direct implications for the physical properties of the system. As discussed in
the introduction of this chapter, radiative recombination of interlayer excitons in a
WSey/MoSey heterostructure is only allowed for twist angles close to 0° or 60°. Fur-
thermore, the stacking configuration (AA or AB) is expected to influence the behavior
of interlayer excitons in an out-of-plane magnetic field, which will be elaborated in

section 4.4.

Previous works have demonstrated that second harmonic generation (SHG) spectros-
copy is a highly suitable tool to determine the crystallographic orientation of monolayer
TMDCs [Mall3, Lil3, Zen13, Hsul4, Janl5]. In this context, one has to consider the
two relevant crystallographic orientations in a hexagonal honeycomb lattice, namely the
armchair and the zigzag direction as schematically depicted in Fig. 4.3(a). In summary,
a total of six armchair and six zigzag directions can be found in the respective lattice.
A comprehensive derivation of SHG in monolayer TMDCs and its peculiar dependence
on the crystal directions can be found for instance in [Mool5b, Plel6a]. Briefly, it
can be shown, using the crystal symmetry and the nonlinear susceptibility tensor y(®
that the polarization vector of the second harmonic emission rotates by twice the
angle to the armchair direction and in opposite rotation direction with respect to the
polarization of an incident electric field E(w). This leads to a parallel (perpendicular)
response of the second harmonic emission with respect to the incident polarization if
the incident polarization is aligned with the armchair (zigzag) directions of the crystal.
Therefore, by selecting either the SHG intensity parallel (1)) or perpendicular (1) to
the polarization direction of the incident electric field, it is possible to determine the

crystallographic orientation using
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(a)

armchair direction

zigzag direction

(b)

Figure 4.3 | (a) Schematic top view of a TMDC lattice with the indicated armchair (green)
and zigzag (ved) crystal directions. (b) Polar plot of the perpendicular (7)) and parallel (1))
components of the total second harmonic intensity. The relative orientation of the components
with respect to the crystal is visualized by the hexagonal cell of a monolayer TMDC.

I o cos*(30) (4.1)
I, oc sin®(36),

where 6 is the angle between the incident laser polarization and the armchair direction
of the crystal. These relations are further illustrated in Fig. 4.3(b), which shows the
polar plots of the parallel and perpendicular components of the overall second harmonic
intensity in relation to the crystal lattice. Rotating the excitation polarization by
360° results in six lobes for the armchair (1)) and zigzag (1. ) direction of the crystal.
Importantly, due to the phase-insensitivity of the SHG intensity measurement, the
crystallographic directions can only be determined with an arbitrariness of 60°, as the
monolayer follows a threefold symmetry while either six lobes for the armchair or the

zigzag direction arise in the SHG measurement.

Based on these theoretical considerations we now determine the crystallographic align-

ment of the WSez/MoSe, heterostructure under study by means of SHG spectroscopy.
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The buildup of the respective setup and the SHG characterization of the sample using

this technique for the course of this thesis were conducted by Fabian Mooshammer.

The measurement is performed in a setup similar to the one presented in section 3.1.1
with a few modifications. Being a nonlinear process, second harmonic generation scales
quadratically with the incident laser intensity. Therefore, for the excitation of the
sample, a pulsed Titanium:sapphire laser with 100 fs pulses at a central wavelength of
810nm and a repetition rate of 80 MHz is used, reaching a peak power of over 6 kW.
The laser pulses are focused on the sample by a 40x objective. In order to separate
the SHG signal from the near-infrared laser beam, the reflected signal is guided onto
a cold mirror, which is only reflective for wavelengths shorter than 500 nm. Further
suppression of the laser beam is obtained by a shortpass. The remaining SHG signal
is subsequently coupled into a grating spectrometer and detected with a CCD camera.
To determine the armchair directions of the crystals in polarization-resolved measure-
ments, the laser light is linearly polarized and the reflected light analyzed by the same
polarizer, hence selecting the parallel signal component (/) of the SHG. In order to
achieve angular resolution, the sample is rotated by a mechanical stage in consecu-
tive steps of 5°, to avoid the pronounced polarization anisotropy of the beamsplitters.
Figure 4.4(a) shows the second harmonic intensity of the parallel component of the
WSe, (red) and MoSes (black) monolayers in a polar plot. The data is fitted with
Ij=C"cos*(36+6,). This procedure yields a relative stacking angle ¢ between the two
monolayers of either 6° + 1° (AA-like stacking) or 54° £ 1° (AB-like stacking). While
we can conclude from the polarization-resolved SHG measurement that the monolayers
show good alignment with respect to each other, no distinction between the AA and

AB stacking can be made at this point.

To resolve the stacking of the studied heterostructure, it is necessary to study the SHG
intensity of the heterostructure and relate it to the SHG intensity of the monolayers.
Following a vectorial superposition of the contributing electric fields from the individual

monolayers, the SHG intensity of the heterostructure can be written as [Hsul4]

Tus = Dvoses + Twses + 24/ IntoSes Twse,€08(36), (4.2)

where Iys, Ivose,, and Iwse, are the SHG intensities in the heterostructure region, the
monolayer MoSe; and the monolayer WSe,, respectively.

Hence, for a stacking angle of ¢ = 0° the SHG signal on the heterostructure Iyg is
maximal due to a constructive interference of the two individual fields, whereas for

¢ = 60° the signal is minimal due to destructive interference. It should be noted that
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the intensity of the SHG is strongly enhanced if the excitation wavelength of the laser
is in the vicinity of the energy of an excitonic resonance in the respective monolayer
[Mall3]. Due to the unequal energies of these resonances in MoSes and WSey, we
usually have Iwge, # Inose, fOr @ given excitation wavelength.

Figure 4.4(b) shows a spatial scan of the heterostructure, where the total SHG intensity
is recorded for each position and overlaid on the image of the sample. For this measure-
ment, the sample is excited using circularly polarized light without any polarization

analysis in detection.
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Figure 4.4 | (a) Angle-dependent intensity of the parallel component of the SHG of the
MoSes and WSes monolayers, indicating the armchair directions of the crystals. (b) Area
scan of the sample, where the total recorded SHG intensity is shown for each data point
in a false color plot combined with an optical image of the heterostructure. In the region
of the heterostructure, destructive interference of the total SHG signal with respect to the
individual monolayers can be observed.

Clearly, in the region of vertical overlap of the two layers (white region), we find
pronounced destructive interference of the total SHG signal as it is smaller than the
aggregated signal of the individual monolayers. Therefore, we can conclude that the
heterostructure under study has an AB-like stacking configuration with a relative an-
gle of 54° £ 1°. As mentioned previously, such a well-aligned sample is a crucial pre-
requisite for efficient radiative recombination of interlayer excitons in a WSe;/MoSe,

heterostructure, which will be discussed in the following section.
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4.2.3 Photoluminescence characteristics

After the successful determination of the twist angle and the resulting stacking configu-
ration, this section will cover general photoluminescence characteristics of the interlayer
exciton that emerges in the heterostructure. As discussed in section 2.5, the expected
band alignment in TMDC heterostructures is usually of type II nature, which is a
prerequisite for the formation of interlayer excitons. To understand the emergence of
interlayer excitons in an AB-stacked WSey/MoSe, heterostructure, we need to consider
the specific alignment of the spin-split conduction and valence bands of the respective

materials as shown in Fig. 4.5(a).
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Figure 4.5 | (a) Type II band alignment of the spin-split conduction and valence bands of
MoSez and WSes in an AB-stacked heterostructure. After photoexcitation of the monolayers,
the electron-hole pairs undergo relaxation and energetically favorable spin-conserving charge
transfer leading to the formation of an interlayer exciton across the two materials. (b) Mo-
mentum space arrangement of the relevant band extrema in the AB-stacked WSea/MoSes
heterostructure giving rise to an intervalley interlayer exciton.

The excitation from a laser initially creates electron-hole pairs in the individual mono-
layers, which subsequently undergo ultra-fast charge transfer, in this case the electrons
from WSey to MoSe, and the holes from MoSe; to WSes;. The indicated specific po-
sitions of electrons and holes in the conduction and valence bands after excitation
and the resulting interlayer exciton follow from two considerations. First, efficient
charge transfer between the different materials is only expected if it is spin-conserving
[Yul5b, Riv16]. Second, also the radiatively allowed recombination of the interlayer
exciton can only take place if it conserves spin. Therefore, the interlayer exciton in an
AB-stacked WSey/MoSe, heterostructure is composed of an electron from the upper
conduction band in MoSe, at the K* point and a hole from the highest valence band

in WSey at the K~ point (and by time-reversal symmetry, also from K~ in MoSe; to
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K* in WSey), as indicated in Fig. 4.5(a). The overall arrangement of the band ex-
trema that contribute to the formation of the interlayer exciton in momentum space is
depicted in Fig. 4.5(b). Importantly, the AB stacking of the heterostructure enables
radiatively-allowed interlayer excitons that form between valleys of different index.

Following these general considerations, we now return to the specific heterostructure
(Fig. 4.6(a)) that was fabricated to study fundamental characteristics of the PL of

interlayer excitons throughout the course of this thesis.
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Figure 4.6 | (a) Image of the WSes/MoSes heterostructure under study. The blue-framed
area depicts the region, where the two materials overlap. (b) PL spectra at room temperature
of the three different regions of the heterostructure. (c¢) PL spectrum on the heterostructure
at 4 K. The emission from the interlayer exciton is energetically separated from the recom-
bination of excitons (X) and trions (T) of the individual monolayer materials. (d) PL scan
of the heterostructure at 4 K showing the spatial distribution of interlayer exciton emission
across the sample.

As can be seen, the sample allows us to address and compare the spectral response of

three different regions, namely monolayer WSe, (red-framed), monolayer MoSe, (black-
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framed) and the WSey/MoSe, heterostructure (blue-framed). Steady-state PL spectra
at room temperature of these three regions are presented in Fig. 4.6(b) on a loga-
rithmic scale. The emission from monolayer WSes and MoSey; shows the well-known
pronounced peaks at the excitonic resonance at energies of about 1.65¢V (WSes) and
1.55eV (MoSez) [Tonl3]. On the heterostructure (blue spectrum), however, the PL
characteristics deviate distinctively. First, the emission at the energies of WSey and
MoSe is strongly quenched with respect to the intensity of the individual monolayers.
This observation can be explained by considering the charge transfer process across the
heterostructure. As it was shown, this process takes places on ultra-fast timescales,
providing an efficient relaxation channel for the initially photo-excited electron-hole
pairs [Honl4, Cebl4, Penl6]. Hence, the emission from the individual monolayers in
the heterostructure will be suppressed. Second, and more importantly, at the low-
energy side of the spectrum at around 1.35eV, a novel feature emerges that is not
present in the monolayer systems. In line with previous reports on a WSes/MoSe,
heterostructure [Rivl5, Riv16, Rosl17], this peak is attributed to the radiative recom-
bination of interlayer excitons. Note that the observable substructure of the IEX at
room temperature results from etaloning effects of the back-illuminated CCD camera
in the infrared range.

Cooling the sample down to 4 K strongly reduces the inhomogeneous broadening of the
PL peaks and gives access to the different excitonic features, as can be seen in Fig.
4.6(c), which shows a spectrum recorded on the heterostructure. The emission stem-
ming from the individual monolayers (WSe, and MoSe;) now consists of two separate
peaks, which can be related to the recombination from neutral excitons (X) and trions
(T). The IEX peak is energetically well separated from the peaks of the individual
monolayers and the linewidth of the IEX is strongly reduced with respect to the emis-
sion at room temperature amounting to about 20meV. To acquire an understanding
of the spatial distribution of the PL emission of the IEX across the heterostructure
region, a PL scan of the sample at 4K is performed. Figure 4.6(d) shows the extracted
PL intensity of the IEX for each data point of the scan on a logarithmic scale. The
emission is not spatially uniform over the whole heterostructure (blue frame) but rather
concentrated on a larger region at the bottom. Presumably, in the regions without TEX
emission, the coupling between the two monolayers is not strong enough to allow for
efficient interaction. Nevertheless, the area of continuous IEX emission (a2 20 x 30 pm)

is by far sufficient to perform reliable PL experiments in the pm-regime.
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4.2.4 Photoluminescence excitation spectroscopy

To further strengthen the assignment of the observed PL emission at around 1.4eV
to the interlayer exciton, photoluminescence excitation (PLE) measurements are per-
formed. In such an experiment, the excitation wavelength of the laser is continuously
tuned across the resonances of the individual monolayers and the intensity of the TEX
is recorded for each excitation energy. Experimentally, this is achieved by using a sim-
ilar setup as described in section 3.1 but with a tunable CW-Titanium:sapphire laser
system. The emitted PL from the sample is coupled into a grating spectrometer and
detected using a liquid-nitrogen-cooled CCD. Figure 4.7(a) shows the resulting PL in-
tensity of the IEX as a function of the excitation energy, which is varied in 2nm steps
from about 1.54eV (805nm) to 1.73eV (715nm). The incident laser power is 100 pW
and the sample was kept at a temperature of 4 K. As can be clearly seen, the IEX PL
intensity is strongly enhanced at excitation energies of about 1.65e¢V and 1.73¢eV. For

an excitation with energies below 1.6 eV, the emission from the IEX vanishes.

(b)
@

(a)

2
~
-

r —PL
—O—PLE response

Excitation energy (eV)

PL intensity (counts, arb. u.)

1.55

» -l intensimmmix (arb. u._

136 138 140 142 14 1.3 1.4 1.5 1.6 1.7 1.8
PL energy (eV) PL energy (eV)

Figure 4.7 | (a) PLE plot of the IEX PL intensity depending on the excitation energy of the
laser, clearly showing the two resonances of the IEX PL intensity at the energies of MoSes
(1.65eV) and WSey (1.73¢V). (b) The PL of the IEX (black line) in conjunction with the
spectrally integrated PLE response (red connected dots).

The enhancement of the IEX PL at energies of about 1.65eV and 1.73eV can be
directly related to the main excitonic resonances of MoSe, and WSe; as it is shown in
Fig. 4.7(b). Here, the spectrally integrated PLE response of the IEX is superimposed
on the PL spectrum measured on the heterostructure. Once the laser energy matches
an absorption maximum of one of the two respective monolayers, the formation of

interlayer excitons is strongly favored. Consequently, for excitation energies smaller
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than the resonance of MoSes, no absorption can occur and therefore also no emission
from the IEX as evidenced in the measurement. Hence, the PLE spectrum provides
further evidence for the interlayer nature of the IEX peak, resulting from the charge
transfer across the WSey/MoSe, interface. The observation of two resonances also
largely precludes an alternative interpretation of the low-energy feature in which an
intralayer exciton is bound to a defect in one of the two monolayers. Such a process
would likely result only in resonances related to one of the corresponding layers, but

not to both of the monolayers.

4.2.5 Valley polarization of interlayer excitons

For monolayer TMDCs, the creation and observation of valley polarization in helicity-
resolved optical experiments is a well-established concept by now (see section 2.3). In
the following, it will be shown that this notion can be extended to interlayer excitons in

a WSey/MoSe, heterostructure, as it was first demonstrated by Rivera et al. [Riv16].
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Figure 4.8 | (a) Schematic illustration of the two spin-allowed pathways leading to polarized
emission in an AB-stacked WSes/MoSey heterostructure for the case of o+ polarized excita-
tion. o polarized light can couple to the MoSes B exciton (1) in the KT valley and the WSe
A exciton in the KT valley (2). Spin-conserving interlayer hopping of the hole in MoSes (1)
or the electron in WSey (2) leads to interlayer excitons, which radiatively recombine under
the emission of o polarized light. (b) Helicity-resolved PL spectra of the interlayer exciton
with a laser energy of 1.93eV and oT polarized excitation. The inset shows the degree of
valley polarization of the IEX in dependence of the excitation energy.

To understand the emergence of valley polarization for interlayer excitons in an AB-

stacked WSey/MoSe, heterostructure, we have to consider the optical selection rules for
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polarized excitation and emission as shown in Fig. 4.8(a) for the case of o* polarized

excitation.

Following the selection rules presented in section 2.3, o polarized light can couple to
the B exciton transition of MoSe; in the K* valley (scenario (1) in Fig. 4.8(a)) and
to the A exciton transition of WSe; in the K* valley (scenario (2) in Fig. 4.8(a)).
Due to the small momentum mismatch in the studied AB-stacked heterostructure, the
holes from MoSe; and the electrons from WSes subsequently undergo efficient spin-
conserving interlayer hopping to the energetically favorable valence band of WSey and
conduction band of MoSes, respectively [Riv16]. Finally, the interlayer exciton can
radiatively recombine in both scenarios under the emission of ¢* polarized light. An
additional possibility to observe valley-polarized interlayer excitons could stem from the
excitation of A excitons in MoSe, as it was also observed in the PLE measurements
in the previous section. However, this process would involve an additional thermal
excitation of electrons to the upper conduction band of MoSe, including a spin-flip,
which is mostly suppressed at the nominal sample temperature of 4 K.

Figure 4.8(b) shows a helicity-resolved steady-state PL spectrum of the IEX from the
heterostructure under study at a sample temperature of 4 K. The excitation laser is
o™ polarized and has an energy of 1.93eV. As can be seen, the PL intensity in de-
tection is higher for the ot polarized component, giving rise to a valley polarization
of about 10%. The inset of Fig. 4.8(b) depicts the obtainable degree of polarization
as a function of different excitation energies. While for highly non-resonant excitation
(2.54 €V), no discernible valley polarization is observed, a laser energy of 1.72 ¢V results
in a polarization of more than 20 %. The lack of valley polarization at high excess en-
ergies was also frequently observed in monolayer TMDCs and can be attributed to fast
depolarization mechanism after excitation [Kiol2, Sall12, Kiol6]. The comparatively
high degree of valley polarization at a laser energy of 1.72 ¢V can most likely be related
to the quasi-resonant excitation of the A exciton of WSe, at this energy (scenario (2))
in Fig. 4.8(a)), leading to an efficient injection of polarized carriers.

As discussed in section 2.3, the long-range exchange interaction is the major source of
valley depolarization in monolayer TMDCs. Due to the tightly bound excitons in these
materials, the mechanism is very efficient and leads to ultrafast valley depolarization
times on the order of picoseconds. Following this notion, longer valley depolarization
times can be expected for interlayer excitons. Due to the spatial separation of electrons
and holes across the two monolayer TMDCs, the electron-hole wave function overlap
should be reduced and consequently the long-range exchange interaction suppressed.

Indeed, Rivera et al. [Riv16] have observed valley lifetimes of interlayer excitons in
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a WSey/MoSe, heterostructure in the nanosecond regime, exceeding typical values of
monolayer TMDCs by orders of magnitude. However, an experimental confirmation of
the time-resolved results by Rivera et al. [Riv16] during the course of this thesis was

precluded by technical difficulties.

4.3 Interaction effects and dynamics of interlayer

excitons

Following the PL characterization of interlayer exciton emission in a WSey/MoSes
heterostructure in the previous section, we now focus on interaction effects and the
dynamics of this excitonic species. Novel insights will be obtained by examining the
PL emission under the influence of different temperatures, excitation densities and a
thorough analysis of the time-resolved emission behavior of interlayer excitons. As we
will see, the spectral properties of interlayer excitons differ drastically in comparison to
their intralayer counterparts. All experiments in section 4.3 have been carried out with
a pulsed laser as the excitation source unless otherwise noted. This section follows the

presentation of [Nagl7b], where the results were published.

4.3.1 Diffusion in an inhomogeneous potential landscape

We start by analyzing the main characteristics of interlayer exciton emission for dif-
ferent sample temperatures in steady-state PL measurements. Figure 4.9(a) shows a
temperature series of normalized PL spectra obtained on the heterostructure, which
allows us to track the evolution of intensities, the peak positions and the spectral
widths of both the interlayer and intralayer excitons at the same time. At a sample
temperature of 4 K, the PL emission from the interlayer exciton dominates the spec-
trum while the intralayer exciton emission is suppressed. For higher temperatures up
to 60 K, the relative emission strength from MoSe; and WSe, increases with respect to
the interlayer exciton.

Fig. 4.9(b) illustrates the PL intensities of MoSe,, WSe, and the IEX, which are nor-
malized to the maximum PL intensity within the studied temperature range. As can
be clearly seen, the emission from MoSe; and WSe; behave drastically different as the
temperature is increased up to 200 K. While the PL yield of MoSe, steadily decreases
with temperature, the opposite is the case for WSey. This contrasting behavior di-
rectly follows from the different sign of the conduction band splitting of MoSe, and

WSe; as presented in section 2.1.2 and is in line with recent experimental observa-
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tions [Zhalbe, Wanlbe, Arolbal. In the case of WSey, where the sign of the splitting
is negative and consequently the ground state optically dark, the PL yield increases
with temperature due to thermally activated emission from the energetically unfavor-
able upper conduction band, which hosts the spin-allowed transition. As the ground
state of MoSe, is optically bright due to the positive sign of the conduction band spin
splitting, the PL yield decreases with temperature [Arol5b].
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Figure 4.9 (a) Normalized PL spectra with fixed excitation power measured on the
WSey/MoSey heterostructure as a function of temperature. The vertical line indicates the
peak position of the IEX at 4 K. (b) Normalized PL intensity of the IEX and the intralayer
MoSey and WSey emission as a function of temperature. (c) Peak position of the IEX as a
function of temperature. (d) Spectral linewidth of the IEX as a function of temperature.

We proceed by analyzing the peak position (Fig. 4.9(c)) and spectral width (Fig.
4.9(d)) of the interlayer exciton as a function of temperature. Clearly, both properties
show a non-monotonic behavior as a function of temperature. The IEX peak redshifts
about 10 meV between 4 K and 40 K with increasing temperature and then undergoes a

rapid blueshift of more than 20meV as the temperature rises from 40 K to 60 K. From
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60K to 200 K the peak position of the IEX undergoes a continuous redshift of about
30meV. At the same time, the spectral width of the IEX peak almost doubles while
the temperature is increased from 20 K to 40 K, has a maximum at 60 K and remains
nearly unchanged in the range from 80 K to 120 K. Increasing the temperature further
up to 200 K results in a steady increase of the linewidth.

Remarkably, in comparison to the IEX, both the peak position and the FWHM of
the intralayer excitonic features of MoSey and WSe, behave distinctively different and
in line with the typical behavior of semiconductors. This is evidenced in Fig. 4.10,
which shows data of the neutral exciton. The data in Fig. 4.10 is not obtained on
the heterostructure but on isolated MoSe; and WSes; monolayers to facilitate data
acquisition since the intralayer PL is strongly quenched at low temperatures on the
heterostructure. Nevertheless, the intralayer PL shows generally the same behavior on
the heterostructure region. As shown in Fig. 4.10(a), the FWHM of both features
steadily increases in the investigated temperature range from around 15meV to 30
40 meV. Such a monotonic broadening of the spectral linewidth is commonly observed
for intralayer excitons in monolayer TMDCs and is mostly induced by increased exciton-

phonon scattering with rising temperatures [Sel16].
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Figure 4.10 | (a) Spectral linewidth (FWHM) of the emission from the neutral exciton of
MoSey (black dots) and WSey (red dots) as a function of temperature. (b) Peak position of
the neutral exciton for MoSey and WSesq as a function of temperature. The red line indicates
a Varshni fit to the data.

The peak position of the neutral exciton of MoSe; and WSey decreases continuously
in the temperature range from 4K to about 200K (see Fig. 4.10(b)). This is a well-
known phenomenon in semiconductors stemming from the thermal expansion of the
crystal lattice, which is accompanied by a change of the band structure as well as

the strength of the electron-phonon coupling. A possible phenomenological description

t
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of the temperature dependence of the bandgap was proposed by Y.P. Varshni by the
following formula [Var67]:

aT?
T+
Here, Ey(T') is the energy of the band gap, F,(0) the energy of the bandgap at 0K and

Ey(T) = Eq(0) — (4.3)

aand 3 fit constants. As can be seen in Fig. 4.10(b), the function by Varshni provides a
reasonable fit to the experimentally obtained transition energies of the neutral exciton.
At this point, we aim to understand why the peak position and the FWHM of the
TIEX behave in such stark contrast to the intralayer excitons of MoSes and WSe;. A
so-called s-shape of the excitonic emission energy as we observe it for the IEX peak
in conjunction with a drastic increase of the linewidth of the emission is reminiscent
of the temperature-dependent PL spectra in bulk semiconductors and quantum well
systems, which are subject to a significant amount of disorder [Sko86, Rub05, Rub07,
Imh10, Imh11]. In such systems, local minima of the potential landscape can lead to
trapping of excitons at low temperatures. Once the temperature rises, the diffusivity
of excitons increases via phonon-assisted hopping, allowing the excitons to diffuse to
energetically reduced trap states. The scenario of a locally inhomogeneous potential

landscape is further depicted in Fig. 4.11(a).
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Figure 4.11 | (a) Disorder-induced excitonic potential landscape. Increasing the temper-
ature allows excitons to diffuse to energetically lower states. (b) Schematic illustration of
a heterostructure, where adsorbates between the two TMDC monolayers lead to a spatially
inhomogeneous potential landscape and a modulation of the exciton binding energy.
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Given the fabrication process used for the two-dimensional heterostructure in this the-
sis, it is very likely that interlayer excitons are subject to a significant amount of
disorder. As Fig. 4.11(b) illustrates, the ambient conditions during the sample fab-
rication lead to the inclusion of adsorbates in between the layers and consequently
to a strong variation of the potential landscape. Additionally, the modulation of the
distance between the layers entails a spatial modification of the electron-hole distance
and correspondingly the IEX binding energy.

Within this framework, we can now understand the anomalous behavior of the peak
position and the FWHM of the IEX as a function of temperature (Figs. 4.9(c),(d)).
Temperature-activated diffusion of the interlayer exciton within the inhomogeneous
potential landscape results in an initial, pronounced redshift of the PL peak position
from 4K to 40K as local and global minima of the potential become energetically ac-
cessible (see Fig. 4.11(a)) [Bar98, Tar01]. At the same time, the drastic increase of
the FWHM of the IEX emission peak within this temperature range follows from the
broader distribution of possible photon energies as the carriers can recombine radia-
tively from a higher number of localized sites. Between 4060 K, the thermal energy
is sufficient to promote carriers to higher-lying states, leading to a blue-shift of the PL
maximum and the FWHM reaches a local maximum. As the temperature is further
increased, the excitons are entirely delocalized and the continuous redshift of the IEX
emission follows from the bandgap reduction of the constituent monolayers (see Fig.
4.10(b)). In this temperature regime, the increasing FWHM of the IEX peak stems
from the phonon-induced broadening, which is also the dominant mechanism in mono-
layer TMDCs (Fig. 4.10(a)). Additional evidence for the presented interpretation will
be provided by measurements of the temperature-dependent PL lifetime of the IEX in

section 4.3.3.

4.3.2 Dipolar exciton-exciton interaction

As we have seen in the last section, the PL emission from interlayer excitons in a 2D het-
erostructure can show pronounced differences compared to the emission from intralayer
excitons in monolayer materials. In the following, steady-state power-dependent PL
measurements will further strengthen this notion and reveal exciton-exciton mecha-
nisms of interlayer excitons that are not present in TMDC monolayer systems.

Figure 4.12(a) shows power-dependent PL measurements from 2—200pW excitation
power using pulsed excitation on the region of the heterostructure at 4 K, which allows

us to track the spectral evolution of the IEX and MoSe, features simultaneously. As
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presented in Fig. 4.12(b) and (c) respectively, the peak positions of the IEX and the
neutral exciton feature of MoSe, show a markedly different behavior in the investigated
excitation power range. Strikingly, while the peak position of the IEX exhibits a
blueshift with increasing power by up to 10 meV and saturates at high excitation powers
(>90uW), the intralayer exciton emission of MoSe, shifts by less than 1meV in the

entire investigated excitation power range.
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Figure 4.12 | (a) Power-dependent PL spectra measured on the heterostructure at 4 K. The
vertical lines indicate the spectral position of the IEX peak and the X peak of MoSes at an
excitation power of 2 pW. (b) Peak position of the IEX peak as a function of excitation power.
(c) Peak position of the MoSes X peak as a function of excitation power. (d) Integrated PL
intensity of IEX (blue dots) and intralayer MoSey (black dots) emission from exciton (X) and
trion (T) as a function of excitation power at 4 K.

The slope of the blueshift of the IEX in Fig. 4.12(b) is sublinear, which indicates
that the effective IEX PL lifetime decreases with increasing power. Higher excitation
powers imply an increased electron-hole pair density in both TMDC monolayers, which

enables additional intralayer exciton recombination and lowers the efficiency of the
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formation of interlayer excitons. This interpretation is confirmed by comparing the
total PL intensity of the IEX and both excitonic features of MoSes; as presented in
Fig. 4.12(d). At low excitation powers, the PL intensity from the IEX is clearly higher
than the emission stemming from MoSes. However, the intralayer emission from MoSe,
surpasses the IEX emission for excitation powers higher than 6 pW. As the excitation
power is further increased, the PL from the IEX clearly saturates with respect to
the MoSes emission, implying that the recombination pathway for intralayer exciton
recombination becomes more efficient with increasing electron-hole pair density.

In order to understand the pronounced blueshift of the IEX peak, we need to consider
the spatial arrangement of interlayer excitons in real space and compare it to the
scenario for excitons in monolayer TMDCs as it is schematically illustrated in Fig.
4.13.
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Figure 4.13 | Schematic illustration of the spatial arrangement of excitons for the case of

(a) excitons in monolayer TMDCs and (b) spatially separated interlayer excitons in a 2D
heterostructure, including the induced dipole moment p.

In a monolayer TMDC, the excitons are quasi free to move over the whole lattice plane
even for elevated excitation densities (Fig. 4.13(a)). However, the situation is different
for interlayer excitons in a TMDC heterostructure as illustrated in Fig. 4.13(b). Here,
due to the type II band alignment and the resulting charge transfer process, electrons
and holes are spatially separated into the two different layers. This leads to the emer-
gence of a permanent dipole moment p perpendicular to the heterostructure plane.
Consequently, by increasing the exciton density in the heterostructure, the interlayer
excitons will experience a repulsive dipole-dipole interaction as it was also theoretically
described [Lai09] and experimentally observed for the case of indirect excitons emerging
in GaAs-based double quantum well systems [But99]. Due to this repulsive mechanism,
the energy of the interlayer exciton is reduced with increasing exciton density. This,
in turn, manifests itself in an increase of the optical bandgap and consequently in a
blueshift of the PL emission as evidenced in Fig. 4.12(b).
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4.3.3 Photoluminescence dynamics

So far, the spectral analysis of the IEX feature was limited to steady-state PL mea-
surements. Additional insight will be gained by probing the dynamics of the interlayer
exciton in time-resolved experiments, which is the topic of the current section.

Due to the increased spatial separation of electrons and holes; interlayer excitons are
expected to possess drastically longer lifetimes in comparison to excitons in monolayer
TMDCs. In a first measurement, we access the PL dynamics of the IEX at a sample
temperature of 4 K by using the setup provided by the HFML facility in Nijmegen
without magnetic field (see section 3.1.2). Here, a pulsed diode laser (pulse length 80 ps,
wavelength 690 nm, average power 18 tW, repetition rate 2.5MHz) is synchronized
to an avalanche photodiode (APD) and the PL emitted from the sample under this
excitation is coupled into a monochromator set to the emission energy of the IEX of

around 1.4eV. Figure 4.14 shows the resulting PL trace of the interlayer exciton.

PL intensity (arb. u.)
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Figure 4.14 | Time-resolved PL trace of the IEX (black dots) measured at 4K using a

pulsed diode laser and an avalanche photodiode. The red solid line is a biexponential decay
function fitted to the data.

Intriguingly, the measured PL lifetime of the IEX is in the nanosecond regime as
expected due to the increased electron-hole separation and in line with previous time-
resolved studies on interlayer excitons in a WSey/MoSes heterostructure, which were
also recorded employing a spectrally integrating APD [Riv15, Riv16]. Using a biexpo-
nential fit function to extract the PL lifetime from the trace in Fig. 4.14, we obtain
values of 16 ns+0.2ns and 138 ns 4+ 2 ns for the fast and slow component of the decay,
respectively. Alternatively, we can extract the 1/e constant of the PL decay of the
interlayer exciton, which amounts to 40 ns.

At this point we can recapitulate that the PL lifetime of the IEX at 4 K indeed exceeds
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measured lifetimes of intralayer excitons in monolayer TMDCs (see section 2.2) by
orders of magnitude. However, since the time-resolved measurement with an APD is
only sensitive to the overall PL intensity, no information on the spectral evolution of
the PL decay can be extracted. For a more thorough understanding of the intricate
interaction effects of interlayer excitons, such data can be crucial. Therefore, in a next
step, we now investigate the PL dynamics of the IEX in a streak camera setup (see
section 3.1.3), which provides time- and spectrally-resolved PL measurements at the
same time.

Figure 4.15(a) shows a streak camera image of the IEX at 4K on the heterostructure,
which is excited with a pulsed fiber laser (pulse length 180fs, wavelength 560 nm,
average power 250 tW, repetition rate 80 MHz) and detected in the synchro-scan mode
in time range 4. Interestingly, directly after excitation the PL is energetically broadened
and exhibits a blueshift in comparison to emission at later times.
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Figure 4.15 | (a) False-color streak camera image of the time-resolved PL spectrum of the
IEX measured at 4K. (b) Schematic illustration of interlayer exciton dynamics as a function
of time, based on a three-step process, see main text for details.

The charge carriers then undergo an energetic relaxation leading to a very long-lived,

spectrally narrow tail of the PL emission. Importantly, the lifetime of the PL emission
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is longer than the available measurement window (2ns) of the synchro-scan mode of
the streak camera. As can be seen in the upper part of Fig 4.15(a), we even observe
emission from the IEX before the arrival of the pump pulse, which implies that the
PL lifetime of the IEX exceeds the 12.5ns time window between subsequent excitation
pulses given by the repetition rate of the laser of 80 MHz. The observation of PL
lifetimes of the IEX in the multi-nanosecond regime in the streak camera setup is in

full agreement to the previously presented data in the APD setup.

However, by using the streak camera system we now have access to the spectral evo-
lution of the PL decay of interlayer excitons at low temperatures. In the following,
we qualitatively explain these dynamics based on a three-step process by taking into
account both the diffusion of the IEX in the inhomogeneous potential landscape (see
also Fig. 4.11) and the repulsive interaction as depicted in 4.15(b). First (step 1),
pulsed laser excitation leads to the creation of interlayer excitons across the entire het-
erostructure, which is characterized by an inhomogeneous potential landscape. Here,
the total energy F, of the interlayer exciton depends on the position x, where the min-
imal energy F,, is given by the minimal interlayer distance. Subsequently, interlayer
excitons will diffuse to the local potential minima and partly radiatively recombine.
This leads to the initial, spectrally broad emission of the PL decay as excitons at
different positions within the potential landscape recombine. Second (step 2), the re-
maining interlayer excitons are trapped within the local potential minima and cool
down towards the lattice temperature via phonon emission. In principle, this process
results in a reduction of the inhomogeneous broadening of the PL emission as can also
be seen in Fig. 4.15(a). However, at this point we also have to take into account the
dipole-dipole interaction of interlayer excitons as discussed in section 4.3.2. Hence,
the interlayer exciton is blueshifted by a density-dependent term AEp. Finally (step
3), the exciton density decreases further, resulting in a reduction of repulsive interac-
tion AFEp and consequently to a decrease of the IEX PL energy towards the potential
minimum characterized by Epy,.

In the next step, we will study the temperature dependence of the PL dynamics of the
interlayer excitons. The obtained results will further support our understanding of the
anomalous behavior of the peak position and the FWHM of the interlayer exciton in
the steady-state PL measurements from section 4.3.1. The streak camera images of
the PL decay of the interlayer exciton at a sample temperature of 20 K and 40K are
presented in Fig. 4.16(a) and (b), respectively. Similar to the behavior that we observe
for 4K, the spectra at both temperatures show an initially blueshifted and spectrally

broad PL emission directly after excitation, which cools down to lower energies subse-

62



4.3 Interaction eflects and dynamics of interlayer excitons

quently. Remarkably, the total lifetime of the PL emission drastically decreases with
higher temperatures. In Fig. 4.16(c), the extracted total PL lifetime as a function of

temperature is presented.
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Figure 4.16 | False-color streak camera images of the IEX PL decay for (a) 20K and (b)
40K. (c) PL lifetime of the IEX as a function of temperature. The decay time at 4K is
extracted from the APD measurement. All other times are measured in the streak camera
setup. (d) Spectral peak position of the IEX at the start and the end of a time-resolved PL
trace as a function of temperature.

Note here that the decay time at 4K provided in Fig. 4.16(c) is the long-lived com-
ponent of the PL trace measured with the APD setup as such long times significantly
exceed the available time window of the streak camera system. All other PL lifetimes
measured at temperatures higher than 4K in Fig. 4.16(c) are determined using the
streak camera system. As can be seen, the total PL lifetime drastically drops with
increasing temperature. Interestingly, by comparing the PL yield of the IEX from
steady-state PL measurements under pulsed excitation (Fig. 4.9(b)) with the mea-
sured total PL lifetime as a function of temperature (Fig. 4.16(c)), we find that the

pronounced reduction of the PL lifetime between 4 K and 40 K is not accompanied by
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an accordingly drastic reduction of PL yield. As a consequence, the change of the PL
yield of the IEX with temperature cannot solely follow from thermally activated non-
radiative decay channels or Auger-type recombination. Compared to the temperature
dependence of the total PL lifetime in monolayer TMDCs after non-resonant excitation,
which usually rises with increasing temperature [Korl11], the observed drastic reduction
of the TEX PL lifetime deserves further study. A possible explanation for this behavior,
as also observed by Rivera et al. [Riv16], could be the momentum-indirect nature of
the TEX. As shown in section 4.2.2, the WSey/MoSe, heterostructure under study is
not perfectly aligned but has an stacking angle of 54° 4+ 1°. Therefore, the extrema of
conduction and valence bands will exhibit a certain momentum mismatch in k-space.
Consequently, a phonon-assisted process is required for radiative recombination of the
IEX to obey momentum conservation. With increasing temperature, such a process
becomes more probable, resulting in shorter PL lifetimes of the interlayer exciton. An
additional contribution to this effect could stem from a thermal excitation of carriers
to the upper conduction band of MoSe,; with rising temperature from which interlayer

excitons can recombine efficiently (see Fig. 4.5).

We continue our analysis of the temperature-dependent PL dynamics of the IEX by
examining the peak position of the IEX at the start and close to the end of the overall
PL lifetime. The analysis is performed by setting a temporal window with a width
of 100 ps at the onset of the PL emission (start position) and at a later time after
excitation, where the PL mostly decayed but still allows a reasonable extraction of the
peak position (end position). The temporal window of the end position shifts to smaller
time values with increasing temperature due to the overall reduction of the IEX PL
lifetime. Figure 4.16(d) presents the results of this analysis. As can be seen, the IEX
emission exhibits a large energy difference of more than 30 meV between start and end
times for temperatures between 4 K and 40 K. Raising the temperature to 60 K leads
to a strong reduction of this difference to less than 20 meV, which is further decreased
as the temperature continues to rise. This implies that the available time window for
diffusion and the accompanying energy relaxation of interlayer excitons is limited by
the strong reduction of the PL lifetime with increasing temperature. Based on these
observations we obtain additional insights into the anomalous temperature-dependent
behavior of the steady-state PL emission of the IEX as shown in Fig. 4.9(c) and (d).
Within the temperature range of 4—40 K, the IEX lifetime drastically decreases, which
results in a reduction of the time-averaged interlayer exciton density for a constant
excitation power. Hence, the repulsive exciton-exciton interaction is reduced, further

contributing to the redshift of the steady-state PL emission in this temperature range
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(Fig. 4.9(c)). For higher temperatures, the IEX PL lifetime becomes so short that the
diffusion of interlayer excitons into the local energy minima is largely suppressed. This
leads to an increase of the spectral linewidth of the PL (Fig. 4.9(d)) due to PL emission
from energetically unfavorable regions of the inhomogeneous potential landscape.

Finally, we shed more light on the repulsive dipole-dipole interaction of interlayer ex-
citons by studying the excitation power dependence of time-resolved PL traces at a

fixed sample temperature of 4 K. Two representative streak camera images are pre-
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Figure 4.17 | False-color streak camera images of time-resolved PL spectra of the IEX
at 4K with (a) 50pW and (b) 500 p£W excitation power. The white frame indicates the
employed time window to obtain the spectra in (¢). (c¢) PL spectra from time-resolved PL
measurements extracted 800 ps after excitation at 4 different excitation powers measured at
4K. (d) IEX peak position as a function of normalized exciton density, which was extracted
from the spectra in (c), see main text for details. The red line serves as a guide to the eye.

sented in Fig. 4.17(a) and (b) with an average excitation power of 50 ptW and 500 pW
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respectively. Note that the PL intensity of the IEX in the two images is not directly
comparable since it was normalized for each image individually. As can be clearly seen,
the streak camera images at the two different excitation conditions reveal strikingly
different decay dynamics of the interlayer exciton. For 50 tW excitation power, almost
no time-dependent energy relaxation of interlayer excitons is discernible and the TEX
PL intensity before the excitation pulse is of the same order of magnitude as after the
excitation. In the case of 500 pW excitation power, the PL shows a pronounced redshift
during the first 500 ps after arrival of the excitation pulse in combination with a signif-
icant reduction of the PL intensity. From this we can generally conclude that the peak
position of the IEX strongly depends on the employed excitation power throughout the
entire investigated time window, an observation we have already made in steady-state

PL measurements in section 4.3.2.

To analyze this dependency for time-resolved PL spectra in more detail, we assume that
the PL emission intensity is proportional to the exciton density for a sufficiently long
time delay (after 800 ps) after laser excitation. Using a time window of 100 ps (see Fig.
4.17(a) and (b)) for temporal averaging, we then extract PL spectra at three different
delay times after excitation (800ps, 1.3ns and 11.8ns) for four different excitation
powers (50 pW, 100 pW, 250 pW and 500 pW). Figure 4.17(c) shows the extracted PL
spectra at a delay time of 800 ps for four different excitation powers, where we clearly
observe a blueshift of the IEX PL peak position with increasing excitation density.
In order to relate now the IEX peak position in time-resolved measurements with
the exciton density, we deduce the PL intensity and the PL peak position for all 12
time delay/excitation power combinations and normalize the intensities to the value
obtained for the shortest time delay (800 ps) and the highest excitation power (500 pW).
The results of this procedure are shown in Fig. 4.17(d), where it can be seen that the
peak position of the IEX increases with the exciton density and the overall blueshift
amounts to about 10 meV. In contrast to the sublinear behavior observed in the steady-
state PL power series (see section 4.3.2), the increase of the IEX peak position with
excitation power in the time-resolved measurements follows a linear relation.

At this point, we can compare the blueshift of the IEX peak position of the power-
dependent steady-state PL measurements with the time-resolved PL measurement.
Remarkably, by combining both observations we find a tuning range of at least 20 meV
for the PL emission of interlayer excitons due to the repulsive dipole-dipole interaction.
As proposed by Butov et al. [But99] this energetic blueshift can be used to estimate a
lower boundary of the maximum interlayer exciton density nigx by a basic plate capaci-

tor model. However, according to Laikthman and Rapaport [Lai09] this approximation
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is only valid if two conditions are met. First, the interlayer exciton density nigx has to
be substantially smaller than the squared interlayer distance d, namely ngxd? < 1.
Second, the thermal wave vector kr of the IEX, given by kr = 2Mk,T/h, where
M = m, + my, needs to be smaller than the inverse of the average exciton-exciton
distance, therefore (kr)? > nipy. Assuming a temperature of 4K and m, = 0.56 my,
my = 0.35mq ([Korl5]), we find kr &~ 10°cm™'. Returning to the plate capacitor

formula, the density of interlayer excitons ngx can be written as [But99]:

AEDE,«ég
dme?d

We assume €, =4.5 [Kuml2], an interlayer distance d = 1nm, and a power-induced

NEx = (4.4)

energy shift AFp = 20meV, which corresponds to the maximum energy difference of
the IEX peak position observed in the steady-state and time-resolved power-dependent
measurements. Since the energy value in the time-resolved measurements is extracted
800 ps after excitation, it represents a conservative lower bound of the maximum
blueshift. Provided these assumptions, we obtain nigx ~ 4-10'°%cm~2 as a lower bound-
ary of the interlayer exciton density in our PL experiments. This value also fulfills both
conditions given by Laikthman and Rapaport [Lai09] since nipxd? ~ 4-10~* < 1 and
(kr)? ~ 102 cm™2 > 4 - 10%cm 2.

In conclusion, the presented steady-state and time-resolved PL measurements illustrate
the unusual physical properties of interlayer excitons. The multi-nanosecond lifetimes
of the IEX at low temperatures are in stark contrast to the ultra-short lifetimes of
excitons in monolayer TMDCs and follow from the increased electron-hole separation.
As a function of excitation power and temperature, we observe unusual energetic shifts
of the IEX PL emission, which also drastically differ from the behavior of excitons in
monolayer TMDCs. It is shown that the main mechanisms behind these observations
are the interlayer exciton diffusion in an inhomogeneous potential landscape combined
with the dipolar repulsive interaction of interlayer excitons at elevated densities. An
effective reduction of the observed disorder potential in our sample can be expected by
applying novel fabrication techniques in future studies. One possibility to overcome this
issue is the preparation of the sample in an inert atmosphere to prevent the inclusion of
adsorbates [Caolb]. Alternatively, the sample can be protected from the environment
by encapsulation in hexagonal boron nitride, an approach which will be discussed in

more detail in chapter 5 for the case of monolayer WS,.
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4.4 Interlayer excitons in high magnetic fields

After studying the interaction effects and dynamics of interlayer excitons in the previ-
ous sections, we now turn to measurements of interlayer excitons under the influence
of an out-of-plane magnetic field. Previous works on monolayer TMDCs demonstrated
the lifting of the valley degeneracy by application of an external magnetic field, as it
was discussed in section 2.4. Hence, magneto-PL can provide access to critical infor-
mation of excitonic species such as the g factor or the field-induced valley polarization,
rendering a comparable study on interlayer excitons highly desirable. As we will see
in the following, the AB stacking configuration of the studied heterostructure and the
resulting intervalley transitions will have pronounced effects on the properties of inter-
layer excitons in an out-of-plane magnetic field. This section follows the presentation
of [Nagl7a], where the results were published. All data presented in this chapter were

acquired at the HFML facility in Nijmegen (see section 3.1.2).

4.4.1 Magnetic splitting of intralayer excitons

We start our analysis on the evolution of the neutral exciton peak (X) of WSey in
a magnetic field. The established framework in this section for intralayer excitons
will then be applied to our observations on interlayer excitons. Figure 4.18 shows a
magnetic field series from 0T to 30 T in 1 T steps of PL spectra taken on the area of the
WSey/MoSe, heterostructure at a sample temperature of 4 K. As can be seen, the large
spectral window of the PL spectra allows us to study the evolution of both interlayer
and intralayer excitons simultaneously in an external magnetic field. Importantly,
the sample is excited by a linearly polarized CW-laser (A =640nm), populating both
valleys equally initially. The emitted PL is detected in a circularly polarized basis with
o~ (Fig. 4.18(a)) and ot (Fig. 4.18(b)) components.

The emission stemming from the neutral exciton X of WSe, is discernible at the right
side of the polarization-resolved spectra. At B=0, the peak energies are identical
due to the valley degeneracy. For B >0, the energy of the o™ transition decreases,
whereas the energy of the o~ transition increases, giving rise to a finite valley splitting
AE = E°" — E° between the two transitions. This is further depicted in Fig. 4.19(a),
where the extracted peak positions of both polarization components in detection are
plotted in dependence of the magnetic field. The peak positions are obtained by using
a Gaussian fit function. At the maximum field of 30T, the valley splitting reaches a
value of about 6.4 meV. This can also be seen in Fig. 4.19(b), where the extracted valley

splitting as a function of magnetic field is presented. Clearly, the data follows a linear
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Figure 4.18 | Evolution of PL spectra taken on the WSes/MoSes heterostructure at 4 K for
magnetic fields between 0T and 30 T in 1T steps under linearly polarized excitation and (a)
o~ polarized and (b) o polarized detection. The dashed lines indicate the spectral position
of the interlayer exciton and the neutral exciton of WSey at 0T respectively.

trend as also indicated by the fit line in the plot. The respective g factor can be deduced
by resorting to equation 2.4 from section 2.4, which reads AE = E°" — E°~ = gupB.
Using the slope of the linear fit we can extract a ¢ factor of the neutral exciton of WSey
of —3.7+£0.1.

This value for the g factor is in qualitatively good agreement to previous magneto-PL
studies on monolayer WSey, which yielded values of —4.37 + 0.15 [Sril5], —1.9 £ 0.2
[Aiv15], —4.0 £ 0.5 [Mit15] and —3.7 £ 0.2 [Wanl5a] for the neutral exciton g factor.
To understand the magnitude of the magnetic coupling of monolayer TMDCs, we
resort to a semiquantitative model, which describes the effects of an external out-of-
plane magnetic field on the energy levels by three contributions, namely the spin, the
atomic orbitals and the so-called valley magnetic moment [Aiv15, Sril5]. As shown
in Fig. 4.20, the relevant optical transitions in monolayer WSes take place between
the conduction and valence band in the KT (K™) valley, leading to o* (¢7) polarized
emission in detection. Importantly, the optically allowed transitions considered here are
valley conserving, due to the requirement of momentum conservation. This is further

illustrated in the schematic Brillouin zone in Fig. 4.20.
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Figure 4.19 | (a) Emission energies of the o™ and o~ transitions of the neutral exciton
of WSey in detection as a function of magnetic field. (b) Corresponding valley splitting in
dependence of magnetic field. The solid red line indicates a linear fit to the data.

The dashed lines in Fig. 4.20 show the situation for B=0. Here, the two optical
transitions are energetically degenerate due to time-reversal symmetry. Consequently,
we do not observe a valley splitting in this case in the experiment as evidenced in Fig.
4.19(b).

We now turn to the situation for B >0 within the discussed framework. The first
possible contribution to the energetic shift is the magnetic moment originating from
the bare spin, which is given by Ag = 2s.upB with s, = :I:%. However, optical
transitions in monolayer TMDCs are only allowed between states of the same spin.
Hence, the Zeeman shift due to the magnetic moment from spin does not lead to a
net energetic difference between the two transitions since the edges of the conduction
and valence band shift equally, which can also be seen by the evolution of the black
arrows, indicating the spin contribution, in Fig. 4.20. The second contribution to
the overall energetic shift stems from the magnetic moment m of the atomic orbitals
(black-framed arrows in Fig. 4.20). Since the valence band edges are mostly d-orbitals
with m = 2 in the K* valley and m = —2 in the K~ valley, a total magnetic-field-
dependent shift of Ap = —27upB in the valence band results, where 7 4+ 1 is the
index for the K* valley respectively. On the other hand, the conduction band edges
are mostly composed of d-orbitals with m = 0 and therefore do not carry a magnetic
moment from the atomic orbitals. As a result, by adding up the contributions from
the valence bands in the K™ and K~ valley, we obtain an overall energetic splitting due
the atomic orbital magnetic moment of —4ugB. The third contribution results from
the self-rotation of the Bloch wave packets, which gives rise to a magnetic moment,

called the valley magnetic moment [Aiv15] (grey arrows in Fig. 4.20). As it was shown
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Figure 4.20 | Expected band evolution of monolayer WSes in an out-of-plane magnetic field
considering three different magnetic moments emerging from spin (black arrows), the atomic
orbitals (black-framed) and the valley magnetic moment (grey). At B=0 (dashed grey line),
the energies between the different valleys are degenerate due to time-reversal symmetry.
Arrows indicate spin-up and spin-down states. The schematic Brillouin zone depicts the
optically relevant transitions, which take place between valleys of the same index. Figure
based on the illustration from [Aiv15].

for the case of monolayer graphene [Xia07] and later extended to monolayer TMDCs
[Xial2], a finite value of the so-called Berry curvature Q(k), i.e. Q(k)# 0, implying a
self-rotation of the Bloch wave packet at a wave vector k, leads to a magnetic moment
m.. The sign of this valley magnetic moment depends on the respective valley due to
the broken inversion symmetry in the monolayer case [Yao08]. In the low-energy limit,
the valley magnetic moment for the conduction- and valence band edges can be written
as my; = %T,u B, where m; is the effective mass of electrons (i = €) in the conduction
band and holes (i = h) in the valence band [Aiv15]. As a result, the energetic splitting
due to the valley magnetic moment Ay is defined as Ay = —7ug (Z‘TO — %) B. Ina
monolayer TMDC, the valley magnetic moments in the conduction and valence band
have the same orientation since the optical transitions are valley conserving. Therefore,
a finite splitting Ay only emerges in the case of unequal effective masses of electrons

and holes.

At this point, the two relevant contributions from the atomic orbitals and the valley

magnetic moment can be summarized to the total expected energetic splitting A E

71



4 Interlayer excitons in a two-dimensional heterostructure

in a monolayer TMDC, as follows:

AEW =E —F = (4 -2 (@ - @)) pneB. (4.5)

me  my
In a basic scenario, we can assume m, = my for the effective masses in a monolayer
TMDC, leading to an expected field-induced magnetic shift of a monolayer TMDC
of AE™ ~ —4upB. The value of —4 for the g factor based on these theoretical
considerations is in good agreement to our experimental observation of g = —3.74+0.1
of monolayer WSe,. Taking calculated effective masses for electrons (m. = 0.28 my) and
holes (my, = 0.36 mp) in monolayer TMDCs from the % - p calculations by Korméanyos
et al. [Korl5], we obtain an estimated g factor of about —2.4, in larger deviation to
our experimental observation.

We conclude here that the observed g factor of —3.740.1 from the intralayer neutral
excitonic resonance of monolayer WSey on the studied WSey/MoSes heterostructure
is generally in line with recent reports, which studied a bare WSey monolayer system
[Sril5, Aivl5, Mit15, Wanl5a). By using the proposed model system from the litera-
ture, which describes the energetic splitting by taking into account three contributions
of the magnetic moment, reasonable agreement can be achieved between experiment
and theory by assuming equal effective masses of electrons and holes. However, stronger
deviations between the experimental and theoretical g factor emerge if we resort to
calculated effective masses for electrons and holes. One possibility to improve the
agreement is to calculate the valley magnetic moment for a finite momentum spread
of the exciton in k-space as proposed by Srivastava et al. [Sril5]. The strong spatial
confinement of excitons in monolayer TMDCs (ap ~ 1nm) translates into a consider-
able momentum spread on the order of ~ h/ap. By calculating the valley magnetic
moment within this larger k-space extension of the exciton, the authors were able to

theoretically adjust the ¢ factor to the one obtained in the experiment.
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4.4.2 Giant magnetic splitting, near-unity valley polarization

and dynamics of interlayer excitons

We now turn to the polarization-resolved PL measurements of the interlayer exciton in
an out-of-plane magnetic field up to 30 T. The evolution of the interlayer exciton for
both polarizations can be seen on the left side of the spectra in Fig. 4.18(a) and (b)
respectively and in more detail in Fig. 4.21(a). Here, the intensity of the o* and o~

polarized emission components of the IEX is plotted on a logarithmic scale for clarity.
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Figure 4.21 | (a) False-color illustration of the o and o~ polarized emission of the inter-
layer exciton PL as a function of the out-of-plane magnetic field up to 30 T. The sample is
excited with linearly polarized light. The PL intensity is plotted on a logarithmic scale to
improve the clarity of the presentation. (b) Comparison of polarization-resolved PL spectra
of the interlayer exciton at 0T and 30 T. The emission from both polarizations is identical at
0T due to the valley degeneracy. At 30T, the degeneracy is lifted, leading to a pronounced
peak splitting of about 26 meV and a strongly polarized emission stemming almost exclusively
from the o transition.

In analogy to the intralayer transition of WSe, in the previous section, the energy of the
o polarized component decreases monotonically, while it increases for the o~ polarized
transition for rising magnetic fields. Furthermore, we observe a strong dependence of

the interlayer exciton PL intensity on the detected polarization in the magnetic field.
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As can be seen in Fig. 4.21(a), the intensity of the o~ transition is suppressed with
increasing magnetic field whereas it drastically increases for the o+ component. To
further illustrate our observations, Fig. 4.21(b) shows polarization-resolved PL spectra
of the interlayer exciton for the two limiting cases of the experiment, B=0T and
B =30T. Due to the linearly polarized excitation, the two circularly polarized emission
peaks are of same energy and intensity for B=0T, as both degenerate valleys are
populated equally. For B=30T, however, the energy splitting between the two valley
configurations amounts to about 26 meV, exceeding the splitting of about 6.4 meV of the
neutral exciton of WSey by far. Moreover, the PL emission from the interlayer exciton
at high fields stems almost exclusively from the o transition, while the emission from
the o~ transition is strongly suppressed.

To further analyze the data, we extract the peak positions of the interlayer exciton for
both polarizations by a Gaussian fit function and calculate the resulting valley splitting
AE™X = Fo" — E7  which is shown in Fig. 4.22(a).
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Figure 4.22 | (a) Valley splitting of the interlayer exciton as a function of magnetic field.
The red solid line is a linear fit to the data, corresponding to a ¢ factor of the interlayer
exciton of —15.1+0.1 (b) Magnetic-field induced valley polarization of the interlayer exciton.

Clearly, the valley splitting of the interlayer exciton follows a linear trend with in-
creasing magnetic field, allowing us to deduce a g factor of the interlayer exciton,
g"X = —15.1+0.1 by fitting the data using the linear relation AE™X = g7" — po~ =
g"* g B. The field-induced degree of valley polarization of the interlayer exciton, de-
fined by P = (I,+ —I,-)/(I,+ +1,-) is presented in Fig. 4.22(b). As also visible in Fig.
4.21(b), it is strictly zero for B =0T and reaches values of more than 80 % for the high-
est fields up to 30 T. Given the fact that both valleys are initially equally populated,
such an overall high degree of field-induced polarization is particularly remarkable. We

note here that at a magnetic field of around 24T, both the valley splitting and the
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Figure 4.23 | Expected evolution of the transitions of the interlayer exciton in an AB-
stacked WSes/MoSe; heterostructure with positive applied magnetic field taking into account
three different magnetic moments emerging from spin (black arrows), the atomic orbitals
(black-framed) and the valley magnetic moment (grey). The dashed lines show the situation
for B=0T. The schematic Brillouin zone depicts the optically allowed inter-valley transitions
of interlayer excitons in an AB-stacked heterostructure.

field-induced valley polarization show a slightly anomaly, which will be discussed in
more detail later in the chapter.

Intriguingly, the determined value of the interlayer exciton g factor of —15.1 £ 0.1
strongly deviates from typical g factors of excitons in monolayer TMDCs, which are
mostly found to be around —4, as also evidenced in the previous section for the case of
the neutral exciton of monolayer WSe,. In the following, we show that this anomalously
high ¢ factor of the interlayer exciton can be understood within the same framework
as discussed for monolayer systems. As we will see, the spin-allowed intervalley tran-
sitions of the interlayer exciton in the studied AB-stacked heterostructure are largely
responsible for this intricate phenomenon.

The pertinent theoretical framework is depicted in Fig. 4.23. As indicated by the
schematic Brillouin zone, and as also discussed in section 4.2.3, the optically allowed
transitions of interlayer excitons in an AB-stacked heterostructure take place between
valleys of different index, for instance between the conduction band in the K* valley
of MoSe, and the valence band in the K~ valley of WSes. Both the magnetic moments

stemming from spin and the atomic orbitals behave identically for intra- and interlayer



4 Interlayer excitons in a two-dimensional heterostructure

excitons. The optical transitions of interlayer excitons are spin-conserving between the
conduction and valence band. Hence, the spin magnetic moment does not contribute to
the energetic splitting of the respective resonances (see parallel evolution of the black
arrows in Fig. 4.23). In the same vein, the magnetic moments from the atomic orbitals
are zero in the conduction band and m = 2 for the K valley and m = —2 for the K~
valley, leading to an overall splitting between the valley-selective transitions of —4upB
based on these two contributions. The valley magnetic moment, however, behaves
strikingly different in an AB-stacked heterostructure in comparison to a monolayer
system. As we saw in the previous section, it is defined by m,; = :%)TNB and its sign
consequently depends on the index of the valley. In the case of a monolayer TMDC,
the optical transitions are valley-conserving. Thus, the valley magnetic moments of
conduction and valence band have the same sign and only contribute to the overall
energy shift, if the effective masses of electrons and holes are different (see Fig. 4.20).
In stark contrast to that, the optical transitions of interlayer excitons in an AB-stacked
heterostructure take place between valleys of different index. Therefore, the contribu-
tions from the valley magnetic moment have the opposite sign for the conduction and
valence bands and consequently add up, as can be seen by the grey arrows in Fig.
4.23. This antiparallel evolution of the valley magnetic moments is the main magnetic
property of interlayer excitons in an AB-stacked heterostructure. As can be derived
from Fig. 4.23, it leads to a strong increase (decrease) of the o~ (o) transition energy
in a positive applied magnetic field and consequently to a larger g factor in comparison
to the monolayer system. We can quantify the expected total valley-selective splitting
of the interlayer exciton AE'™X with the same formalism as in the previous section,

taking into account the different signs of the valley magnetic moments:

AE™ = 7" g7 = — (4 +2 (ﬂ + m0>> wpB. (4.6)

e h

Inserting calculated values for the effective masses of electrons in the upper conduction
band of MoSes (m. = 0.57myg) and the valence band of WSey (m;, = 0.36mg) by
Korméanyos et al. [Korl5] we obtain ¢g'®X = —13.1 for the g factor of the interlayer
exciton based on the proposed model system in close agreement with the value from the
experiment of "% = —15.140.1. Hence, the peculiar momentum space configuration
in an AB-stacked heterostructure, which is not attainable in a pure monolayer system,
gives rise to a drastic increase of the g factor.

The external out-of-plane magnetic field can also be used to manipulate the PL lifetime

of the interlayer exciton. Figure 4.24 shows PL decay traces of the interlayer exciton
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for 0T and 28T on a logarithmic scale, which are obtained by resorting to a pulsed
laser diode (A=690nm), which is synchronized to an avalanche photodiode. In this

measurement, the sample is excited linearly and analyzed without polarized detection.
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Figure 4.24 | (a) Time-resolved PL traces of the interlayer exciton at B=0T and B=28T.
(b) 1/e decay constant of the interlayer exciton PL decay as a function of magnetic field.

It is worth mentioning at this point that due to the strong field-induced valley polar-
ization of the interlayer exciton (see Fig. 4.22(b)), the PL decay observed at 28T is
strongly o polarized. Applying an external magnetic field therefore allows us to create
valley-polarized interlayer excitons, which are sustainable over hundreds of nanosec-
onds. Clearly, the lifetime of the interlayer exciton PL increases with rising magnetic
field strength. This is further illustrated in Fig. 4.24(b), where the 1/e decay constant
of the interlayer exciton PL is plotted against the applied external magnetic field. As
can be seen, the lifetime of the interlayer exciton can be increased from 40ns at B=0T
to about 70ns at the highest fields. We can possibly understand this observation in
the context of earlier studies on GaAs-AlGaAs quantum wells [But98, But99], which
discussed the effects of an external magnetic field on the radiative recombination dy-
namics of interlayer excitons. The application of an out-of-plane magnetic field leads
to an increasing effective mass of the interlayer exciton, implying a reduced localization
area in real space. The resulting smaller wave function overlap then leads to a lower
oscillator strength of the interlayer exciton and consequently to longer recombination
times.

After providing a reasonable model system to understand the high g factors of interlayer
excitons in the studied heterostructure and discussing the influence of the magnetic
field on the PL lifetimes, we now briefly revisit the already mentioned slight anomaly
in the data in Fig. 4.22. As can be seen, both the energetic splitting and the field-

induced valley polarization deviate from the overall trend at a magnetic field of around
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B=24T. With a high certainty, we can exclude external factors from the setup such
as an instability of the magnet at a certain field for two reasons. First, the observed
effect could be reproduced during various measurement runs with different excitation
conditions, and also for several samples in subsequent visits to the HFML. Second, no
similar deviation of the data was observed for the other excitonic features stemming
from the monolayer systems during the same measurement, which can be seen for
instance in the data of Fig. 4.19 for monolayer WSes.

One possible scenario to explain this effect could be a level crossing of the two spin-
split conduction bands of MoSes at a certain magnetic field. This could either imply
a crossing of the bands within the same valley or an inter-valley crossing of the lower
conduction band of the KT valley with the higher conduction band of the K~ valley of
MoSe;. The expected evolution of both conduction bands in MoSe; in an out-of-plane

magnetic field is shown in Fig. 4.25.

K* MoSe, K~ MoSe,
> B=0 CB. e Al it
CB, .0 - — 550 D
\1/
ST > tspin OB e >

Valley magnetic moment

~3

Figure 4.25 | Expected band evolution of the two spin-split conduction bands (CB; and
CBg) in monolayer MoSes with positive applied magnetic field. The shift of the energy levels
by an out-of-plane magnetic field results from the magnetic moment of spin (black arrows)
and the valley magnetic moment (grey arrows). The indicated energetic shifts are not to
scale with respect to the size of the conduction band splitting.

We can neglect the contribution from the atomic orbital magnetic moment as the
conduction bands mostly comprise of d-orbitals with m = 0. An intra-valley crossing
of the conduction bands would occur if the energetic separation of both bands in either
the KT or K~ valley reaches a value near 0. This is not possible for the conduction
band in the K~ valley since the overall splitting increases at a positive magnetic field,
as visible in Fig. 4.25. For the KT valley, the splitting decreases in a positive magnetic
field and the field-induced change can be written as AFiya = 2s,u5B + 2s,upB. At
B =24T this yields a decrease of the splitting of about AFiy, =~ 2.8 meV. To calculate
a possible inter-valley crossing between the upper conduction band in the K~ valley
and the lower conduction band in the K* valley, we only need to consider the energetic

contribution from the valley magnetic moments, as the spin contributions cancel out.
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We can then write the field-induced change at B=24T as AFEj e = 22—‘:#33 which
results in AFEj e = 4.9meV given m, = 0.57my from Korméanyos et al. [KorlB}.
However, the conduction band splitting of MoSe; was found to be in the range of 20—
30meV by theoretical and experimental works as shown in Tab. 2.1, exceeding both
the values of AFEj . ~2.8 meV and AFEor =~ 4.9meV at B=24T by far. Based on
these considerations, we can rule out a level crossing in the conduction band of MoSes
as the reason for the anomalous peak in our data. Thus, further studies are necessary
to elucidate the origin of this peculiar feature.

Overall, the presented magneto-PL measurements on the studied WSe;/MoSe, het-
erostructure illustrate the remarkable physical properties of interlayer excitons in a van
der Waals heterostructure. Most importantly, the AB stacking of the heterostructure
enables optically allowed inter-valley transitions, which are not accessible in mono-
layer systems. In such a configuration, the contributions from the valley magnetic
moment add up, resulting in a strong enhancement of the overall magnetic response.
As a consequence, the experimentally determined ¢ factor of the interlayer exciton of
—15.1+0.1 by far exceeds the g factor of the neutral exciton of WSey (—3.740.1) that
we could observe in the same experiment. At the same time, the ultra-long lifetimes,
combined with the large g factor, lead to a pronounced field-induced valley polarization
of the interlayer exciton, reaching near-unity values for the highest fields around 30 T.
The lifetime of the interlayer exciton could be almost doubled by the application of
an external magnetic field, giving rise to strongly polarized emission at high magnetic
fields. Hence, AB-stacked TMDC heterostructures provide a unique platform to access
novel optical transitions between valleys of different index and to engineer significantly

higher ¢ factors as compared to excitons in monolayer systems.
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Chapter

Biexcitons in hBN-encapsulated monolayer

WSs

5.1 Introduction

The previous chapter reported new insights on interlayer excitons in heterostructures
consisting of two different TMDCs. In this chapter, we will study another fascinating
type of excitons accessible in van der Waals heterostructures, namely biexcitons that
emerge from an hBN-encapsulated monolayer of WS,. As already briefly outlined in
section 2.2, several experimental works have observed biexciton emission in monolayer
TMDCs. From a fundamental point of view, these many-body states are of particular
interest due to their cascaded photon emission, which is accompanied by entangled
photon generation [Ben00, You06, Hel6a]. Consequently, biexcitons could possibly
serve as a testbed for future quantum optics experiments. Nevertheless, several key
questions with respect to the nature of this many-body state are open. A very impor-
tant aspect in this respect is the composition of biexcitons in momentum space. As
will be specified later in this chapter, the valley-contrasting band structure in mono-
layer TMDCs allows a variety of possible biexciton configurations, where the prevalent
composition is not clear a priori.

However, more detailed spectroscopic studies on biexcitons in TMDCs answering these
questions can be strongly impeded by the large spectral linewidth of this feature. As
an example, Fig. 5.1(a) shows the first observation of biexciton emission in monolayer
WS,, which was reported by Plechinger et al. [Plel5]. As can be seen in Fig. 5.1(b),
a biexciton feature (XX) with a characteristic superlinear emission dependence (see

section 2.2) clearly emerges for high excitation densities. However, the peak is only
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Figure 5.1 | (a) Power-dependent PL spectra on monolayer WSs at a sample temperature
of 4K. (b) Double-logarithmic representation of the integrated PL intensities of the exciton
(X), the trion (X7) and the L;/XX peak. The orange (green) solid lines indicate a linear
(quadratic) dependency on the excitation density. Both figures taken and slightly adapted
from [Plel5].

visible as a shoulder of the overall PL signal and thus spectrally not separated from the
other excitonic features. Given these unfavorable spectroscopic properties, this sample
system is not very suitable for more advanced studies of biexcitons in TMDCs, such

as magneto-PL, which require the resolution of subtle energetic shifts.

A highly promising approach to overcome these issues is provided by the encapsu-
lation of the monolayer TMDC between two thin sheets of hBN. This method was
first pioneered for monolayer graphene, where it could be shown that the encapsu-
lation with hBN results in a strongly increased mobility of graphene in transport
measurements [Deal0]. Recently, the concept of encapsulation was successfully trans-
ferred to monolayer TMDCs as evidenced by several experimental spectroscopic studies
[Wan16b, Cadl7, Ajal7, Manl7, Wiel7, Wan17b]. Figure 5.2 shows representative data
by Cadiz et al. [Cadl7], where the influence of hBN-encapsulation on optical spectra

of the four most prominent TMDCs at a sample temperature of 4 K is examined.

In the upper panel, the monolayer TMDC is placed on SiO,, whereas in the lower panel
it is encapsulated with hBN. It could be consistently observed that the inhomogeneous
broadening of the spectral line is strongly reduced by the surrounding hBN, resulting
in linewidths of excitonic features down to 1.5meV in monolayer MoSe, [Shr18]. In this
situation, the linewidth of the peak approaches the limit of homogeneous broadening

and is thus mostly determined by the radiative lifetime of the respective optical transi-
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Figure 5.2 | Low-temperature PL spectra for monolayer TMDCs on a SiOs substrate (upper
panel) and hBN-encapsulated monolayer TMDCs (lower panel). The encapsulation with hBN
leads to a drastic reduction of the spectral linewidth of all excitonic feature. Figure taken
and adapted from [Cad17].

tion. So far, the underlying mechanisms for the favorable impact of hBN-encapsulation
on the optical properties of TMDCs are not fully understood. Possible contributions
arise from the fact that the TMDC is protected from detrimental doping and local
electric field fluctuations from the substrate [Cad17].

In this chapter, we will use an hBN-encapsulated monolayer of WS, as a platform to
study the optical properties of biexcitons with hitherto inaccessible spectral quality.
The linewidth of the observed superlinear biexciton feature is drastically reduced by
the encapsulation and reaches values of less than 5meV at low temperatures. The as-
signment of the biexcitonic emission in the sample is further supported by temperature-
dependent and time-resolved PL measurements. Following the initial optical character-
ization, the well-separated biexciton peak allows us to study the energetic evolution of
this many-body state in an out-of-plane magnetic field for the first time. The observed
peculiar polarization behavior of the biexciton strongly deviates from the exciton peak
and can be explained by taking into account the Zeeman contributions from all exci-
tonic constituents. Most importantly, our analysis provides direct insight on the hybrid
bright-dark momentum space configuration of this many-body state in monolayer WS,.

This part of the work has been published in [Nagl8].
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5.2 Sample structure and optical characterization

In this section the fabrication of the sample under study and the subsequent optical
characterization will be presented. Power-dependent steady-state PL measurements
reveal the emergence of spectrally narrow biexciton emission in the region of the van
der Waals heterostructure. This attribution is further corroborated by a temperature-

dependent steady-state PL study and time-resolved PL measurements.

5.2.1 Encapsulation of monolayer WS, with hBN

In order to encapsulate a monolayer of WS, with thin flakes of hBN (& 10-20nm),
we again utilize the PDMS transfer approach (section 3.2), as it was also performed
to fabricate the WSey/MoSes heterostructure in chapter 4. All experimental studies
presented in this chapter were conducted on the sample shown below. Figure 5.3 shows
the step-by-step procedure of the encapsulation. As a first step, a thin layer of hBN,
which was initially exfoliated on a PDMS film, is transferred onto the SiOy wafer (Fig.
5.3(a)). The bulk hBN crystal itself was provided by the group of Kenji Watanabe and
Takashi Taniguchi from the National Institute for Materials Science in Japan.

(a) (b)

Figure 5.3 | Fabrication process of an hBN-encapsulated monolayer WSs. (a) Thin sheet of
hBN on a SiOs substrate after transfer from the PDMS film, serving as the lower layer for the
encapsulation. (b) Monolayer WSs after transfer onto the thin sheet of hBN. (¢) Completed
heterostructure, where the upper thin sheet of hBN was placed on top of the structure from
(b). The red-framed area marks the region, where the monolayer WSy is fully encapsulated
by hBN.

Next, a monolayer of WS, is transferred on top of the underlying hBN sheet, as shown
in Fig. 5.3(b). In the final step, the second thin sheet of hBN is transferred on top
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5.2 Sample structure and optical characterization

of the two underlying layers, resulting in an encapsulation of the monolayer WS, in
the red-framed area of Fig. 5.3(c). For this sample, no annealing was required to
enhance the coupling between the layers since it provided high spectral quality right

after fabrication (see section 5.2.2).

5.2.2 Identification of biexciton emission

After the successful fabrication of the hBN-encapsulated WS, monolayer, we now op-
tically study the sample by power-dependent steady-state PL measurements. Figure
5.4 shows steady-state PL spectra at a sample temperature of 4 K for two different ex-
citation powers (100 W and 1000 pW) on the heterostructure using a CW-laser with
a photon energy of 2.21eV.

(a) (b)

L xx  —1000uW 4 ' 4 '
;(\_ — 100 |JW_ \e/ ~—— \e/ ~——
o
g- i
%- 4.4 meV —| T i Intravalley trion Tg Intervalley trion T,
§ r T, 1 (singlet) (triplet)

St i
a

) X T/o\ — ?/0\ —
1.95 2.00 2.05 2.10 K+ K- K+ K-

PL energy (eV)

Figure 5.4 (a) Steady-state PL spectra on the heterostructure at 4K for 100 pW (blue)
and 1000 pW (red) excitation power. Both spectra are normalized to the PL intensity of
the neutral exciton (X). (b) Schematic illustration of the two different trion configurations
(singlet and triplet) that can arise in WSs in the K+ valley. The situation for the K~ valley
follows from time-reversal symmetry (not shown here).

Remarkably, the linewidth of all excitonic features is drastically reduced for both exci-
tation powers in comparison to typical low-temperature spectra of WS, without hBN-
encapsulation (see Fig. 5.1). This observation is in very good agreement with recent
reports on hBN-encapsulated TMDC monolayers, as previously discussed in the intro-
duction of this chapter, and is a direct evidence for the favorable quality of our sample.
We first focus our analysis on the PL spectrum in Fig. 5.4(a) that is obtained with
an excitation power of 100 u¢W (blue line). At an energy of 2.067 eV, we can identify

the emission stemming from the neutral exciton (X) and at energies of 2.030¢V and
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2.036 eV we observe a splitting of the trion emission, due to the formation of two differ-
ent trion species Tg and Tr. Such a trion fine structure has been previously observed
in WSey [Jonls, Coul7] and WS, [Plel6c] monolayers and arises from the peculiar
conduction band structure in tungsten-based monolayer TMDCs. As schematically
depicted in Fig. 5.4(b) for the case of the K valley, the bright neutral exciton state
consists of a hole from the highest valence band and an electron from the upper con-
duction band. With respect to the trion, the residual electron can be either situated in
the same valley as the exciton forming a singlet state (Tg) or in the other valley result-
ing in a triplet configuration (Tr). The energetic splitting between these two states
results from the intervalley Coulomb exchange interaction of the residual electron in
the case of the triplet trion. Here, all three constituent particles possess the same spin
orientation, thus rendering this configuration energetically more unfavorable. Recent
theoretical calculations predict a value for the trion splitting induced by the exchange
interaction for the closely related monolayer WSe, of around 6 meV [Yul4a], which is
in excellent agreement to our observation. Additionally, at an energy of 1.998 eV, we
observe emission which is usually attributed to the recombination of carriers localized
at defects (L) [Plel5].

We now turn to the spectrum in Fig. 5.4(a), which is acquired with an excitation
power of 1000 pW (red line). Importantly, both spectra in Fig. 5.4 are normalized to
the respective intensity of the neutral exciton X. The PL intensity of both trion emission
features scales mostly like the intensity of the exciton and the intensity of the defect
state L saturates in relation to the neutral exciton, as expected for higher excitation
densities. Most importantly, we observe a novel feature emerging at an energy of
2.012¢V at this excitation power. Compared to the other excitonic emission peaks, the
peak clearly exhibits a superlinear behavior. At this point, we attribute this peak to
the emission of biexcitons (XX), following very similar observations in recent literature
for WSe, [Youl5] and WS, [Plel5, Shal5]. The ultra-narrow linewidth of the biexciton
of 4.4meV clearly demonstrates the positive effects of the hBN-encapsulation on the
overall spectral quality. The binding energy of the biexciton, which can be determined
as the energetic difference between the X and XX features, amounts to about 55 meV.
While variational calculations by You et al. [Youl5] theoretically provide binding
energies of biexcitons in the range of 50—-60meV and are thus in very good agreement
to our observation, several recent theoretical calculations predict much lower values for
the biexciton binding energy of around 20 meV [Zhalbb, Kyl15, Szy17]. A possibility
to resolve this apparent discrepancy is given by attributing the observed feature to a

charged biexciton within an alternative scenario, which will be elaborated in section 5.4.
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Nevertheless, for the moment we will continue by assuming a charge-neutral biexciton
(XX).

Further insight on the specific intensity increase of the biexciton peak is given in Fig.
5.5(a), where spectra normalized to the PL intensity of the respective maximum peak
for different excitation powers are shown. Clearly, one can observe that the intensity
of the biexciton feature grows superlinearly with respect to the other excitonic peaks.
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Figure 5.5 | (a) Power-dependent PL spectra for excitation powers from 501000 pW at
4 K. The spectra are normalized for each excitation power to the peak with the highest PL
intensity. The dashed line indicates the energetic position of the singlet trion at 50 pW. (b)
Intensity of the biexciton (XX) as a function of the intensity of the neutral exciton (X) on a
double logarithmic representation. The dashed line depicts a linear relation between the two
intensities. The red line represents a power law fit with Ixx ~ (Ix)® with o = 1.48.

This is further depicted in Fig. 5.5(b), where the intensity of the biexciton (Ixx) is
brought into relation with the intensity of the neutral exciton (Ix) by a power law
of the form Ixx ~ (Ix)%, see section 2.2. Here, a linear relation between the two
intensities (o = 1) is indicated by the grey dashed line. Fitting the data yields a value
for o of 1.48. Based on a rate equation model for the exciton and the biexciton and
assuming full thermal equilibrium between the two states, one would expect a strictly
quadratic dependency of the biexciton emission (o = 2) [Kim94]. However, recent
experiments on biexcitons in monolayer TMDCs have regularly observed values for a
smaller than 2, which was attributed to a lack of full equilibrium between the two
states [Youl5, Hel6b, Kim16].

The observation of a superlinear evolution of the PL intensity with rising excita-
tion power is already a very strong hint that the feature at an energy of 2.012eV

in the spectrum has a biexcitonic origin. This assessment is further strengthened by
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a temperature-dependent PL series at high excitation power, as shown in Fig. 5.6(a).
Here, using an excitation power of 400 ptW, we track the evolution of the PL spectra
from a sample temperature of 4 K to 100 K. The XX peak is discernible up to a tem-
perature of 100 K, which allows us to clearly separate this feature from low-energetic
defect states (L). As can be seen in the temperature series, the emission from the de-
fect states completely vanishes for temperatures higher than 60K due to their small
activation energy, in line with similar temperature-dependent PL studies on monolayer
TMDCs [Plel5, Wanl4, God16, Hual6].
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Figure 5.6 | (a) Temperature-dependent PL spectra from 4K to 100K for an excitation
power of 400 ptW. The dashed line indicates the energetic position of the XX feature. (b)
Temperature-dependent PL spectra from 4 K to 295 K for an excitation power of 5 pW. The
dashed line indicates the energetic position of the X peak. (c¢) Energetic peak position of the
neutral exciton as a function of temperature.

Figure 5.6(b) illustrates a PL temperature series with an excitation power of 5 ptW from
4K to 295 K. While we cannot observe the XX feature due to the low excitation density
regime, this series allows us to track the spectral evolution of the neutral exciton X
over the whole temperature range. The respective peak position of X as a function of
temperature is plotted in Fig. 5.6(c). Later in this chapter, we will use this data to

roughly estimate the power-induced heating of the crystal lattice.

5.2.3 Time-resolved dynamics of biexcitons

The presented power-dependent steady-state PL measurements of the hBN-encapsulated

WS, monolayer in the previous section have allowed us to confirm the emergence of a
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spectrally narrow biexciton feature. To further examine the biexciton state, we now
investigate its dynamics by time-resolved PL. The measurements are conducted with
the streak camera system in Regensburg combined with the same pulsed laser system
as in chapter 4 (pulse length 180 fs, photon energy 2.21 eV, repetition rate 80 MHz). In
Figs. 5.7(a),(b), the measured PL decay of the sample at a sample temperature of 4 K

is presented for an excitation power of (a) 40 pW and (b) 5 pW respectively.
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Figure 5.7 | (a) False-color streak camera image of the PL decay measured on the hBN-
encapsulated WSs monolayer at a temperature of 4K and an average excitation power of
40pW. (b) Same as (a) but with an excitation power of 5 pW. (¢) Normalized time-resolved
PL traces of the XX and X features extracted from (a). (d) Normalized time-resolved PL
traces of the XX and the L features extracted from (b).

The extracted PL traces from the measurement under 40 pW excitation power are
shown in Fig. 5.7(c). Qualitatively we can already infer that the decay of the biexciton
occurs on far longer time scales than the neutral exciton. Fitting the decay of the
biexciton with a single exponential decay yields a decay time of 83 ps, whereas the
decay of the neutral exciton cannot be reasonably resolved within our system resolution
of 10 ps. While we cannot provide a comprehensive explanation for the different decay

dynamics of excitons and biexcitons at this point, a possible contribution to the longer
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decay of the biexciton could be understood by the model proposed by Citrin [Cit94]
for the scenario of biexcitons in GaAs/Al,Ga;_,As quantum wells. Here, within an
excitonic molecule model, the radiative decay of the biexciton 7X¥ is related to the
radiative decay of the exciton 7% as X% = urX,, where p is a factor, which depends
on the interexcitonic separation d within the biexciton and the wave vector of light ¢
inside a monolayer by u ~ (qd)~2. Based on the theoretical estimation by You et al.
[Youl5], we assume d ~4—5nm, which results in u ~ 102. Given typical radiative
decay times of neutral excitons in the range of 1 ps, this estimation yields 7% ~100 ps
for the biexciton decay in reasonable agreement with our experimental observation.
In Fig. 5.7(d) we compare the extracted PL traces of the biexciton and the localized
emission for an excitation power of 5 pW, where both features can be readily identified.
Using a single exponential decay function, we obtain a decay time of the biexciton of
58 ps at this excitation power and a decay time of 256 ps for the L peak. We note
that a single exponential fit does not fully capture the long-lived dynamics of the L
peak. Very long decay times of the L peak at 4K in monolayer TMDCs have been
regularly observed in other studies [Wanl4, Youl5, Plel6a]. Hence, this observation
further indicates the different nature of the two low-energetic features (L and XX) and
provides additional evidence for our attribution of the biexciton feature.

Taken together, the power dependence and the temperature series in steady-state PL
combined with the time-resolved measurement allow us to attribute the superlinear
peak as a function of excitation density to emission from biexcitons. Moreover, in line
with recent observations, the encapsulation of the monolayer WS, drastically reduces
the spectral broadening of all excitonic features. The resulting spectrally ultra-narrow
biexciton peak of about 4.4meV thus represents a highly suitable testbed for further

spectroscopic studies of this many-body state as presented later in the chapter.

5.2.4 Biexcitons in momentum space

Following the initial optical characterization of the sample and the subsequent identifi-
cation of biexciton emission, we now consider the structure of biexcitons in momentum
space, which is crucial for a more thorough understanding of this many-body state.
In monolayer TMDCs, optically bright excitons consist of electrons and holes, which
are both situated either in the KT or K= valley. However, in the case of biexcitons,
the situation in momentum space is more intricate. A many-body state consisting of
two excitons gives rise to a variety of different possible configurations, which are illus-

trated schematically in Fig. 5.8. Here, the highest valence band and the two lowest
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spin-split conduction bands of monolayer WS, together with a total of four possible
different biexciton states are shown. The ground state (XX;) consists of two excitons,
where the respective electrons are situated in the lowest conduction band. While this
arrangement is energetically the most favorable, it is optically dark as the intravalley
electron-hole transitions are spin-forbidden in this case. Hence, we can rule out the
XX state to be responsible for the observed biexciton emission in our experiment. It is
worth pointing out that the scenario of an optically dark biexciton ground state results
from the negative sign of the conduction band splitting of tungsten-based TMDCs.
In contrast, in molybdenum-based TMDCs, in which the conduction band splitting is
positive, the XX state is expected to be optically bright.

Ground state Excited states
XX, XX, XX, XX,
- [ o — o o
o /o — /o — —\ [—
- I¢> bright bright bright
ri rig rig
—1t> ’
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Figure 5.8 | Four different configurations of biexcitons in monolayer WS,. The ground state
(XX) is optically dark due to spin-forbidden transitions. Both excited states XXy and XX3
consist of one bright exciton and one dark exciton, which is either spin-forbidden (XX3) or
indirect in momentum space (XX3). The excited state XX consists of two bright excitons.

Following these considerations it is reasonable to assume that the biexciton in our
experiment stems from one of the excited states XX,, XXy or XXy in Fig. 5.8. The
XXy and XX3 complexes are both of hybrid nature as they consist of one bright electron-
hole pair, which can recombine by the emission of a photon, and one dark electron-hole
pair that is optically inactive. We also take into account the highly excited state XXy,
which consists of two bright excitons, even though it is very probable that this state is
energetically higher than XX, and XX3 and thus less stable.

On the basis of the performed experiments so far, we are not able to identify the relevant
biexciton configuration in our sample. However, as we will demonstrate in the following
section, probing the biexciton feature in magneto-PL will allow us draw conclusions on
the valley configuration of the biexciton in WS,, inferring that it consists of a bright

exciton in one valley and an intravalley dark exciton in the other valley (XX, state).
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5.3 Biexcitons in high magnetic fields

In this section, we will examine the complex behavior of biexcitons in an hBN-encap-
sulated WS, monolayer under the influence of an external magnetic field up to 30 T.
All experimental data from this section was acquired at the HFML in Nijmegen. The
theoretical framework was elaborated and provided within a collaborative effort by

Mikhail Durnev and Mikhail Glazov from the Ioffe Institute in St. Petersburg.

5.3.1 Zeeman splitting and inverted polarization

We start by analyzing the spectral evolution of the biexciton and the neutral exciton
peak in an out-of-plane magnetic field up to 30 T. The sample is excited using linearly
polarized light (photon energy 2.21eV), populating both valley configurations equally,
and the emitted PL is analyzed in a circularly polarized basis. In analogy to the
magneto-PL study on interlayer excitons in chapter 4, this approach allows us to resolve

the magnetic splitting and to quantify the field-induced degree of polarization.
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Figure 5.9 | Magneto-PL spectra of the (a) XX peak and (b) X peak for ¢~ and o polarized
detection after linearly polarized excitation for various out-of-plane magnetic fields up to 30 T.
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Fig. 5.9 (a) and (b) show the o and o~ polarized components of the biexciton and
the exciton emission for magnetic fields from 0T to 30T in 10T steps at a sample
temperature of 4 K and an excitation power of 1000 pW. At a magnetic field of 0T,
neither XX nor X peak possess any energetic splitting or any field-induced polarization,
as expected due the valley degeneracy. For B > 0T, however, the polarized components
exhibit an energetic separation, which amounts to about 6.7meV for the highest fields
of 30 T. Intriguingly, the intensities of the respective polarized components of the X and
XX feature behave strikingly different. While the exciton is mostly unpolarized even
at high fields, the biexciton emission shows a clear polarization, where the intensity
of the energetically higher component in emission (o~ for B >0) is strongly increased
with respect to the lower-energy component.

To quantify our observations, we first calculate the energetic splitting of the o* po-
larized emission peaks of exciton and biexciton from the experimental data, which is
illustrated in Fig. 5.10(a).
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Figure 5.10 | (a) Energetic splitting of the X peak (open circles) and the XX peak (filled
circles) as a function of magnetic field. The solid red line indicates a linear dependence with
a g factor of —4. (b) Field-induced polarization of the exciton and the biexciton.

In analogy to the experiments in chapter 4, we can relate the energetic splitting to the
g factor by AE = E°" — E° = gsupB, where pp ~58 neV/T is the Bohr magneton,
B is the magnetic field, and gg is the spectroscopic g factor. The spectroscopic g
factor gs refers to the state that we observe in emission. The reason for introducing
this distinction, in contrast to chapter 4, will be explained shortly below. Using this
definition we obtain a spectroscopic g factor of the neutral exciton of g§& = —3.8 £0.1,
which is in very good agreement to previous magneto-PL measurements of the exciton

in monolayer WS, [Stil6a, Ple16b, Kuh17]. The spectroscopic g factor of the biexciton
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is very similar and amounts to g¥¥ = —3.8 £ 0.1. This is very reasonable since the
radiative recombination of the biexciton is identical to the optically bright exciton.

The corresponding field-induced polarization, P = (I,+ — I,-)/(I,+ + I,-) is shown
in Fig. 5.10(b). For the neutral exciton, it remains mostly constant around 0%,
implying that no discernible population imbalance for this feature can be achieved even
in high magnetic fields. However, the emission of the biexciton is strongly polarized and
reaches values close to —70% at 30 T. In stark contrast to our observation in chapter
4 for interlayer excitons, the component that emits at higher energy (o7) is favored in

emission, resulting in a so-called inverted polarization of the XX peak.

5.3.2 The concept of the spectroscopic and total g factor

We can tentatively understand the absence of field-induced polarization of the exciton
resonance as a result of the ultra-short, < 10 ps, lifetime that was determined in section
5.2.3 for this feature. Combined with the off-resonant excitation conditions in the
experiment, the excitons are likely to be far from a quasi-equilibrium within this short
period of time and thus not able to relax to the energetically favorable state. However,
the emergence of an inverted polarization of biexcitons, where the state emitting at
higher energy is more populated, is, at first glance, puzzling. In fact, due to their
longer lifetime of about 80 ps (see section 5.2.3) one could expect a thermalization of
biexcitons over the Zeeman-split states and anticipate that the lower-energy component
in emission will be stronger in intensity. This notion however neglects the fundamental
concept that the population distribution of excitonic complexes between energetically
separated states in a magnetic field is determined by the change of the total energy
of the state and not only of the species that is responsible for the observed emission
feature. Recently, this approach was successfully applied to explain the behavior of
charged excitons in CdTe quantum wells in magneto-PL studies [Ast05, Barll].

Hence, to incorporate this concept to our observations on biexcitons, we will resort
to two different g factors, namely the spectroscopic g factor gs and the total g factor
gr. The spectroscopic ¢ factor gs that was already used above is only related to the
energy of the emitting state. In contrast to that, the total g factor gr takes into
account the Zeeman shifts of all constituents of the biexciton and therefore describes
the total energy of the composite exciton state. Consequently, the relative population
of an excitonic state between energetically split levels is given by the total g factor. By
assuming quasi-equilibrium, we can express the ratio of the two intensities I,+/I,- in

a straightforward model by means of a Boltzmann distribution as
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I+ gTuBB)
o — 1
I- “p ( kgT )’ (5-1)

where T is the effective temperature of the biexciton gas and kp is the Boltzmann
constant. Crucially, from this we expect an inverted polarization behavior, where
1,- < I,+ holds, if the total g factor is positive, i.e. gr > 0.

At this point it is important to realize that the total g factor can only deviate from the
spectroscopic g factor if the excitonic complex consists of more than two constituents.
For the case of an exciton we always have gs = gr since the emitting state is the
same as the total excitonic complex. This is also the reason why the concept of two
different g factors was not relevant in the discussion of the magneto-PL data in chapter
4, as the interlayer exciton also consists only of two constituents. However, for many-
body states such as the biexciton, the total g factor can differ from the spectroscopic
g factor since it takes also into account the energies of the non-emitting complexes.
Indeed, we will demonstrate in the following that this situation emerges for biexcitons
in monolayer WS,. Due to the presence of a dark exciton within this many-body state,
the total energy can differ from the emission energy. As a consequence, this will allow
us to explain the anomalous inverted polarization in a magnetic field and to reveal the

momentum space configuration of the biexciton in our sample.

5.3.3 Theoretical framework of the g factor components

Before we theoretically analyze the total g factor of the different biexciton complexes
from section 5.2.4, we introduce the relevant framework to describe the g factors of
the individual conduction and valence bands in this chapter. In a first step, this will
also allow us to deduce a theoretical estimation of the spectroscopic g factor and to
compare this value to our experimental observation in section 5.3.1. In chapter 4,
the g factor was determined in an atomistic viewpoint by the individual contributions
arising from the spin magnetic moment, the atomic orbitals and the valley magnetic
moment. In this chapter however, based on the collaboration with Mikhail Durnev
and Mikhail Glazov, we use an alternative approach, where the g factors are calculated
by k - p perturbation theory, which allows one to relate the g factor with the band
structure parameters of the respective monolayer TMDC. Specifically, we resort to
calculated values provided by Rybkovskiy et al. [Ryb17], where the parametrization of
the multiband & - p Hamiltonian was determined by decomposing tight-binding models
in the vicinity of the K* and K~ points. The Zeeman Hamiltonian for an electron in

the conduction band c or valence band v reads then [Ryb17]:
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1 S
HC,V = iuBB(gg,r\]?Tz + ngiﬂz) (52)

Here, ¢* is the spin contribution (¢, = +1 is the spin index) and ¢ describes the
orbital contributions (7, = £1 is the valley index) to the energetic splitting. Note
here that the so-called orbital contribution within this approach combines the two
magnetic moments (orbital and valley) of the atomistic approach presented in chapter
4. The spin contribution ¢*" is set to the vacuum value of 2 for both conduction and
valence bands since it is mostly not affected by the crystal environment. For the orbital

orb

contributions ¢g° of conduction and valence band, Rybkovskiy et al. [Ryb17] provide

values of g2 = 3.96 and ¢ = 0.11 for the case of monolayer WS,. Based on these
values, we can now calculate the spectroscopic ¢ factor of the optically bright exciton

and biexciton using the following relation:

G =08 = g g — g g (5:3)

By inserting the values provided above we obtain a theoretical value of gg for both
exciton and biexciton of gé(,th = géfﬁ) = —3.85, which is excellent agreement to our

experimental observation of g§ = —3.84 0.1 and g&¥ = —-3.9£0.1.

5.3.4 The hybrid composition of biexcitons in momentum

space

We now turn to the analysis of the total g factor of the different possible biexciton
configurations that were outlined in section 5.2.4. The XX, state will be neglected in
the following since it is optically dark. Based on the two contributions ¢g*? and g°,
the energy level evolution of the o* polarized transition of the biexciton configurations
XXs, XX3 and XX, is illustrated in Fig. 5.11(a). The behavior of the ¢~ transition
follows from time-reversal symmetry (not shown here). As can be seen, the relevant two
lowest conduction bands and the highest valence band undergo an energetic shift in a
positive applied magnetic field due to the spin and orbital contributions. Note that the
length of the arrows in Fig. 5.11 is not directly proportional to the magnitude of the
individual contributions. To calculate the total g factor of a biexciton configuration, we
have to take into account all contributions from the participating excitonic complexes.
In Fig. 5.11(b) the individual spin and orbital contributions for all excitonic complexes
of the respective biexciton configuration are summarized. By adding up the g factors

of the individual constituents, one can estimate the total g factor of the respective
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5.3 Biexcitons in high magnetic fields

biexciton configuration, as will be shown in the following.

First, we discuss the scenario of the XX, complex. The ¢ factor of the bright exciton
gl)fﬂght of XX, is equivalent to the already determined spectroscopic g factor ¢g¥ and
thus amounts to —3.85. The dark state in XX, is of intra-valley nature, leading to
an antiparallel evolution of the contributions from spin in the conduction and valence
bands in a positive magnetic field. Therefore, we can write g, of XXs as gX . (XXy) =
— g0 4 g% 4 ¢o™ + g = 7.85. Adding the bright and dark component of XX, up thus
results in a total g factor of g¥x2 =—-385+785=4.

(a) xx2 XX4
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ot | . B=0 ot
........... B
— ~— B>0 —
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§—0— f Spin 1_0_ °
------ ' ﬁorbltal ﬁ------ %------\
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(b)
XX, XX, XX,
X X E X X XX X X XX
Goright ~ Jdark g:xz =4 Ioright ~ Jaark g °=02  Yoright  Joright 9, ‘=0

&m%ji _ @‘}ﬂj?%:?ﬁi B

Figure 5.11| (a) Expected evolution of the energy levels of the bright o™ state of XXa,
XX3 and XX,y with positive applied magnetic field (B > 0). The dashed lines indicate the
situation for B = 0. Black arrows represent the spin contribution and black-grey arrows the
orbital contribution to the total energy splitting. (b) Schematic energetic representation of
XX3, XX3 and XX, with the individual g factors of the bright exciton, the dark state and
the resulting total g factor of the respective biexciton state. Dashed lines show the situation
for B =0.

97



5 Biexcitons in hBN-encapsulated monolayer WS,

OOOOOOOOOOOOOQO.

Figure 5.12 | Intensity ratio
I,+/I,—~ derived from the data
in Fig. 5.10(b) for the biexciton
and exciton peak. The solid red
line corresponds to a fit to a ther-
mal Boltzmann distribution using
. %4 cquation (5.1), with g¥¥ = 4. The
0 10 20 30 corresponding temperature of the
Magnetic field (T) biexciton gas in this fit is 7' = 50 K.

0.5¢

— Boltzmann fit
® Biexciton (XX)
0.2k © Exciton (X)

Intensity ratio 6"/~ (log. scale)

Second, we calculate the expected total g factor of the XX3 configuration. In analogy
to the situation in XXs, the g factor of the bright exciton amounts to —3.85. However,
in contrast to XXs, the dark state now extends over valleys of different index, which
gives rise to an additional contribution from the orbital component in the conduction
band, while the spin component in the conduction and valence band evolves parallel.
Hence, the g factor of the dark state of XX can be written as gX,, (XX3) = g2 — gP +
go™ + g = 4.07, yielding a total g factor of g ? = —3.85 + 4.07 = 0.22. Finally, we
shortly treat the case of the XX, complex. As this state consists of two bright excitons,
all individual contributions to the total g factor cancel out entirely, which results in a
total g factor of XX, of g¥x4 =0.

To briefly summarize here, we could determine the expected total g factors of the
three relevant biexciton configurations by considering the energetic evolution of all
constituents in a magnetic field. The respective values for the three complexes are
g2 =4, g7 = 0.22 and gF* = 0.

Based on our previous considerations, we can explain the observed inverted polariza-
tion of the biexciton feature if the total g factor is positive. Hence, we can exclude
XX, as a possible configuration since its total g factor of 0 would result in no pop-
ulation imbalance. Additionally, the observation of this state is rather unlikely due
to its high-energy nature. This leaves XXy and XX3 as the two remaining possible
momentum space arrangements of the biexciton on our sample since both states lead
to an inverted polarization due to their positive total g factor. To resolve this situa-
tion, we return to the thermal Boltzmann distribution from equation 5.1 to describe
the intensity relation of the two polarized components I,+/I,- as shown in Fig. 5.12.
In a straightforward picture, assuming quasi-equilibrium, the population of biexcitons
between the two Zeeman-split states is determined by this relation. By fitting the data

with the previously obtained theoretical estimations of gr for XX, and XX3, we can
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5.3 Biexcitons in high magnetic fields

extract the effective temperature of the biexciton gas T' for a given total g factor. This
yields an effective temperature of T' &~ 50 K for the XX, configuration and 7' =~ 2.5 K
for the XX3 configuration. The fact that the nominal sample temperature in our setup
is 4K renders the XXj3 scenario highly unlikely due to its effective temperature of
T ~ 2.5K. From this we can conclude that the observed inverted polarization stems
from the XXy biexciton, consisting of a bright exciton in one valley and an intravalley
dark exciton in the other valley.

The recombination pathway of the XX, state and the resulting inverted polarization
is further illustrated in Fig. 5.13. Since the total Zeeman splitting (g22) depends on
both the contribution from the bright and dark exciton, the XX5 state splits with a
reversed energetic order compared to its bright exciton component. Consequently, as
can be seen, even though the o~ polarized component emits at a higher energy than
the ot polarized state, the o~ state is more populated due to the positive total g factor

of the XX, configuration.

e —_—
% °
Q- -0
Kf K-

XX, KK

Figure 5.13 | Schematic illustration of the recombination of the XX5 biexciton, where the
lower-energy state of XXg emits at a higher photon energy. The number of filled circles
indicates the relative populations of the Zeeman-split XXo states.
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5 Biexcitons in hBN-encapsulated monolayer WS,

Finally, we aim to understand the apparent deviation of the derived effective tempera-
ture T of the biexciton gas (T' ~ 50K) from the nominal sample temperature 7' = 4K
in the experiment. In principle, this can either result from a lack of full thermal equi-
librium of the biexciton gas with the lattice due to slow cooling by acoustic phonons
or from the heating of the crystal lattice itself as a result of the high excitation power
(1000 pW) used in the experiment. We can roughly estimate the latter effect by track-
ing the power-induced redshift from the power series in Fig. 5.5 and compare it to
the typical temperature dependence of the peak energies in the temperature series in
Fig. 5.6. As indicated by the dashed grey line in Fig. 5.5(a), the redshift of the
trion amounts to 2.1 meV at 1000 pW. This shift can now be brought into relation
to the temperature-dependent data, which is further shown in the range from 4K to
60K in Fig. 5.14. To quantify the estimated lattice temperature at an energy shift of
2.1meV, we apply three of the most prominent analytical functions from the literature
by Varshni [Var67], Vifia et al. [Viii84] and Péssler [Pas97] to the data. While all
three functions generally provide reasonable fits to temperature-dependent PL data,
it should be noted here that they mostly serve as a phenomenological description and

the resulting fit parameters usually cannot be related to sensible physical quantities.
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Figure 5.14 | (a)-(c) Peak energy of the neutral exciton as a function of temperature from
4K to 60K including the respective fit function (red line) by (a) Varshni, (b) Vina et al. and
(c) Péssler.

In Fig. 5.14(a) the fit using the model by Varshni is shown, which was already intro-
duced in chapter 4 (equation 4.3). The second fit function as proposed by Vifia et al.
[Ving4] follows

2
E,(T) = By — ay, (1 + m)@)l) (5.4)
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5.3 Biexcitons in high magnetic fields

and is shown in Fig. 5.14(b). Here, the T ~ 0 limit is provided by the parame-
ters Ey(0) = Ep, — ar, and the material-specific characteristic phonon temperature is
represented by ©.

Finally, the model given by Péssler [Pas97] provides the following formula:

1y (%)p - 1} , (5.5)

where E,4(0) represents the energy of the bandgap at 0K, © the material-specific char-

acteristic phonon temperature and v and p are fit parameters. The resulting function
together with the data is depicted in Fig. 5.14(c).

Based on these analytical descriptions of the temperature dependence we can deduce
an estimated sample temperature of 35 K (Varshni), 43K (Péssler) and 55K (Vifia
et al.) for the given redshift of 2.1 meV at an excitation power of 1000 pW. All these
values are in reasonable agreement with the estimated effective temperature of the XX,
biexciton state of about 50 K, which further strengthens our assignment of prevalent
momentum space configuration of biexcitons in monolayer WS,.

Taken together, the presented spectroscopic measurements of biexcitons in hBN-encap-
sulated WS, underline the intriguing physics of this many-body state in a monolayer
TMDC. Combining power- and temperature-dependent steady-state PL measurements
with time-resolved data allows us to unambiguously identify biexcitonic emission in our
sample. The encapsulation of the monolayer with hBN results in significantly reduced
linewidths of all excitonic features and leads to a biexciton feature with a linewidth
as narrow as 4.4meV. In magneto-PL, we determine the spectroscopic ¢ factor of the
biexciton to be g&¥ = —3.9 £ 0.1, in close agreement to the spectroscopic g factor
of the neutral exciton gé( = —3.8 £ 0.1. Most importantly, we observe an inverted
polarization of the biexciton in an out-of-plane magnetic field, implying that the state
emitting at a higher energy is preferentially populated. We explain this behavior by
taking into account the evolution of the total energy of all excitonic constituents, which
is responsible for the distribution of states in a magnetic field. The subsequent analysis
enables us to elucidate the specific momentum space configuration of the biexciton in
monolayer WS, (XX3) as a hybrid state consisting of one bright exciton in one valley

and an intravalley dark exciton in the other valley.
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5 Biexcitons in hBN-encapsulated monolayer WS,

5.4 Alternative scenario: The charged biexciton

The analysis from the previous section was based on the assumption that the observed
biexciton is charge-neutral, i.e. it consists of two excitons implying a biexciton binding
energy of about 50 meV. This assignment is in line with previous observations of biex-
citon emission in tungsten-based monolayer TMDCs [Youl5, Plel5, Shal5]. However,
recent experiments on monolayer MoSe; found a binding energy of the neutral biex-
citon of about 20 meV [Haol7a]. Moreover, as already stated in section 5.2.2, several
theoretical works suggest a biexciton binding energy in the same energetic region and a
binding energy of the charged biexciton of about 50 meV [Zhal5b, Kyl15, Szy17]. This
attribution was corroborated very recently by four experimental studies which exam-
ine the gate-dependent biexcitonic properties of hBN-encapsulated monolayer WSes
[Bar18, Chel8, Lil8, Yel8]. By changing the density of the free carriers in the sample
via an external gate, it could be shown that the binding energy of the neutral and

charged biexciton amounts to about 20 meV and 50 meV, respectively.

(@) - (b)
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Figure 5.15| (a) Momentum space configuration of the lowest-energy charged biexciton
complex (XT) in monolayer WSs. (b) Expected evolution of the energy levels of the charged
biexciton with the respective g factors of the bright exciton and the dark trion. The resulting
total g factor of the configuration amounts to g3 ' = 1.9.

Taking these indications together, an alternative interpretation of the studied biexci-
tonic feature in this chapter as a charged biexciton emerges as a plausible scenario.
In the following, we want to briefly discuss the configuration of a charged biexciton
in momentum space, the resulting spectroscopic and total g factor of this many-body
state and the interpretation of our observation in light of this alternative scenario.

The expected lowest-energy composition of the charged biexciton (XT) in momentum

space is illustrated in Fig. 5.15(a). As can be seen, it consists of one bright exciton
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5.4 Alternative scenario: The charged biexciton

and one optically dark trion, which is forming a spin singlet. To evaluate the expected
behavior of the XT complex in a magnetic field, we resort again to the two different g
factors, gs and gr of the system, which is further depicted in Fig. 5.15(b). In analogy to
the discussed charge-neutral configurations from the previous section, the spectroscopic
g factor of the bright emission of the XT complex amounts to gi' = —3.85 as it
only depends on the recombination of the bright electron-hole pair (see gi,,, in Fig.
5.15(b)). However, to calculate the total g factor of the charged biexciton in a magnetic
field, we have to take into account an additional electron and its contribution from spin
and orbital magnetic moments to the g factor of the dark trion state. Thus, the g factor
of the dark state of XT can be expressed as gi . (XT) = g2 — 2¢9™ + 2¢% — g =
3.96—2-0.114-2-2—2 = 5.74. By adding the bright and dark component of the respective
g factor up, we obtain a value of the total g factor of XT of g¥T = —3.85 +5.74 ~ 1.9.
Hence, the total energy of the charged biexciton in a magnetic field is described by
a positive g factor, which is a crucial prerequisite for the observation of an inverted
polarization.

Based on this total g factor of about 1.9 for the charged biexciton, we can estimate
the effective temperature of the gas of charged biexcitons by using the Boltzmann
distribution (equation 5.1), resulting in a temperature of about 25 K. Due to the smaller
total g factor of XT, this value is naturally lower than the estimated temperature
of about 50K of the neutral XX, complex (g5°> = +4). Nevertheless, it is still in
qualitative agreement to the estimated sample temperature of about 35-50 K that we
extracted in the previous section from the comparison of power-dependent PL and the
respective energetic shift in temperature-dependent PL measurements.

We can therefore summarize that the assignment of the superlinear feature in our
experiment to emission from a charged biexciton is a reasonable alternative scenario
for the interpretation of our data. Similar to the case of the charge-neutral XX,
state, the charged biexciton possesses a positive total g factor due to the contributions
from the dark state, which is the fundamental prerequisite to understand the observed
inverted polarization of the biexciton feature. The recently published work on the
closely related material WSes represents indeed strong evidence for the interpretation
of our observed feature as a charged biexciton. However, to unambiguously resolve this
conflict, future measurements on gated hBN-encapsulated WS, monolayer are required,

which are beyond the scope of the present thesis.
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Chapter

Summary and outlook

In this thesis, the remarkable properties of excitons in atomically thin van der Waals
heterostructures were intensively studied within two different material platforms. By
using photoluminescence spectroscopy as the main experimental technique, novel in-
sights on the behavior of these Coulomb-bound quasiparticles could be obtained for

the case of an atomically thin heterostructure and an hBN-encapsulated monolayer.

In the first main project, the deterministic fabrication by means of the PDMS transfer
technique allowed us to create a heterostructure consisting of two different monolayer
TMDCs (MoSe; and WSes). Due to the type II band alignment, spatially indirect
interlayer excitons are formed in this structure, where the electrons and holes are sit-
uated in different layers. For this material combination, direct optical transitions at
the K points are only expected for twist angles of the heterostructure close to 0° (AA
stacking) and 60° (AB stacking). Resorting to SHG spectroscopy, an AB stacking of
the heterostructure could be determined, which gives rise to radiatively allowed in-
terlayer exciton transitions between valleys of different index. In low-temperature PL
measurements, we could observe the energetically well-separated emission from inter-
layer excitons in the sample. The attribution of this excitonic species was further
supported by PLE measurements. Here, a clear enhancement of the interlayer exciton
PL could be observed once the excitation energy of the laser was close to the main
excitonic resonances of MoSes and WSey. Furthermore, helicity-resolved PL measure-
ments demonstrated the emergence of valley polarization of interlayer excitons, which
could be tuned by varying the excitation energy of the laser.

Following this initial optical characterization, we then focused on the interaction ef-
fects and dynamics of interlayer excitons [Nagl7b]. Temperature-dependent PL mea-

surements on the heterostructure revealed an anomalous behavior of both the peak
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position and the spectral linewidth of the interlayer exciton. These observations could
be explained by taking into account disorder effects that arise from the inhomogeneous
potential landscape in the heterostructure. Power-dependent PL measurements showed
a pronounced blueshift of the interlayer exciton peak position that could not be ob-
served for the monolayer excitons in the same experiment. It was proposed that the
main mechanism behind this phenomenon is the repulsive dipole-dipole interaction of
the spatially separated interlayer excitons, where electron and hole reside in different
layers yielding permanent electrical dipoles. Time-resolved measurements gave access
to the dynamics of interlayer excitons. Strikingly, the measured lifetime of interlayer
excitons at 4 K was found to be in the nanosecond regime, clearly exceeding typical
decay times of intralayer excitons by orders of magnitude as a result of the increased
spatial separation of electrons and holes. The streak camera system allowed us to
track the spectral evolution of the interlayer exciton PL at low temperatures for the
first time. The observed initial broadening and subsequent blueshifted PL emission
at later times was explained by a three-step process, where interlayer excitons decay
within the inhomogeneous potential landscape of the heterostructure, accompanied by
the effects of dipolar exciton repulsion. Furthermore, we studied the PL decay of inter-
layer excitons as a function of sample temperature and excitation power. It was shown
that by combining our observations from the steady-state PL and the time-resolved
PL measurements, an overall energetic tuning range of about 20 meV of the interlayer
exciton can be achieved. Applying a basic capacitor model finally allowed us to pro-
vide a lower boundary of the interlayer exciton density in our experiments of about

nmx ~ 4 - 100%cm—2.

The intricate properties of interlayer excitons in a two-dimensional heterostructure
were further investigated at the High Field Magnetic Laboratory in Nijmegen. Here,
we could examine the behavior of this excitonic species under the influence of an ex-
ternal magnetic field up to 30 T for the first time [Nagl7a]. Generally, the out-of-plane
magnetic field lifts the valley degeneracy of all excitonic features. However, the ener-
getic shifts of intra- and interlayer excitons deviated strongly from each other. For the
excitonic resonance of monolayer WSe, we obtained a g factor of —3.7 £ 0.1, which is
in line with recent literature. A three-component atomistic model consisting of contri-
butions from spin, atomic orbital and valley magnetic moment provided a reasonable
framework to understand the observed g factor. In stark contrast to that, the g factor
of the interlayer exciton was determined to be —15.140.1 in our sample. Moreover, the
valley polarization of the interlayer exciton reached values of more than 80 % for the

highest fields of 30 T. In light of the evenly distributed exciton population right after the
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linearly polarized excitation, this value is particularly remarkable. The anomalously
high value of the g factor of the interlayer exciton could be understood by resorting to
the same framework as it was applied for the intralayer excitons. Most importantly,
due to the AB stacking of the studied heterostructure and the resulting optically al-
lowed intervalley transitions, the contributions from the valley magnetic moment add
up. This gives rise to a drastic increase of the total magnetic response of the interlayer
exciton in comparison to the monolayer case. Finally, it could be demonstrated that
the lifetime of the interlayer exciton increases in an external magnetic field, presumably

as a result of a smaller wave function overlap.

The second main project of this thesis dealt with the spectroscopic study of biexcitons
emerging in a monolayer of WS,, which was encapsulated by two thin sheets of hBN
[Nag18]. This heterostructure was also fabricated by a step-by-step procedure using the
PDMS transfer technique. In low-temperature PL experiments, it could be shown that
the encapsulation of the monolayer with hBN results in a drastic reduction of the inho-
mogeneous broadening of all excitonic features, in agreement with similar observations
in recent literature. The subsequent PL measurements revealed an ultra-narrow feature
with superlinear power dependence, which was attributed to emission stemming from
biexcitons. This assessment was further corroborated by a temperature-dependent PL
series, where biexciton emission was discernible up to a nominal sample temperature
of 100 K. Furthermore, by using the streak camera system, it was shown that the PL
decay of the biexciton at low temperatures occurs on far longer timescales than that

of the neutral exciton.

Crucially, by studying the effects of an external out-of-plane magnetic field on the
behavior of biexcitons in monolayer TMDCs for the first time, we could reveal the
momentum space configuration of this complex many-body state. As for the case of
interlayer excitons, these experiments were also performed at the HFML in Nijmegen
with magnetic fields up to 30 T. The observed g factor of the neutral exciton and the
biexciton were found to be largely the same in the experiment, as expected from the
identical radiative pathway of both excitonic features. However, while the emission
of the neutral exciton remained mostly unpolarized even at the highest fields, the
biexciton exhibited a strongly inverted polarization of around —70 %, implying that the
component emitting at higher energy is favored in emission. This intricate phenomenon
could be understood by introducing a distinction for the g factor into the spectroscopic
g factor, which is related to the energy of the emitting state and a total g factor, which
summarizes the contributions from all biexcitonic constituents. It could be shown

that within the assumption of a Boltzmann distribution between the energetic levels,
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an inverted polarization of the biexciton emerges for the case of a positive total g
factor. By comparing possible momentum space configurations of the biexciton and
their respective expected total g factor with the observed degree of polarization, it
could be revealed that the biexciton is of hybrid nature as it consists of one bright
exciton in one valley and an intravalley dark exciton in the other valley. Finally, it was
outlined that an attribution of the studied feature as a charged biexciton is consistent
with the proposed model system and represents a plausible alternative interpretation

for our observations.

The aim of this thesis is to contribute to the understanding of exciton physics in van der
Waals heterostructures. Nevertheless, as the field is evolving on a rapid pace, a plethora
of outstanding questions remains, giving rise to multiple possible future research di-
rections. The encapsulation of monolayer TMDCs with hBN and the demonstrated
ultra-narrow excitonic features in such samples represent a clear advancement from a
spectroscopic point of view. A natural next step would be to study the time-resolved
dynamics of complex many-body states like the biexciton more thoroughly as a function
of different experimental parameters such as sample temperature or excitation density.
This could also provide new insights on the formation processes of these excitonic
species. Moreover, the understanding of valley polarization effects of this many-body
complex is still in its infancy, let alone the evolution of the valley dynamics. Generally,
more research is required to understand why the formation of biexcitons seems to be
strongly favored in tungsten-based TMDCs compared to molybdenum-based monolay-
ers. From a fundamental point of view, the recent experimental confirmation of the
existence of charged biexciton complexes in monolayer TMDCs is particularly promis-
ing since such a Coulomb-bound five-particle state could not be observed in any other

material system up to now.

At the same time, interlayer excitons arising from atomically thin van der Waals het-
erostructures represent a highly promising playground for further spectroscopic studies.
While the binding energy of excitons in monolayer TMDCs could already be deter-
mined by a variety of experimental techniques [Wan18], a direct measurement of this
crucial quantity for interlayer excitons is still lacking. In particular, the weak oscillator
strength of interlayer excitons renders the observation of excitonic resonances via in-
terband absorption spectroscopy highly unlikely. A direct approach to overcome these
problems comprises the measurement of the excitonic 1s—2p transition of interlayer
excitons in a large-area van der Waals heterostructure using terahertz pump-probe
spectroscopy. Very recently, this technique was successfully applied for the first time

in a WSey /WS, heterostructure to determine a binding energy of interlayer excitons
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of 118 meV [Mer18]. Alternatively, the measurement of the so-called diamagnetic shift
of interlayer excitons in very high magnetic fields could be used to estimate their
binding energy. This energetic shift evolves quadratically with the applied magnetic
field and arises in the weak-field limit, where effects by an external magnetic field
are considerably smaller than the exciton binding energy [Miu07]. Since the diamag-
netic shift is sensitive to the mean square radius of the exciton state, it can be sub-
sequently employed to approximate the binding energy. Recently, this method was
successfully applied to estimate the binding energy of excitons in monolayer TMDCs
[Stil6a, Ple16b, Mit16, Stil8, Zip18].

Fundamental additional insights on the physics of interlayer excitons can be expected
by studying the implications of moiré effects on these Coulomb-bound quasiparticles
[Riv18]. Long-period moiré patterns arise in van der Waals heterostructures with small
lattice mismatch and nearly aligned crystallographic axes. It was shown by scanning
tunneling microscopy measurements that such a superlattice can imprint a position-
dependent potential landscape for interlayer excitons with a variation of about 150 meV
[Zhal7a]. One of the most important consequences of this modulation is the emergence
of an inverted circular polarization of interlayer excitons for certain potential minima
[Yul7, Hsul8]. Very recently, first direct experimental signatures of moiré excitons
could be observed in hBN-encapsulated WSey/MoSe, heterostructures [Tral8, Sey18],
representing an encouraging prospect for the further development of the field.
Ultimately, long sought-after phenomena such as the unambiguous observation of an
excitonic Bose-Einstein condensate could be realized by resorting to van der Waals
heterostructures. This would be facilitated by an elevated degeneracy temperature
in comparison to GaAs-based systems due to the large binding energies of interlayer
excitons in TMDC heterostructures in combination with their long lifetimes and the
potential for high exciton densities [Fogl4]. Clearly, the spectroscopic study of excitons
in van der Waals heterostructures offers exciting perspectives for fundamental research

over the upcoming years.
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