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Zusammenfassung

Übergangsmetall-Dichalkogenide wie Wolframdiselenid (WSe2) und Molybdändiselenid

(MoSe2) sind zweidimensionale Halbleiter, die einzigartige optische und elektronische Ei-

genschaften aufweisen. Im Grenzfall der Monolage weisen sie eine direkte Bandlücke auf,

mit optischen Übergängen im sichtbaren bis nahinfraroten Bereich. An den Energieminima

der inäquivalenten K- und K’ Valleys koppelt Licht-Materie-Wechselwirkung Elektronen des

Leitungsbandes mit Löchern im Valenzband. Die reduzierte elektrostatische Abschirmung

aufgrund der zweidimensionalen Kristallstruktur führt zur Bildung von fest gebundenen

Exzitonen. Diese sind energetisch entartet und zeigen vom Valley-Index abhängige optische

Auswahlregeln, ideal für optoelektronische Bauelemente der nächsten Generation. Diese

Arbeit konzentriert sich auf die Licht-Materie-Wechselwirkungen in WSe2-Mono- und Bila-

gen sowie MoSe2-WSe2-Heterobilagen bei kryogenen Temperaturen, um das Verständnis

ihrer Exzitonenübergänge, Phononenwechselwirkungen und Polarisationseigenschaften zu

vertiefen.

Der erste Teil dieser Studie untersucht die temperaturabhängige Photolumineszenz von

WSe2 Mono- und Bilagen unter kontrollierter elektrostatischer Dotierung. Es wurde eine

ausgeprägte Asymmetrie in der phononenunterstützten Lumineszenz von impulsindirek-

ten Exzitonenreservoiren beobachtet. Im Kontrast dazu, zeigen Exzitonen mit direktem

optischen Übergang thermisch verbreiterte, symmetrische Spektralprofile. Die Photonen-

Dispersionsrelation reduziert durch Energie- und Impulserhaltung die Anzahl an erlaubten

radiativen Zuständen. Diese Einschränkung wird durch Phononen aufgehoben. Die Ergeb-

nisse dieser Arbeit tragen zum Verständnis der phononenunterstützten Rekombination

von Impuls-dunklen Exzitonen bei und ermöglichen den Zugang zur thermischen Vertei-

lung von Exzitonen mit endlichen Impulsen in atomar dünnen Halbleitern mit indirekten

Bandlücken.

Der zweite Teil der Arbeit untersucht die Spindynamik von Interlagen-Exzitonen in anti-

parallelen MoSe2-WSe2 Heterobilagen in Spin-Triplett Konfiguration. Kryogene, spektrale

und zeitaufgelöste Messungen der Photolumineszenz im Magnetfeld wurden unter kontrol-

lierter Polarisation durchgeführt. Der gemessene Polarisationsgrad wurde in magnetische

und optische Beiträge zerlegt und innerhalb eines Ratengleichungsmodell beschrieben. Das

Modell bezieht die Thermalisierung zwischen Zeeman-gespaltenen Reservoiren sowie die

Dephasierung durch langreichweitige Coulomb-Wechselwirkungen mit ein. Im Rahmen

dieser minimalen Annahmen wurden Impuls-indirekte Interlagen-Exzitonen als polarisa-

tionserhaltendes Reservoir vorgeschlagen. Diese Arbeit untersucht die Valley-polarisation

von Interlagen-Exzitonen als Funktion des Magnetfelds im Gleichgewichtszustand, sowie

zeitaufgelöst und bietet ein analytisches Gerüst, welches sich auf die ganze Klasse von

Heterobilagen und deren Interlagen-Exzitonen übertragen lässt.
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Abstract

Transition metal dichalcogenides such as tungsten diselenide (WSe2) and molybdenum

diselenide (MoSe2) are two-dimensional semiconductors that exhibit unique optical and

electronic properties. In the monolayer limit, they exhibit a direct band gap with optical

transitions in the visible to near-infrared spectrum. At the energy minima of the inequivalent

K and K’ valleys, light-matter interactions couple electrons of the conduction band with

empty valence band states. The reduced electrostatic screening due to the two-dimensional

nature of the crystal structure leads to the formation of tightly bound excitons. These are

energetically degenerate and exhibit valley-index dependent optical selection rules, making

them ideal for next generation optoelectronic devices. This thesis focuses on the light-matter

interactions in WSe2 mono- and bilayers as well as MoSe2-WSe2 heterobilayers at cryogenic

temperatures to add to the understanding of their exciton transitions, phonon interactions

and valley polarisation.

The first part of this study investigates the temperature-dependent photoluminescence

of WSe2 mono- and bilayer under controlled electrical doping. A pronounced asymmetry

in the spectral profile of phonon-assisted luminescence from momentum-indirect exciton

reservoirs were observed. In contrast, excitons with direct radiative decay pathways display

thermally broadened, symmetric spectral profiles. The photon dispersion relation reduces

the number of allowed radiative states due to energy and momentum conservation. This

restriction is removed by phonons. The results of this work add to the understanding of

phonon-assisted recombination of momentum-dark excitons and, more generally, establish

means to access the thermal distribution of finite-momentum excitons in atomically thin

semiconductors with indirect bandgaps.

The second part of the thesis explores the spin dynamics of interlayer excitons in MoSe2-

WSe2 heterobilayers in spin-triplet configuration. Cryogenic, spectral and time-resolved

measurements of the photoluminescence in magnetic field were performed under con-

trolled polarisation. The measured degree of polarisation was decomposed into magnetic

and optical contributions and described within a rate equation model. The model includes

thermalisation between Zeeman-split reservoirs and dephasing due to long-range Coulomb

interactions. Within these minimal assumptions, momentum-indirect interlayer excitons

were found as a polarisation-maintaining reservoir. The resulting valley polarisation of in-

terlayer excitons as a function of magnetic field was described for both the steady-state and

time-resolved regimes. This work provides an analytical framework applicable to the whole

class of interlayer-excitons in heterobilayer systems.
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1 Introduction

“One shouldn’t work on semiconductors, that is a filthy mess; who knows

whether any semiconductors exist”

— Wolfgang Pauli, Letters to Peierls, 1931

Michael Faraday not only discovered fundamental interactions of electricity and magnetism,

but also documented the first observation of a semiconductor effect in 1833, where he

noticed that the resistance in silver sulfide decreases with temperature. It took another

century, until Rudolf Peierls in 1930 presented for the first time a concept of forbidden gaps

that was applied to realistic solids by Brillouin [1]. Fortunately, Pauli’s scepticism towards

this theory was unjustified as nearly another century later, semiconducting silicon defines

most electronic circuits we use in our daily life. Ongoing miniaturisation of these circuits

composed of transistors is commonly described by Moore’s law [2] and Dennard scaling [3].

Their prediction on exponentially growing performance over time requires not only higher

resolution of fabrication techniques, but as we reach the fundamental limits of the transistor

size due to the tunnel barrier, research towards novel semiconductor materials receives

utmost importance and is critical to continue the development of next-generation electronic

devices.

With the isolation of graphene in 2004 by Geim and Novoselov [4], the new research field

of two-dimensional (2D) materials was established. By studying the physics of elemen-

tary particles confined in two dimensions in graphene-based structures, massless Dirac

fermions [5], quantum Hall states [6] as well as high electron mobility was discovered. This

success led to investigations of other 2D materials with similar lattice structure: covalent

bonds forming a few-atoms thin layer in plane, with weak van der Waals (vdW) forces out-of

plane. In particular, the family of semiconducting transition metal dichalcogenides (TMDs)

emerged with intriguing optical and electronic properties. Similar to graphene, TMDs form

a hexagonal lattice structure and possess high electron mobility [7]. Contrary to graphene,

which exhibits Dirac cones at the edge of the first Brillouin zone and shows no sizeable
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1 INTRODUCTION

bandgap for multilayer graphene [8, 9], TMDs exhibit a crossover from an indirect to direct

bandgap in the visible to infrared energy spectrum when scaled down to the monolayer (ML)

limit [10]. Light-matter interaction in TMDs is dominated by excitons [11], electron-hole

pairs tightly bound by the attractive Coulomb interaction. The band extrema on opposite

sites of the first Brillouin zone (K and K’) are referred to as ’valleys’ and exhibit opposite

spin due to the broken inversion symmetry. In combination with strong spin-orbit coupling,

TMDs allow contrasting circular dichroism in different k-space regions [12, 13]. This enables

the use of the momentum state of excitons in information processing, introducing a new

paradigm called valleytronics [14].

Applications require long-lived, polarised, coherent and addressable states. Many efforts

were made to improve the spectral quality of TMDs, where encapsulation in hexagonal

boron nitride narrowed down the photoluminescence (PL) linewidth close to the lifetime

limit [15–17] and advances in doping control enabled the differentiation between charged

and neutral excitonic features [18, 19]. In the particular material WSe2, these advances

revealed novel underlying signatures, where localised excitons, trions as well as phonon

sidebands were discussed as origins [20, P1]. In addition, adjacent local band extrema further

complicate the peak assignment [21].

This thesis investigates the spectral signatures of momentum-indirect excitons in mono-

layer and bilayer WSe2 [P2], where electrons and holes reside in different local minima of

the reciprocal space and require the assistance of a phonon for radiative recombination

due to momentum-conservation [22]. This phonon sideband luminescence enriches the

spectral signatures substantially [P1, 23, 24, P3]. To date, momentum-indirect excitons have

been considered predominantly in the context of PL yield and dynamics [25–27], rather

than in terms of spectral line-shape analysis. This work, in contrast, relates the pronounced

spectral asymmetry to the thermal distribution of excitons beyond the restrictive limit of

the radiative cone.

In addition, TMD monolayers may be considered as individual ’Lego’ blocks, where numer-

ous material combinations in vertical arrangement may lead to novel physics [28]. As demon-

strated for graphene, even two layers with precise angle-controlled stacking reveal new ef-

fects like superconductivity [29] or Wigner-crystal formation [30, 31]. TMD heterostructures

as a result of vdW-engineering potentially form moiré patterns, a periodic modulation of

the real space lattice induced by lattice mismatch and angular displacement [32]. However,

due to the interplay of adhesion and strain, defined atomic registries form on a mesoscopic

scale [33]. In particular, the material combinations of MoSe2 and WSe2 exhibits a type-II

band alignment which leads to interlayer exciton formation, where the electron and hole

reside in their energetically most favourable layer. The spatial separation induces a dipole

moment, reduces the wavefunction overlap and thereby gives access to longer radiative

lifetimes as well as longer spin coherence times up to microseconds [34].

The second part of this thesis investigates the decoherence mechanism in TMDs, namely

2



1 INTRODUCTION

electron-hole exchange interaction [35, 36] described by a Hanle-like spin-dephasing. A

minimal rate equation model captures the magnetic field dependent change of the degree

of circular polarisation of time-resolved PL stemming from interlayer excitons of a recon-

structed uniform atomic registry formed inside a MoSe2-WSe2 heterobilayer. The distinction

between thermal population distribution among Zeeman-split sub bands and injected opti-

cal polarisation gives access to the intrinsic spin-coherence times. In combination with op-

tical selection rules and exciton g-factors from theory [33], we identify momentum-indirect

interlayer excitons as an intermediate reservoir in the relaxation process.

Overall, this thesis focuses on the light-matter interactions in WSe2 mono - and bilayers

as well as MoSe2-WSe2 heterobilayer at cryogenic temperatures and aims to add to the

understanding of their exciton transitions, phonon interactions and spin-valley polarisation.

Overview

A brief introduction into exciton physics of TMDs is given in Chapter 2. After the description

of the crystal structure, electronic properties are discussed with focus on reconstruction

effects, exciton g-factors and optical selection rules.

Chapter 3 gives an overview of the experimental methods. We begin by presenting the

cryogenic confocal microscope used for our studies, followed by a detailed description

of the sample fabrication techniques in inert atmosphere. Exfoliation, identification of

layernumbers as well as transfer and assembly into gate-tunable vdW-heterostructures are

shown.

Chapter 4 then discusses phonon-sideband luminescence. The charging behaviour of a

gate-tunable device consisting of mono- and bilayer WSe2 was first characterised, before

temperature-induced effects such as linewidth broadening and bandgap renormalisation

are discussed. The main feature hereby is the temperature dependent asymmetry in the

line shape of phonon-mediated transitions. This approach introduces a simple method

for the distinction between momentum-indirect and momentum-direct optical transitions

in TMDs. The Boltzmann distribution used within our model links the exciton tempera-

ture to the spectral asymmetry, where deviations from the crystal temperature were shown

and assigned to ’hot’ excitons. Such direct experimental access to the temperature of exci-

tons with finite center-of-mass momenta provides additional insight into the fundamental

electron-hole recombination processes in atomically thin semiconductors.

In Chapter 5 we first discuss the spectral features of interlayer exciton emission stemming

from a MoSe2-WSe2 heterostructure, with focus on a reconstructed spot where the centers

of the hexagon of the crystal structure align in anti-parallel configuration (H h
h -registry).

Polarisation-resolved time-dependent PL provides access to the spin dynamics of the sys-

tem. The degree of circular polarisation was decomposed into the optically induced spin

polarisation and the thermally driven population distribution induced by magnetic field.

3



1 INTRODUCTION

This identifies the long-range exchange interactions responsible for spin-dephasing, de-

scribed by a rate equation model. From minimal assumptions, we extract spin-dephasing

times and reproduce the time-dependent degree of circular polarisation. Our approach

suggests that momentum-indirect interlayer excitons represent an intermediate reservoir in

the relaxation process. The simplicity of our model, together with a good agreement with

experimental data, motivates further studies on spin-dynamics of interlayer exctions.

Finally, Chapter 6 provides a summary of the main findings of this work and gives an

outlook on future experiments for the understanding of momentum-indirect excitons in

WSe2 and spin-dynamics in TMD based heterostructures.

4



2 Fundamental aspects of transition
metal dichalcogenides

This chapter will give a brief introduction in the relevant physical properties of transition

metal dichalcolgenides (TMDs) studied in this work. After introducing the real-space and

reciprocal crystal properties for monolayer (ML) TMDs, exciton physics and fundamental

aspects of its light-matter interaction will be discussed and expanded to hetero-bilayer TMD

systems consisting of MoSe2 and WSe2.

2.1 Review on monolayer physics

2.1.1 Crystal structure and lattice vibrations

TMDs are a group of about 60 materials of the form MX2, where M is a transition metal

element and X are chalcogen atoms. Most of them have a layered structure in their bulk

form with weak interlayer van-der-Waals (vdW) interactions, similar to graphene [4, 37]. In

general, these individual layers exist in three different phases, namely 1H, 1T and 1T0 [38–

41]. This work focuses on group VIB semiconducting TMDs in the most studied 1H phase,

consisting of Tungsten (W) and Molybdenium (Mo) as transition metals and Sulfite (S) and

Selenide (Se) as chalcogenide atoms. Here, the trigonal prismatic structure with the side

view shown in Fig. 2.1 (a), is built by three hexagonal packed planes of covalent bonded

atoms in the formation X-M-X, where one X-M-X structure is referred to as a monolayer

(ML). This arrangement results in a overall hexagonal lattice structure shown in Fig. 2.1 (b).

with an out-of-plane mirror symmetry. The in-plane inversion symmetry although is broken

due to the two-atom basis of the unit cell and the symmetry group reduces from D4
6h for bulk

TMDs to D1
3h [40]. The weak interlayer vdW bonds between the ML allow for mechanical

exfoliation [42] as a top-down approach, however different bottom-up approaches including

chemical vapor deposition (CVD) [43, 44], or molecular beam epitaxy (MBE) [45] also create

reproducible and high-quality ML crystals.

5



2 FUNDAMENTAL ASPECTS OF TRANSITION METAL DICHALCOGENIDES

Figure 2.1: (a),(b) Sketch of the real space crystal structure of a monolayer transition metal
dichalcogenide (TMD) in side (a) and top (b) view, where the metal atoms are shown in
orange and the chalcogen atoms in blue. (c) Four optical Raman active phonon modes
most common in TMDs. (d) Illustration of the hexagonal two-dimensional crystal structure
with a two-atom basis of the unit cell and it’s reciprocal hexagonal representation, where
high symmetry points at the corner of the first Brillouin zone (1.BZ) are labelled K/K’ and
intermediate local minima as Q/Q’, with the center Γ.
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2.1 REVIEW ON MONOLAYER PHYSICS

Lattice vibrations

Small atom displacements in a crystalline structure with three atoms per unit cell occur in 6

possible optical and three acoustical vibrational modes and are described by quasi-particles

called phonons. With the distinction between in-plane and out-of-plane modes and addi-

tional symmetry analysis [46], one finds that the modes relevant for electron-phonon scat-

tering are the in-plane and in-phase acoustic modes (TA/LA), the optical polar E’ (LO/TO)

modes, with all three atoms moving out of phase in the plane as well as the energetic highest,

out-of-plane optical mode A1 [47]. The four optical Raman active modes are shown in Fig 2.1

(c), where the indices convention is chosen for bulk MX2 stuctures. The E1g is forbidden in

the typical backscattering Raman configuration [48]. The E2
2g shear mode corresponds the

vibration of two rigid layers against each other and is therefore absent in the ML. This effect

and other multi-layer corrections are used to identify the exact layer number, as further

described in Chap. 3.2.2. Band edge chiral phonons also play a crucial role in the light-matter

interaction of TMDs [49, 50] and are further discussed in Chapter 4 in the context of phonon

sidebands in WSe2.

2.1.2 Optoelectronic properties

Independent of the thickness, the hexagonal real-space crystal symmetry in TMDs results in

a hexagonal reciprocal lattice, schematically depicted in Fig. 2.1 (d) where the labeled high

symmetry points correspond to local extrema in the band structure, referred to as valleys.

Interestingly, the MX2 structures investigated in this work all undergo a direct-to-indirect

band-gap transition when thinned down to the ML limit due to quantum confinement in

the out-of-plane direction [13, 45, 51]. Bulk TMDs are momentum-indirect semiconductors

with the valence band (VB) maximum in Γ and conduction band (CB) minimum in Q [52],

where in the ML the resulting band-edge states K and K’ at the corner of the first Brillouin

zone form a direct band-gap ranging from visible to near-infrared.

The by time-reversal symmetry connected K and K’ points are inequivalent due to the

two-atom basis of the ML real space unit cell. This breaks inversion symmetry and in com-

bination with strong spin-orbit coupling (SOC), leads to spin-polarised valleys [12, 40, 53].

The main contribution to the VB states stem from the dx y and dx2−y2 orbitals of the metal

atoms. Due to their large angular momentum (l =2, m = ±2), strong SOC splits the VB into

two spin-polarised bands separated by hundreds of meV [54]. The CB on the other hand

is dominated by the dz2 orbital with m = 0 and therefore no spin splitting is expected in

a first order approximation. A schematic of the first Brillouin zone with hyperbolic band

dispersion at the K and K’ points is shown in Fig. 2.2 (a). However, minor contributions from

the p-orbitals of the chalcogen atoms and their interplay with d-orbitals introduce a finite

spin splitting of few to tens of meV. The types of atoms, metal and chalcogen, contribute

7



2 FUNDAMENTAL ASPECTS OF TRANSITION METAL DICHALCOGENIDES

Figure 2.2: (a) Sketch of the first Brillouin zone with band dispersions at the K and K’ high-
symmetry points commonly referred to as valleys. The strong spin-orbit splitting of the
valence band give rise to coupled spin and valley physics in TMDs. (b) Detailed depiction of
the bandstructure for MoSe2 and WSe2. The reversed sign of the conduction band spin-orbit
splitting changes the spin ordering and give rise to parallel exciton-spin configurations, spin-
bright (X) and anti-parallel, spin-dark (D) excitons, color-coded and labeled accordingly.
The dashed ellipses between K/K’ and K/Q are symbolising momentum-indirect exciton
configurations, where due to momentum mismatch absorption or emission of a phonon
is needed for radiative recombination. The spin orderings and population distribution are
described by the respective valley-splittings ∆KQ and ∆SOC . Figures adapted from Ref. [61].

to the CB spin splitting with opposite signs [55] and the resulting conduction sub-band

ordering is reversed between Molybdenum and Tungsten dichalcogenides [55–60]. As shown

in Fig. 2.1(d), the ML shows additional local CB minima at the Q (in literature also called

Λ) points, which are pairwise connected by time reversal symmetry. The depth of these

valleys is material dependent and varies between∆KQ ≃ 160 meV for MoSe2 to 0−80 meV for

tungsten-based TMDs [21, 47, 59]. Light-matter interaction in TMDs is dominated by exciton

physics. Excitons are quasiparticles formed by the attractive Coulomb interaction between

an excited electron and a residual vacancy (hole) in the crystal lattice. The two-dimensional

nature of TMD ML causes a reduction of the dielectric screening as other charge carrier are

absent in the out-of plane axis. Therefore, Coulomb interactions lead to exciton binding

energies E X
B in the order of ≈500 meV, a dramatic increase compared to bulk TMD or other

3D semiconductors such as silicon and germanium, where typical exciton binding energies

are in the order of tens of meV [62]. Excitons behave as hydrogen-like complexes [11] and

in TMD ML have a Bohr radius in the nm range, which compared to the lattice constant of

≈ 0.3 nm expands over several lattice unit cells and therefore are classified as Wannier-Mott

type excitons. In photoluminescence experiments most relevant for this work, these corre-

lated electron-hole pairs are formed after photon absorption and by recombining, emit light

with the energy E = Eg −E X
B , where Eg denotes the energy of the quasiparticle gap between

the lowest CB and highest VB.

8



2.2 PROPERTIES OF MOSE2-WSE2 HETEROSTRUCTURES

In first order considering only the momentum direct transitions at K and K’, an exciton

consists of a hole in the VB and an electron in the CB with spin-parallel (↑↑ or ↓↓ ) configura-

tion - a so-called bright exciton (X). The optical selection rules are deduced from symmetry

analysis and show valley dependent spin orientation . The valley-degenerate excitons cou-

ple to σ+ or σ− polarised light respectively, giving rise to the so-called valley-polarisation,

defining the optical response [13, 63]. A schematic depiction of the single particle band

structure of the 1.BZ of MoSe2 and WSe2 is shown in Fig. 2.2 (b), where possible exciton con-

figurations are drawn. For MoSe2, due to the sign of the SOC the energetically lowest exciton

configuration at K/K’ is spin-bright, whereas for WSe2 the conduction sub-band ordering

changes and the spin-dark (D), anti-parallel excitonic state is energetically favoured [64, 65].

In addition, the splitting ∆KQ reduces for WSe2 and momentum-indirect Q-K excitons con-

tribute to the optical signature via simultaneous phonon emission or absorption following

momentum-conservation, and will be discussed in detail in Chapter 4.

2.2 Properties of MoSe2-WSe2 heterostructures

Part of this section is based on the Publications [33, 66, 67].

2.2.1 Stacking type of commensurate lattices

The TMD crystal properties of individual layers discussed in Chapter 2.1 are now expanded

to a Bilayer (BL) system. In general, six atomic registries between two layers form, with

additional parameters being the lattice mismatch as well as the rotational alignment. While

for now neglecting the former, the latter is most simply classified in R and H-type stacking

configurations, where for R-type stacking the in-plane crystalline axes are orientated in the

same direction with 0° twist angle and for H-type stacking the direction is inverted due to

a 180° twist-angle [65, 68]. With this assignment, Fig. 2.3 follows the nomenclature of Zhao

et.al. [33] and displays all atomic registries realisable by lateral displacement, where the la-

beling refers to the stacking type (R- or H-type, parallel or anti-parallel crystal configuration

respectively) and indices are: h = hollow center of hexagon, X = chalcogen site and M = metal

site. Here, the different layers are distinguishable by color, where the dashed vertical lines

show the exact atomic overlay and the translation from side-view to top-view, displayed

below. The natural stacking in bulk TMD is the energetically most favourable H h
h registry

[69], often referred to as 2H symmetry due to its hexagonal nature and two X-M-X layers

per repeat unit [46]. Here, the two center of the hexagonal lattices overlap and form an

overall pure hexagonal structure with the chalcogenide atoms of the first layer residing on

top of the metal atoms of the second layer and vice versa. Other possible high-symmetry
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2 FUNDAMENTAL ASPECTS OF TRANSITION METAL DICHALCOGENIDES

Figure 2.3: Atomic registries realisable by lateral displacement. The labeling refers to the
stacking type (R- or H-type) and indices are: h = hollow center of hexagon, X = chalcogen site
and M = metal site. Here, the different layers are distinguishable by color, where the dashed
vertical lines show the exact atomic overlay and the translation from side-view to top-view,
displayed below.

registries of H-type nature are H M
h and H X

h , where due to displacement, the center of the

hexagons is filled with the metal or chalcogenide atoms of both layers respectively. The Rh
h

registry displays the exact overlay of metal and chalcogenide atoms with orientated crystal

axis. Remarkably, the RM
h and R X

h registries are indistinguishable in the case of homobilayer

systems, where both layers consist of the same material. This configuration is also referred

to as 3R stacking, where the R-type geometry is expressed by three X-M-X layers per repeat

unit to form bulk [46]. With recent advances in CVD synthesis, perfectly aligned high-quality

3R-homobilayer became accessible and in comparison with the natural 2H-stacking, yield

new optoelectronic properties [70]. In heterobilayers (HBL) e.g. MoSe2-WSe2 structures

discussed in this work, the vertical ordering and nomenclature is defining the type of metal

atom residing in the hexagonal center. The lattice constants between MoSe2 and WSe2 how-

ever, differ by 0.1% [69] and therefore, the assumption of a commensurate lattice is only

valid in CVD-grown HBL crystals, since atomic vacancies formed during the growth process

counteract the lattice mismatch [71, 72].

2.2.2 Moiré and reconstruction effects in bilayer systems

With the inclusion of rotational alignment between two individual TMD ML, a moiré super-

lattice is formed as schematically displayed in Fig. 2.4. It consists of a periodic modulation

of the atomic registries depicted in Fig. 2.3. The size of the lattice mismatch between the

individual layers defines upper boundaries for the size of the moiré lattice and leads to
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2.2 PROPERTIES OF MOSE2-WSE2 HETEROSTRUCTURES

Figure 2.4: Ideal moiré pattern in a MoSe2-WSe2 HBL with R-type stacking under 4° twist
angle. The resulting superlattice consists of a periodic modulation of the atomic registries
defined in Fig. 2.3. The lateral dimension of the moiré lattice is dependent of the lattice
mismatch and the twist angle. Figure adapted from Ref. [73].

the distinction between commensurate and incommensurate lattices. For commensurate

homobilayer with identical lattice constants and zero twist angle, the moiré lattice is absent.

In general, the length LM of the moiré supercell is defined via [74]:

LM (Θ) = a1√
1+ ( a1

a2
)2 − 2a1

a2
cos(Θ)

,Θ ∈ [−30◦,30◦], (2.1)

where a1 and a2 are the individual lattice constants and Θ is the rotational twist-angle

between the two layers with a 60◦ rotation symmetry. In the case of near-commensurate

MoSe2-WSe2 HBL , this results in an upper limit of LM ≈ 180 nm. HBLs with different chalco-

gen atoms are incommensurate as they show a much higher lattice mismatch. This reduces

the upper limit of LM to ≈ 8nm. However, the typical optical spot-size of ∼ 1 µm of a diffrac-

tion limited confocal microscope used in this work spans over multiple moiré unit cells.

Therefore, in the absense of strain and interlayer-adhesion induced relaxation and recon-

struction, the optical excitonic response of these systems is probed as a collective overlay

of all atomic registries with an additional moiré potential. As the atomic registries alternate

spatially, so does the local effective bandstructure and thereby the energy of the interlayer

excitons (IX), coulomb-bound, layer-separated electron-hole pairs. This periodic potential

modulation leads to localised IX, where correlated physical phenomena like Mott-insulating

states were shown in in homo- and heterobilayer systems [30, 32, 75].

The above mentioned description of twist-angle dependent heterobilayer stacking is due

to its strong simplifications often called ’powerpoint moiré’. It only occurs if the energetic

minima from the interplay of the intralayer strain and interlayer adhesion energy lies above
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2 FUNDAMENTAL ASPECTS OF TRANSITION METAL DICHALCOGENIDES

the moiré induced total lattice energy. Displayed in Fig. 2.5 are numerical results taken from

Ref. [33] for incommensurate MoSe2-WSe2 HBLs. The moiré lattice is shown in a point-like

representation, where each atomic registry (H M
h ,H h

h ,H X
h and RM

h ,Rh
h ,R X

h ) is associated with

a certain color (see Fig. 2.5 (a), left). These stacking possibilities reduce drastically if one

includes the mechanical relaxation patterns of incommensurate BL systems. The sum of

intralayer (strain) and interlayer (adhesion) energy is given by the integral over the HBL area

S via [76]:

E =
∫

S
[U (r)+Ws(r)]dr, (2.2)

where U (r) and Ws(r) are intralayer and interlayer strain energy densities respectively, de-

pending on the in-plane displacements in MoSe2 and WSe2 layers as well as their elastic

properties. On the nanoscale, twisted bilayers relax into periodic domains by rearranging

lattice atoms according to a 2D displacement vector field [33, 77], resulting in a periodic

reconstructed landscape shown in Fig. 2.5 (a), right. The energetic most favourable domains

in case of periodic reconstruction are the hexagonal H h
h domains for H-type stacking, as

well as the energetically degenerate triangular R X
h and RM

h domains for R-type stacking.

However, with the introduction of a spatially confined region (numerically through bound-

ary conditions) the periodic reconstructed domains evolve to a mesoscopic domain pattern,

with 2D, 1D and 0D regions, shown in Fig. 2.5 (b) for zero twist deformations around the

points associated with the dimensionless parameter α numerically defined by the initial

conditions, with a total twist-angle θ = 0.4◦. The resulting total areal energy given by Eq.

2.1 is evaluated for different twist angles and rotational points α, shown for R- and H-type

stacking in Fig. 2.5 (c-d) and (e-f), respectively. These results have drastic consequences

for the interpretation of the HBL systems studied in this work, as their size is finite, their

twist-angle is small and especially close to edges, mesoscopic reconstruction dominates as it

lies energetically below periodic domain formations as well as pure moiré-lattice formation.

2.2.3 Electronic band structure of bilayer systems

After the treatment of the real space properties of bilayer systems above, we now discuss

their electronic properties. In general, the direct bandgap in ML TMDs is not longer present

for BL systems. The bands at K/K’ valleys feature a stronger in-plane orbital character,

where in contrast the Γ/Q valleys feature an out-of plane character and are therefore more

sensitive to interlayer interactions and orbital hybridisation [78]. For natural homo-bilayers

this results in the CB minimum to be found at the reciprocal high-symmetry point Q, where

the location of the VB maximum is material dependent. In case of natural 2H stacked WSe2

homobilayer, the VB minimum is located at K ,only 40±30 meV higher than the Γ-point and

thereby exhibits a Q-K indirect band gap [70, P4].
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2.2 PROPERTIES OF MOSE2-WSE2 HETEROSTRUCTURES

Figure 2.5: (a) Schematic representation of R and H-type registries with ideal moiré (left) and
periodically reconstructed (right) patterns, where the coloured regions show high-symmetry
atomic registries. (b) Finite size simulation of a triangular shaped HBL for H-type configura-
tions with θ = 0.4◦ twist angle and scale bars of 200 nm. Shown in the top panel are moiré
patterns. Below, periodic reconstruction with hexagonal domain formation is shown as a
result of the interplay of intralayer strain and interlayer adhesion energy. Mesoscopically
reconstructed domain patterns are obtained for different zero-twist deformations, where
the black dots mark the relaxation initial position, associated with the dimensionless param-
eter α. (c,e), Total areal energy for R and H-type stacking respectively for different α under
a small twist of 0.4◦. (d,f) Total areal energy for R and H-type stacking respectively with a
variation of θ for α= 0. Figure adapted from Ref. [33].
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2 FUNDAMENTAL ASPECTS OF TRANSITION METAL DICHALCOGENIDES

Heterobilayer however have more degrees of freedom due to the choice of material and

relative alignment and thereby enable access to band engineering and correlated physical

phenomena, e.g. MoSe2-WS2 HBLs have shown hybridisation of their CBs [79] and in WSe2-

multilayer MoS2, a restoration of the direct bandgap was demonstrated [80].

The band-alignment in MoSe2-WSe2 HBLs in contrary, is of type-II, as sketched in Fig. 2.6 (a)

and generally understood by the Anderson rule. Here, horizontal grey lines indicate the en-

ergetic position of the K and K’ valley of MoSe2 and WSe2 respectively. Intralayer-excitons

(X), momentum-direct transitions in the K/K’ valley, are formed in MoSe2 and WSe2 and are

sketched by vertical arrows, where the CB energy of the former resides in the bandgap of

the latter. This band-alignment leads to a ultra-fast, phonon-mediated and spin-conserving

charge transfer processes between the layers, depicted as dashed arrows. The energetically

most favourable electron and hole states accumulates the majority of the free charge carriers

within tens of femtoseconds [81–83]. As the layer distance is comparable to the exciton Bohr

radius (∼ 1−3 nm), coulomb interaction, similar to the case of intralayer excitons, leads

to the formation of spatially separated but bound electron-hole pairs, which initially are

energetic excited and therefore referred to as ’hot’ interlayer (IX) excitons. The energetic

relaxation and IX formation takes place in ∼1 µs and the binding energy is in the order of

hundreds of meV. This two-step process is depicted by the diagonal arrow in Fig. 2.6 (a).

The resulting real space scheme of an MoSe2-WSe2 IX is shown in Fig. 2.6 (b), where black

arrows display the resulting electric field. From the spatial separation of ∼0.5-0.8 nm, the

field orientation has a favoured direction and therefore IX exhibit a permanent electric

dipole moment in the out-of plane direction, in contrary to intralayer excitons. The next

consequence of the layer separation is a reduced wave-function overlap which provides

exciton lifetimes up to hundreds of nanoseconds [84], orders of magnitude longer than in

momentum-direct spin-parallel intralayer excitons (e.g. ML WSe2 X-excitons are in the order

of∼ ps [25]).

The comparison of the individual bandstructure of MoSe2 and WSe2 respectively also

shows a much higher spin-splitting in the VB of WSe2 than the contributing CB in MoSe2,

leading to a spin-split IX formation in the order of ∼ 25 meV, inherited from the ML [55].

However this analysis neglects the interlayer coupling as well as orbital hybridisation

and is insufficient to fully describe the electronic properties of HBL. Ab initio calculations

using density functional theory (DFT) give additional insights to the bandstructure of HBL,

including the above mentioned effects. Based on the DFT results, the Wannier exciton

model in the effective mass approximation [85] is used to calculate the exciton energies

for different spin-valley configurations, where details of the numerical parameters and

following analytical calculations are shown in the supplementary material of Ref. [67]. A

stacking specific result is displayed in Fig. 2.6 (c), where the first Brillouin zone is shown

exemplary for the Rh
h configuration. The energetic spacing ∆KQ in the CB defines the nature

of the excitonic transition - momentum-direct KK (K’K’) or indirect KQ (K’Q , KQ’, K’Q’),
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2.2 PROPERTIES OF MOSE2-WSE2 HETEROSTRUCTURES

Figure 2.6: (a) Schematic depiction of the type-II alignment of a MoSe2-WSe2 heterostruc-
ture. The vertical arrows indicate the momentum direct intralayer exciton (X) formation,
where the dashed arrows symbolise the charge transfer process to the CB minimum and
VB maximum for electron and holes respectively, where interlayer excitons (IX) are formed.
(b) Real space side-view of a interlayer exciton with resulting electrical field, illustrating the
permanent electric dipole induced due to spatial separation. (c) MoSe2-WSe2 bandstruc-
ture from DFT calculation [67] for a respective stacking, namely Rh

h . Figures adapted from
Ref. [67, 73].

where stacking dependent theoretical results vary strongly [86, 87]. The inclusion of the

above discussed mesoscopic reconstruction in combination with additional insights from

the exciton g-factor analysis give access to experimental verification of the valley origin of

excitonic transitions, as shown in Chapter 5.

2.2.4 Exciton g-factors

This section is based on the publication [P3].

Each energy band in a crystal, similar to orbitals in atoms, exhibits a magnetic moment that

leads to an energy shift proportional to an applied magnetic field. The connected spin-valley

physics in TMDs due to inversion symmetry breaking and strong SOC, lifts the energetic

degeneracy of the valleys inside a magnetic field. Depending on the spin orientation, the

sign of the energy shift changes, causing an energetic splitting, the valley Zeeman effect. The

energy splitting ∆Z is defined by:

∆Z = gµB B , (2.3)

where B is the perpendicular applied magnet field and g the valley-dependent exciton g-

factor. The Bohr magneton µB = |e|ħ/(2moc) is defined through the electron charge e and

mass m0, the reduced Planck constant ħ and the speed of light c.

We start from a crystal electron in a Bloch state ψnk = S−1/2exp(i kr )unk (r ) with energy

Enk , n indicating the band number and k being the wave vector. unk (r ) represents the

periodic Bloch amplitude and S the normalisation area. The first order correction to the
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electron energy induced by a static magnetic field B is given by [88]:

Vn(k) =µB B [g0s+Ln(k)], (2.4)

where the expression in square brackets is often called effective magnetic moment and

consist of a spin and orbital contribution. The first term , where g0 ≃ 2 describes the free

Landé g-factor, and s =σ/2 the spin-angular momentum, with σ denoting the Pauli matrix.

The second term describes the orbital angular momentum Ln(k) = 〈ψnk |L|ψnk〉, with

L = ħ−1[r × p] as the corresponding operator. Its matrix elements are obtained by reduc-

ing the calculation to the interband matrix elements, numerically solved within the DFT

calculations further described in Ref. [P3, 33].

With the restriction of the magnetic field to the z-axis, we define the electron Zeeman

splitting as the energetic difference between the electron state with wave vector +k and spin

projection +s and the state -k, -s as:

∆n(k) =Vn(+k)−Vn(−k) = 2µB B [g0s +Ln(k)]. (2.5)

Therefore, the electron g-factor of the n-th band is:

gn(k) = ∆n(k)

µB B
=±g0 +2Ln(k), (2.6)

where the sign depends on the spin z-projection s =±1/2 (↑ or ↓). Neglecting electron-hole

Coulomb interactions, the exciton Zeeman splitting simplifies to the sum of the Zeeman

splitting of the electron and the hole. Therefore, the exciton g-factor is obtained as:

g (cv)(kc ,kv ) = gc (kc )− gv (kv ), (2.7)

where time-reversal symmetry relates spin and wave vector of an empty electron state to

the hole via sh =−sv and kh =−kv . From the numerical values of the z-projection of Ln(k),

together with the spin orientation of each valley, g-factors of spin-like and unlike as well as

momentum-direct and indirect excitons are calculated [P3].

2.2.5 Optical selection rules in MoSe2-WSe2 heterobilayers

To obtain the spin-orientation of each valley as well as the resulting polarisation of light,

optical selection rules deduced from symmetry analysis of atomic registries are used. A

detailed description and derivation is found in the Appendix of Ref. [73] and in the supple-

mentary information of Ref. [66]. In brief, the electron Bloch functions at high-symmetry

points are defined by the stacking of the real space lattice and translated into irreducible

representations in Koster notation Γn(n = 1, ...,6) [89]. Taking into account the spin part,
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Figure 2.7: Optical selection rules for a MoSe2-WSe2 H-type HBL in the single-particle band
diagram at K and K’ points for the (a) H M

h , (b) H h
h and (c) H X

h atomic registry. Momentum-
direct IX are formed between the K/K’ -point in the VB of WSe2 and the two CB in MoSe2,
denoted as K +/−

W /M respectively. Spin alignment is indicated by arrows, with resulting dipolar
transitions IXT and IXS , shown in color-coded polarisation (black: z, red: σ+, blue: σ−,
magenta: σ+ and σ− -polarization supported). Figure adapted from Ref. [66].

the Bloch amplitudes are recast as spinor representations of the VB in WSe2 and the CB of

MoSe2 respectively, where the optical transitions are then derived by Γc ×Γ∗v and result in

three possible transitions: σ+, σ− and z-polarisation [36]. Here, * denotes the time-reversed

representation used to relate electron-states to holes, with Γc (Γv ) being the irreducible

representation of the CB (VB) respectively.

The spin orientation and resulting polarisation for transitions at the K /K’ points is shown

in Fig. 2.7 for three atomic registries (see Fig. 2.3) in H-type stacking. The R-type stacking

mainly differs in the alignment of the K-K and K-K’ valley stemming from the MoSe2 CBM

and WSe2 VBM, originated by the π-rotation in real space. Momentum-direct IX are formed

between the K/K’-point in the VB of WSe2 and the two CB in MoSe2, denoted as K +/−
W /M re-

spectively. The spin alignment for parallel (↑↑ or ↓↓) and anti-parallel (↑↓ or ↓↑) configuration

is classified in triplet and singlet-interlayer excitons, denoted as I XT and I XS respectively,

and linked to the polarisation of the dipolar transition.

2.2.6 Summary

Finally, this section briefly summarises the results from DFT calculation as well as optical

selection rules. An overview of the relevant stacking dependent theoretical IX properties of

MoSe2-WSe2 HBL is summarised in Table 2.1 [33]. The transition energies are experimen-

tally verified by photo-luminescence(̃PL) experiments. The oscillator strength defines the

probability of absorption or emission between energy levels and is proportional to ∼ |µ|2,

where |µ| is the electric dipole moment in Deybe from DFT. The polarisation of the exciton
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Singlet Triplet
Stacking Energy |µ| Pol. g-factor Energy |µ| Pol. g-factor

R X
h (optimal) 1.33 1.47 σ− +5.8 1.35 0.70 σ+ -10.5

Rh
h 1.38 2.06 σ+ -6.4 1.40 0.19 z 11.0

RM
h (optimal) 1.48 1.09 z 6.3 1.50 0.02 σ− +10.9

H M
h 1.39 0.40 z 13.1 1.37 0.10 σ− +17.6

H X
h 1.41 0.69 σ+ -13.2 1.39 0.40 z 17.7

H h
h (optimal) 1.42 2.14 σ− +12.9 1.40 0.42 σ+ -17.6

Table 2.1: Theoretical results from DFT calculations and symmetry analysis for different
atomic registries in MoSe2-WSe2 HBLs for singlet and triplet interlayer excitons. The en-
ergetic optimal stackings are marked accordingly. Transition energy is given in eV, where
values are taken from Ref. [90]. The electric dipole moment |µ| is a measure of the oscillator
strength, obtained by DFT calculations and given in Deybe. The dipole transition polari-
sation (Pol.) is deduced from the optical selection rules. The dimensionless g-factors are
obtained from DFT (see Sec. 2.2.4). Results are reproduced from Ref. [33].

transition is calculated from the optical selection rules, shown exemplary in Fig. 2.7. The

g-factors are calculated for the respective bands from the orbital angular momentum Ln(k)

obtained by DFT, via Eq. 2.6 and 2.7. With polarisation resolved magneto-luminescence

experiments as shown in Chap. 5, these values are probed - an ideal example where the

interplay of theory and experiment leads to additional insights into optical transitions.
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3 Experimental methods

The following chapter will first discuss the experimental optical setup used for the cryogenic

photoluminescence studies in this dissertation. Then, fabrication techniques for van der

Waals heterostructure assembly from TMD and hBN bulk crystals to a gate-tunable device

are presented in detail.

3.1 Cryogenic confocal microscopy

To investigate the optical properties of TMD heterostructures at cryogenic environments,

a home-build fibre based confocal microscope was used in back-scattering geometry, as

shown in Fig. 3.1. Optical excitation is provided with different light sources, particularly

continuous wave lasers (MSquared SolsTiS or laser diodes) and pulsed laser (NKT Super K

Extreme), for spectrally resolved and time-correlated PL measurements respectively. The

laser light is coupled to an optical single-mode fibre and connected to the setup. The con-

focal microscope is built with collimators matching the numerical aperture (NA) of the

singe-mode fibre (NA ∼0.13) on the fibre side and a low temperature apochromatic objec-

tive (attocube systems, LT-APO/LWD/NIR/0.63 and Cryo-glass VIS) with a confocal spot-size

of ∼1 µm on the sample side. A set of linear polarisers as well as λ/2 and λ/4-waveplates

allow full control of the light polarisation for excitation and detection. A short-pass filter in

the excitation path blocks additional Raman signal stemming from the fibre and a long-pass

filter blocks the reflected laser light, such that only the emission from the sample is collected

inside the detection fibre. Beamsplitter (10:1) guide the light towards the sample and allow

additional photodiodes and cameras for alignment purposes. For PL measurements, the

emitted light was dispersed by a monochromator (Princeton Instruments Acton SP 2500)

and recorded with a nitrogen cooled charge-coupling device (CCD, Princeton Instruments

PyLoN). For time-resolved measurements, avalanche photodiodes (APD, PicoQuant τSPAD)

with a temporal resolution of 0.6 ns were used. The sample was mounted on a titanium
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holder on top of a piezo nanopositioner with three spatial degrees of freedom (attocube

systems ANPxy101 and ANPz102), forming a so called ’piezo-stack’. This stack was mounted

below the objective, where the z-position was matching its working distance as well as the

maximum of the magnetic field (up to 9 T) stemming from the superconductive coils inside

the dry closed-cycle cryostat at 3.2 K (attocube system, attodry1000). Below the sample,

an additional photo-diode may be installed for transmission measurements. Also, next to

the sample on the titanium holder, additional resistances provide an effective way for tem-

perature control and measurement (Allen-Bradley, 1 kΩ). The sample, together with the

nanopositioner and objective were placed inside a dewar with inert helium atmosphere

with a pressure of 20 mbar to ensure thermalisation with the surrounding bath tempera-

ture. Also, all possible electrical connections with the sample are guided in twisted pairs

of copper-cables through the dewar and thereby enable motion, temperature and doping

control.

3.2 Fabrication of van der Waals heterostructures

First experiments of two-dimensional materials were based on mechanical exfoliation. Even

though the Nobel laureates Andre Geim and Konstantin Novoselov did receive the price for

the astonishing physical properties of graphene [4, 5] and not its isolation and fabrication,

the simplicity of it is beautiful. A simple scotch-tape put on a pencil and repeatedly torn

apart eventually results in a single-atom thick 2D-crystal. Monolayer may be considered as

individual ’Lego’ blocks, where numerous material combinations in vertical arrangement

may lead to novel underlying physics [28].

Van der Waals heterostructures consistent of multiple monolayers of TMDs, dielelectric

passiviation layers and graphene gain immense attention in the last years [4, 92, 93]. The

mechanical exfoliation is by default inherently limited in its scalability for industrial appli-

cations. We briefly give an overview of alternative promising methods to solve this issue,

before describing all fabrication processes used in this work in more detail.

TMD synthesis like chemical vapor deposition (CVD) result in increasing quality and size

of monolayers reaching wafer scale [94, 95] and enable direct heterostructure growth [71].

Efforts towards patterned CVD-growth on surface-modified substrates has shown promising

results [96], where other works with gold-assisted mechanical exfoliation also achieved mm-

sized, patterned ML fabrication and transfer [24, 97]. Graphene, with some years of head

start compared to TMDs, made the transition into industry with applications raging from

electrical devices(e.g. OLEDs and screens [98]) to coatings of sport products for increased

durability [99].

TMDs on the other hand are on the verge of industrialisation, where semiconductor

foundries (Graphene Flagship, 2D-EPL) are starting multi-project wafer runs for proto-
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Figure 3.1: Optical setup consisting of a fibre-based confocal microscope used for PL spec-
troscopy and a closed-cycle cryostat with a base temperature of 3.2 K. The sample was
mounted on top of piezo nanopositioners on a titanium-holder and placed inside the cryo-
stat at the center of the magnetic field up to ±9 T, induced by the superconducting coils in
Faraday geometry. Green lines are the excitation light directed at and reflected from the sam-
ple, whereas red lines show the emitted light by the sample. Raman signal from the fibre is
blocked by the short-pass filter, whereas reflected light is blocked by a long-pass filter before
detection. Additional motorised λ/4-plates are mounted below the beam-splitter and in the
detection arm to access polarisation-resolved PL. For spectroscopy, a monochromator in
combination with a CCD was used, whereas for time-resolved measurements, the detection
fibre was coupled to an APD. Figure adapted from Ref. [91]
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type chip integration. From research side, current trends for example go towards electrical

computing with MoS2-based field-effect transistors [100] as well as photonic applications,

where TMDs show promising results as active phase-shifter [101]. Also, in the exploration

of endless combination of 2D semiconductors, there is an urgent need for fully automa-

tised fabrication, including not only ML production, but transfer and assembly as well as

post-treatment [102–104].

For studies of light-matter interaction in this thesis, this section will focus on the manual,

mechanical exfoliation and assembly of mono- and few-layer TMDs with hexagonal boron

nitride (hBN) into gate-tunable vdW-hetereostructures.

3.2.1 Fabrication setup in inert gas atmosphere

Nobel laureate Herbert Kroemer coined the famous phrase “the interface is the device"

and was referring to the advances in thin-film semiconductor fabrication and application

[105]. In all processes towards a vdW-heterostructure consisting of multiple, often below

1 nm thick 2D-surfaces, this is absolutely true. Therefore to ensure the maximum sample

quality by preventing oxidation effects [106], water deposition [107] and eliminate dust or

other contaminants which may accumulate on the crystal surface, an inert atmosphere is of

essence.

Therefore, we designed a dedicated setup based on a Glovebox for high-quality fabrica-

tion of functional devices based on two-dimensional materials. The Glovebox Setup was

provided by MBraun (Unilab PLus) as shown in Fig. 3.2 and operated with argon-gas in over-

pressure conditions. The automated gas-cycle system consisting of reactor, heat-exchanger,

activated carbon as solvent filter and Hepa-dust filter reduced the total gas-exhaust, where

the atmosphere purity was continuously monitored by H2O and O2 sensors and kept below

1 ppm respectively. Motorisation is a crucial factor, as the handling of samples with tweez-

ers or mechanical fine-adjustment of motion stages with gloves is limited. Therefore, as

shown in Fig. 3.2 (b), a microscope (Olymus) was customised with a motorised focal axis,

two optical camera ports, and installed above two piezo-nanopositioner stacks (attocube

systems, ECS series) to function as a transfer setup, described in more detail in Section 3.2.4.

All electrical and optical interconnect cables have to be mounted inside a flange to hermeti-

cally seal the system. The working area shown on the right hand side consists of a hot plate,

cutting mat and an adhesive substrate region and was used for exfoliation of bulk crystal

into thin films, discussed in the next section.
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Figure 3.2: Exfoliation and Transfer-Setup in inert atmosphere. (a) Glovebox Setup by
MBraun in Ar over-pressure operation, with motorisation control from the Desktop PC,
two air locks and a automatised regeneration cycle through a gas-purifier reactor. The sys-
tem includes O2- and H2O sensors as well as Hepa dust filter. (b) Left: µm-transfer setup
including full motorised nano-positioner and a motorised optical microscope. Right: Ex-
foliation setup including a hot plate, dedicated region for tape-exfoliation and a adhesive
substrate region to facilitate the tape removal under the reduced fine motor skills with gloves.
(c) Schematic of automatised gas-recycle system, with in and output of the inert gas (Ar)
though Hepa-dust filters. The cycle consist of i) Gas regeneration by the reactor, ii) Blower, iii)
Heat-exchanger for temperature stabilisation and iv) an additional solvent filter consistent
of activated carbon.
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3 EXPERIMENTAL METHODS

3.2.2 Mechanical exfoliation and identification of few-layer transition metal
dichalcogenides

Micro-mechanical exfoliation, often referred to as "Scotch-Tape method", was established

as an intuitive and simple top-down approach to isolate mono- and few-layer TMDs from

bulk crystal. The name refers to the tape first used for graphene exfoliation [4] twenty years

ago, where an adhesive tape was brought into contact with bulk graphite, pulled off and

then with a second tape, repeatedly brought into contact and peeled off, such that a visible

large area on the tape was covered with crystal residues. Fig. 3.3 (a) and (b) visualises the

similar procedure, where Nitto Tape BT-150P-LC was brought into contact with bulk material

provided by HQ Graphene (MoSe2, MoS2, WSe2 or WS2) and removed such that a small piece

of bulk adheres to the tape. A second tape is then matched and pressure is applied to ensure

contact and reduce air blisters to maximise the adhesive forces between the tapes. After the

tapes were pulled apart, this procedure is repeated three to four times until a sizeable area

is covered with crystal regions of varying thickness and size, the so called "flakes".

The tape is finally brought into contact with a target structure, in our case SiO2/Si chips,

where we used 80-85 nm oxide layer for optimised optical contrast of TMD ML as well as

graphene [108, 109]. Slow and steady removal of the tape transfers stochastic distributed

flakes onto the SiO2 surface, as shown on the bright-field microscope image in Fig. 3.3 (d).

The yield of transferred flakes is increased by heating the chip in contact with the tape at

∼100 ◦C on a hot plate for 2 min and subsequent cool-down [42], at the cost of increas-

ing tape-residues. Also, plasma-treatment of the SiO2/Si chip shortly before tape contact

increases the adhesive forces but also introduce trapped charges in oxidised silicon. This

modified doping level of the substrate later on strongly affect the samples behaviour in

cryogenic PL measurements and therefore was omitted [110]. It is elusive if few-layer TMDs

found on the SiO2/Si surface stem directly from the tape or were cleaved from larger flakes

on the tape to the substrate, were the latter would result in cleaner interfaces and therefore,

quality control of all flakes used for subsequent fabrication techniques is of essence.

As monolayer TMDs investigated in this work all show strong photoluminescence (PL) at

room temperature, their identification and distinction e.g. between mono- and bilayer as

well as their optical uniformity, PL-imaging was implemented into the Olympus-microscope

installed inside the glovebox, similar to Ref. [111, 112]. A combination of short and long-

pass filter (Thorlabs, FESH0550 and FELH0600) were installed inside a filter module of the

microscope (see Fig. 3.4 a), such that the LED light source used for bright-field microscopy

was converted into a broadband excitation source, while blocking wavelengths in the range

of PL response (Fig. 3.4 c). This facilitated the identification and characterisation immensely,

as after a manual search for ML candidates, simply the filter-wheel and the CCD camera

was switched to a monochromatic CCD with higher quantum efficiency (Point grey, GS3-U3-

14S5M) for confirmation. Figure 3.4 (d-g) show exemplary bright-field and PL images from
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Figure 3.3: (a) Bulk crystal of MoS2. (b) Nitto tape after exfoliation from bulk and repetitively
exfoliation to a sizeable area covered with crystal layers. (c) Schematic illustration of the final
exfoliation step. Contact of the SiO2/Si substrate with the prepared tape and subsequent
remove is leading to direct exfoliation of layered crystals onto the substrate. Indicated hot
plate is optionally used for 2 minutes at 100◦C to increase the adhesive forces between the
two interfaces, leading to a higher yield of exfoliated and transferred flakes but induces also
tape residues. (d) Optical bright-field microscope image of MoS2 crystals on top of SiO2/Si.

the same spatial location of an exfoliated WSe2 ML and CVD grown MoSe2, both confirming

ML thickness as well as revealing cracks, bubbles and residues for the latter.

With an optical contrast up to 10% for ML TMDs [109] depending on the SiO2 thickness,

they are clearly distinguishable from the substrate. The differentiation between bi- or tri-

layer although is not straightforward. Atomic force microscopy (AFM) has a limited utility

to determine the number of layers, as the theoretical lattice constant of ≈ 0.3 nm result in

measured heights up to multiple nanometers for ML due to their elevated height from tape

residues, water molecules or measurement error [107]. Raman spectroscopy hereby resolves

this issue and provides a powerful tool in determining the exact number of layers of the

exfoliated TMDs [46, 113, 114]. Four active Raman modes, three in-plane modes E1g , E1
2g

and E2
2g as well as one out of plane mode A1g show strong shift in frequency or intensity

variation as a function of layer-number. Figure 3.5 gives an overview of all studied TMDs,

where optical contrast from bright-field images is directly compared with PL images and

Raman-measurements carried out in a room-temperature home-build microscope similar

to Fig. 3.1. Especially the distance between the E1
2g and A1g mode determines the layer

number for MoSe2, MoS2 and WS2 [114, 115]. WSe2 shows no separation between the E1
2g

and A1g mode but a peak located at around 308 cm−1, possibly a combination of a shear

mode with the E1
2g mode, and absent in ML crystals [114, 116]. PL-images confirm the layer-

number and identify monolayer as well as bilayer TMDs, where the intensity reduction from

the bilayer in the order of ∼5-20 is in agreement with literature [13, 42, 116]. The inset reveals

a trilayer of WSe2, where integration time was adjusted for the ∼100 times lower PL intensity

compared to the ML.
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Figure 3.4: PL imaging setup and monolayer characterisation. (a) Schematic representation
of the PL imaging setup consisting of a bright-field optical microscope modified with a
combination of long- and short-pass filter for photo-excitation and luminescence detection
via a CCD camera. Figure adapted from Ref. [112]. (b) Spectral distribution of the LED white-
light source, where short- and long-pass transmission regions are indicated by color (orange
and blue respectively). (c) PL spectra of four different ML of the TMD family on a SiO2/Si
substrate at room-temperature under 530 nm excitation in a confocal microscope. (d-e)
Bright field image of a WSe2 ML on SiO2/Si in direct comparison to the PL image under 1s
integration with gain settings to maximum, where in (f-g) the PL imaging setup was used
to characterise the quality, homogeneity and chemical composition of CVD grown MoSe2

ML on SiO2/Si under 6s integration. Scattered light stemming from the leakage through the
optical filters is partially covering the image on the top left corner. Scale bar is 30 µm.
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Figure 3.5: Comparison of optical bright-field images of flakes on PDMS with PL-images and
Raman spectroscopy measurements to identify and differentiate between mono- bi- and
trilayer TMDs. Figure adapted from Ref. [117].
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3 EXPERIMENTAL METHODS

Figure 3.6: (a) Optical microscope image of exfoliated hBN on a SiO2/Si substrate. The inset
shows a typical bulk crystal approximately 1 mm in diameter. (b) Extended picture of a
typical edge on a large hBN flake, where AFM data (c-d) relates color to thickness. The blue
line in (c) marks the spatial position of the height-profile shown in (d). Figure adapted from
Ref. [117].

3.2.3 Hexagonal boron nitride

On the search for the ideal dielectric environment for 2D materials, insulating hexagonal

boron nitride (hBN) with a indirect bandgap of 5.95 eV [118], low dielectric constant [119]

and atomically flat and passive interface, drastically increased the quality of graphene [120]

and TMD based devices. Encapsulation of TMDs with hBN led to a linewidth reduction at

cryogenic temperatures close to the intrinsic life-time limit [15, 121] and enabled the study

of multiple PL sub-peaks especially for tungsten based TMDs [P2, 122, 123].

The real space lattice of hBN, in analogy to TMDs and contrary to cubic boron nitride,

consists of boron and nitrogen atoms strongly bond with covalent forces in-plane, forming

a hexagonal single-atom wide lattice structure with vdW forces in-between layers [124].

Mechanical exfoliation from bulk crystal is done in analogy to TMDs as shown in Sec. 3.2.2

although the optical contrast induced per layer is significantly smaller [125]. Also for larger

flakes, the key challenge is to identify the correct thickness of hBN needed e.g. either for

cavity experiments as spacer directly, or to optimise for the exciton lifetime in TMDs [126].

Figure 3.6 shows the underlying problem on two exemplary hBN flakes; the resulting color in

bright-field images is repetitive as multiple thicknesses lead to similar contrast values [127].

Atomic force microscopy gives the simplest solution by measuring the height directly (Fig 3.6

b-d). With careful observation of the flake edges and in the absence of color repetition, one

is able to match contrast to height for flakes below 100 nm thickness.
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3.2.4 Heterostructure assembly

Minimising disorder on and inside all 2D layers involved in the fabrication of vdW het-

erostructures is crucial and already starts with the choice of bulk crystal synthesis [128].

After exfoliation, identification and characterisation of all individual building blocks, the

assembly involves multiple transfer steps. The key challenges are not only the detachment

of these materials from their substrate, but also the deterministic positioning onto the target

substrate while maintaining ultra-clean interfaces. Techniques ranging from wet-transfer

involving etching or electro-chemical treatments to dry-viscoelastic stamping with various

polymers as adhesive layers were hereby exploited by the community, where the biggest

challenge remains the scalability for industrial application [129].

For heterostructure assembly in this work, we focus on dry viscoelastic stamping as it

is most applicable to mechanical exfoliated flakes and with careful flake selection and

parameter tuning, it results in the cleanest interfaces as no additional wet chemistry is

involved. Early works demonstrated deterministic dry transfer of 2D materials by using

a transparent glass-slide covered with a polydimethylsiloxane (PDMS) block, where with

careful mechanical control, the adhesive forces of the PDMS were used to peel off flakes

from their substrate and transfer them onto a target position and substrate of choice [130].

However, PDMS residues were still limiting the device performances and bubbles, trapped

air and water molecules between the interfaces induced additional inhomogenities.

Methods exploring PDMS-treatment e.g. with UV-ozone [131] or the coverage of PDMS

with various polymers were investigated. The latter, especially in combination with tem-

perature control of the stack resulted in fast, clean transfer as the adhesive forces between

different polymers and the crystal interface is a function of temperature, especially close

to the melting point of the polymer [110, 132–134]. Also, instead of using square blocks of

PDMS as the underlying elastomer acting as buffer-material, droplets of PDMS showed not

only additional control of the contact interfaces, but also function as a lens [127, 135].

Stamp preparation

Figure 3.7 shows a step-by-step guide for stamp preparation used for the dry transfer. First,

PDMS with curing agent (SYLGARDT M184) was mixed in a mass ratio of 10:1 and placed in

vacuum for 15 min to remove air bubbles inside the mixture. Next, a glass slide was covered

with a drop of the liquid with a diameter of ∼1 cm and a height of ∼4 mm. Then, the PDMS

was dried upside down over a hot-plate at 140 ◦C for 20 min, followed by room-temperature

storage over night (Fig. 3.7.1). A polycarbonate (PC) solution (6% in chloroform) was then

dropped onto a glass slide and flattened by a second glass slice, pressed and parallel pulled

away, leaving a thin-film PC-polymer on both slides [133] (Fig. 3.7.2). A squared region

matching the size of the PDMS droplet was then cut out from a tape and then used to peel

off the PC-film from the glass slide. An additional, similarly prepared double-sided tape was
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Figure 3.7: Stamp preparation for temperature-controlled viscoelastic stamping. (1) A glass
slide is covered with liquid PDMS and dried upside-down over a hotplate to form domed
shaped PDMS droplets. (2) PC film fabrication by flattening the polymer solution between
two glass slides, where subsequent parallel removal leads to thin PC film covering both
slides. (3) Stamp assembly. A tape with an aperture matching the droplet dimensions is used
to peel off the PC film from the glass slide and then placed on top of the dome, previously
prepared with double-sided tape around the PDMS to ensure adhesion. Figure adapted
from Ref. [136]
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Figure 3.8: The Glovebox stamping-setup. Two piezo-stacks with lateral degrees of freedom
in XY were placed underneath the z-motorised microscope equipped with long-working
objectives ranging from 5x to 50x. Sample and stamp are fixed via vacuum suctions. In
addition, the stamp has additional z-motorisation to allow precise control of the contact-
interface. Rotational alignment is provided on the sample piezo-stack. A heater mounted
underneath the copper sample-holder provides temperature control. Figure adapted from
Ref. [137].

placed around the droplet to ensure adhesion of the PC-tape. Finally, the tapes are placed

on top of each other, covering the PDMS with a thin PC film. Left over tape was removed

afterwards (Fig 3.7.3)

Dry transfer

Before transfer and stacking of multiple materials on top of each other, the prepared stamp

as described above was mounted inside the transfer setup as shown in Fig. 3.8 for careful

optical examination. Care was taken to choose the best stamp without wrinkles, folds and

possible contaminants, where roughly only 30% of the produced stamps showed a clean

interface in a radius of ∼500µm. To test its elasticity, prior to the flake pick-up, the stamp was
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Figure 3.9: Schematic of the hot-pick-up technique with all stamping steps for vdW hetero-
structure assembly. (a) A glass slide covered with PDMS/PC is brought into contact with the
top hBN at 90◦C and picked up (b) from a SiO2/Si substrate at 110-120◦C. For TMD pick-up
this processes is repeated at elevated temperatures of up to 130◦C (c-f). The stack is then
placed on the target substrate, schematically shown with a pre-patterned gold-structure,
where the PC film was detached from the PDMS droplet and melt on the substrate at 160-
180◦C (g-h). Afterwards a chloroform bath over night and subsequent rinsing in acetone and
isopropanol removes the PC residues from the stack (i-j). Figure adapted from Ref. [138].

brought into contact with a blank region on the SiO2/Si substrate, heated up to 100◦C and

then subsequently lowered and lifted while monitoring the PC film. This test ensured that

during the next stacking steps, each involving one repetition of extension and contraction,

the PC film does not produce folds or breaks.

The full assembly of a heterostructure e.g. consisting of two TMD monolayer encapsulated

in hBN and deposited on a predefined gold structure is shown in Fig. 3.9. In general, the tip

of the dome is placed ∼200-300 µm away from the desired flake and due to the transparency

of the glass slide, PDMS and PC film, the surface of the target substrate is visible at all times.

This allows precise lateral positioning as well as contact-control of the PC film with the SiO2

substrate by varying the z-position of the stamp with up to ∼nm step-size. It is crucial to

slowly modify the contact-interface close and over the region of target flakes as strain and

wrinkles have to be avoided. For that not only motion control, but also heat expansion is

used, where typically interference stripes appear at the contact-interface which expand

(contract) slowly with temperature increase (decrease). After full coverage of the desired

flake with the stamp, waiting ∼10 min for thermalisation increases the success rate. First a

hBN flake is picked up with the PC-film, before acting itself as the adhesion interface for the

subsequent 2D materials (TMD, few-layer graphite, hBN). After repetition of this process
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until all desired TMDs are encapsulated in hBN, the stack is released from the stamp onto

the target location by increasing the temperature above 160◦C, such that the PC film starts

to melt. Carefully lifting the stamp while maintaining high temperature dissolves the PDMS

from the PC film and by careful lateral movements, the polymer film with the stack of 2D

materials breaks off. Note, that the exact temperatures described above are just guides and

vary strongly with the PC-solution concentration, thickness as well as stamping setup as

the temperature sensors often do not reflect the real temperature at the sample. At last, the

remaining PC film covering the desired structure is removed in a chloroform bath followed

by rinsing in acetone and isopropanol. The stack was then slowly (1◦C/min starting from

90◦C) heated to 200◦C for up to 12 h in an annealing oven at high vacuum of ∼ 10−9 hPa

to extract enclosed atmosphere between the layers as well as evaporate water molecules,

increasing the overall sample quality and homogeneity [131, 139], with the downside of

possible stress-induced breaks.

3.2.5 Electrical contacts

In many electronic applications of TMDs, e.g. in field-effect transistors (FET) [140], it is

crucial to control the doping inside the ML. But also for fundamental scientific questions,

Fermi-level control enables the study of light-matter interaction for the negative, positive

and neutral regime as most TMDs show intrinsic doping. In the most intuitive case, for that

one needs to build a capacitor. Few-layer graphite hereby is compatible with the stacking

recipe and enables the fabrication of dual-gate devices. In general, the need for low ohmic

contact resistance [141] is crucial.

The samples investigated in this work however are based on the field effect device, where

one contact is made with gold by directly placing the TMD stack on top and the other is

the highly doped silicon of the substrate, acting as a global back-gate. To reduce the risk of

device failure and damage, all fabrication steps described below were carried out prior to

stack-deposition.

Standard lithography (Fig. 3.10 a) with a positive photo-resist (AZ 701 MIR), spin-coated

at 3000 rpm for 40 s, was used for patterned gold-deposition on a blank SiO2/Si layer. After

pre-bake at 110◦C for 90 s, the substrate was placed under a photo-mask in the Karl Suss

MJB3 mask aligner. Exposure with a mercury lamp for 35 s was followed by submerging the

substrate in developer (AZ 726 MIF) for 35 seconds and rinsing in water. Ultra-high vacuum

electron beam evaporation was used to deposit Ti(5 nm)/Au(70 nm) and last, lift-off in an

acetone bath removed the remaining photo-resist, leaving the defined gold-structure on the

surface.

For the global backgate, the challenge is to avoid Schottky-barriers at low temperatures

by creating an ohmic contact between the metal/semiconductor interface. Therefore, high-

voltage boron-doped gold wires were electrically discharged through the doped silicon
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Figure 3.10: Schematic illustration of standard lithography (a-f): A clean substrate is spin-
coated with positive photo-resist and pre-baked, before UV light exposure under a photo-
mask and subsequent development removes the resist at exposed areas. Metal evaporation
with a high vacuum electron beam then deposits Ti/Au on the surface before an acetone
bath lifts off remaining photo-resist. (g) Circuit diagram for back-gate fabrication: A voltage
source proving up to 30 V charges a capacitor, connected to two boron-doped gold wires.
The distance between the wires and the silicon substrate is decreased until an electric arc
discharges the capacitor thought the substrate, evaporating the tip of the wires and locally
doping the silicon with a gradient semiconductor/metal-interface. Figures adapted from
Ref. [91, 142].

substrate as its conductivity is higher than ambient air. A schematic is shown in Fig. 3.10 (b).

As this process evaporates the tips of the wires, it creates a gradient metal-semiconductor

and thereby avoids a Schottky barrier, leaving a gold droplet on the surface.

After successful stamping on the edge of the gold-structure, the capacity needed for

electrostatic doping control is formed by the gold and silicon, separated by the bottom

hBN and SiO2 (50nm) layer. The gold-pattern as well as the gold-droplet on the substrate

edge is now contacted with thin wires using conducting silver paste, giving a macroscopic

access to voltage application. To assess the breakdown voltage and thereby determine the

contact quality, a CV-measurement at cryogenic environments was conducted. As shown in

Fig. 3.11, a lock-in amplifier monitors the real and imaginary part of the current created by

an applied DC-voltage (±30 V) with a AC-modulation (U0 = 10 mV, f = 77 Hz) between the

contact and back-gate, giving access to the resistive and capacitive parts. By first performing

the experiment with a gauge capacitance, the capacity of the sample is measured with

high precision. To characterise the dielectric properties and device quality, the resistive

part was monitored while increasing the DC voltage up to the point, where an exponential

increase in the leakage-current was measured. Thereby, the voltage boundaries for safe

device operations were determined.
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Figure 3.11: (a) CV-measurement setup. A lock-in amplifier measures resistive and capacitive
currents between the sample top-gate and back-gate. Therefore, a constant AC-signal is
added on a varying DC-voltage to measure small leaking currents. As the resistive part
will rise close to the breakthrough voltage, the safe DC operation range for later studies is
determined. (b-c) Exemplary measurement illustrating recorded resistive and capacitive
currents as a function of DC voltage. An onset of the exponential rise in resistive current is
visible above/below ±10V indicating the break down of the device. Figures adapted from
Ref. [91, 138].
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4 Spectral asymmetry of phonon side-
bands in the photoluminescence of
mono- and bilayer WSe2

THIS CHAPTER IS BASED ON THE PUBLICATION [P2]

Funk, V., Wagner, K., Wietek, E., et al. Spectral asymmetry of phonon sideband luminescence

in monolayer and bilayer WSe2 Phys. Rev, Res. 3, L042019 (2021).

The following Chapter discusses an experimental study of temperature-dependent spectral

line shapes of phonon sideband emission stemming from dark excitons in monolayer and bi-

layer WSe2. Using photoluminescence spectroscopy in the range from 4 to 100 K, we observe

a pronounced asymmetry in the phonon-assisted luminescence from momentum-indirect

exciton reservoirs. We demonstrate that the corresponding spectral profiles are distinct from

those of bright excitons with direct radiative decay pathways. The line-shape asymmetry

reflects thermal distribution of exciton states with finite center-of-mass momenta, charac-

teristic for phonon sideband emission. The extracted temperature of the exciton reservoirs

is found to generally follow that of the crystal lattice, with deviations reflecting overheated

populations. The latter are most pronounced in the bilayer case and at lowest temperatures.

Our results add to the understanding of phonon-assisted recombination of momentum-

dark excitons and, more generally, establish means to access the thermal distribution of

finite-momentum excitons in atomically thin semiconductors with indirect band gaps.
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AND BILAYER WSE2

4.1 Introduction

The nature of radiative electron-hole transition in semiconductor physics has a rich history.

Germaniun (Ge) and silicon (Si) are two examples, where it became apparent that the fun-

damental optical response in absorption [143, 144] and emission [145–148] is determined

by simultaneous energy and momentum conservation. Spectroscopy in general provides

convenient methods such as PL, differential reflection (DR), transmission as well as time-

resolved spectroscopy to discriminate between momentum-direct and momentum-indirect

transitions. Ge/SiGe multiple quantum wells for example were studied extensively to identify

interface transitions and phonon-assisted recombinations [149, 150] and enabled bandgap

engineering for future device application.

As mentioned in Chapter 2, these learnings were successfully transferred to 2D semicon-

ductors in general and TMDs in particular, where the prominent indirect-to-direct crossover

from the bulk to the ML TMD was shown [10, 151]. Following recent advances in sample

preparation and doping control [15, 16, 18, 19, 121], TMDs exhibit a rich spectrum of exci-

ton PL associated with electron-hole pairs from different high-symmetry points of the first

Brillouin zone.

In our studies, we employ temperature-dependent PL spectroscopy to analyse the spectral

line shapes stemming from dark excitons in ML and BL WSe2. The PL of charge-neutral mono

and bilayer TMDs are generally grouped into features of excitons with zero center-of-mass

momentum [10, 151–153] and phonon sidebands of dark excitons with finite momenta [P1,

22, 23, P4]. The former decay radiatively with in- or out-of-plane polarisation, where the

characteristic spectral profiles in PL are symmetric and follow a Lorentzian or Gaussian

distribution function. Contrary to that, the latter originate from higher-order processes that

require the assistance of phonons to conserve momentum upon photon emission. In the

specific case of WSe2, phonon sidebands enrich the ML emission spectra by adding peaks

energetically below the bright exciton [P1, 23, 24, P3, 122, 152–156].

In the following, the investigated charge-tunable WSe2 ML and BL device will be char-

acterised in PL as a function of doping. Afterwards, the study of temperature-dependent

measurements on two devices results in a qualitative and quantitative line shape analysis for

the charge-neutral regime, which gives access to the temperature-dependent peak energy,

phonon-broadened linewidth and exciton temperature. Especially the resulting exciton

temperature gives additional insight into exciton physics and together with the graphical

approach of this work, offers a intuitive distinction between phonon-sidebands and direct

transitions.
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4.2 SAMPLE CHARACTERISATION
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Figure 4.1: Characterisation of sample B: (a) Schematic of the studied hBN/WSe2/hBN field-
effect device. Figure taken from [P3].(b),(c) Optical microscope images of the heterostruc-
ture, where in (b) the full device including the gold-pattern created by standard lithography
is shown. (c) Few-layer WSe2 shown prior to stacking. (d) Low-temperature hyperspectral
two-dimensional PL map, where investigated ML and BL regions are indicated.

4.2 Sample characterisation

The investigated samples A and B are based on exfoliated vdW heterostructures consisting

of ML (samples A and B) and BL (sample B, see Fig. 4.1) WSe2 provided by HQ Graphene,

encapsulated between hexagonal boron nitride (hBN) layers and deposited on a SiO2/Si

substrate by viscoelastic stamping and subsequently annealed to enhance interlayer contact,

as described in Chapter 3. Sample A was fabricated and measured with similar techniques

by the Group of Prof. Alexey Chernikov, as noted in the affiliations of Ref. [P2]. In more detail,

sample A was mounted in a continuous-flow cryostat in a confocal microscope and excited

by a cw laser at 2.33 eV with a power of 500 nW into an optical spot of 1 µm diameter. The

PL was dispersed with a spectrometer and detected by a charge-coupled-device camera.

In addition to the fabrication steps both samples have in common, sample B was trans-

ferred onto a gold electrode in contact with the TMD crystal (Fig. 4.1(b)) and in combination

with a global back-gate, is functioning as a field-effect device which enables charge-density

control of the WSe2 ML and BL [P3], where the resulting device structure is displayed in

Fig 4.1(a). Sample B was studied with a confocal microscope (see Chapter 3) in a closed-

cycle magneto-cryostat with a base temperature of 3.2 K and excited with a cw diode laser at

1.95 eV close to the 2-s resonance of WSe2 [157], with a low pump density in the linear regime.

A hyper-spectral two-dimensional PL map of sample B under these experimental conditions

is shown in Fig. 4.1 (d). Here, the integrated PL intensity is displayed in a logarithmic false-

color plot, where bright regions are characteristic for ML PL and dark regions indicate the

presence of a BL, where the labels specify the position of the further investigated confocal

spots of ∼ 1 µm. This assignment is confirmed by the image of a bright-field microscope of

the few-layer WSe2 crystal used in the device fabrication, displayed in Fig. 4.1 (c).

Fig. 4.2 shows the cryogenic PL for the accessible charge-doping control of sample B,
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Figure 4.2: (a),(b) Logarithmic false-color plots of the photoluminescence as a function of
the gate voltage, recorded at representative positions of monolayer and bilayer WSe2, re-
spectively. The monolayer features characteristic photoluminescence of neutral bright (X 0)
and dark (D0) excitons, as well as the negatively charged bright trion doublet (X −

1 and X −
2 )

and dark trion (D−). All other peaks of monolayer (M) and bilayer (B) photoluminescence
are labeled according to their charge state in the superscript and an increasing subscript
number. (c),(d) Normalised PL spectra extracted from (a),(b) at the neutral (-8V) and charged
regime (+8V) respectively, with same labels for clarification. For bilayer WSe2 displayed in
(d), marginal residual charges contribute to each spectrum.

where the voltage limit was tested with CV-measurements as described in Chap. 3. Log-

arithmic false color plots of the PL as a function of gate voltage are shown in Fig. 4.2 (a)

and (b) for ML and BL WSe2 respectively. In more detail, the spectra are recorded from a

continuous dynamic modulation of the voltage between the determined limits in a zig-zag

pattern. Therefore the y-axis differs between absolute voltage values for the ML and a se-

lected range of the applied ramp with a relative scale for the BL spectra, where each step

corresponds to − 1V. In the ML case shown in Fig. 4.2 (a) and (c), the charge-neutral regime

(ML0, peaks labeled according the superscript) is defined by the presence of X0, the neutral

exciton at 1.72 eV at -8 V, consistent with residual n-doping of the exfoliated crystal [18,

122]. The most prominent feature is the M1 peak at 30 meV redshift from X0. This peak has a

rich history of controversial assignments, including defect-activated recombination of K K ′
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momentum-dark intervalley excitons [23, 24], phonon-assisted emission PL from virtual

trions [158], and phonon sideband of momentum-dark KQ excitons [P1, P3].

The spin-dark K K exciton (D) in sample B is very weakly pronounced. With its 42 meV

redshift from X0 [64, 65, 152, 159], it lies on the red shoulder of M1 and due to the chosen

objective with an NA of 0.82, the in-plane collection of the PL is weak. A series of red-shifted

peaks below are labeled by an increasing subscript number with decreasing peak energy as

M2 through M4 and represent phonon sideband luminescence from long-lived dark excitons.

In charge-neutral samples, recent work has ascribed the peaks M2 and M3 at 51 and 59 meV

red-shifts from X0 to phonon sidebands of momentum-dark K K ′ excitons [23, 24]. However,

it has been also shown that excitons from KQ should exhibit phonon-assisted emission

around M2 [22, 27].

At positive gate voltages, the ML is charged with electrons and therefore shows the char-

acteristic signatures of a bright trion doublet (X −
1 and X −

2 ) with ∼6 meV splitting caused by

the exchange energy and an overall 29 and 36 meV redshift respectively from the neutral

exciton X 0, caused by the additional binding energy of the trion [122]. The dark trion (D−) at

28 meV redshift from X −
1 is the most prominent feature in the charged spectrum, followed

by a series of low-energy peaks dominated by M−
1 at 44 meV redshift [23, 156].

Complementary to the ML results discussed above, Fig. 4.2(b) and (d) shows charge-

tunable PL from encapsulated BL WSe2. The neutral regime (indicated by superscript) fea-

tures a multi-peak structure, labeled by an increasing subscript number with decreasing

peak energy as B0
1 through B0

3. These peaks, located about 110 to 150 meV below the ML peak

X, correspond to phonon sidebands of momentum-indirect KQ excitons [P3, P4, 160]. In

the negative doping regime, a simultaneous redshift of 22 meV occurs for all peaks, leading

to the assumption of a common origin of B−
1 through B−

3 , identified as bilayer KQ trions [P4]

with the excess electrons accommodated at the conduction band edge by the Q-valleys. The

imperfect charge-control leads to small features in Fig. 4.2 (d), where residual trion peaks

are visible in the neutral regime, as well as vice versa, the lowest-energy peak B−
3 is weakly

present in the neutral regime.

4.3 Temperature-dependent photoluminescence

Next, Sample A and B were investigated in temperature-dependent PL, where derivations

from the cryogenic base temperature was achieved by applying a controlled voltage to

resistances close to the sample (see Chapter 3). In Fig. 4.3, the resulting charge-neutral PL of

both devices in the temperature range of 4 K to 120 K is shown. The fundamental PL response

of Sample A hereby exhibits an overall sample-specific blue-shift of 8 meV, compared to the

above discussed sample B. Due to the missing charge-tunability, a weak signature of the trion

doublet is present in the recorded data presented in Fig. 4.3 (a). The overall reduced line-
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width of all spectral features in sample A point to an additional phonon-sideband labeled

as M4. With its 65 meV red-shift from X, M4 corresponds to the chiral-phonon replica of

long lived spin-dark D excitons [23, 24, 156, 161], where D is specifically pronounced due to

measurements with an high-NA objective.

All peaks show a characteristic temperature-dependent red-shift with increasing tem-

perature, as previously shown for TMDs [154]. In general, early studies from Varshni [162]

suggest, that the temperature-dependency of the semiconductor band-gap is described

semi-empirically by Eg = E0 −αT 2/(T +β), where Eg is the energy gap which may be di-

rect or indirect, E0 is its value at 0K and α and β are material specific constants. What is

commonly referred to as bandgap renormalisation is a superposition of the temperature-

dependent lattice dilatation and electron-lattice interaction. Later, a more advanced em-

pirical formula was postulated by O’Donnell in Ref. [163], where the linear and quadratic

behaviour of experimental data was captured and the problematic association of β with the

Deybe-Temperature θ lifted. Here, the bandgap renormalisation is described by thermally

activated phonons, with average phonon energy ħΩ̄. The dimensionless coupling constant

S empirically describes the coupling to the lattice via:

E0(T ) = E 0
0 −SħΩ̄

[
coth

( ħΩ̄
2kB T

)
−1

]
, (4.1)

where E0(T ) is the temperature-dependent bandgap defined experimentally by the peak

position, and E 0
0 the zero temperature limit of the peak energy. Modelling of the data with

Eq. 4.1 is shown in Section 4.5.

In addition, the PL intensity of the bright exciton X increased with temperature at the ex-

pense of all lower-lying peaks. This is consistent with a temperature-dependent population

redistribution from lower dark to energetically higher bright exciton states, in agreement

with previous experimental studies [64, 159], where e.g. in Ref. [64] a simple two-level system

with thermal Boltzmann distribution given as:

NX (T ) = exp(−∆/kbT )

exp(−∆/kbT )+1
const (4.2)

was used to identify a reservoir with an energy splitting of ∆= 30±5 meV below X . NX (T )

denotes the temperature dependent population X, T the temperature and kB the Boltzmann

constant. In the case of WSe2, the spin-dark state D with its 42 meV red-shift appeared to

be the best candidate in the mentioned reference. However, due to the uncertainty of this

simplified model and the ambiguous energetic position of the Q-valley in WSe2[P1], this

simplification does not hold. A more recent theoretical study found in Ref. [22] investigates

the lower lying phonon-sidebands in ML WSe2 and attributes it to KK’ excitons, mediated

by acoustical and optical phonons, where M 0
1 was left out of discussion due to the above
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Figure 4.3: (a), (b) Logarithmic false-color plots of the PL from samples A and B of ML WSe2

encapsulated in hBN. The former exhibits features of residual doping and the latter is tuned
to charge neutrality and therefore, no superscript was used for the neutral regime. (c) PL of
BL WSe2 from sample B tuned close to charge neutrality with a marginal contribution of the
negative bilayer trion B−. The spin-bright and spin-dark K K exciton peaks are denoted as X
and D, and the trion doublet as X−
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2 . The remaining ML and BL peaks are labeled by

an increasing subscript number n as Mn and Bn , respectively.
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mentioned ambiguity. The fundamental intensity increase of X though, was fully captured

in the description.

For the BL case, the temperature-induced energy shifts in PL are similar to the ML. The

evolution of the PL intensity with increasing temperature although differs significantly. The

indirect bandgap of the BL is substantially smaller than the energy of the direct K K transition

and therefore, the thermal energy on the order of 10 meV accessed in our experiments is

far from sufficient to provide substantial thermal excitation of the population from the

momentum-dark KQ reservoir into bright K K states with efficient radiative decay pathways.

Consequently, the relative intensities of all peaks remain largely the same with a moderate

decrease of the total emission signal. Only B− quenches strongly, as expected for a weakly

bound trion state.

4.4 Line-shape analysis of the photoluminescence of mono and
bilayer WSe2

Following the description of the relevant transitions with its temperature dependent bandgap

renormalisation and population distribution, we now focus on their characteristic spectral

lineshapes. The left panels of Fig. 4.4 (a) and (b) shows the recorded normalised spectra at

different temperatures, shifted to the energy of X and B1 for ML and BL, respectively. The

temperature range hereby is 4 to 120 K (a) and 4 to 80 K (b), encoded in the color from

purple to red. The direct comparison between ML and BL highlights the main difference

in their temperature dependent spectral profiles. Whereas the ML bright exciton peak X is

well described by a symmetric peak function such as a Lorentzian which broadens sym-

metrically with temperature, the BL peaks even at low temperatures are asymmetric with a

pronounced high-energy shoulder which becomes increasingly prominent at higher temper-

ature. The symmetric spectral broadening shown for X is well described by phonon mediated

dephasing. The temperature-dependent exciton linewidth Γ(T) is hereby the full-width at

half-maximum (FWHM) Lorentzian linewidth in units of energy. It follows the quantitative

assessment which relates the spectral broadening to the phonon occupation weighted by

their interaction strength with electron-hole pairs given by [164]:

Γ(T ) = Γ0 −a T +b

[
exp

(ħΩ
kT

)
−1

]−1

. (4.3)

Here Γ0 represents the zero temperature limit (excluding inhomogeneity), and a and b

denote the coupling constants for linear-acoustic and fixed-energy phonons, respectively.

The latter generally includes both optical and high-momentum acoustic modes in TMD

materials [154, 165–167]. The energy of the dominant phonon in the last term is responsible

for a super-linear linewidth dependence on the temperature, denoted by ħΩ.
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displayed high-energy shoulder for a rescaled energy axis by kB T . (b) Same for BL in the
temperature range from 4 to 80 K with the energy of the peak B1 as reference. (c) Schematic
representation of direct and indirect exciton decay processes. K K excitons, such as X or D,
with zero-phonon radiative decay are restricted to ’cold’ excitons, indicated by blue shaded
population inside the orange light cone. In contrast, phonon sideband luminescence of
momentum-dark excitons such as KQ with energy minimum E0 = EKQ and exciton center-
of-mass momentum Q −K is assisted by phonons with momentum Q. This also includes
emission from ’hot’ excitons, thermally activated population indicated by the red shaded
region of the quadratic band). The thermal Boltzmann occupancy of exciton states with
finite kinetic energy Ekin > E0 above their respective dispersion minimum is represented by
the area of colored shades. (d) Illustration of the phonon sideband asymmetry: The homo-
geneously broadened Lorentzian spectrum with linewidth Γ is displayed by the blue shaded
region, where the y-axis is logarithmic. To model the high-energy shoulder of the observed
spectrum, the Lorentzian is convoluted on the high-energy side with the contribution from
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On the other hand, the scenario of linewidth broadening due to exciton-phonon scattering

applicable to X [154, 165] is insufficient to explain both the presence and the temperature-

dependent increase of the higher-energy shoulder of BL peaks.

Generally, an arbitrary crystal momentum is transferred to a phonon. The direct radiative

decay pathway of X, also known as zero-phonon line, is limited by recombinations inside

the radiative cone, defined by qphot =ω/c. Therefore the condition k(ω)≦ qphot has to be

fulfilled for photon emission. Thermally excited excitons thus do not directly contribute

to the spectra without energetic relaxation via acoustic phonon scattering following the

quadratic dispersion EX = ħ2k2/(2M), with M being the effective exciton mass and k its

momentum.

Recombination of momentum-indirect excitons on the other hand require both a photon

and a phonon to simultaneously satisfy energy and momentum conservation constraints.

Excitons with a finite center-of-mass momenta recombine via phonon-assisted pathways by

momentum transfer such that the resulting exciton momentum is inside the radiative cone.

Therefore, all states of the thermally occupied indirect valley are accessible. In consequence,

the thermal distribution of exciton momenta directly manifests in the characteristic high-

energy shoulder of the resulting PL spectra as illustrated in Fig. 4.4(c) and (d). This very

fundamental issue was observed earlier on conventional semiconductors [168–170] and

is used in this work to differ between direct transitions and phonon-assisted processes in

WSe2.

This difference becomes even more apparent by rescaling the energy axis at each tem-

perature by the thermal energy of the lattice kB T , with the high-energy shoulder shown

in the right panels of Fig. 4.4 (a) and (b). In this representation, the PL spectra of X are all

distinct due to symmetric thermal broadening. On the contrary, the BL spectra collapse onto

a universal curve for all temperatures above 10 K, when the thermally activated high-energy

flank dominates over symmetric broadening. This graphical approach provides a simple

method to determine the origin of the peak broadening.

4.5 Modeling of phonon sidebands

To analyse these observations quantitatively, we model the phonon sidebands by Lorentzians

weighted with the thermal occupation of exciton states with finite kinetic energies Ekin =
E −E0 > 0, as illustrated in Fig. 4.4 (d). This approach yields the spectral lineshape I (E) of

phonon sideband resonances at temperature T as:

I (E) = I0

∫ ∞

0

Γ/2

(E −E0)2 + (Γ/2)2
exp

(
− Ekin

kB T

)
dE , (4.4)

where I0 is a normalisation constant,Γ is the full-width at half-maximum (FWHM) Lorentzian

linewidth in units of energy, and kB is the Boltzmann constant. The exponential term in
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Figure 4.5: Model fits of the asymmetric peaks in (a) and (b) for ML of sample A and B,
respectively, and (c) BL of sample B. The fits are displayed in solid lines and were obtained
according to Eq. 4.4 to the spectra for temperatures ranging from 4 to 50 K, with exciton
temperature, Lorentzian linewidth, peak energy and intensity as free fit parameters. The
pronounced asymmetry on the high-energy side of all ML and BL peaks is clearly visible and
in good agreement with the model of contributions from thermally activated excitons with
finite center-of-mass momenta.

the integral corresponds to the Boltzmann occupation of exciton states with kinetic en-

ergy measured with respect to the corresponding exciton band minimum at E0, for example

E0 = EKQ , as displayed in Fig. 4.4 (c). Eq. 4.4 is equivalent to the result of a rigorous derivation

in Ref. [22] and was used to model the experimental spectra at different temperatures using

I0, E0, Γ and the effective exciton temperature T = Texc as fit parameters. The Boltzmann

approximation for bosonic exciton quasiparticles should be reasonable due to rather low

population densities in our experiments, see Section 4.2.

The results of least square numerical fits to the spectra of selected ML and BL peaks

from both samples are shown as solid lines in Fig. 4.5 (a)-(c). The ML and BL spectra were

shifted at each temperature to the energy of the X and B1 peaks, respectively. To focus on the

asymmetric lineshape, the spectra was normalised and offset for clarity. The overall good fit

quality over the studied temperature range shows that the peaks M2, M3 and M4 in Fig. 4.5 (a)
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as well as M1 in Fig. 4.5 (b) and B1 and B2 in Fig. 4.5 (c) are all asymmetrically broadened and

adequately modeled by Eq. 4.4. In particular, it demonstrates the necessity to convolute a

thermally broadened Lorentzian with a high-energy shoulder of thermal exciton occupation

defined by the 2D Maxwell-Boltzmann factor, to account for the experimental observations.

We first confirm that the lattice temperature corresponds to the externally controlled

temperature. To this end, the energy E0 obtained from best fits to the peaks X, B1 and B2

in sample B is plotted as dots in Fig. 4.6 (a) as a function of temperature. The evolution

shows for all peaks the expected red-shift with increasing temperature and substantial

contributions from bandgap renormalisation by thermally activated phonons, modelled

with Eq. 4.1 and displayed with solid lines. The zero temperature limit of the peak energy E 0
0

was left as a free fit parameter. The values for the coupling constant S (2.06 and 1.75 in ML

and BL) and the average phonon energy ħΩ̄= 15 meV were taken from Ref. [154], due to the

higher numerical stability from the wide temperature range used. The observed shifts in our

samples are in quantitative agreement with the used parameters and therefore, our analysis

strongly supports a one-to-one correspondence between the experimental temperature and

the temperature of the crystal lattice. This is a crucial requirement for further interpretation.

The homogeneous linewidth broadening Γ obtained from best unconstrained fit is shown

as the red solid line in Fig. 4.6 (b), with the resulting parameters: Γ0 = 0.9±0.2 meV, a =
25±10µeV/K, b = 32±17 meV andħΩ= 15 meV . EspeciallyħΩ gives additional insight in the

involved phonon modes. A constrained fit with the energy of the LO phonon 31.25 meV yields

a rather poor match to the data. The extracted characteristic phonon energy is consistent

with 16.3 meV, determined from coherent nonlinear spectroscopy for ML WSe2 [166] and

close to the zone-edge phonon energy of 20 meV in related studies of WS2 [165]. The coupling

constant a obtained from the above analysis is within the range of previously reported values

of 20−60 µeV/K for WSe2 MLs [17, 25, 171].

The last fit parameter is the effective exciton temperature Texc , plotted against the nominal

experimental temperature in Fig. 4.6 (c). From the fit procedure defined by Eq. 4.4, we find

that the extracted exciton temperature generally follows that of the lattice. For ML peaks in

particular, this agreement is very close as illustrated by the gray solid line in Fig. 4.6 (c) which

represents the lattice temperature, confirmed above. In contrast, the momentum-indirect

excitons in the BL are overheated by about 20 K with respect to the lattice temperature.

This observation will be discussed in the following. At low temperatures, the small deriva-

tion from the crystal lattice for the ML phonon-sidebands (M2, M3, M4) stems from the lifted

energy and momentum constrains due to phonon-assisted recombination. The increase of

this effect in the BL case is attributed to the timescales of the exciton lifetimes in the studied

samples. In the ML case, the phonon sidebands M2, M3 and M4 stem from dark excitons that

decay on the order of several 100’s of ps. Consequently, they live sufficiently long, such that

the initially hot excitons are lowered in energy by phonon-scattering on a timescale of a few

10’s of ps [27]. Similar arguments apply to the peak M1. From our analysis, the momentum-
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Figure 4.6: Parameters obtained from least-square model fits after Eq. 4.4. (a) Peak energy
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energy axis normalised by the effective exciton temperature kB Texc.
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indirect character is confirmed, although with its ambiguous discrimination by the exciton

g -factor [23, 24, P3], its origin is still unclear. The direct decay of momentum-indirect K K ′

excitons [23, 24] as well as a phonon sideband of the KQ reservoir [P1] are still under debate.

In contrast, the lifetime of the lowest-energy KQ exciton reservoir in BL WSe2, with

phonon sidebands B1 through B3, is only 25 ps [172]. This difference of at least one or-

der of magnitude in the momentum-dark exciton lifetimes between ML and BL, paired with

a higher relative injection energy for the latter, accounts for overheating of momentum-dark

KQ excitons in the BL case. This is also reflected by the departure from one universal spec-

trum, shown in the right panel of Fig. 4.4(b). By rescaling the blue shoulder of B1 by kB Texc

as in Fig. 4.6(d), the expected notion for phonon-sidebands is recovered. This confirms

the thermal Boltzmann occupation of exciton states according to their kinetic energy and

temperature.

4.6 Conclusion

In conclusion, the PL of ML and BL WSe2 was experimentally studied and characteristic spec-

tral lineshape asymmetry of phonon sidebands identified. In contrast to symmetric PL peaks

from zero-momentum excitons, the asymmetric profiles arise from thermal distribution of

excitons in long-lived dark reservoirs with finite center-of-mass momenta. The extracted

exciton temperature generally follow that of the crystal lattice. However, deviations indicate

the presence of overheated exciton populations in the system. These are mostly pronounced

at lowest temperatures and in the BL case, when the recombination lifetime approaches the

time-scale of the cooling processes. Such direct experimental access to the temperature of

excitons with finite center-of-mass momenta provides additional insight into the fundamen-

tal electron-hole recombination processes in atomically thin semiconductors. Therefore,

our work emphasises the distinctions of momentum-direct and momentum-indirect re-

combination pathways for the entire class of TMD semiconductors and heterostructures.

This analysis demonstrates spectroscopic means of distinguishing the respective exciton

reservoirs and highlights the role of the phonon-assisted emission for long-lived excitons.
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5 Dynamics of spin-valley polarisation
of interlayer excitons

In the following Chapter, we will describe the time-dependent change in the polarisation

of the exciton emission from a WSe2-MoSe2 HBL in H-type configuration. First, we intro-

duce the sample properties and confirm the dominant atomic registry of H h
h via PL energy

and exciton g-factor measurements. Fundamental considerations regarding the physical

origin of the degree of circular polarisation are given, followed by the description of a rate

equation model to capture the magnetic field dependent time-resolved and steady-state PL

data. The interplay of long-range Coulomb exchange interaction described by a Hanle-like

spin-dephasing, as well as thermal population distribution between Zeeman-split reservoirs

of the momentum-direct and momentum-indirect triplet states determines the valley polar-

isation. This analysis provides access to the intrinsic spin lifetimes of long-lived spin-like

momentum-direct and momentum-indirect interlayer excitons.
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Figure 5.1: Characterisation of the investigated WSe2-MoSe2 HBL. (a) Schematic of the
sample, consisting of an hBN encapsulated WSe2-MoSe2 HBL in R- and in H-type stacking
on a SiO2/Si substrate. (b) Bright-field microscope image. Scale bar (white) corresponds to
10 µm. (c) PL hyperspectral image recorded at 3.5 K under linear excitation at the MoSe2 ML
1s exciton resonance corresponding to 1.642 eV. The white dot indicates the spatial position
of interest.

5.1 Sample characterisation

The investigated sample consist of a WSe2-MoSe2 HBL encapsulated in hBN on a SiO2/Si

substrate. During its fabrication, a PDMS stamp without an additional PC film was used

to transfer each individual 2D crystal consecutively. In the case of MoSe2, two separate

stamping steps were performed with a 180◦ twist angle to obtain both R- and H-type stacking

in one sample, where the crystal axes of the MLs were aligned to ensure near parallel and

antiparallel orientations. A schematic of the structure is shown in Fig. 5.1 (a). Figure 5.1 (b)

shows a bright-field microscope image. Further characterisation was carried out by PL

measurements under cryogenic conditions at 4 K (Atto-Dry 1000, Attocube). A hyperspectral

PL map under 3 µW excitation at 1.642 eV was recorded in the energy range of interlayer

exciton (IX) emission [173], with an integrated PL intensity from 1.26 - 1.53 eV (Fig. 5.1 c).

The color-code from dark to bright is displayed on a logarithmic scale. The bright regions

recorded in the energy range of IX correspond to R-type stacking and the darker regions to

H-type stacking [33, 174], where the dominant atomic registry defines the optical response.

The lack of homogeneity in brightness in either stacking region indicates two likely effects.

First, the the fabrication technique is prone to the formation of local strain, trapped pock-

ets of ambient air and organic residues which all contribute to sample disorder. Second,

mesoscopic reconstruction (see Chapter 2.2.2) as a consequence of strain relaxation and

adhesion energy minimisation leads to single atomic registries exceeding the size of the

moiré unit-cell by orders of magnitude, comparable to the optical spot-size of ∼ 1 µm of

the confocal microscope [33, 175, 176]. Therefore, the spectral response is highly position

dependent. The following measurements focus on a local region near the edge of the HBL
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Figure 5.2: Cryogenic confocal photoluminescence measurements on the H h
h -type WSe2-

MoSe2 HBL. (a) Logarithmic false-color plot of the PLE response from the H-type het-
erostructure region at continuous-wave excitation with 3 µW. White dotted lines indicate
the intralayer exciton resonances. (b) upper pannel: PL spectra under σ− circular polarised
illumination at 1.707 eV excitation energy with a power of 100µW. The spectra were recorded
under co (σ−) and cross (σ+) polarised detection, where the intensity for energies higher
than 1.405 eV was magnified for clarity. The two features at 1.395 and 1.420 eV are attributed
to the Triplet (T) and singlet (S) interlayer excitons of the H h

h -stacking. Lower panel: Degree
of circular polarisation recorded at resonant excitation at the intralayer resonances.

indicated with a white dot in Fig. 5.1(c).

First, photoluminescence excitation (PLE) was carried out to identify exciton resonances,

shown in Fig. 5.2 (a). Here, a narrow-band (∼ 50 kHz) continuous-wave (cw) laser (SolsTiS,

M-squared) was tuned between 1.62 and 1.77 eV and the interlayer exciton PL was recorded

under circular co-polarisation (σ−/σ−) in the range from 1.25 to 1.5 eV. Two distinct features,

at 1.631 and 1.707 eV are associated with the 1s exciton resonance of MoSe2 and WSe2

ML, respectively [157, 177]. The interlayer exciton formation in a ype-II band-alignment

is mediated by charge-transfer processes between the layers and therefore dependent on

the population of excited intralayer excitons [81, 173]. Fig. 5.2 (b) shows the according

PL spectra, where the laser was tuned to the WSe2 1s resonance at 1.707 eV and used for

circularly polarised excitation at 100µW. Here, the two spectral features at 1.395 and 1.420 eV

are attributed to the triplet (T) and singlet (S) interlayer excitons of the H h
h -stacking due

to their energetic position close to the theoretical and experimental values [33, 178]. The

low-energy spectral shoulder may stem from weak unintentional intrinsic doping leading to

residual interlayer trion formation of the triplet state [179], or defect-mediated localisation

of excitons.

The most important feature of the PL emission of this study is the degree of circular

polarisation of the exciton emission. We denote Iσ1 (σ2,Bz) for the intensity recorded under

detection σ1 in either σ+ or σ− circular polarisation with excitation σ2 (again, either σ+ or
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5 DYNAMICS OF SPIN-VALLEY POLARISATION OF INTERLAYER EXCITONS

Figure 5.3: (a) Magneto-luminescence spectra recorded under cw excitation with a power
of 100 µW under σ−-polarised excitation and σ+ detection at −9 and 9 T. Lower panel:
Magnetic PL sweep from −9 to 9 T with linear least-square fits to the peak positions of T and
S, with resulting g-factor values of g (T ) =−14.9 and g (S) = 12.0. (b) PL spectra under linear
cw excitation at 1.707 eV and 100 µW with co- and cross linear detection basis. Lower panel:
Degree of linear polarisation for excitation at both intralayer exciton resonances.

σ−) in the magnetic field Bz perpendicular to the sample. The degree of circular polarisation,

denoted as Pc (σ2,Bz) in the basis of excitation is then given by:

Pc (σ1,σ2,Bz) = Iσ1 (σ2,Bz)− I−σ1 (σ2,Bz)

Iσ1 (σ2,Bz)+ I−σ1 (σ2,Bz)
, (5.1)

where the minus sign in the subscript (−σ) reverses the polarisation between σ+ and σ−.

As shown in the lower panel in Fig. 5.2 (b), in contrast to the positive values of Pc for the

dominant peak T, for energies higher than 1.41 eV we observe a negative value for Pc . This

is attributed to the energetically higher singlet state S, which is populated due to the high

excitation power and emits hot PL. According to previously discussed optical selection rules

(see Chapter 2.2.5), this change in sign of the observed Pc confirms our peak assignment.

Interestingly, the absolute value of polarisation decreases dramatically, when the excitation

energy was set to the MoSe2 1s intralayer exciton resonance, which indicates a transfer of

the intralayer exciton polarisation, linked to the energetic ordering of bright and dark states

and their difference in intervalley scattering mediated by exchange interaction [180].

To confirm our peak assignment, additional magneto-luminescence and polarisation-

resolved spectroscopy was carried out (Fig. 5.3). First, PL spectra under circular excitation

and cross-polarised detection as a function of magnetic field were recorded. The magnetic

field removes the valley degeneracy and splits the exciton reservoirs by the characteristic

Zeeman shift proportional to the exciton g-factors (see Chapter 2.2.4). The comparison

between the spectra recorded at 9 and −9 T indicates a negative g-factor for T, and a positive

g-factor for S, which is confirmed by a full magnetic sweep and linear least-square fits to the
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Figure 5.4: (a) Linear false-color plot of PLE from the H h
h -type HBL region for a pulsed

excitation at 2 Mhz with 3 µW. (b) Upper panel: PL spectra under pulsed σ− circularly
polarised excitation at 1.707 eV and 3µW. The spectra were recorded under co (σ−) and cross
(σ+) polarised detection. Lower panel: Degree of circular polarisation recorded at resonant
excitation of the intralayer resonances. (c) Upper panel: PL decay traces of the integrated IX
emission with same polarisation basis as in (b). Indicated in grey is the instrument response
function (IRF). Lower panel: Residuum of the least-square fit with a convolution function of
the instrument response function and four exponential decays.

respective peak positions, shown in the lower panel of Fig. 5.3 (a). The resulting g-factors

are g (T ) = −14.9± 0.3 and g (S) = 12.0± 0.2, which validates the H h
h atomic registry [33].

Next, the degree of linear polarisation was probed under the same illumination conditions

for both intralayer exciton reservoirs, where the absence of linear degree of polarisation

(Fig. 5.3 (b)) confirms the assigned atomic registry and peak labeling by ruling out H M
h and

H X
h stacking on the basis of optical selection rules. In fact, PL = 0 also rules out quantum

wires in the spot [181].

5.2 Time-resolved photoluminescence

After the validation of H h
h -stacking on the selected position on the WSe2-MoSe2 HBL, we

investigated the time-resolved behaviour of the PL response. To this end, the laser was

changed to a pulsed super-continuum white light source (NKT-SuperK Extreme) with filter

settings to 10 nm width at 2 MHz pulse frequency. First, the excitation energy was tuned in

a PLE experiment with data shown in Fig. 5.4 (a). Due to the broad bandwidth of the exci-

tation energy, no exciton resonances were detected, in strong contrast to narrow-band cw

operation as discussed above. Also, the spectral signature changed significantly, as shown in

Fig. 5.4 (b), where by reducing the excitation power to 3 µW, a strong substructure emerged.

In the following analysis, we neglect possible quantum dots (0D) and 1D stripes, typically
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found in the vicinity of extended 2D domains, as their total Intensity contribution is negligi-

ble compared to the dominant H h
h atomic registry and its optical selection rules. In general,

we exclude the possibility of partial moiré-fillings similar to Ref. [179]. The singlet state (S) is

barely populated and the overall PL intensity reduced significantly, as expected for the lower

excitation power. Despite the fact that no intensity difference between the two intralayer ex-

citation energies was found, the total value of Pc reduced for MoSe2 1s excitation, analogous

to the narrow-band cw excitation.

Next, we investigated the time-correlated decay without spectral filtering. PL decay traces

were recorded with an avalanche-photodiode (APD, Excelitas SPCM-AQRH) with 600 ps re-

sponse time. Representative time-traces at zero magnetic field with 16 ps binning are shown

for co- and cross-polarised detection under σ− circular polarised excitation in Fig. 5.4 (c).

The decay traces are modeled as a convolution of the instrument response function and

multi-exponential decay functions as:

I (t ) = I0 + A0e−2[(t−t0)/w]2 +
N∑

k=1
Ak e−t/τk , (5.2)

where I0 quantifies the APD dark counts and the second term models the IRF approximated

by a Gaussian with temporal resolution w and time t0, set to the maximum of each PL decay

trace. The third term is the sum of N individual exponential decay channels with lifetimes τk .

Here, we use four exponents to perform a least-square fit to the PL decay over 500 ns, shown

for the first 10 ns as solid lines in 5.4(c). The residuum exhibits a maximum value of 0.05

in the first 400 ps which reduces to values below 0.005. Best-fit parameters were found as:

τ1 = 1.1±0.2 ns (A1 = 0.7±0.03), τ2 = 5±2 ns (A2 = 0.23±0.02), τ3 = 30±5 ns (A3 = 0.06±0.01)

and τ4 = 350±43 ns (A4 = 0.01±0.005). Lifetimes in the order of nanoseconds are typical

for interlayer exctions [33, 34, 67, 84, 180], where the overall increase from sub-picosecond

timescales, typical for ML TMDs [25, 182], is due to the reduced wave-function overlap. The

resulting decay times are magnetic field invariant and are insensitive to polarisation. Due

to the pulsed excitation resulting in high exciton densities, we ascribe the shortest time τ1

to Auger-like processes [183], which dominate the optical response. We associate τ2 with

the radiative recombination of the interlayer exciton T , with no field dependence as the

reduction of the exciton Bohr radius due to the diamagnetic shift is negligibly small in TMDs

at the available field strength [184]. The longer decay times (τ3 and τ4) are candidates for

field-dependent intervalley scattering mechanisms by exchange interaction or phonon spin-

lattice relaxation [185, 186]. However, due to to the small weight of < 6%, no significant field

dependence was detected.

56
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Figure 5.5: Decomposition of the degree of circular polarisation (Pc ) from PL decay traces.
(a) PL decay traces recorded at 9 T under pulsed σ+-excitation at 1.642 eV with 2 MHz
repetition rate and 3 µW power. Lower panel: Residuum of the least-square fit according to
Eq. 5.2. (b) Time-resolved total degree of circular polarisation in σ+-basis, extracted from PL
decay in (a), shown in dark red and labelled as P tot

c (σ+). Decomposition of P tot
c into P mag

c

and P opt
c according to Eqs. 5.4-5.6 are plotted in light red and grey. (c) Comparison of the

Pc -decomposition at 9 T under σ+ and σ− excitation basis via the WSe2 1s resonance.

5.3 Decomposition of the degree of circular polarisation

In order to access the time-resolved spin dynamics of interlayer excitons, we first analyse

the degree of circular polarisation on a theoretical level, where the general formulation is

given by Eq. 5.1. Time reversal symmetry provides the following relation:

Iσ1 (σ2,Bz) = I−σ1 (−σ2,−Bz), (5.3)

where σ1 refers to the detection- and σ2 to the excitation-polarisation and the expression

−σ reverses the polarisation between σ+ and σ−. It implies the equivalence of changing

the sign of the magnetic field with changing the helicity of light in excitation as well as in

detection. The degree of circular polarisation of emitted light has two contributions: the

first one is due to a non-zero pump helicity P opt
c , which consist of the difference in co- or

cross-polarised detection and the summation of both excitation helicities, defined via:

P opt
c = Iσ+(σ+,Bz)− Iσ+(σ−,Bz)− Iσ−(σ+,Bz)+ Iσ−(σ−,Bz)

Iσ+(σ+,Bz)+ Iσ+(σ−,Bz)+ Iσ−(σ+,Bz)+ Iσ−(σ−,Bz)
.

= Ico(Bz)− Icr oss(Bz)

Ico(Bz)+ Icr oss(Bz)
,

(5.4)

where Ico(Bz ) = Iσ+(σ+,Bz )+Iσ−(σ−,Bz ) and Icr oss(Bz ) = Iσ+(σ−,Bz )+Iσ−(σ+,Bz ). Therefore,

P opt
c is independent of the excitation basis. The induced polarisation in an ideal system
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5 DYNAMICS OF SPIN-VALLEY POLARISATION OF INTERLAYER EXCITONS

without dephasing at zero magnetic field would correspond to ±1. With the inclusion of

a Zeeman spitting ∆z = gµB B , population transfer driven by thermalisation leads to the

magnetic contribution P mag
c , described by the linear excitation π (summation of σ+ and

σ−) and the difference between their corresponding detection:

±P mag
c (Bz) =± Iσ+(σ+,Bz)+ Iσ+(σ−,Bz)− Iσ−(σ+,Bz)− Iσ−(σ−,Bz)

Iσ+(σ+,Bz)+ Iσ+(σ−,Bz)+ Iσ−(σ+,Bz)+ Iσ−(σ−,Bz)

=± Iσ+(π,Bz)− Iσ−(π,Bz)

Iσ+(π,Bz)+ Iσ−(π,Bz)
,

(5.5)

where the sign is defined by the excitation helicity of the total degree of polarisation P tot
c (σ±),

consisting of:

P tot
c (σ±) =±P mag

c +P opt
c , (5.6)

with time-reversal symmetry connecting the two polarisation bases of P tot
c (σ±). The ratio

between the radiative lifetime and the spin dephasing time defines the weight of these

two contributions. If the induced polarisation radiates before thermalisation, then P opt
c

dominates over P mag
c and vice versa.

To better understand the dominant mechanisms of intervalley scattering and the resulting

polarisation defined by the spin distribution of involved excitons in the system, we now

apply this decomposition to the PL decay traces. To validate our approach, we first examine

the data recorded at 9 T under MoSe2 1s excitation, shown in Fig. 5.5 (a), where both decays

were normalised relative to the maximum counts recorded for Iσ+(σ+,Bz = 9 T ). Following

Eq. 5.1, we obtain P tot
c (σ+) as a function of time, shown in dark-red in Fig. 5.5 (b). At the

moment of light absorption, the population from the preceding pulse reduced to ∼0.05% of

the injected population per pulse, but defines the polarisation at t = 500 ns. Initialisation

of the exciton system by a new pulse at t = 0 results in P tot
c (σ+, t = 0,B = 9 T ) = 0.23. With

the use of Eq. 5.4 and 5.5, the time resolved degree of polarisation is shown with additional

decomposition into an optical and magnetic contribution. For both contributions, a very

fast change in the first nanoseconds is followed by a slower decay (P opt
c ) or rise (P mag

c ) with

a time scale in the order of ∼100 ns. After 500 ns, only marginal changes in Pc are observed.

At a magnetic field of B = 9 T , the magnetic component dominates due to the thermali-

sation driven population transfer between the Zeeman-split reservoirs and shows an offset

from the total degree of polarisation by the the optical component, which exhibits only

minor changes on short timescales and reaches equilibrium after ∼ 10 ns. The total value

of P opt
c increases with WSe2 1s excitation as expected from PL data discussed above, shown

in Fig. 5.5 (c). The individual decomposition for σ+ and σ− excitation confirms the time-

reversal condition (Eq. 5.3) as the magnetic component changes its sign with polarisation,

where P tot
c exhibits an offset by P opt

c .
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Figure 5.6: Time resolved total degree of circular polarisation for (a) σ+ and (b) σ− excita-
tion in resonance with the MoSe2 and WSe2 1s intralayer exciton respectively. P tot

c (t) was
calculated from individual co- and cross polarised PL decay traces and displayed from −9
(dark-blue) to 9 T (dark-red) in 3 T intervals. The blue background schematically depicts
extracted steady-state values, shown in (c) for both excitation polarisations and excitation
energies.

For each magnetic field in the range of −9 T to 9 T, PL decay traces in four circular po-

larisation configurations (σ+/σ− excitation and detection respectively) were recorded for

excitation energies in resonance with MoSe2 and WSe2 intravalley 1s excitons, as shown

in Fig. 5.6 (a) and (b). Here, with the assumption of thermal equilibrium at t = 500 ns, the

Pc -values for a steady-state analysis were extracted from the mean value of the last 5 ns.

The resulting field dependence of P tot
c is shown in Fig. 5.6 (c). We notice an X-like pattern

for both excitation conditions shifted in total value by the different optically induced spin

polarisations. Two additional features are observed: a non-monotonic behaviour resulting

in a polarisation dip around zero field and the interchangeable field or polarisation sign

dictated by time-reversal symmetry leading to mirror symmetry in magnetic field.

To better understand the relevant timescales and origins of spin polarisation and dephas-

ing in our HBL system, the same analysis was performed for the magnetic contribution

P mag
c (t), shown in Fig. 5.7. At B = 0 T, P mag

c (t) = 0 for all times as expected. An applied

field monotonically increases the absolute value of P mag
c , with similar slopes for all fields.

Steady state data extracted from the mean value in the time interval 495−500 ns is displayed

in Fig. 5.7 (b). For cw excitation, the data were extracted from complementary PL spectra

and Pc was computed from the integrals over the full spectral range. The resulting values

close to zero arise from the continuous repopulation of the system and thereby insufficient

thermalisation at high magnetic fields. Interestingly, for pulsed excitation used in PL decay

measurements, P mag
c is independent of the excitation energy and therefore only displays

population redistribution between the Zeeman-split reservoirs by thermalisation given by:
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Figure 5.7: (a) P mag
c (t) shown for excitation under σ+-polarisation in resonance with the

MoSe2 1s exciton as a function of time with varying magnetic field, obtained from individ-
ual co- and cross polarised PL decay traces. The blue background schematically depicts
extracted steady-state values, shown in (b) for both excitation energies with pulsed light
source. Displayed in grey are the values extracted from energy-resolved PL data under
continuous-wave excitation.

γ
i j
s f =

1

τs0

e
∆i j

2kB T , (5.7)

where γi j
s f denotes the exciton spin flip transition from interlayer exciton state I X i to I X j ,

with i , j ∈ [σ+,σ−] representing the circular polarisation of the involved exciton transition

defined by the optical selection rules. The exciton spin-flip time τs0 is weighted by the

Boltzmann distribution, where ∆i j = (gi − g j )µB B represents the Zeeman splitting between

exciton states i and j, kB denotes the Boltzmann factor and T the exciton temperature. We

note, that the transitions I X i → I X j and I X j → I X i formally differ only by an alternating

sign in the Zeeman splitting, leading to an enhanced and suppressed transition rate between

I X i and I X j according to the energetic ordering of the states defined by the exciton g-factor.

Next, the optical component P opt
c is discussed, where Fig. 5.8 (a) displays representative

time-dependent traces for 0 T (grey) and −3/+3 T (blue/red), recorded at both intravalley

1s exciton resonances. Similar to the discussion of PL spectra above, in time-dependent

measurements different pump energy leads to a change of P opt
c up to a factor of three.

Intravalley polarisation properties of MoSe2 and WSe2 are inherited by the HBL. Intervalley

electron transfer in HBL with type-II band-alignment take place in less than 50 fs [82]. Time-

resolved Kerr-spectroscopy measurements on ML WSe2 has shown, that the hole forming

the IX has an extraordinary long spin relaxation time of ∼2 µs, compared to ∼130 ns for

electrons [187]. This implies that due to the type-II band alignment, the injected polarisation

of intralayer holes is transferred to interlayer excitons and strongly depends on the ML valley

polarisation.
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Figure 5.8: (a) P opt
c (t) shown for MoSe2 (blue shaded) and WSe2 (red-shaded) intralayer

excitation as a function of time, where grey represents data recorded at 0 T and blue and red
at −3 and 3 T, respectively. After 150 ns, values of P opt

c (t ) remain constant, where the steady-
state data shown in (b) was extracted from the mean value in the time interval 495−500 ns
for all magnetic fields.

Fig. 5.8 (b) displays steady-state data extracted from the time-resolved measurements

at late times, similar to P tot
c and P mag

c discussed before. In addition to the total offset ex-

plained above, we observe a dip centered around zero magnetic field. To further explain the

observations mentioned in this section, a model based on rate equations was developed to

extract spin-flip times and reproduce the experimental trends.

5.4 Rate equation model

In the following, we present a rate equation model, involving four exciton states, to describe

the steady-state and time-resolved field dependence of the magnetic and optical degrees of

polarisation of the interlayer exciton PL. With the dominant atomic registry H h
h in the WSe2-

MoSe2 HBL with type II band alignment, we consider the spin-triplet momentum-direct

interlayer excitions denoted as T±, as well as the momentum-indirect spin-triplet interlayer

excitons, denoted as T̃±. The sign-index for both reservoirs is defined by the momentum

of the hole, where + (−) is related to the K (K’) valley of WSe2. The respective schematic is

shown in Fig. 5.9 (a) and the corresponding rate equations are:

∂T+

∂t
=−γtot T++γ−+s f T−−γ+−s f T++γv f T̃++γr el ,T+ I Xexc ,

∂T−

∂t
=−γtot T−−γ−+s f T−+γ+−s f T++γv f T̃−+γr el ,T− I Xexc ,
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Figure 5.9: Schematic depiction of the rate equation model. (a) Sketch of the type-II band-
alignment of the MoSe2-WSe2 HBL in H h

h registry. The polarisation of zero momentum inter-
layer excitons in spin-triplet configuration T and the momentum-indirect spin-equivalent
interlayer excitons T̃ is defined by the hole spin residing in the WSe2 layer. (b) Magnetic
field dependence of T and T̃ defined by the Zeeman shift. Exciton g-factors from theory [33]
determine the slope of the states involved relative to the 20 meV offset between T and T̃.
The spin conserving valley-flip is labeled as γv f , where the exciton spin-flip rate γs f is field-
dependent. (c) Schematic of the rates used for numerical, time-resolved modelling of the
PL decay, magnetic and optical degree of polarisation. After pulsed excitation at t = 0, all
population resides in I Xexc where the branching between T and T̃ as well as between their
spin-polarised sub-bands (indicated by the grey arrows) defines the population distribution
and the injected pseudo-spin, decaying to the ground state (G) via γtot .
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∂T̃+

∂t
=−γnr T̃++γ−+s f T̃−−γ+−s f T̃+−γv f T̃++γr el ,T̃+ I Xexc ,

∂T̃−

∂t
=−γnr T̃−−γ−+s f T̃−+γ+−s f T̃+−γv f T̃−+γr el ,T̃− I Xexc ,

∂I Xexc

∂t
=−(γr el ,T+ +γr el ,T− +γr el ,T̃+ +γr el ,T̃−)I Xexc +γ0G ,

∂G

∂t
=+γtot (T++T−)+γnr (T̃++ T̃−)−γ0G , (5.8)

with γtot = γr ad +γnr being the transition from T± to the ground state consisting of a ra-

diative (γr ad ) and non-radiative recombination (γnr ) of the population. Losses from the

valley-unlike exciton state T̃± include non-radiative decay γnr and the spin-conserving val-

ley flip towards the energetically lower T state, denoted as γv f . The exciton spin-flip rates

γ
i j
s f , described by Eq. 5.7, are reservoir specific. Their magnetic field dependence is illus-

trated in Fig. 5.9 (b), where the notation T+ = |K↓K ′
↑〉 refers to the exciton consisting of a hole

with spin-down in the K valley of WSe2 and a spin-up electron in the K ′-valley of MoSe2.

The polarisation-sensitive interlayer exciton formation is described by the relaxation rates

γr el =
∑

i γr el ,i , where i ∈ {T+,T−, T̃+, T̃−}, and possible re-population from the ground state

(G) to the excited state I Xexc is introduced by the rate γ0.

We rewrite the rate equations by defining the total exciton population as the sum of

populations in each valley, T = T++T−, and introduce the valley polarisation as the difference

in population via VT = T+−T−, resulting in:

∂T

∂t
=−γtot T +γv f T̃+γr el ,TI Xexc ,

∂T̃

∂t
=−γnr T̃−γv f T̃+γr el ,T̃I Xexc ,

∂VT

∂t
=−γtot VT +γv f VT̃ −γs f ,T(VT −P 0

TT)+γ∆r el ,TI Xexc ,

∂VT̃

∂t
=−γnr VT̃ −γv f VT̃ −γs f ,T̃(VT̃ −P 0

T̃
T̃)+γ∆

r el ,T̃
I Xexc ,

∂I Xexc

∂t
=−γr el I Xexc +γ0G ,

∂G

∂t
=+γtot T+γnr T̃−γ0G , (5.9)

with γ∆
r el ,T/T̃

= γ+
r el ,T/T̃

−γ−
r el ,T/T̃

describing polarisation-specific branching from the excited
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state. To further analyse the exciton spin-flips, we used the identities:

P 0 =− tanh(β), β= ∆i j

2kB T
,

γs f = γ+−s f +γ−+s f = 2γ0
s f cosh(β) , (5.10)

where β is the Boltzmann factor defined by the exciton g-factor at a given temperature T

and magnetic field, with ∆i j denoting the Zeeman splitting of the reservoir defined by the

superscript T/T̃. A schematic of the involved rates (see Eq. 5.26) is shown in Fig. 5.9 (c). The

spin coherence rate γs f , defined via Eq. 5.10, is of particular interest for further analysis and

will be discussed in more detail below.

5.4.1 Long-range Coulomb-induced exchange interaction

So far, the transition rates between the polarisation-resolved exciton states are defined

by population transfer between the Zeeman-split sub-bands, purely driven by thermali-

sation similar to previous work [111]. However, external magnetic field strongly impacts

the spin-distribution of excited charge carriers. The underlying physical principle was first

discovered and studied in the resonance fluorescence of gases by Hanle, where depolari-

sation of luminescence by a transverse magnetic field was explained by the precession of

excited electron spins [188]. In essence, the precession is described by a Lamor frequency

Ω= gµB B/ħ, where g denotes the g-factor and µB the Bohr magneton. If the magnetic field

is perpendicular to the exciting light beam B ⊥ S0, where S0 is the pseudospin in initial

direction, the component of the spin along the direction of the beam changes periodically

with frequencyΩ. Therefore at time t after excitation, the spin of the electrons is given by

Sz = S0 cos(Ωt)exp(−t/τs), where the spin relaxation time τs was introduced. The average

value of Sz is derived by averaging this expression with the distribution of lifetimes W (t)

via [189]:

Sz = S0

∫ ∞

0
d t W (t )e−t/τs cos(Ωt ). (5.11)

With the assumption of thermalised charge carriers, we have W (t) = 1/τr ad exp(−t/τr ),

where τr ad is the radiative lifetime and τs denotes the spin relaxation time. It follows:

Sz(B) = Sz(0)

1+ (ΩTs)2
, Sz(0) = S0

1+τr ad /τs
, (5.12)

where the spin lifetime Ts is defined via 1/Ts = 1/τr ad + 1/τs . Equations 5.12 allow the

experimental determination of spin-dephasing times τs in steady state by recording the

degree of PL polarisation as a function of the magnetic field. If the g-factor is known, the
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Figure 5.10: (a) Optical selection rules of the circularly polarised eigenstates for ML A-
excitons and their long-range Coulomb-induced exchange coupling. (b) Sketch of the exci-
ton dispersion illustrating the splitting of the bright doublet into linearly polarised eigen-
states, with either longitudinal (L) or transversal (T) microscopic dipolar orientation relative
to the exciton wavevector K (shown not to scale). The photon dispersion is shown in red
lines. Inset: Orientation of the momentum-dependent effective in-plane field Ωk (purple
arrows) around the exciton dispersion. Figures adapted from Ref. [196].

half-width of the magnetic depolarisation B1/2 = ħ/gµB Ts , commonly referred to as the

Hanle curve, give direct access to τs . This theoretical treatment was used in numerous works

on GaAs [190, 191], quantum wells [192] and TMDs [185, 193–195].

In TMDs, due to the strong Coulomb interactions present, light-matter coupling is domi-

nated by excitons, where long-range exchange interaction couples the excitons of the two

spin-valleys and thereby gives rise to an efficient decay mechanism for exciton polarisa-

tion [35, 36, 196–198]. The admixture of the valleys at the high symmetry points K and K’ by

exchange interaction is illustrated in Fig. 5.10, where an exciton in the K valley effectively

recombines and produces an exciton in the K’ valley without any momentum-transfer or

spin-flip of individual charge carriers. This process is more comprehensible if one considers

an exciton as a microscopic dipole, oscillating at its resonance frequency either longitudinal

(L) or transversal (T) to the in-plane center-of-mass wavevector Kexc . The splitting of these

states (LT-splitting) acts as an effective magnetic field which mixes the σ+ and σ− polarised

excitons [36, 192, 199]. The depolarisation timescale depends on the oscillator strength

and the wave-function overlap of the electron and hole, and therefore only optically active

excitons are affected by long-range exchange interaction. In the case of interlayer excitons,

this mechanism is expected to be weaker leading to longer polarisation lifetimes in the order

of nanoseconds [173, 200].

The lack of inversion symmetry in TMD monolayers allow Dyakonov-Perel type mecha-

nisms, where scattering at defects, phonons or impurities redistributes the spin during its

precession described by the kinetic equation [36, 189, 201]:

65
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∂SK

∂t
=ΩK ×SK + S

τs
+Q{SK }, (5.13)

where Q{SK } is the collision integral describing the involved scattering processes and ΩK

denotes the momentum dependent precession frequency. Eq. 5.13 is solved exactly, e.g. as

described in Appendix of Ref. [192], with the solution being:

1

Ts
= Ω2

Kτ
∗
2

1+ (Ω0τ
∗
2 )2

, (5.14)

where τ∗2 denotes the momentum relaxation time of second angular harmonics of the distri-

bution function. The linewidth Γ related to this dephasing time is defined via Γ≈ħ/τ∗2 , and

Ω0 is the frequency associated with the external applied field Bz . In the strong scattering

regimeΩKτsc ≪ 1, the spin decays exponentially and with the assumption, that the spread

of excitons in energy space is limited by collision broadening and not by kinetic energy

distribution, the spin relaxation time is given by [36, 192, 196]:

1

τs
=Ω2

Kτ
∗
2 . (5.15)

Inserting into Eq. 5.14 and using Γ≈ħ/τ∗2 and ∆z =ħΩ0, we obtain for the field-dependent

exciton spin flip rate γs f :

γs f (B) = γth
s f

1

1+ (∆z/Γ)2
= 2

τs,0

cosh(β)

1+ (∆z/Γ)2
, (5.16)

where we identified Eq. 5.7 as the thermal spin-flip rate γth
s f , omitted the reservoir notation

and used the identities defined via Eq. 5.10.

5.4.2 Steady-state solution

To study the field-dependent behaviour of P mag
c and P opt

c as extracted at t = 500 ns, we

neglect the non-radiative recombination of T̃ and set all time derivatives in the rate equa-

tions 5.26 to zero, resulting in:
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T̃ = γr el ,T̃

γv f
,

T = γr el

γtot
,

VT̃ =
P 0

T̃
T̃

1+γv f /γs f ,T̃
+

γ∆
r el ,T̃

γv f +γs f ,T̃
,

VT = P 0
TT

1+γtot /γs f ,T
+ γv f VT̃

γtot +γs f ,T
+

γ∆r el ,T

γtot +γs f ,T
(5.17)

where we set I Xexc ≡ 1. The degree of circular polarisation is defined analogously to Eq. 5.1

by the ratio of the valley polarisation to the total exciton population of T via:

Pc = VT

T
. (5.18)

The valley polarisation and population of T̃ hereby only indirectly influence the experimental

results as no direct radiative recombination was included due to the momentum mismatch.

Subsequently inserting the results into Eq. 5.18, we obtain:

Pc =
P 0

T

1+γtot /γs f ,T
+

P 0
T̃

1+γv f /γs f ,T̃
· γtot

γtot +γs f ,T
· γr el ,T̃

γr el

+ γtot

γtot +γs f ,T
·
γ∆r el ,T

γr el
+ γtot

γtot +γs f ,T
· γv f

γv f +γs f ,T̃
·
γ∆

r el ,T̃

γr el
(5.19)

To further simplify Eq. 5.19 and to address the question how the population is distributed

between T and T̃ after pulsed excitation, we introduce the branching ratio b = γr el ,T̃/γr el .

The induced optical polarisation by circularly polarised excitation P T/T̃
i nd , and therefore, the

valley selective population distribution is described by the ratio:

P T/T̃
i nd =

γ∆
r el ,T/T̃

γr el
. (5.20)

Rewriting Eq 5.16 by introducing a field-dependent parameter αT/T̃(B) as:

γs f (B) = γ0
s f

2cosh(β)

1+ (∆i j /Γ)2
= γ0

s f α(B), (5.21)
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where β,∆i j ,γs f (B) as well as γ0
s f are reservoir-specific (T or T̃). The redefinition shows that

the spin-flip time γ0
s f ,T/T̃

does only contribute to the steady-state solution in proportion to

the reservoir-specific losses γtot and γv f . Therefore, with the definitions:

rT =
γ0

s f ,T

γtot
, rT̃ =

γ0
s f ,T̃

γv f
, (5.22)

we reduce the parameter space and identify reservoir-specific contributions. This in turn

allows us to identify the four terms in Eq. 5.19 as the magnetically and optically induced

polarisation of the reservoirs T and T̃, respectively, as:

P tot
c = P T

mag +P T̃
mag +P T

opt +P T̃
opt , (5.23)

where the explicit expressions are:

P T
mag = P 0

T

1+1/(rTαT(B)) =

P T̃
mag =

P 0
T̃

1+1/(rT̃αT̃(B))
· b

1+ rTαT(B)

P T
opt =

P T
i nd

1+ rTαT (B)

P T̃
opt =

P T̃
i nd

1+ rT̃αT̃(B)
· 1

1+ rTαT(B)
. (5.24)

Here, the third relation is equivalent to the description of ML steady-state polarisation [36,

186], similar to Eq. 5.12. These identities now are used to analyse the steady-state data shown

in Chap. 5.3 and summarised in Fig. 5.11. Least-square fits of P tot
c (B) were computed for

both excitation polarisations, with parameters being the effective exciton temperature T,

the branching ratio b as well as the exchange-interaction induced splitting Γ, the induced

optical polarisation Pi nd and the ratio of the spin-flip rate and the depopulation rate rT/T̃

for both exciton reservoirs. Unbound fits resulted in an unrealistic exciton temperature and

therefore the upper bound of Tmax = 10 K was introduced. Otherwise free-fit results show

close to equal population distribution into both exciton reservoirs, with similar induced

polarisation and negligible exchange interaction for the momentum-indirect reservoir T̃.

Therefore, we set b = 0.5, P T
i nd = P T̃

i nd as well as ΓT̃ =∞. The resulting parameters for WSe2

1s resonant pumping are: T = 9.3 K, ΓT = 0.1 meV, rT = 0.42 and rT̃ = 0.2, with an induced

optical polarisation of P T
i nd = P T̃

i nd = 0.26. Only the latter changes significantly for the data
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Figure 5.11: Steady-state analysis of the (a) total, (b) magnetically and (c) optically induced
degree of circular polarisation. Least-square model-fits using Eq. 5.23 and 5.24 were per-
formed for P tot

c . The resulting fit parameters were used to model the decomposition into
P mag

c and P opt
c , where only Pi nd differs for MoSe2 and WSe2 excitation. All numerical results

are displayed by grey solid lines. Inset in (b) shows the data recorded from −2 to 2 T.

recorded under MoSe2 1-s pumping, namely Pi nd = 0.076. This is in accord with the steady-

state data of P mag
c and P opt

c shown in Fig. 5.11 (b) and (c) for both pump energies, where the

former shows identical values and the latter displays similar functional form with an offset.

This offset is set by Pi nd , whereas the functional form strongly depends on the resonance

condition defined by Γ. We note that attempts to reproduce the data without the reservoir

T̃ resulted in unrealistically high temperatures, whereas its inclusion captures P mag
c even

at small fields (see inset in Fig. 5.11). The effective exciton temperature T = 9.3 K is in

accord with previous reports [111] and deviates from the nominal bath temperature of 4 K

due to laser-heating and band filling. We also note stronger variations in P opt
c for WSe2 1s

excitation, and attribute it to the transfer of polarisation from the excited excitons to the

residual charge carriers from unintentional sample doping [187].

5.4.3 Numerical time-dependent solution

To further test our model and to extract radiative, non-radiative and spin-flip timescales, we

solved all ordinary differential equations of first order numerically to model the magnetic

and optical component of Pc as well as the observed PL intensity decay. To this end, we

included non-radiative Auger-processes with a quadratic dependence on the population

in each reservoir [183]. This assumption is justified, as pulsed excitation creates a high

population density which promotes non-radiative bi-molecular decay. Therefore, from the

PL decay analysis discussed in Chap. 5.2, we attribute the leading timescale of 1.1 ns (70%)

to Auger-decay γaug . Converting the polarisation specific reservoir auger rate γaug ∝ T2
+/−

into the valley polarisation formalism used above (e.g. VT = T+−T− and T = T++T−), we

69
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obtain:

γaug (T) =−
γ0

aug

2
(T2 +V 2

T ),

γaug (VT) =−γ0
aug T ·VT, (5.25)

with similar expressions for T̃. We expand Eq. 5.26 accordingly and include a linear genera-

tion rate γ0 as an approximation to Auger-excited higher energy population decaying back

to T and T̃ (See Fig. 5.9c). The resulting rate equations are:

dT

d t
=−γtot T+γv f T̃+γr el ,TI Xexc −

γ0
aug

2
(T2 +V 2

T ),

d T̃

d t
=−γnr T̃−γv f T̃+γr el ,T̃I Xexc −

γ0
aug

2
(T̃2 +V 2

T̃
),

dVT

d t
=−γtot VT −γs f ,T(VT −P 0

TT)+γv f VT̃ +γ∆r el ,TI Xexc −γ0
aug T VT,

dVT̃

d t
=−γnr VT̃ −γs f ,T̃(VT̃ −P 0

T̃
T̃)−γv f VT̃ +γ∆r el ,T̃

I Xexc −γ0
aug T̃ VT̃,

d I Xexc

d t
=−γr el I Xexc +γ0G ,

dG

d t
=+γtot T+γnr T̃−γ0G (5.26)

We now use this set of equations to analyse the time-dependent change in population and

polarisation. Hereby, we fix all parameters resulting from the steady-state model shown

above, leaving γ f or m , γr and γv f , as well as γ0
aug and γ0 as the remaining free parameters.

The initial distribution of population is defined by the leading timescale for the branching

from I Xexc to T or T̃ by the exciton formation rate γ f or m = 2 ps−1, in accord with energy-

state-resolved ultrafast microspectroscopy measurements investigating interlayer forma-

tion [82, 202]. As we fixed the branching b = 0.5, we distribute both exciton population

equally by γgT = γgT̃
= γ f or m , with a polarisation dependent weight defined by P T

i nd = P T̃
i nd

via γ∆r el = Pi nd ·γr el .

The other rates are chosen to capture the time-dependent evolution of polarisation for all

magnetic fields, shown in Fig. 5.12. We find best correspondence between the data and our

model for γaug = 5 ns−1 (τaug = 0.2ns), faster than the leading timescale of τ1 = 1.1±0.2 ns

extracted from multi-exponential fitting in Sec. 5.2 and limited by the APD response time of

∼ 600 ps. The radiative and non-radiative linear losses from T described by γtot = 0.3 ns−1
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Figure 5.12: Numerical solution of the time-dependent rate-equation model. (a) P tot
c (t)

and (b) P mag
c (t ), shown for excitation under σ+-polarisation in resonance with the MoSe2

1s exciton with varying magnetic field (from −9 T, dark-blue to +9 T, dark-red), obtained
from individual co- and cross polarised PL decay traces. Grey (black for B = 0 T) solid lines
represent the result of Eqs. 5.26 for each magnetic field, respectively.

Figure 5.13: (a) Modeled exciton population T at +9 T (black line) compared to the sum-
mation of all four PL decay traces recorded with different excitation and detection bases
(red). The initial decay is well captured, with deviations for the total population below 10%
at longer time scales. (b) Resulting exciton spin-flip rates as a function of the magnetic field
according to Eq. 5.16 for T and T̃, where the field-dependence for the latter is purely thermal
due to ΓT̃ =∞.
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T b γ f or m γ0 γaug γr γv f γ0
s f ,T γ0

s f ,T̃
ΓT P T/T̃

i nd (MoSe2/WSe2)

9.3 0.5 2 0.05 5 0.3 0.1 0.14 0.02 0.1 0.076 / 0.26

K - ps−1 ns−1 ns−1 ns−1 ns−1 ns−1 ns−1 meV -

Table 5.1: Summary of all parameters extracted first from least-square fits to steady-state
values of P tot

c , and subsequently from time-dependent modelling of the PL decay as well as
the polarisation dynamics.

(τtot = 3.34 ns) fit well to the second leading timescale of τ2 = 5±2 ns. The other timescales

τ3 and τ4 from multi-exponential fitting mismatch the rates extracted by the model with an

overall 7% signal contribution.

All fit parameters are summarised in Tab. 5.1. Overall, the agreement with P mag
c (t) dis-

played in Fig. 5.12 (b) strongly supports our model. Here, the valley-flip timescale of τv f ∼
10 ns enables an efficient decay channel to the radiative population T. After initial fast in-

terlayer formation [203], the exciton spin-flip rate γs f ,T in combination with a fast Auger

decay leads to a rapid change in Pc in the first nanoseconds. As γs f ,T̃ is several times larger

than γs f ,T for fields higher than ∼ 0.5 T and the population in T̃ is equally feeding both

polarisation-resolved valleys of T via field-independent valley-flip, after the first nanosec-

onds, a slow and saturating change in Pc is observed until thermal equilibrium is reached

and thus, Pc stays constant. We note that previous models [204] describing the saturation

of Pc via Pc (t) = P f + (Pi −P f )e−t/τ, where P f and Pi are the final and initial polarisation

and τ is the spin relaxation time, do not reproduce our data and therefore motivate the

involvement of multiple exciton reservoirs as presented in this work.

The modelled PL decay is shown in Fig. 5.13 (a). The total exciton population T = T++T−

is compared to the sum of all four circularly polarised excitation and detection bases, which

effectively corresponds to linear excitation (Pi nd = 0) with detection in σ+ as well as σ−. The

result captures ∼90% of population decay observed in the first nanoseconds and generally

follows the functional form of the data. The magnetic-field dependent exciton spin-flip

times according to Eq. 5.16 are shown in Fig. 5.13 (b). The field dependency of γs f ,T̃ is purely

thermal (ΓT̃ =∞), as the longitudinal-transverse splitting mediated by interlayer exchange

interaction only allows relaxation for momentum-direct excitons [36]. The estimated value

for the width parameter ΓT = 0.1 meV lies in the same order of magnitude as previous reports

for other TMD HBL [185, 186].

Finally, it is worth pointing out discrepancies between the experimental data and model

results. The deviations, displayed exemplary for the optical contributions in Fig. 5.14, may

stem from single-particle spin flips, one-phonon spin-lattice relaxation [185] or polarisation

transfer of the induced optical polarisation to the free charge carriers from unintentional

doping [187].
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Figure 5.14: Numerical solution for P opt
c (t ) shown for MoSe2 (blue shaded) and WSe2 (red-

shaded) intralayer excitation, identical to Fig. 5.8.

5.5 Discussion

Similar to previous reports on spin dynamics of GaAs/AlAs quantum wells with type-II band

alignment [205, 206], the degree of polarisation in HBL system was modeled with kinetic

equations between Zeeman-split subbands including non-radiative and radiative popula-

tion redistribution of excitons as a result of spin relaxation as well as thermalisation [111,

186, 207].

Contrary to the above mentioned example of GaAs/AlAs quantum wells, where long-range

exchange interactions were neglected due to the momentum-indirect nature of involved

excitons, TMD systems in general exhibit strong spin-orbit coupling and Coulomb inter-

actions [36, 196], leading to exchange-mediated exciton spin-flips without momentum

transfer as the main source of decoherence at small magnetic fields. The attempt to extract

the spin-flip time from the dip of P opt
c via τs f ≈ħ/(gµB B1/2), similar to Ref. [193] and with

B1/2 being the half width at half maximum, results in timescales of the order of picoseconds

rather than nanoseconds. The resulting spin-flip time and resonance width of our model are

τ0
s f = 7.14 ns and Γ= 100 µeV, in agreement with other work (τ0

s f = 40 ns, Γ= 40 µeV) using

kinetic equations of a multi-level exciton system with similar expression for the electron-

hole exchange, with the valley-pseudospin precession described in the strong scattering

regime via the Dyakonov-Perrel mechanism as in Eq. 5.14 [185, 186].

Next, it is worth to point out the differences of this work from the above mentioned ref-

erences. Here, the intervalley scattering rate γs f is a direct result of thermalisation and

exchange interaction, without the inclusion of phonon-induced spin-lattice relaxation [185].

Also, only exciton spin-flips were taken into account, without separate electron and hole

intervalley-scattering mechanisms [207]. Further, no additional field-dependent recombi-

nation and relaxation rates with phenomenological fit parameters were used as in Ref. [186].
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In addition, in this work only two interlayer reservoirs describe the steady-state and time-

dependent valley polarisation, with no additional spin-dark reservoirs in WSe2 ML retaining

valley polarisation as proposed in Ref. [34, 208].

In summary, we present a model with minimal assumptions deducted from optical selec-

tion rules of the H h
h stacking in MoSe2-WSe2 HBL, where the detailed distinction between

magnetic (P mag
c ) and optical (P opt

c ) degree of polarisation, together with the interplay of

momentum-direct and indirect spin-triplet interlayer excitons T and T̃ reproduces the data.

The modelling of P mag
c , with thermalisation following the Boltzmann distribution between

the Zeeman-split sub-bands of T, with known excitonic g-factor [33], in combination with

radiative and non-radiative decay channels led to nonphysical high exciton temperatures

(∼ 60 K). Therefore, we included an energetic higher reservoir T̃ feeding the radiative pop-

ulation via valley-flip (γv f ). The decrease of P opt
c for small fields on the other hand is only

captured with the inclusion of long-range Coulomb-induced exchange interaction.

Within our formalism of total exciton population (T/T̃) and valley pseudo-spin, we found

explicit expressions for the contribution of each reservoir to the measured degree of circu-

lar polarisation. The steady-state system in thermal equilibrium is defined by the ratio of

spin-flip rate to reservoir-specific losses, as well as by the initial population distribution

(see Eq. 5.24). The magnetic field dependence of the spin-flip rates stems from Boltzmann-

distributed population and exchange interaction. We excluded exchange interactions for

momentum-indirect excitons, as expected from theory [36]. In our minimal model, we

assume identical branching into momentum-direct and momentum-indirect interlayer ex-

citon reservoirs. The induced optical polarisation, representing the initial valley selective

population distribution, is the only parameter which changes between the resonant exci-

tation at both ML resonances. With the inclusion of bi-molecular non-radiative decay in

the rate equations, the time-resolved solution does not only reproduce the magnetic degree

of circular polarisation in fair detail, but also is in reasonable agreement with its optical

component, as well as the measured PL decay.
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The main goal of this work was to study light-matter interaction of two-dimensional TMD

ML and van der Waals heterostructures at cryogenic temperatures. Their optical properties

are dominated by excitons even at room temperature due to strong Coulomb-interactions [11].

The local band extrema within the hexagonal first Brillouin zone, commonly referred to as

valleys, along with optical selection rules, determine the energetic position and polarisa-

tion of the PL response of these semiconductors [13]. Over the last years, the scientific

community made remarkable progress in the fundamental understanding of the dominant

transitions [53], where especially the increased sample quality by encapsulation in hexag-

onal boron nitride led to longer lifetimes, a drastic reduction in linewidth and thereby an

emerging substructure in PL response contributed to localised excitons, phonon sidebands

or charged exction emission [15, P1, 121].

To resolve this ambiguity, field-effect devices tuning the Fermi-level inside TMDs were im-

plemented to distinguish charged exciton features such as trions and Fermi-polarons [209]

from neutral excitons. To this end, in Chapter 3 we described the design, installation and op-

eration of a fabrication setup in an inert gas atmosphere followed by a detailed description

of the sample fabrication techniques. The exfoliation and transfer techniques as well as the

identification of layer numbers in this work was used to expand the device architecture of

our group to dual-gate structures, capable of tuning the electric field perpendicular to the

TMD plane while varying the Fermi-level. The advances in doping and field control enabled

the study of many-body effects on TMDs [210].

The first scope of this thesis described in Chapter 4, was to understand the PL substructure

in encapsulated WSe2 ML and BL. In the bilayer case the peak assignment is unambiguous,

the PL stems from KQ momentum-indirect excitons and their phonon sidebands. For the

ML bandstructure, theoretical DFT calculations predicted an energetic proximity of the

high-symmetry points K and Q in the CBM of 10-40 meV [21]. As the momentum-direct

spin-bright and spin-dark neutral excitons (X 0 and D0) stem unambiguously from KK reser-

voirs, the red-shifted PL peak structure may either stem from KQ or KK’ reservoirs and their
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momentum-indirect phonon-assisted transitions [P1, 21, 72]. This work [P2] analysed the

spectral asymmetry of phonon sideband luminescence of a sample tuned to charge neu-

trality in the temperature range from 4 to 100 K. A pronounced high-energy shoulder in

momentum-indirect transitions was observed. In contrast, the momentum-direct exitons

exhibited symmetric Lorentzian lineshapes , broadened by temperature due to exciton-

phonon scattering and limited to the radiative cone. This limitation is lifted for higher-order

processes that require the assistance of phonons to conserve momentum upon photon

emission. Here, all thermally distributed states are allowed to recombine and contribute

to the spectrum. The high-energy shoulder therefore is defined by the Maxwell-Boltzmann

distribution.

We modelled the temperature-dependent behaviour for the BL and for the ML peaks

red-shifted from the neutral exciton with a convolution of a Lorentzian with the Boltzmann-

distribution. The extracted exciton temperature was found to generally follow that of the

crystal lattice. Deviations from the lattice are indicative for the presence of hot exciton

populations in the system and were found most pronounced for the BL case, where the

radiative lifetime of 25 ps [172] approaches the timescale of the cooling processes [27].

This analysis gives direct experimental access to the temperature of excitons with finite

center-of-mass momenta and provides additional insight into the fundamental electron-

hole recombination processes in atomically thin semiconductors.

Further investigations into the PL response of WSe2 ML may not only address the ener-

getic position of the the Q-valley, which led to expanded discussions of the peaks M1 and

M2, 30 meV and 51 meV red-shifted from the bright exciton, respectively [22, 23, 27, 156,

158]. Also, they reveal new signatures upon doping in the infrared, related to dark trion

emission [211]. These findings provide additional insights into the spin-split conduction

and valence bands. The knowledge gained from studying WSe2 MLs enables the study of

correlated physics, e.g. in twisted bilayer WSe2 [212], where unconventional superconduc-

tivity has recently been demonstrated as a result of moiré-induced flat bands [213], overall

making few-layer WSe2 a highly interesting system.

The second scope of this thesis investigates interlayer excitons in a type-II MoSe2-WSe2

heterobilayer and its spin dynamics. The formation of heterostructures consisting of differ-

ent TMD monolayer materials allows band-engineering [214] and introduces mesoscopic

reconstrucion [33] between the adjacent layers, both impacting the valley polarisation.

Chapter 5 focuses on cryogenic spectroscopy of a MoSe2-WSe2 HBL with H h
h stacking (anti-

parallel alignment of the centers of the hexagonal real-space lattices) as the dominant atomic

registry at the experimentally chosen spot size. The relevant transitions are identified as the

spin-triplet (T) and spin-singlet (S) interlayer excitons through exciton g-factor extraction

and polarisation resolved spectroscopy [33, 178]. The triplet state shows zero degree of linear

polarisation and the singlet shows a negative degree of circular polarisation. In addition, the

sign of the g-factor as well as the degree of circular polarisation changes between singlet and
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triplet state, in agreement with theoretical predictions based on DFT and optical selection

rules [66].

Time- and polarisation resolved measurements of the triplet interlayer exciton transition

were conducted at varying magnetic field to understand the spin-dynamics and dephas-

ing mechanisms. First, the degree of circular polarisation was decomposed into magnetic

and optical components, both theoretically and experimentally. The magnetic degree of

circular polarisation is fully defined by thermalisation, resulting in a Boltzmann-dominated

population redistribution between the Zeeman-split reservoirs. The optical degree of polari-

sation is inherited by the interlayer excitons from the polarised excitation at the 1s intralayer

resonance due to their spin-lifetimes exceeding the timescales of intralayer formation [203].

We attributed the magnetic field dependent change of the spin-lifetime of excitons to a

Hanle-like spin-precession mediated by long-range Coulomb interaction [36], leading to

exciton spin flips without additional momentum transfer, which causes depolarisation at

low magnetic field. A rate equation model was implemented and solved for the steady-state.

We extracted the ratio of spin to radiative lifetime, with the assumption of momentum-direct

and momentum-indirect spin-triplet states, connected via polarisation transferring valley-

flips towards the radiative reservoir. Next, the rate equations were numerically solved as a

function of time, successfully reproducing most trends in valley polarisation dynamics and

PL decay. With that, we identified involved radiative, non-radiative, spin- and valley-flip

timescales.

The manipulation of the valley degree of freedom led research from fundamental studies

of ML TMD systems [193, 215] to the exploration of nanostructures [216] and further, to

the the near endless combinations of HBL systems [217], where e.g. for MoSe2-WSe2 in

H-type stacking near unity Pc was reported in magnetic fields up to 27 T [218]. Future

research in the context of spin-dynamics, doping control [219, 220] and band-engineering

via material choice, as well as twist-angle control [81, 221], enables tailored optical valley

polarisation, critical to devices reaching from sensing, quantum computing and information

to optoelectronic applications. In room temperature experiments with TMD monolayers

for example, the degree of circular polarisation was recovered up to 61% for doping levels

beyond ne = 1013 1/cm2 [220]. Additionally, experimental Kerr-spectroscopy [221] may

provide an experimental access to neutral and charged interlayer exciton dephasing times.

Another approach is to induce a Zeeman-splitting even at zero external field via the magnetic

proximity effect of ferromagnetic substrates [186, 222], thereby suppressing the Coulomb

exchange-interactions and increasing the degree of polarisation.

In summary, this dissertation studies the line-shape of phonon-sideband luminescence

and dynamics of spin-valley polarisation in two separate TMD systems. The line-shape

analysis in WSe2 provides an experimental tool to distinguish between phonon-assisted

and momentum direct exciton transitions. Further, it extracts the exction temperature. This

analysis is applicable to the entire class of TMDs and beyond.
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6 SUMMARY AND OUTLOOK

The study of interlayer exciton spin-dynamics in MoSe2-WSe2 HBL systems demonstrates

a minimal model, where only the interplay of thermalisation and long-range Coulomb

exchange interaction between the radiative and momentum-indirect triplet state were taken

into account. With that, we were able to reproduce the steady-state and time-resolved

magnetic-field dependent degree of circular polarisation, overall highlighting the role of

momentum-indirect transitions in HBL systems.
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