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“God made the bulk;

the surface was invented by the devil.”
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Abstract

Within this thesis we study the excitonic properties of monolayers and ar-

tificial bilayers of semiconducting transition metal dichalcogenides (TMDs).

Both hetero- and homo-bilayers are explored for bilayers placed onto different

substrates and incorporated into both dielectric heterostructures and van-

der-Waals (vdW) heterostructures with complete hexagonal-boron-nitride

(hBN) encapsulation.

Firstly, we outline the basic structural, electronic and optical properties of

few-layer TMD crystals and their heterobilayers in chapter 2. We continue in

chapter 3 to build on this foundation, by presenting photoluminescence (PL)

studies of localized excitons in monolayer tungsten diselenide (WSe2) trapped

at strain perturbations induced by nanoscale-patterned substrates. These

localized excitons display pronounced spectral wandering on the sub-Hertz

timescale. We study the impact of the substrate material on the spectral

stability of the excitons and find that we can reduce the spectral wandering

by a factor of 6 to (0.32± 0.36) eV and the linewidth by a factor of 1.5

to (2.0± 1.3) eV by switiching from resist-based nanopillars to aluminum-

gallium-arsenide (AlGaAs) pillars, grown by molecular beam epitaxy (MBE)

and defined by local etching.

Chapter 4 continues to demonstrate that this strain-trapping approach

via substrate patterning can be applied to dipolar interlayer excitons in het-

erobilayers of WSe2 and molybdenum disulfide (MoSe2). We perform spec-

troscopy studies on localized low-energy PL peaks and confirm the interlayer
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character via the excitation-power dependent blueshift, the characteristic

radiative decay timescales ((118.8± 2.1) ns and (8.1± 0.5) ns) and the ex-

citation resonances at the MoSe2 and WSe2 exciton energies. Furthermore,

we present magnetic-field dependent PL spectra, revealing an excitonic g-

factor of (−6.4± 0.1) , that does not coincide with the g-factor of the free

interlayer exciton, possibly hinting at different orbital contributions for the

coupled bilayer.

Chapter 5 then discusses the dipolar character of the interlayer excitons

combined with the nanoscale trapping potential. We show how pronounced

inter-exciton interactions allow us to identify states of one to five excitons

in the potential trap via their distinct excitation-power dependencies. Biex-

citons are found to be blueshifted by (8.4± 0.6)meV with respect to sin-

gle excitons. We reproduce the increasing blueshifts for complexes featuring

higher numbers of excitons with a model of point dipoles in a two-dimensional

harmonic potential. Switching to a fully quantum-mechanical description

of the interlayer biexciton, we explain the observed biexciton splitting of

(1.2± 0.5)meV in terms of exchange interaction.

After exploring the interactions of trapped interlayer excitons in TMD

heterobilayers, we continue in chapter 6 to present a detailed spectroscopy

study of different exciton species in twisted bilayers of MoSe2. Homobilayers

feature a multitude of optically adressable intra-layer and interlayer excitons.

We find pronounced differences between “low-angle” (less than 10° from 0°

or 60°) samples and “high-angle” (10° to 50°) samples. The A exciton shows

only little dependence on the twist angle in the high-angle range but abruptly

redshifts by more than 10meV when approaching 0° or 60°. Low-energy PL

spectra feature signatures of momentum-indirect excitons only in low-angle

samples. The brightness of the A exciton in PL experiments, however, is

higher in the high-angle samples. We explain these findings by employing a

continuum model of the excitons moving through a periodic moiré potential.



Zusammenfassung

Im Rahmen dieser Arbeit untersuchen wir die exzitonischen Eigenschaften

von Monolagen und künstlichen Bilagen von halbleitenden Übergangsmetall-

Dichalcogeniden (TMDs). Sowohl Heterobilagen als auch Homobilagen wer-

den auf verschiedenen Substraten und als Bestandteil von dielektrischen und

hBN-ummantelten van-der-Waals-Heterostrukturen untersucht.

Zunächst stellen wir in Kapitel 2 die grundlegenden strukturellen, elek-

tronischen und optischen Eigenschaften von TMD-Kristallen, die nur aus

wenigen Lagen bestehen, und von TMD-Hetero-Bilagen vor. Darauf auf-

bauend präsentieren wir in Kapitel 3 Studien zur Photolumineszenz (PL)

von lokalisierten Exzitonen in Monolagen von Wolframdiselenid (WSe2), die

durch die lokale Verspannung des Materials durch auf der Nanoskala struk-

turierte Substrate gefangen werden. Diese lokalisierten Exzitonen weisen

deutliche spketrale Schwankungen über Sekunden hinweg auf. Wir unter-

suchen die Auswirkungen des Substrats auf die spektrale Stabilität der Exzi-

tonen und demonstrieren, dass ein Wechsel von Säulen aus Lithografie-Lack

hin zu Säulen aus Aluminium-Gallium-Arsenid (AlGaAs), die durch Moleku-

larstrahlepitaxie (MBE) hergestellt und durch lokale Ätzung definiert wur-

den, das spektrale Wandern um einen Faktor von 6 auf (0.32± 0.36) eV und

die Linienbreite um einen Faktor von 1.5 auf (2.0± 1.3) eV reduziert.

In Kapitel 4 demonstrieren wir, dass sich der verspannungsbasierte Ansatz

zur Exzitonenlokalisierung durch strukturierte Substrate auf dipolare Inter-

lagen-Exzitonen in Heterobilagen von WSe2 und Molybdändisulfit (MoSe2)
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viii Zusammenfassung

übertragen lässt. Wir führen spektroskopische Studien an lokalisierten PL-

Spitzen durch und bestätigen deren Interlagen-Charakter über ihre anre-

gungsleistungsabhängige Blauverschiebung, die charakteristischen Zerfalls-

zeiten ((118.8± 2.1) ns und (8.1± 0.5) ns) und die Anregungsresonanzen bei

den Energien von Exzitonen in MoSe2 und WSe2. Darüberhinaus präsen-

tieren wir magnetfeldabhängige PL-Spektren, die einen exzitonischen g-Faktor

von (−6.4± 0.1) offenbaren, welcher nicht mit dem g-Faktor freier Interlagen-

Exzitonen übereinstimmt. Dies könnte auf eine im Vergleich zu freien Inter-

lagen-Exzitonen geänderte orbitale Zusammensetzung hindeuten.

Der dipolare Charakter der Interlagen-Exzitonen in Kombination mit den

Einfangpotentialen auf Nanometer-Skala führen zu ausgeprägten Wechsel-

wirkungseffekten zwischen den Exzitonen, wie wir in Kapitel 5 diskutieren.

Wir identifizieren Zustände aus einem bis fünf Exzitonen in der selben Po-

tentialfalle über ihre distinkten Abhängigkeiten von der Anregungsleistung.

Wir ermitteln eine Blauverschiebung der Biexzitonen gegenüber einzelnen

Exzitonen von (8.4± 0.6)meV. Wir reproduzieren die zunehmenden Blau-

verschiebungen für Komplexe mit höherer Anzahl an Exzitonen mithilfe

eines Modells von Punkt-Dipolen in einem zweidimensionalen, harmonischen

Potential. Durch einen Wechsel zu einer vollständig quantenmechanischen

Beschreibung des Interlagen-Biexzitons können wir die Aufspaltung des Biexzi-

tons von (1.2± 0.5)meV über die Austauschwechselwirkung erklären.

Nach der Erforschung der Wechselwirkungen von eingefangen dipolaren

Exzitonen präsentieren wir in Kapitel 6 eine detaillierte Spektroskopie-Studie

verschiedener Arten von Exzitonen in verdrehten MoSe2-Bilagen. Homobila-

gen von TMDs beherbergen eine Vielzahl an optisch ansprechbaren Interlagen-

und Intralagen-Exzitonen. Wir entdecken ausgeprägte Unterschiede zwischen

Proben mit
”
kleinen Winkeln“ (weniger als 10° von 0° oder 60° entfernt) und

Proben mit
”
großen Winkeln“ (zwischen 10° und 50°). Das A-Exziton zeigt

nur sehr begrenzte Abhängigkeit vom Verdrehwinkel innerhalb des Bereichs

”
großer Winkel“, aber reduziert seine Energie abrupt um mehr als 10meV,

wenn der Winkel sich 0° oder 60° annähert. Photolumineszenz-Spektren im

Bereich niedriger Energien weisen nur in Proben mit
”
kleinen Winkeln“ Sig-

naturen (impuls-)indirekter Exzitonen auf. Die Helligkeit von A-Exzitonen
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ist hingegen in Proben mit
”
großen Winkeln“ höher. Diese Entdeckungen

erklären wir mithilfe eines Kontinuumsmodells für Exzitonen, die sich durch

ein periodisches Moiré-Potential bewegen.
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CHAPTER 1

Designer materials from two-dimensional crystals

Since Novoselov et al. reported the successful isolation of monoatomic layers

from graphite crystals in 2004, [Nov04] two-dimensional (2D) materials have

risen to become one of the most active research areas in condensed-matter

physics. The term two-dimensional material is almost interchangeably used

with the terms layered material and van der Waals material/crystal. These

terms describe a crystal with a structure that can be divided into layers.

Within the layers, adjacent atoms are strongly bound together by covalent

bonds, whereas only weak van der Waals (vdW) forces act between adjacent

layers.

The terms mentioned above do however not contain any information on

the precise crystal structure, the number of layers that constitute a specific

crystal, or the electronic properties of the material. In fact, most material

classes available in three-dimensional (3D) materials also have a 2D counter-

part: For example, graphene is a Dirac semi-metal [Nov05], hexagonal BN

(hBN) is a wide-bandgap insulator, [Wat04] Bi2Te3 is a topological insula-

tor, [Che09] and NbSe2 exhibits a superconducting and a charge-density-

wave phase. [Wil75, Xi15] The research presented in this thesis is cen-
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2 Designer materials from two-dimensional crystals

tered around semiconducting materials from the family of transition metal

dichalcogenides (TMDs). These materials have been studied since the 1960s

[Fri66, Eva67, Joe86] but have attracted new interest, to a large extent due

to the discovery of an indirect-to-direct-bandgap transition. [Mak10, Spl10]

The layered structure, which is the only property that all 2D materials

share, already has profound consequences: The weak forces between adja-

cent layers allow for a relatively effortless cleaving between layers using the

Scotch tape method, in which a crystal is placed between two adhesive tapes,

which are then pulled apart. [Nov04, Tan14] This simple technique allows to

exfoliate few-layer structures of the materials down to the monolayer limit.

For most materials, the exact number of layers greatly influences the elec-

tronic properties. For example, bilayer graphene becomes a semiconductor

instead of a semi-metal [Cas07] and CrI3 displays ferromagnetic behavior

only for odd layer numbers. [Hua17] More advanced techniques even allow

to deterministically separate monolayers (with thicknesses below 1 nm) from

bulk crystals with a lateral extent of ∼ 1 cm. [Liu20a] For many 2D mate-

rials, exfoliation is still preferred over more scalable fabrication techniques,

such as chemical-vapor deposition (CVD) [Wan09] or molecular-beam epi-

taxy (MBE) [Mor10, Par10], due to its simplicity combined with high mate-

rial quality. [Ky18]

However, the most compelling feature of 2D materials may be the prospect

of combining arbitrary sets of them to form new metamaterials with novel

functionalities. [Gei13] Since no covalent bonds need to be formed between

the layers, creating a heterostructure between two 2D materials is as easy

as placing one on top of the other, for which a variety of techniques ex-

ists. [Fri18] Unlike in epitaxy of traditional materials, no constraints on

lattice matching are imposed on subsequent layers. It is therefore possible

to combine materials regardless of crystal structure and lattice constants

with arbitrary twist angles. The twist angle, in particular, can widely tune

the properties of the metamaterials in some cases. The most well-known

example for this is twisted bilayer graphene, which exhibits Mott insula-

tion [Cao18a], unconventional superconductivity [Cao18b] and strange-metal

behavior, [Cao20] if the two layers have a relative twist corresponding to so-
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called “magic angles”. [Tar19] The almost limitless material combinations

with twist angles as an additional tuning knob present a promising route

towards designer metamaterials.

Within this thesis, we study the excitonic properties of transition metal

dichalcogenides integrated on different substrates and in different few-layer

combinations. Using patterned substrates, we introduce strain perturbations

into monolayer WSe2, which will give rise to the formation of in-plane trap-

ping potentials for excitons. We study the influence of substrate material on

the spectral stability of these localized states (Chapter 3). Thereafter, we

demonstrate that an analogous approach can be followed to trap dipolar ex-

citons in a MoSe2-WSe2 heterobilayer in a nanoscale potential (Chapter 4),

which leads to pronounced direct and exchange interaction effects (Chap-

ter 5). Finally, we examine high-quality artificial bilayers of MoSe2 and study

the influence of the twist angle on different excitonic species (chapter 6).
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CHAPTER 2

Two-dimensional transition metal dichalcogenides

In this chapter, we provide an introduction to the field of transition metal

dichalcogenides (TMDs) and in particular their monolayers. We will review

existing literature to provide context to the experimental findings of the

following chapters. After describing the crystal structure and symmetry of

TMDs, we explore their electronic and excitonic properties. We then continue

to discuss heterostructures of TMDs and the formation of interlayer excitons.

For alternative overviews over these topics, we recommend general review

papers on 2D TMDs [Man17] or more specialized reviews on optical prop-

erties of 2D TMDs [Mak16] and interlayer excitons in TMD heterobilayers.

[Riv18]

2.1 Crystal structure

As indicated by the name, transition metal dichalcogenides have a stoichio-

metric representation of MX2, where M is a group-VI (or sometimes group-V)

transition-metal atom (Mo, W, Nb, Ta) and X is a chalcogen atom (e.g. S,

Se, Te). The crystal structure in the common 2H polytype is illustrated

5



6 Two-dimensional transition metal dichalcogenides
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Figure 2.1: Crystal structure of transition metal dichalcogenides. (a)

Top view of the TMD honeycomb lattice. The black (yellow) circles represent

transition metal (chalcogen) atoms. The red arrows denote the lattice vactors

spanning the primitive cell. A transition-metal-centered Wigner-Seitz cell is

given by the red hexagon. (b) Side-view of the TMD crytsal structure in 2H

stacking. (c) The hexagonal first Brillouin zone of monolayer TMDs with

marked symmetry points. (d) Side view of a TMD monolayer with the red

dashed line denoting the mirror plane. (e) Side view of a bilayer TMD with

the inversion center marked by the red point. Adapted from [Wie19].

in Fig. 2.1a in top view and in Fig. 2.1b in side view. As stated previ-

ously, the crystal can be divided into layers, such that strong, covalent bonds

are only formed within a layer and weak van-der-Waals forces act between

layers. When a single layer is viewed from the top, the atoms form a hon-

eycomb lattice, in which the lattice sites are occupied by a single M atom,

or two X atoms in alternation. The M atoms of one layer all lie within one

plane, whereas the X atoms form two planes, which encapsulate the M atoms.

[Wil69, Ver70] Each M atom forms six covalent bonds with its neighboring X

atoms, whereas X atoms form three covalent bonds to neighboring M atoms.

This lattice features a three-fold rotational symmetry, i.e. it is symmetric

w.r.t. rotations by 120°. The two lattice vectors a1 and a2, depicted by the

red arrows in Fig. 2.1a, span the primitive cell of the lattice. The Wigner-

Seitz cell (WSC), centered at a transition-metal site, is denoted by the red

hexagon in Fig. 2.1a.
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In 2H stacking, which is the most common polytype for the TMDs dis-

cussed in this thesis, [Wil69] adjacent layers are rotated relatively by 180°

(or, equivalently due to the rotational symmetry, 60° or 300°). The chalco-

gen (transition metal) atoms of the upper layer are positioned above the

transition metal (chalcogen) atoms of the lower layer. Another common con-

figuration is the rhombohedral 3R polytype, in which the individual layers

have the same structure as in 2H but adjacent layers are not rotated rela-

tively but only offset. Finally, in the octahedral 1T polytype, already the

atomic configuration within one layer is altered: [Wan18] There, one of the

chalcogen planes is shifted to fill the interstitial lattice of the honeycomb

structure. However, if not stated otherwise, we will restrict our discussion to

the 2H polytype within this thesis.

The properties of a material are, to a great extent, dictated by its sym-

metries. The symmetry of TMD crystals depends on the number of layers:

if they are odd-numbered, such as the monolayer depticted in Fig. 2.1d,

they exhibit mirror symmetry w.r.t. the central transition-metal plane and

therefore belong to the D1
3h point group. Most notably they do not exhibit

inversion symmetry, unlike even-numbered layers (e.g. the bilayer depicted

in Fig. 2.1e) belonging to the D3
3d point group. [Zha13b] These, on the other

hand break mirror symmetry. These different symmetries will be relevant

for the electronic structure discussed in the next section, in particular the

phenomenon of spin-valley locking.

The hexagonal first Brillouin zone (BZ) of a monolayer TMD is shown

in Fig. 2.1c. We marked the high-symmetry points, Γ in the center of the

BZ, K at the corners and M at the center of the edges. Neighboring cor-

ners cannot be transformed into one another by the symmetry operations of

the lattice (translation by the lattice vectors and rotation by 120°) and are

therefore inequivalent. To discriminate between them, they are commonly

referred to as either K and K ′ or K+ and K− depending on the authors.

The M points, on the other hand, are equivalent under the available lat-
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tice symmetries.1 Furthermore, we marked the lower-symmetry Σ point at

∼ 0.55ΓK, a point in the Brillouin zone sometimes referred to as Q or Λ,

where the conduction-band minimum (CBM) is situated (more details in the

next section). Unfortunately, the nomenclature pertaining to the BZ sym-

metry points is not unique in the literature. Specifically older papers tend

to use Herring’s notation, [Her42] in which Σ denotes a point on the line

ΓM , whereas other papers refer to the corners of the Brillouin zone as the

P points and to the centers of the edges using the terminology Q. [Bro71]

Most current publications, however, use a nomenclature similar to the one

introduced here.

2.2 Electronic bandstructure

Figure 2.2 displays density-functional-theory calculations of the bandstruc-

ture of MoS2 as a prototypical TMD adapted from [Spl10]. The effects

discussed here for MoS2 analogously apply to MoSe2, WS2 and WSe2. If

there are major discrepancies between the materials, we will point them out

explicitly. The thickness of the crystal in Fig. 2.2 is successively reduced

when moving from panel (a) to panel (d), going from a bulk crystal over a

quadrilayer and a bilayer to a monolayer. The solid black arrows in each

panel denote the transition from the valence-band maximum (VBM) to the

conduction-band minimum (CBM), i.e. the bandgap. The monolayer shows

a contrasting behavior to all other crystal thicknesses: Instead of an in-

direct bandgap with the VBM at the Γ point and the CBM the Σ point,

[Mat73b, Li07, Spl10, Che12] it features a direct bandgap at the K points.

[Leb09, Li07, Spl10, Che12] A direct consequence of this is that MoS2 [Spl10]

and other TMDs [Gut13, Ton13b] exhibit much stronger photoluminescence

in their monolayer form compared with multilayer crystals.

The reason for the transition from an indirect to direct bandgap is the dif-

ferent orbital contributions to the states at the Γ, Σ and K points. The elec-

1To see this, start at the center of one edge. Translation to the center of the opposing

edge corresponds to a reciprocal lattice vector. The remaining four centers are reached

via rotation by ±120° around Γ starting from either of the two points.
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a b c dBulk 4L 2L 1L

Figure 2.2: Layer-dependent band structure of TMDs. (a-d) Calcu-

lated electronic band structure of MoS2 for the case of a bulk crystal (a),

a quadrilayer (b), a bilayer (c) and a monolayer (d). Spin-orbit splitting is

not included. The solid arrows indicate the transition from the valence-band

maximum to the conduction-band minimum. Reprinted (adapted) from An-

drea Splendiani, Liang Sn, Yuanbo Zhang, et al.: Emerging Photolumines-

cence in Monolayer MoS22, Nano Letters 10, 1271–1275 [Spl10]. Copyright

2010 American Chemical Society.

tronic configuration of molybdenum and sulfur are [Kr]4d55s1 and [Ne]3s23p4,

respectively. The s-orbitals contribute little to the total orbital character of

the VBM and CBM states. The trigonal prismatic configuration of the crys-

tal groups the remaining orbitals according to transformations under symme-

try operations into d → {dz2}, {dx2−y2 ,dxy},{dxz,dyz} and p → {pz},{px,py}.
[Wil69, Hui71, Mat73a, Fen12b] The VB at the K points is constructed from

{dx2−y2 ,dxy} with a weak admixture of {px,py}, whereas the K-point CB

states are formed by {dz2} states. The {dz2} and {dx2−y2 ,dxy} states can hy-

bridize, opening up the bandgap at the K points. The involved orbitals are

mostly localized at the center of the individual crystal layers, leading to very

weak interlayer coupling. The gap at the K points therefore hardly depends

on the number of layers. In contrast, the CB states at Σ and the VB states

at Γ all have relevant admixture from {dz2}, {dx2−y2 ,dxy} and {pz} states.

The {pz} states, originating from the S atoms instead of the Mo atoms in
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the center of the layer and oriented out-of-plane, can couple between layers.

[Spl10, Liu15] The Γ-point VB and Σ-point CB states are therefore much

more sensitive to layer number and energetically pass the respective states

at the K point when transitioning to monolayer thickness.

The high atomic number of the transition metals induces a large spin-

orbit-coupling in the electronic states. [Zhu11] This can lead to a large

spin splitting in odd-layered TMDs, in particular TMD monolayers: Time-

reversal symmetry requires the existence of degenerate states with opposite

momentum and spin. [Kra30, Wig32] For example, for every electron state at

theK point with spin-up orientation (|↑⟩), there is an energy-degenerate spin-

down (|↓⟩) state atK ′. If the system is moreover inversion symmetric (which,

as discussed above, is true for even-numbered TMD few-layers), the existence

of degenerate states with opposite momentum but equal spin orientation

follows. Then, each spin-up state at K requires a degenerate spin-up state at

K ′. In total, inversion- and time-symmetric systems therefore feature pairs

of energy-degenerate states at the same quasi-momentum but with flipped

spin. This is not the case for systems with broken inversion symmetry, e.g.

TMD monolayers: Here, the bands are spin-split with opposite signs of the

spin splitting in the opposite K valleys.

The spin splittings are generally larger in the VB than in the CB (e.g.

150meV vs. < 3meV for MoS2 [Xia12, Kor13, Koś13, Liu15, Lat15, Mar17]).

In MoSe2, the splittings in the bands are such that the lowest-energy CB state

and the highest-energy VB state have the same spin orientation in the same

K valley, giving rise to a large transition dipole moment between the two

states. [Kor15, Liu15] In MoS2, WSe2, and WS2, on the other hand, the sign

of the spin-orbit-coupling in the CB is reversed such that the transition from

the highest VB state to the lowest CB state is dark. [Kor15, Liu15, Zha17c]

The band splitting at the K points also occurs in even-numbered layers, such

as bilayers. However, in this case the spin and valley degree are not coupled

due to the restored inversion symmetry. [Mak12]
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2.3 Excitons in TMD monolayers

In the main experimental methods employed in this thesis, photolumines-

cence and white-light reflectivity, electrons and holes are created pairwise via

the absorption of a photon. These charge-carrier pairs are typically tightly

bound during the optical process, unlike in many established semiconduc-

tor platforms, where electrons and holes can propagate through the crystal

independently. These tightly bound electron-hole pairs are called excitons.

Clear excitonic signatures can be found in the reflectivity and absorption

spectra of monolayers TMDs, which exhibit a series of discrete peaks instead

of absorption plateaus that might be expected with the 2D joint density of

states. [Mak13, Che14]

While excitons also exist in other semiconductors, TMDs exhibit excep-

tionally high exciton binding energies of several hundred meV, e.g. 0.55 eV

in MoSe2. [Uge14] GaAs, for comparison, only has an exciton binding en-

ergy of (4.20± 0.03)meV.2 [Nam76] As a result of these high binding en-

ergies, excitonic effects remain relevant even at room temperature. There

are two main reasons for the high binding-energy values: Firstly, due to the

two-dimensional geometry of the monolayers, the spatial separation between

electron and hole is reduced. Secondly, the lack of a dielectric material out-

side the monolayer leads to a weaker screening of the electric field since the

effective dielectric permittivity is much smaller. [Che14] Due to this non-

local and weaker screening, the Rytova-Keldysh potential is frequently used

to describe the electron-hole interactions: [Ryt65, Kel79]

VRK(r) =
e2

8πϵ0ϵrls

[
H0

(
r

ls

)
− Y0

(
r

ls

)]
(2.1)

Here, r is the distance between electron and hole, e is the elementary

charge, ϵ0 is the vacuum permittivity, ϵr is the relative permittivity of the

medium (average of the medium above and below the TMD), ls is the screen-

ing length (related to the TMD [Cud11]) and H0 and Y0 are the Struve and

2The most technologically relevant semiconductors tend to have small exciton binding

energies. However, strongly bound excitons are also found outside of TMDs, e.g. in

cuprous oxide (Cu2O) with EB ∼ 150meV. [Gro56, Kaz14]
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the second-order Bessel functions, respectively. This potential approaches

a Coulomb potential for large distances. The screening only has a major

impact at shorter distances, where the potential diverges logarithmically, i.e.

more weakly than a Coulomb potential.

Charge-neutral excitons of very different energies can occur within the

same material. The electron and hole states can stem from various bands.

For example, if they stem from the highest-lying VB and the lowest-lying

CB, we will refer to them as A excitons. If the hole is in the energetically

unfavorable spin state of the spin-split valence band, i.e. an energetically

deeper-lying band, the exciton is referred to as a B exciton. The energetic

difference between A and B excitons is evidently then on the order of the

VB spin splitting, e.g. 220meV in MoSe2.
3 [Wan15b] Moreover, in analogy

to hydrogen atoms, excited states of the same species of excitons exist based

on different relative electron and hole wavefunctions. As in the atomic case,

they are referenced by principal and angular-momentum quantum number,

e.g. 1s, 2s and 2p. [Che14, Wan15b]

Besides neutral excitons, other particle complexes can be formed. In the

presence of free electrons or holes, one of these charge carriers can bind to an

exciton and form a negatively or positively charged trion. The trion binding

energy (energetic difference between trion and isolated exciton plus third

charge carrier; not between trion and all three particles isolated) in TMD

monolayers is typically 20meV–30meV. We present schematic depictions of

neutral excitons and both types of charged trions in Fig. 2.3a. At high exciton

densities, also biexcitons, bound states of two electrons and two holes, and

other few-particle complexes can form.

As an example for excitonic signatures in optical spectra of TMD mono-

and few-layers, we present the low-temperature PL spectrum recorded from

a MoSe2 monolayer in Fig. 2.3b, excited using a laser at 2.33 eV. The mono-

layer is encapsulated by a few layers of hBN above and below to provide

a homogeneous dielectric environment and improve the homogeneity and

3The split-off VB and therefore the B exciton are also present in even-numbered and

bulk MoSe2 samples [Ane80] but spin and quasimomentum are not coupled in these cases.
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ba

Exciton Trion

Figure 2.3: Excitonic particle complexes in monolayer TMDs. (a)

Schematic illustrations of neutral exciton and the positively and negatively

charged trion. (b) Normalized low-temperature PL spectrum of an encap-

sulated monolayer of MoSe2. The two distinct peaks correspond to exciton

and trion emission.

stability of the emission. [Wie17, Aja17, Cad17] The two distinct peaks cor-

respond to emission of A excitons and trions. There is no emission at the

single-particle bandgap at 2.16 eV (not shown).

The peak positions of exciton (1.648 eV) and trion (1.620 eV) and accord-

ingly the trion binding energy (28meV) correspond well to literature values.

[Ros13] The measured linewidth (FWHM) of the neutral exciton of 7meV

is close to the homogeneous limit (3.4meV at T = 10K [Dey16]) but still

surpasses it by a factor of two. This indicates that despite the high-quality

dielectric environment provided by the hBN cladding layer, there are still in-

homogeneities within the sample, likely from contaminants trapped between

the layers that give rise to inhomogeneous broadening. The same conclusions

can be drawn from the slightly broader (9meV) trion peak.

2.4 Excitons in artificial TMD bilayers

As stated earlier in this chapter, a key feature of van-der-Waals materials

is the possibility to easily combine different materials into heterostructures.

If two semiconducting monolayers of different TMD materials are stacked
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Figure 2.4: Band alignments and lattice alignment in artificial TMD

bilayers. (a) Conduction-band and valence-band edges of selected mono-

layer TMDs. Reprinted from Cheng Gong, Hengji Zhang, et al.: Band align-

ment of two-dimensional transition metal dichalcogenides: Application in

tunnel field effect transistors, Applied Physics Letters 103, 53513 (2013)

[Gon13], with the permission of AIP publishing. (b) Schematic depiction of

the moiré superlattice of twisted honeycomb lattices. The blue and the red

lattice have the same lattice constant but are twisted by 10° relatively. The

moiré lattice vectors are depicted in black. (c) Schematic depiction of the

first Brillouin zones of two individual honeycomb lattices with a relative twist

angle of 20° (red and blue) and the moiré supperlatice they span (green).



2.4 Excitons in artificial TMD bilayers 15

vertically, forming a heterobilayer (HBL), the resulting structure generally

exhibits a type-II band alignment in which the global CBM and VBM are

located in opposite layers. [Kan13, Gon13, Koś13, Ter13] In particular, the

energies of the VBM increase from sulfides over selenides to tellurides as illus-

trated in the band-edge diagram in Fig. 2.4a. Within these groups of TMDs,

they are higher for W-based materials than for the Mo-based counterparts.

The CBM mostly follows this trend, barring some exceptions for the tel-

lurides. [Kan13, Gon13, Koś13, Ter13] As a consequence, the lowest-energy

exciton in most TMD heterobilayers is formed by an electron and a hole resid-

ing in different layers. These quasiparticles, called interlayer excitons (IXs),

still have exceptionally high binding energies of more than 100meV despite

the spatial separation of the charge carriers. [Lat17, Wil17, Ove19, Mer19]

The vertical displacement of electrons and holes results in two major dif-

ferences compared to intra-layer excitons: Firstly, due to the reduced wave-

function overlap, the optical transition dipole of the interlayer exciton is

strongly reduced. This increases the radiative recombination times into the

nanosecond regime [Riv15, Nag17b, Mil17, Jau19, Riv18] compared to the

intralayer exciton lifetimes that have been reported to be in the picosec-

ond regime. [Yan14, Wan14, Rob16] Secondly, the charge-carrier separation

gives rise to a static electric dipole moment in the out-of-plane direction.

Due to this dipole moment, the IX energy [Riv15, Jau19, Kie20] and life-

time [Jau19, Kie20] are strongly tunable by applied electric fields. Moreover,

repulsive diploar interactions are induced between IXs which leads to pro-

nounced blueshifts for increasing exciton densities, as seen in experiments

with varied excitation-power densities. [Riv15, Nag17b, Mil17] The picture

of the strict type-II band alignment does not hold for all material combina-

tions. The VBs in MoS2-WS2 [Kie20] and the CBs in MoSe2-WS2 [Ale19]

heterobilayers are energetically so close that, depending on parameters such

as twist angle and out-of-plane electric field, the lowest-energy excitons can

be intralayer excitons, inter layer excitons or hybridized excitons, in which

at least one of the charge carriers is not fully localized within one layer.

[Kie20, Ale19]



16 Two-dimensional transition metal dichalcogenides

The vertical stacking of vdW materials may well be possible for a range of

twist angles between consecutive layers, but the mutual orientation greatly

influences the electronic and excitonic properties of the combined system. A

twist angle between layers in real space equally well translates to a rotation

of the Brillouin zones in reciprocal space. With the band extrema located at

the K points at the edges of the Brillouin zone, this introduces a momentum

mismatch for IXs in TMD-HBLs. This is illustrated in Fig. 2.4c, where

the blue and red hexagons denote the edges of the Brillouin zones of the

consituent TMD monolayers of a bilayer with a twist angle of 20°. For the

MoSe2-WSe2 HBL, it has therefore been observed that only twist angles close

to the commensurate angles of 0° and 60° result in bright IXs. [Nay17] For

chalcogen-mismatched combinations of TMDs, the lattice constants of the

two layers also differ notably, leading to a slight momentum mismatch of the

lowest-energy IXs even in the absence of rotational misalignment. [Riv18]

The IX energy, brightness and degree of hybridization are still expected to

be strongly tunable by the twist angle in these systems. [Heo15, Ale17, Ale19]

As depicted schematically in Fig. 2.4b, the lattice-constant mismatch and

rotational misalignment give rise to moiré patterns that can exhibit long-

range periodicity [Li10, Dec11, Yan12] or quasi-periodicity [Ahn18, Moo19]

in real space. The figure depicts two honeycomb lattices (red and blue) of

a TMD bilayer constructed from materials sharing the same lattice constant

and a mutual twist angle of 10°. This results in the formation of a visible

moiré pattern on the length scale of six unit cells of the individual lattices,

for which a modulation of the local stacking order of the two layers exists.

The local atomic registry is strongly linked to the local electronic bandgap

in the HBL system, such that the moiré lattice defines a periodic poten-

tial landscape for interlayer excitons. [Yu17] In combination with disorder,

this can give rise to locally trapped IX states [Sey19, Tra19, Jin19] that

can act as quantum-light emitters. [Bae20] These superlattice effects have

been observed in hBN-encapsulated HBL samples at low excitation powers.

[Sey19, Tra19, Jin19] It is not currently clear whether the trapping of IXs

that we observe in chapters 4 and 5 is driven purely by the induced inhomoge-

neous strain profile or an interplay of strain and superlattice effects. We will
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present a more detailed discussion of stacking orders in moiré superlattices

in the appendix, section A.2.

The new periodicity given by the moiré superlattice also determines the

size of the Brillouin zones of the hybrid material, which is generally smaller

than those of the constituent materials. [Bis11] The electronic (and phononic)

bandstructures are folded into the new moiré Brillouin zone. This is illus-

trated in Fig. 2.4c, where the Brillouin zones of two honeycomb lattices with

a twist angle of 20° are outlined in blue and red. The Brillouin zone of the

resulting moiré superlattice is outlined in green. The length of one edge

corresponds to the (reciprocal) distance between K points of the different

layers.

The creation of artificial bilayers is of course not limited to different ma-

terials. One can assemble an artificial homo-bilayer from two monolayers of

the same material, which might differ from its natural counterpart greatly

based on the stacking angle. Since the individual layers are identical, the

electronic states can in principle couple and hybridize very well, as seen for

the indirect bandgap of bilayers with 2H stacking (see section 2.2). Both

the twist angle and the local stacking order can modulate the strength of

this coupling. [vdZ14, Liu14, Hua14, Yan19] This can lead to much more

pronounced twist-angle dependencies of excitonic properties in homobilayers

compared to heterobilayers. We will present our findings on the twist-angle-

dependent properties of MoSe2 homobilayers in chapter 6.
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CHAPTER 3

Localized excitons in monolayer WSe2

In this chapter, we discuss localized excitons in monolayers of WSe2, which

have been studied intensely since initial reports in 2015 due to their prospects

for use as deterministic single-photon sources for integrated quantum photon-

ics. We begin by reviewing the pertinent literature, giving an overview of the

properties of the localized excitons and describing methods to control their

occurrence and characteristics. In a more general context, we extend our

discussion to explore other quantum emitters in monolayer TMD materials

and their heterostructures.

We continue by discussing our findings on site-selectively generated lo-

calized exciton states in monolayer WSe2. After outlining our fabrication

routine, we present photoluminescence studies of the observed emitters. In

particular, we cover photoluminescence-excitation (PLE) experiments and

the impact of substrates on spectral stability.

19
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3.1 Single-photon emitters in monolayer WSe2

Fully confined electronic states (i.e. states for which the spatial extent of the

wave function in all three dimensions is small compared to the De Broglie

wavelength) have been an active research topic in semiconductor physics for

decades. The localization results in a transition from the quasi-continuous

(dispersive) band structure towards discrete, well-separated energy levels.

Systems in which full electronic confinement is achieved are therefore often

referred to as artificial atoms in the solid state. [McE97] Established exam-

ples of such systems include self-assembled InGaAs quantum dots (QDs) in

GaAs, [Dre94] GaAs QDs in AlAs, [Gam96, Wat00] gate-defined QDs in 2D

electron gases in semiconductor heterostructures, [Ang07] and color centers,

such as the nitrogen-vacancy center [Doh13] and the silicon-vacancy center

in diamond. [Neu13] For an overview of these systems, we refer interested

readers to one of many specialized reviews. [Aha16].

If the confinement is realized in both the conduction band (CB) and the

valence band (VB), and transitions between these states are optically allowed,

the system can act as a single-photon emitter, a central component needed

for many proposed protocols for quantum key distribution. [Ben84, Bru98]

The existence of single-photon emitters in monolayer WSe2 was first re-

ported in early 2015, by five groups simultaneously. [Ton15, Sri15a, He15,

Kop15, Cha15] All five papers describe localized sharp emission peaks red-

shifted by 20meV–200meV from the free exciton transition. The single-

photon character of the emission was demonstrated using Hanbury Brown

Twiss experiments. [Han56, Kim77] The occurence of the single-photon emit-

ters was seemingly random with an increased formation probability at the

edges of the exfoliated monolayers. Other preferential sites for localized ex-

citons include morphological defects such as scratches and wrinkles of the

flakes.

With structural deformations being correlated with the emergence of lo-

calized exciton states, strain perturbations were quickly linked to their oc-

currence. This can be explained well with the finding that the energies of free

excitons are tuned strongly via applied strain, [Fri17] with monolayer WSe2
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excitons redshifting by 54meV/% under application of uniaxial tensile strain

at room temperature. [Sch16] Consequently, several groups demonstrated

that emitters could be generated site-selectively using patterned substrates:

The quantum emitters were shown to emerge at indentations [Ker16, Kum15]

and dielectric pillars. [Bra17, PB17] This simple creation approach is also ad-

vantageous for the use of these emitters in integrated photonics, since WSe2

monolayers can be placed over waveguides [Bla18, Dut18, Pey19, EH20] or

plasmonic resonators [Iff18, Luo18, Cai18]. The induced strain not only cre-

ates emitters at the position of these elements, but the spatial proximity

facilitates optical coupling between the emitters and the photonic or plas-

monic structures. We recommend [Blu21] for a review on the impact of

strain on the properties of 2D materials and in particular strain-induced

exciton localization.

Besides the progress on strain-induced SPEs in monolayer WSe2, many

analogous findings in other TMD materials have been published: It has

been demonstrated that the energy of excitons in MoS2 monolayers coat-

ing nanocones can be reduced by ∼ 50meV at the tip of the cone, where the

local strain is maximized, [Li15] and discrete emitters in strained regions of

monolayer MoSe2 have been reported.1 [Bra16, Yu21, Pet22] However, it is

not clear whether strain is the only cause for the local confinement potentials

or whether other factors, such as atomic-scale point defects, local symmetry

breaking or non-local dielectric screening, play a role in all of these findings.

[Bra17]

For the work presented in this chapter, we fabricated dielectric nanopillars

to generate exciton localization. There are, however, alternative approaches

to confine excitons in TMDs, which we will briefly summarize: Atomic de-

fects can bind electronic states, as known from e.g. diamond, which has

a plethora of optically active defects (color centers), such as the nitrogen-

vacancy [Doh13] or the silicon-vacancy complex. [Neu13] Such defects are

also present in 2D materials and have been most widely studied in hBN.

1Another manuscript published almost simultaneously to [Bra16] also reported localized

emitters in MoSe2 but did not correlate the emission to strain perturbations. [Cha16]
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[Tra16a, Tra16b] It was found that point defects can be induced in a con-

trolled way. For example, helium-ion treatment can generate single-photon

emitters in monolayer MoS2 site-selectively. [Kle20] Heterobilayers of TMDs

provide even further possibilities to locally control exciton energies: The

moiré superlattice of two mismatched crystal lattices can give rise to a con-

finement potential for interlayer excitons (IXs) and thus host single-photon

emitters. [Bae20] Both the helium-ion-induced emitters in MoS2 and the

moiré-trapped IXs suffer from long lifetimes of more than 1 µs and 10 ns,

respectively, and thus cannot produce comparable brightness to established

single-photon sources in III-V materials, such as those based on III-V quan-

tum dots.

The most straight-forward approach to limit the spatial extent of excitons

in TMD monolayers may however be to limit the dimensions of the mono-

layer itself. Small monolayer crystals can be prepared e.g. by ultra-sonication

[Ste13, Gan15, Lua17] or partial etching. [Wei17] In contrast to all previously

discussed methods, in which excitons are trapped within an area of reduced

energy, the excitons confined to small crystals have an increased energy com-

pared to free excitons in larger crystals, approximately following the expected

trend of higher energies for smaller crystal sizes.2 [Gan15, Lua17, Wei17] In

principle, the exciton energy can be tuned from the near-infrared to the ultra-

violet spectrum using this method. [Lua17] However, such extreme bandgap

modulations require crystal sizes on the level of single nanometers, for which

deterministic fabrication has not yet been demonstrated. Moreover, although

the effects of strong confinement in these systems are apparent, the confir-

mation of single-photon emission has not yet been forthcoming, to the best

of our knowledge.

2Quantitatively, the spectral shifts are much stronger than predicted with simple mod-

els, such as particle-in-a-box calculations using the effective masses of the charge carriers.

Such calculations are also presented in [Gan15] and [Lua17], where the authors claim agree-

ment between model and experiment. However, we were not able to replicate the results of

either publication using the parameters and equations given in the papers themselves. The

authors of [Gan15] have admitted errors in their calculations in personal correspondence.

We have also contacted the authors of [Lua17] but have not received a reply yet.
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3.2 Sample structure

We used two types of samples for the measurements presented in this chapter,

to which we will refer as HSQ-based and AlGaAs-based. For the HSQ-based

substrates, as depicted in Fig. 3.1a, we start with pieces of a Si wafer cov-

ered by 285 nm of SiO2. We spin-coat the pieces with hydrogen silsesquiox-

ane (HSQ) and write a disk pattern with electron-beam (e-beam) lithogra-

phy. The unexposed HSQ is removed using tetramethylammoniumhydroxid

(TMAH), such that only the exposed areas remain. This substrate prepara-

tion has been demonstrated to be suited for SPE generation in WSe2 with

HSQ [PB17] and other resists. [Bra17] After e-beam exposure, HSQ adopts

a SiO2-like structure. For a near-complete conversion, annealing at tempera-

tures exceeding 1000 °C would be necessary, [Hol07] to which we did not have

access. We therefore expect that our HSQ-based pillars differ from SiO2 (and

thereby the substrate outside the pillars) regarding their refractive indices

and defect densities. Despite the compound nature of the substrate surface,

we will refer to these samples as HSQ-based for the remainder of the chap-

ter for the purpose of simplicity. Moreover, this nomenclature is intended

to emphasize differences to the sample used in chapters 4 and 5, which was

prepared by etching pillars directly into the SiO2 substrate.

The wafers for the AlGaAs-based substrates were prepared using molecular-

beam epitaxy (MBE). A commercially available [001]-GaAs wafer was over-

grown with a buffer layer of GaAs, a GaAs-AlAs distributed Bragg reflec-

tor (DBR) with a stopband centered at 755 nm (= 1.64 eV, in the typical

spectral range of WSe2 emitters) and finally capping layers of GaAs and

Al0.41Ga0.59As. We included Al in the top layer in order to increase the

bandgap and thus mitigate effects of free-carrier generation in the substrate.

However, we limited the Al content to prevent oxidation and maintain high

crystalline quality with a low defect density. Finally, we etched into the

Al0.41Ga0.59As capping layer outside the pillar areas (outlined by e-beam

lithography) with a reactive-ion etching (RIE) process. The top layers of the

finished samples are illustrated in Fig. 3.1b.
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Figure 3.1: Sample structures for site-selective trapping of excitons

in monolayer WSe2. (a) HSQ-based nanopillars are lithographically de-

fined on top of a Si/SiO2 substrate before they are covered with a WSe2

monolayer. (b) In AlGaAs-based samples, the pillar grid was etched into

a GaAs/Al0.42Ga0.58As substrate before capping with the WSe2 monolayer.

(c) Atomic-force microscopy scan of a HSQ pillar array, partially covered by

a WSe2 monolayer. The scale bar corresponds to 2 µm. (d) Height profiles

of a bare and a covered pillar from the AFM scan in panel (c). We dis-

play relative height because the covered pillar was slightly higher (59 nm vs.

45 nm) due to inhomogeneities in the initial resist layer. The data displayed

in panels (c) and (d) were analyzed using WSXM. [Hor07]
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The WSe2 monolayers were prepared by micromechanical cleaving with

adhesive tape, exfoliated onto polydimethylsiloxane (PDMS) stamps, identi-

fied via their optical contrast and finally transferred via viscoelastic stamping.

[CG14] A detailed description of the entire fabrication process is presented

in appendix sections A.3 and A.5.

Figure 3.1c depicts an atomic-force microscopy (AFM) scan of a HSQ

pillar array with a pitch of 4µm, which is partially covered by a WSe2

monolayer. The surface of the monolayer features many bubbles or wrin-

kles, most likely linked to polymer residues from the PDMS stamp or impu-

rities trapped during the transfer process. [Hai12, Roo17] This is increases

the surface roughness from RMS = 1.7 nm (bare substrate; RMS = root

mean square) to RMS = 3.8 nm (WSe2 monolayer on top of unpatterned

substrate). Moreover, the nanopillars appear wider when covered by the

monolayer. For a more detailed insight, we present height profiles along the

pillar apex for a bare and a covered pillar in Fig. 3.1d. We dsplay the relative

heights because the covered pillar had a slightly larger absolute height (59 nm

vs. 45 nm) due to inhomogeneities in the initial HSQ layer. We measure the

apparent diameter (defined as full width at half-maximimum (FHWM)) to

be 0.30µm for the WSe2-covered and 0.20µm for the bare nanopillar. This

demonstrates that the monolayer does not conform to the substrate topogra-

phy perfectly but rather forms a “tent” over the pillars, as already indicated

in the schematic illustrations in Fig. 3.1a and b. This behavior was anal-

ogously observed in previous studies. [Bra17, PB17] There are, however,

techniques that result in the monolayer following the shape of the substrate

more closely, e.g. by submerging a sample in a solvent, drying it and having

the emerging capillary forces press the flake onto the substrate. [Li15]

3.3 Photoluminescence of localized emitters

in monolayer WSe2

We present an optical microscope image of a typical HSQ-based sample in

Fig. 3.2a. A WSe2 crystal with varying layer numbers can be seen in the



26 Localized excitons in monolayer WSe2

65.186
41.523

Microscope image

1L-WSe2

2L-WSe2

pillar

Figure 3.2: Photoluminescence from strain-defined emitters in

monolayer WSe2. (a) Optical microscope image of a WSe2 crystal on a

HSQ-based pillar substrate. The area framed by the gray dashed lines corre-

sponds to the area measured for panel (b). (b) Spatially resolved integrated

PL intensity in the spectral range 1.43 eV to 1.75 eV. (c) Typical spectra

from five pillars (color-matched to the position indicators in panel (b)) and

three reference spectra from unstrained regions of the monolayer. The spec-

tra were acquired at T = 10K and with cw excitation at λ = 633 nm with a

power of 300 nW focused to ∼ 1 µm. All scale bars are 5µm.

center of the image. The faint blue region corresponds to a monolayer; a

bilayer region adjacent to the monolayer appears as a darker blue. The

nanopillars appear as bright dots in the mono- and bilayer regions. The

optical contrast of the pillars to the surrounding substrate is weaker in the

regions not covered by the WSe2 crystal. The yellow 5 in the top part of

the image is an alignment marker, lithographically written into the HSQ. In

Fig. 3.2b, we present spatially resolved low-temperature photoluminescence

recorded from the monolayer region in the spectral range 1.43 eV to 1.75 eV.

The measured area is outlined in Fig. 3.2a. The PL measurements were
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performed at a temperature of 10K using a HeNe laser (λ = 632.8 nm) as

excitation source focused onto a spot of ∼ 1 µm. These parameters constitute

standard measurement conditions, under which all data presented in the

remainder of the chapter were recorded, unless stated otherwise. We used

an excitation power of 300 nW. The scale bars in both panels correspond

to 5µm. An increased PL intensity is observed at all pillar sites. This may

already be a sign of excitons being attracted towards the pillar sites by the

strain-defined potential gradient. [Fen12a, CG13, Li15, Bra17] However, this

could in principle also point towards radiative recombination with a higher

quantum or collection efficiency at the pillar sites.

We display examples of PL spectra from different pillar sites in Fig. 3.2c

and compare them to reference spectra from outside the pillar regions. The

spectra at pillar positions are color-matched to their spatial indicators in

Fig. 3.2b. The light-gray reference spectra all display broad, unresolved

emission in a band centered around 1.66 eV. At this low excitation power,

we observe no emission from the free excitons and trions, which would be

at 1.75 eV and 1.72 eV, respectively. We attribute the measured low-energy

emission to excitons trapped at crystal defect sites.3 [Ton13a, Zha17b, Wu17,

Wu16, Fan19]

In contrast, the emission spectra at the pillar sites extend to much lower

energies (down to ∼ 1.5 eV) and feature multiple distinct, narrow (typically

2meV to 4meV FWHM) emission peaks. This observation is analogous to

previous reports on strain-induced SPEs in monolayer WSe2 [Bra17, PB17]

and the spectral distribution also mimics that of the randomly occurring

emitters. [Ton15, Sri15a, He15, Kop15, Cha15] We find a comparable red-

shift at pillar sites already at room temperature (see section A.6).

3In section 4.2, we attribute emission from a WSe2 monolayer in the same spectral

range to different particle complexes, namely dark excitons and trions, and (charged)

biexcitons. These attributions are unlikely in this case: The (bright) neutral exciton

and trion should be visible in PL spectra at lower excitation power densities than any

of the aforementioned complexes. Low-energy, defect-bound excitons, on the other hand,

are visible at low excitation powers but saturate early, after which delocalized excitons

become populated. [Wu17, Wu16]
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Figure 3.3: Spatial and spectral distribution of emission of a WSe2

monolayer on a HSQ-pillar sample. (a) Optical microscope image of

the investigated WSe2 monolayer on a HSQ-pillar substrate. Thicker parts of

the crystal are also present but hardly contribute to the photoluminescence.

(b-h) Spatially resolved PL emission of the monolayer shown in panel (a)

integrated over different spectral ranges. The scale bar in panel (b) (and the

spacing between major axis ticks) corresponds to 5µm. The PL is intensity-

normalized in each panel. The spectra were acquired at T = 10K and with

CW excitation at λ = 633 nm with a power of 300 nW focused to ∼ 1 µm.
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The spectral discrepancy between emission on pillars and at flat positions

of the monolayers is highlighted in Fig. 3.3. There, we present the spatially

resolved PL separately for different spectral ranges. The figure is based on

the same dataset as Fig. 3.2. Overall, very little emission is observed in the

ranges of the lowest (1.43 eV to 1.45 eV) and the highest (1.70 eV to 1.75 eV)

energies. Nonetheless, a slight tendency towards emission at pillar sites can

be seen for the lowest energies. All energy ranges up to 1.65 eV (Fig. 3.3b-

f) exhibit preferential emission at the pillar sites. Only the range 1.65 eV

to 1.70 eV (Fig. 3.3g) displays bright emission over the entire monolayer

with the intensity tending to decrease slightly at the pillar positions. The

overall intensity in the range 1.70 eV to 1.75 eV is too low to determine

how the pillars influence the emission. The spatial variation of the emission

illustrates how the strain induced by the pillars locally reduces the bandgap

of the WSe2 monolayer and gives rise to trapping potentials for the optically

created excitons.

An overview of the emitter energies is given by the histograms presented

in Fig. 3.4. A total of 105 sharp-line emitters were found in a different sample

with an AlGaAs-based substrate and analyzed. Their emission energies are

plotted in 1meV and 10meV binnings in Fig. 3.4a and 3.4b, respectively.

We find an average energy of 1.647 eV and a standard deviation of the energy

distribution of 27meV. The emission-energy distribution is asymmetric with

a less pronounced decay to the low-energy side. (Skewness: −0.46.4) Com-

pared to the reference spectra, centered around 1.66 eV, the emission energy

at pillars is reduced by 13meV. The A exciton of WSe2 monolayers has

been found to shift by 54meV%−1 with uniaxial strain. [Sch16] The 13meV

of energy reduction therefore correspond to 0.24% of strain. The standard

deviation of emission energies can be converted to a standard deviation of

strain of 0.5%. Experiments with flexible substrates have demonstrated that

4The skewness is a measure of asymmetry in a statistical distribution and corresponds

to the standardized third moment of the distribution. A distribution of the physical

quantity X with mean value µ and standard deviation σ has a skewness of E

[(
X−µ
σ

)3]
,

where E denotes an expectation value.
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Figure 3.4: Statistical distribution of WSe2 emitter energies. (a,b)

Histogram of the emission energies of WSe2 emitters of a single monolayer on

an AlGaAs-based substrate. The two panels differ in their spectral binning.

In total, 105 emitters were analyzed. The measurements were performed at

T = 10K.

monolayers of WSe2 can withstand uniaxial strain of at least 1.4%. [Sch16]

None of the calculated strain values supercede this limit.

We continue by discussing the dependence of the photoluminescence on

the excitation conditions, namely excitation power and excitation energy.

Figure 3.5a displays typical PL spectra obtained at the same pillar site on an

AlGaAs-based substrate for different excitation powers. We measured a nar-

rower spectral range compared to the previously presented spectra in order

to achieve a higher spectral resolution. The overall shape of the spectrum

(number of peaks, peak positions) is mostly maintained over the two orders of

magnitude in excitation power and the PL intensity increases monotonously
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Figure 3.5: Excitation-power-dependent photoluminescence of WSe2

emitters. (a) Photoluminescence spectra of the same WSe2 emitter on an

AlGaAs-based substrate under different excitation powers. T = 10K and

λexc = 633 nm. (b) Photoluminescence intensity of the peak marked in

panel a as a function of excitation power. The solid red line denotes a power-

law fit to the low-power data. (c) Emission energy of the same peak as

a function of excitation power. The data points in panel (b) and (c) were

determined from Gaussian fits.
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with the excitation power. We fit the different peaks with Gaussian functions,

which reproduce the peak shape more accurately than Lorentzian functions.

This is a first indication of spectral wandering on a timescale faster than our

measurement frequency of 1Hz, which will be discussed in more detail in

section 3.4. We present the extracted peak intensity and emission energy for

a typical peak (marked by the arrow in the figure) in Fig. 3.5b and c.

As can be seen from Fig. 3.5b, the intensity of the marked peak first

increases with excitation power before it eventually saturates. We fit the

low-power behavior with a power law of the form I(P ) = I0 · Pα. Here,

P is the (unitless) excitation power, I is the PL intensity, and I0 and the

power factor α are used as fitting parameters. We find α = 0.93 ± 0.7.

The saturation at higher powers occurs once excitons are generated at rate

higher than or at least comparable to the radiative decay rate. This linear

(or slightly sublinear) increase followed by saturation at higher power is the

expected behavior of discrete quantum emitters [Bru94, Zre99] and is typ-

ically observed in the emitters in our samples. The emission energy of the

analyzed emitter as a function of excitation power is shown in Fig. 3.5c. The

energy is reduced by 0.6meV over the examined power range. The emitters

in our samples typically either exhibit similar redshifts (below 1meV) under

increased excitation powers or maintain a constant emission energy, which

is independent of excitation power. Note, however, that in either case the

emission energy is subject to spectral wandering, which will be discussed in

more detail in section 3.4.

Several effects could drive this transition to lower energies: The high ex-

citation power could locally heat the sample, which would reduce the local

bandgap. [Var67] Assuming a similar temperature dependence as for free ex-

citons in monolayer WSe2, [Aro15] a temperature increase from 10K to 19K

would suffice to reproduce the observed energy shift. Alternatively, an in-

creasing exciton density in the direct vicinity of the trapping potential could

reduce the energy of the trapped exciton via attractive interactions. [Sie17]



3.3 Photoluminescence of localized emitters in monolayer WSe2 33

1 . 6 0 1 . 6 5 1 . 7 0 1 . 7 5 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0

X

PL
 in

ten
sity

 (a
rb.

 u.
)

E n e r g y  ( e V )

T
a

E p h o n o n 3 E p h o n o n

PL
E i

nte
ns

ity 
(ar

b. 
u.)

E l a s e r  − E e m i s s i o n  ( m e V )

2 E p h o n o n

b

Figure 3.6: Photoluminescence-excitation spectroscopy of individual

WSe2 emitters. (a) Photoluminescence spectra (gray curves) of WSe2

emitters at different AlGaAs pillars under excitation at 633 nm (= 1.96 eV).

The colored lines represent PLE spectra of individual emission peaks, which

are marked by color-matched arrows. (b) The PLE spectra presented in

panel (a) as a function of the energy difference between excitation laser and

the detected peak. All spectra were acquired at T = 10K.

Using the parameters measured for free excitons in WS2,
5 [Sie17] we esti-

mate that moderate exciton densities of ∼ 2× 1010 cm−2 (corresponding to

a nearest-neighbor distance of ∼ 76 nm) would amount to the observed en-

ergy shift. Strain-induced potential gradients could funnel excitons and thus

result in a locally increased exciton density even at relatively low excitation

powers. Overall, both, the required temperature increase and the required

exciton density, could be achieved in experiments and could therefore drive

the observed energy reduction.

We continue by discussing the excitation-energy dependence of the PL

intensity of various WSe2 emitters. The gray curves in Fig. 3.6a display

5In this system, a redshift of 20meV was observed for an exciton density of ∼
0.7× 1012 cm−2. The redshift was attributed to electron-hole-pasma-induced bandgap

renormalization and screening of the exciton binding energy. [Sie17]
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PL spectra recorded at different WSe2-covered pillar sites from the same

AlGaAs-based sample. The presented spectra are already corrected for the

substrate emission (see section A.8). We then selected individual, spec-

trally isolated emission peaks (marked by the colored arrows) and performed

photoluminescence-excitation (PLE) measurements on them. For this, we

excited the sample with a Ti:sapphire (Ti:Sa) laser, tuned its wavelength

(while keeping the excitation power constant) and recorded the PL response

of the examined peak. In order to filter out the excitation laser, which was

spectrally close to the detected signal, we used a double monochromator with

a slit between the two stages, which allowed us to detect only a selected, nar-

row spectral range.

The colored curves in Fig. 3.6a represent the PLE spectra recorded from

the different emitters. The colors match the respective indicators above the

PL spectra. We subtracted a background that resulted from detected stray

laser light. All four presented PLE spectra exhibit distinct peaks with a

FWHM ranging from 2.6meV to 14meV. Peaks in PLE spectra correspond

to photon energies that are well absorbed by the material and lead to emission

at the monitored energies, e.g. by intermediate relaxation of the photogener-

ated charge carriers into the trapping potential. These resonances appear at

different energies for the different emitters. Most notably, we do not observe

resonances at the energies of neutral or charged excitons (marked in the fig-

ure). This could either indicate that the exciton resonance in the vicinity of

the strain maximum is detuned from the relaxed-lattice case or that there is

no efficient relaxation channel from the free A exciton to the trapped states.

In Figure 3.6b, we present the same PLE spectra on a relative scale (en-

ergy difference between excitation laser and examined emitter) using the

same color coding as in Fig. 3.6a. The spectra still exhibit dissimilarities.

However, a clustering of PLE resonances around 60meV above the emitter

energy can be seen. It is possible that this clustering at a specific energy

difference is linked to phononic or excitonic properties of the system. We

marked multiples of the energy of the degenerate, Raman-active A1 and E ′

phonon modes at 31meV = 250 cm−1 [Sah13, Zha13a] in order to facilitate

comparison with typical phonon energies. The excess energy of 60meV can-
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not be accounted for by a single phonon since single phonons in monolayer

WSe2 have energies below 40meV. [Sah13] Instead, this energy would require

a cascade of at least two phonons. An efficient PLE resonance requires that

the total phonon momentum adds up to zero, which also results in a larger

available phase space for multi-phonon processes compared to single-phonon

processes. Such multi-phonon processes have been observed in monolayer

TMDs. [Cho17, Shr18] For example, the free exciton in MoSe2 features a

series of PLE resonances at multiples of the LA(M) phonon energy linked to

strong exciton-phonon interactions. [Cho17, Shr18] However, our data lack

comparable clarity.

On the other hand, if the resonances correspond to discrete excited ex-

citon states, the energy spacing would then be an indicator for the confine-

ment length scale. We model the strain-induced trapping potential as a two-

dimensional harmonic potential, which results in the well-known solutions

for the equidistant (and in most cases degenerate) energy levels:

Exy = (nx + ny + 1) ℏω + E0 (3.1)

Here, E0 is the exciton energy in absence of a confinement potential. nx

and ny are the (integer and non-negative) quantum numbers corresponding to

the number of nodes of the wavefunction in x and y direction, respectively. ℏ
is the reduced Planck constant and the angular frequency ω can be expressed

as ℏ
mℓ2

with the particle mass m and the confinement length ℓ. With electron

and hole masses me = 0.39m0 [Jin14] and mh = 0.45m0 [Fal16] in monolayer

WSe2, the total exciton mass amounts to 0.84m0. If the energy difference ∆E

of 60meV corresponds to the difference between ground state and first excited

state, we find ℓ = ℏ√
m·∆E

= 1.2 nm. Such a steep confinement potential

would also affect the relative electron-hole motion. [Que92, Bai20] Of course,

this simple consideration can at most give an order-of-magnitude estimate,

however this value is similar to the confinement length scale we find for

strain-trapped interlayer excitons (∼ 3 nm) in chapter 5.
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3.4 Spectral stability on different substrates

Spectral stability has been a key problem of WSe2 emitters since their discov-

ery. All initial reports describe spectral wandering between measurements

and linewidths exceeding the lifetime limit by far. [Ton15, Sri15a, He15,

Kop15, Cha15] These effects are often linked to charge fluctuations in the

vicinity of emission centers. For quantum-optical experiments and appli-

cations, a high spectral stability (or in other terms: low inhomogeneous

broadening) is necessary and many competing quantum emitters, such as

III-V quantum dots [Kuh15, Zha20] or the SiV center in diamond, [Sip14]

outperform WSe2 in this aspect so far.

We present PL time traces of the same emitter on a HSQ substrate at

different excitation powers in Fig. 3.7a. 600 PL measurements of 1 s integra-

tion time each were performed at the specified powers. The intensities were

normalized separately for the three excitation powers. At all three pow-

ers, significant spectral wandering is observed between the measurements.

Moreover intensity fluctuations occur; most notably, the intensity drops af-

ter ∼ 500 s in the center subpanel. We fitted the individual spectra with

Gaussian peaks and present the extracted peak positions in Fig. 3.7b.

We found emission energies of (1612.9± 0.5)meV, (1610.9± 0.7)meV

and (1610.2± 0.9)meV for the excitation powers of 275 nW, 1.65µW and

12.0 µW, respectively. Here, the value corresponds to the average energy and

the uncertainty denotes the standard deviation of the emission energy dis-

tribution, which is a measure of spectral wandering between measurements.

Analogously to Fig. 3.5, we find a small reduction of the emission energy

upon increasing the excitation power. Moreover, we observe a clear trend to-

wards more pronounced spectral wandering for higher excitation powers. In

order to obtain a more quantitative insight into the effects, we performed sta-

tistical tests, which are only rarely used in the context of solid-state physics.

We explain the underlying principle of these tests in section A.7.

Testing the equality of energy variances with an F-test (which corre-

sponds to comparing the spectral wandering in the different measurements),

we found an F-value (corresponding to the ratio of variances of emission ener-
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Figure 3.7: Spectral wandering of a WSe2 emitter under different ex-

citation powers. (a) False-color maps of PL time traces of the same WSe2

emitter on a HSQ-based substrate for three different excitation powers. For

each power, 600 measurements of 1 s integration time were performed. The

color scaling is different for each panel. (b) Histograms of the emission ener-

gies in the time traces presented in panel (a). The energies were determined

from Gaussian fits to the spectra and the histogram binning is 200µeV.
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gies) of 0.64 with an associated p-value of 6.6.×10−8 comparing the datasets

for 275 nW and 1.65µW and an F-value of 0.56 with an associated p-value of

1.1× 10−12 comparing the datasets for 1.65 µW and 12.0 µW. In both cases,

the low p-values indicate a vanishing probability for the observed effects to

be based merely on statistical fluctuations. Generally, higher excitation pow-

ers lead to more frequent photoactivation of individual charge carriers and

to a local heating of the sample. Both can result in more frequent charge-

carrier trapping into and release from traps and thus promote spectral jumps

of the emission. These observations illustrate the importance of controlling

the excitation power when comparing the spectral stability of emitters. We

therefore kept the excitation power around 100 nW for the measurements

presented in the remainder of this section.

The temporal dynamics of the spectral wandering are illustrated in Fig. 3.8.

There, we display the Fourier transforms of the fitted emission energies in

logarithmic (a) and double-logarithmic (b) representation. The red curves

are power-law fits to the data that yield power factors of −1.70 ± 0.08,

−1.51±0.08 and −1.21±0.07 for 275 nW, 1.65 µW and 12.0 µW, respectively.

These values are all relatively close to −1, i.e. a frequency dependence of

1/f . This dependence has been identified as characteristic for charge noise

in InGaAs QDs. A higher dependency, closer to −2, could also be attributed

to spin noise when subject to an applied magnetic field. [Kuh13]

In the case of WSe2 emitters, the fluctuations that induce spectral insta-

bility could occur inside the monolayer or in the substrate. For this reason,

the effect of substrates on the performance of 2D materials has been studied

to a great extent. Overall, hexagonal boron nitride (hBN), a wide-bandgap

[Hof84] layered material, was found to be a very favorable substrate for var-

ious other 2D materials. However, it does not seem to solve the stability

problems of WSe2 emitters, as we will briefly review: As a near-ideal di-

electric with few charge traps and dangling bonds, hBN was first found to

improve electron mobility in graphene by an order of magnitude compared

to SiO2 substrates. [Dea10] Monolayers of TMDs also benefit from hBN

substrates, with free-exciton linewidths reduced almost down to the lifetime

limit. [Aja17, Cad17, Wie17]
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Figure 3.8: Noise spectrum of the quantum emitter energies pre-

sented in Fig. 3.7. (a, b) Fourier transforms of the emitter energies in the

measurements shown in Fig. 3.7 on a linear (a) and logarithmic (b) frequency

scale. The red curves are power-law fits. The fit results are indicated in the

panels.
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A beneficial effect of hBN substrates on the linewidth of WSe2 emitters,

however, has to our knowledge not been demonstrated yet. This may be a

consequence of the emitter linewidths being much narrower than free excitons

in WSe2: Free excitons have a radiative lifetime in the few-picosecond range

[Yan14] and correspondingly homogeneous linewidths of a few meV. [Moo15,

Dey16, Wie17] The localized emitters, on the other hand, have prolonged

lifetimes of some nanoseconds up to ∼ 20 ns. Their measured linewidths

(down to ∼ 100 µeV) are therefore still far above the transform limit of ∼
1 µeV. [Ton15, Sri15a, He15, Kop15, Cha15, Wie19] Thus, the emission is still

strongly inhomogeneously broadened. The same absolute broadening would

would be much less detrimental (and even hardly notable) in free excitons.

Publications using hBN as a substrate for WSe2 do not necessarily report any

linewidth reduction. [Ton15, Wie19] However, there are indications of the

beneficial effects of hBN substrates: First, the measured lifetime was found

to be slightly longer compared to emitters in WSe2 on a SiO2 substrate.

[Ton15, Wie19] This is contrary to the expected effect: Since hBN has a

higher photonic density of states than SiO2 due to its larger refractive index,

a faster radiative decay would be predicted. The enhanced decay rate in SiO2

substrate must therefore be linked to additional non-radiative decay options

for the emitters, which are not available on hBN substrates. [Ton15] Second,

emitters forming over hBN wrinkles tend to have a relatively background-free

emission spectrum, which ultimately leads to purer single-photon emission.

[Dav20]

While hBN does not seem to influence WSe2-emitter linewidth systemat-

ically, it has been demonstrated that other high-quality substrates, such as

epitaxially grown In0.49Ga0.51P can result in emitters with average linewidths

of (75± 12) µeV and spectral wandering in the few-µeV range. [Iff17] In that

study, randomly occurring WSe2 emitters on flat substrates were examined.

We expanded on these experiments by studying site-selectively generated

emitters on pillar substrates of different materials, namely SiO2/HSQ and

MBE-grown AlGaAs, as shown in Fig. 3.1a and b.

We present PL time traces (chosen to reflect typical behavior) of WSe2 on

HSQ-based and AlGaAs-based pillar substrates in Fig. 3.9a and c. In both
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Figure 3.9: Photoluminescence time traces of WSe2 emitters on dif-

ferent substrates. (a) False-color map of PL time trace of a typical WSe2

emitter on a HSQ-based substrate. (b) First (gray) and averaged (red) PL

spectrum of the data presented in panel (a). (c) False-color map of PL time

trace of a typical WSe2 emitter on an AlGaAs-based substrate. (d) First

(gray) and averaged (red) PL spectrum of the data presented in panel (c).

cases, 300 measurements of 1 s integration time are displayed. The vertical

axis spans 20meV in both panels. The measurements were performed at

T = 10K and with a HeNe laser. The example time trace for HSQ-based

samples is the first half of the dataset for 275 nW presented in Fig. 3.7a.

The measurements on the AlGaAs-based sample were conducted with an

excitation power of 90 nW.

While both substrates feature a single-spectrum linewidth (FWHM) of

1.5meV, the HSQ dataset features frequent spectral jumps between mea-

surements in a range of 1meV, which appear to be absent for the AlGaAs

sample. The AlGaAs sample still does not guarantee perfectly stable emis-

sion, as highlighted by an additional PL peak which blinks on and off shortly
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Figure 3.10: Spectral broadening of WSe2 emitters on different sub-

strates. (a, b) Mean linewidth (a) and spectral wandering (b) of WSe2

emitters on HSQ and AlGaAs pillars. For each emitter, we fitted 300 spectra

of 1 s integration time with Gaussians. The mean linewidth denotes the av-

eraged FWHM of the fitted peaks, whereas we define the spectral wandering

as the standard deviation of the peak center energies.

before 100 s. However, the individual measurements reflect the time-averaged

dynamics of the system more accurately. To illustrate this, we present the

first spectrum (gray) and the average spectrum (red) for both measurements

in Fig. 3.7b and d. For the AlGaAs substrate, the two spectra are identical

except for the different noise levels. The maxima of the example and aver-

aged spectra for the HSQ substrate, on the other hand, are 0.6meV (a third

of the linewidth) apart.

In order to study the influence of the substrate material more systemati-

cally, we evaluated PL time traces for multiple emitters on different samples

for both material systems and present the results of this analysis in Fig. 3.10.

The data points shown in both panels are each based on 300 consecutive PL

spectra of one emitter, each with an integration time of 1 s. The data were au-

tomatically fitted with Gaussian peaks in manually selected spectral ranges.

Fig. 3.10a displays the mean linewidth of the investigated emitters against

their mean emission energy. For this, we averaged the fitted FWHM over the
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300 spectra. Data points, for which the peak shape was not well captured

by the fit, were eliminated. The absence of low-energy emitters on AlGaAs

substrates is due to substrate emission overshadowing emitter PL (see Ap-

pendix, section A.8). The HSQ-based samples resulted in emitter linewidths

of (3.1± 1.3)meV. We observed no significant correlation between emission

energy and emission linewidth with a Pearson correlation coefficient of −0.15

and a p-value of 0.56.6 In comparison, the linewidth on AlGaAs-based sub-

strates is reduced to (2.0± 1.3)meV. Here, higher emitter energies appear

to be linked to higher linewidths with a Pearson correlation coefficient of 0.53

and a p-value of 4.0 · 10−5. The linewidth reduction in comparison to HSQ

samples is significant, based on a two-sample t-test with a Welch-corrected

t-value of −3.3 and p-value of 0.0022.

Figure 3.10b depicts the spectral wandering of emitters on HSQ- and

AlGaAs-based substrates. Here, we defined spectral wandering as the stan-

dard deviation of the distribution of the emission energies as determined by

fits to the individual spectra. The HSQ-based samples exhibited a spec-

tral wandering of (2.0± 1.2)meV. The emitters at higher energies typically

exhibit slightly weaker spectral wandering, with a Pearson correlation coeffi-

cient of −0.49 and a p-value of 0.032. The spectral wandering is reduced by

almost an order of magnitude to (0.32± 0.36)meV in AlGaAs samples. The

two-sample t-test yielded a Welch-corrected t-value of −6.0 and p-value of

9.0 · 10−6. Unlike in HSQ-based samples, higher emitter energies are corre-

lated with stronger spectral wandering in the examined AlGaAs-based sam-

ples. The corresponding Pearson coefficient is 0.26 with a p-value of 0.0234.

Overall, we found that AlGaAs substrates significantly improve the spec-

tral stability of strain-induced WSe2 emitters compared to HSQ substrates,

as seen in the linewdith and spectral wandering between measurements. Both

of these quantities measure the inhomogeneous broadening. The linewidth

gives insight on noise on time scales faster than the integration time, i.e.

noise with frequencies above 1Hz, whereas the spectral wandering is the

result of slow, sub-Hz noise. Both quantities are reduced in the AlGaAs

6For an explanation of the statistical tests and quantities used here, see section A.7.
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samples but this effect is much more pronounced for the spectral wandering,

which indicates slow noise. This may be a result of the different natures

of the prevalent sources of charge noise in the two materials: HSQ (due to

its SiO2-like structure) is expected to host discrete traps for charge carriers,

[Jay89] whereas the MBE-grown AlGaAs is expected to have a greatly re-

duced defect density, leading to fewer local charge traps. On the other hand,

AlGaAs is an optically active semiconductor, that can absorb light from the

excitation sources used in our experiments to promote electrons from the va-

lence to the conduction band. These excited carriers can relax back into the

valence band, which happens on a sub-ns timescale. [Ros86] The resulting

charge noise would then predominantly influence the linewidth observed in

our measurements and not be seen in spectral wandering.

The different correlations between emitter energy and spectral instability

for the two substrate materials are striking but the reason is not entirely

clear. The energy-stability relation could be mediated by the monolayer ge-

ometry: The different emitter energies could be related to the local strain,

with higher tensile strain values resulting in lower exciton energies. [Sch16]

The local strain, on the other hand, can be expected to depend the position

of the emitter, relative to the nanopillar. The electric fields of the different

noise sources (discrete traps that are randomly charged and discharged vs.

delocalized excitons being constantly pumped and randomly decaying) may

decay differently with the distance from the material and therefore differ-

ently influence emitters at varying positions. However, we do not have any

experimental evidence or precise calculations to support this model.

Despite the AlGaAs substrates outperforming the HSQ substrates in

terms of spectral stability, various other problems that we encountered make

AlGaAs an unfavorable substrate for spectroscopy studies on 2D materials.

We will discuss this in detail in the appendix, in section A.8.

Besides engineering the quality of the surrounding material, another ap-

proach to emitter stabilization is the electrical control of the environment.

[Kuh15, Zha20] However, even in experiments with the emitter embedded in

vdW heterostructures that allow to apply electric fields, linewidths on the

order of 100µeV are reported, [Cha17, BG19] which is still well above the life-



3.5 Summary 45

time limit and which has also been achieved in randomly occurring emitters

on a bare SiO2 substrate. [Ton15, He15, Kop15, Sri15a] Overall, determin-

istic fabrication of quantum emitters with transform-limited linewidths in

TMDs remains an open challenge.

3.5 Summary

In this chapter, we have discussed strain-induced, localized emitters in mono-

layer WSe2. By patterning substrates with nanopillars, we introduced point-

like strain perturbations in the monolayers and created associated trapping

potentials for excitons. The presence of these trapping potentials is confirmed

by localized emission, which is redshifted by up to 200meV with respect to

free excitons and trions, at the pillar sites. The saturating dependence on ex-

citation power is in agreement with reports on single-photon emitters in the

material. Photoluminescence-excitation measurements revealed a clustering

of excitation resonances ∼ 60meV above the emitter energies for multiple

emitters. This energy could either be linked to a multi-phonon process or

to discrete excitation levels of the trapped excitons, which would indicate

a localization length of 1 nm to 2 nm, similar to the localization length of

analogously trapped interlayer excitons, as we will discuss in chapter 5.

We analyzed the spectral instability of the emitters, which manifests it-

self in the linewidth and in spectral wandering between measurements. We

found that higher excitation powers result in stronger spectral wandering, as

would be expected from increased charge carrier motion inside the substrate.

Illustrating the importance of the substrate material for 2D materials, we

compared SiO2 substrates (with nanopillars based on HSQ) with MBE-grown

AlGaAs substrates. The high material quality of the MBE-grown substrates

was found to result in a reduction of spectral wandering by almost an order

of magnitude, in many cases down to our measurement resolution limit of

70µeV.
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We will apply the fabrication and measurement techniques introduced

here to interlayer excitons in TMD heterobilayers in the next chapter, where

we will find similar localization effects.



CHAPTER 4

Site-selective traps for interlayer excitons

In this chapter, we will demonstrate that the presence of local strain per-

turbations, induced by placing 2D crystals on top of a non-planar substrate

with a patterned surface, does not only give rise to a localization potential

for excitons in TMD monolayers, but also to interlayer excitons in TMD

heterobilayers.

In analogy to the previous chapter, we will use a substrate with a grid of

dielectric nanopillars. We will present photoluminescence data from a MoSe2-

WSe2 heterobilayer that displays energetically reduced emission at the pillar

sites. In order to pinpoint this emission to locally trapped interlayer excitons,

we will present analogies between these localized features and free interlayer

excitons in the dependence on excitation power and excitation energy, as well

as the temporal dynamics of the emission. Further microscopic insights are

provided by exploring the Zeeman splitting in an out-of-plane magnetic field

and the polarization profile of the emission.

We will use the trapped interlayer excitons to study interactions within

few-exciton complexes in the next chapter. The contents of this chapter

follow our publication, [Kre20] which has been publushed under a Creative

47
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Commons Attribute 4.0 International License.1 Any reused material will be

indicated. Many of the findings of this chapter have in the meantime been

confirmed by other groups. [Li20, Wan20]2 Furthermore, related reports on

strain-trapped IXs in WS2-WSe2 HBLs [Mon21] and work-function modu-

lations in non-uniformly strained MoSe2-WSe2 HBLs [Ale20] have appeared

since performing the work documented in this chapter.

4.1 Sample structure

Localization potentials for excitons in monolayer TMDs can be created by

introducing local strain perturbations, as described in section 3.1. Tensile

strain has also been shown to reduce the energy of interlayer excitons in TMD

HBLs, [He16a] presenting the prospect of defining IX trapping potentials in

a completely analogous way.

Besides the methods that are known to create localization potentials for

excitons in monolayer materials, interlayer excitons offer additional possi-

bilities to define exciton traps via their distinct properties: They have a

permanent electric dipole moment on the order of the layer separation of

the component materials (∼ 7�A). This dipole moment can be used to

tune the IX energy via the DC Stark effect. [Riv15] In fact, tuning over

a range of 200meV has been demonstrated for IXs in MoSe2-WSe2-HBLs.

[Jau19] Locally varying the out-of-plane electric field with suitable gate ge-

ometries can therefore create a trapping potential. This technique is rou-

tinely used for indirect excitons in III-V semiconductor heterostructures

[Rap05, Ham06, Gär07, Hig09, Sch11] and has very recently been demon-

strated in van der Waals heterobilayers with a patterned graphene gate.

[Sha21] Another approach that is unique to van der Waals heterostructures

is utilizing potentials associated with a moiré superlattice, as introduced in

1http://creativecommons.org/licenses/by/4.0/
2[Li20] is often cited as a paper on interactions of moiré-trapped IXs. However, the

authors do not discuss the origin of the localization potentials in their samples. In the

Methods section of the paper, it is confirmed that substrates with nanopillars were used

for the work but the role of the pillars is not discussed within the main text.
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section 2.4. Specifically for IXs in TMD-HBLs, this moiré superlattice is as-

sociated with a potential on the order of 100meV. [Zha17a] In an ideal HBL,

these periodic or quasi-periodic potential modulations would give rise to an

array of identical quantum emitters. [Yu17] Interlayer excitons trapped in

moiré potential minima have been observed [Tra19, Sey19, Jin19, Bae20] but,

probably due to imperfect fabrication, the demonstration of identical emitter

arrays has to our knowledge not been reported yet. An actual realization of

such an emitter array would be of great benefit for e.g. quantum simula-

tion, and first results pointing towards Hubbard physics with holes (instead

of IXs) in the moiré potential have been reported. [Reg20, Tan20] We will

explore moiré physics in twisted MoSe2 homobilayers in chapter 6. How-

ever, the moiré superlattice by itself is not suited for site-selective generation

of individual trapping potentials. We therefore chose strain-engineering as a

method for a proof-of-principle demonstration of IX trapping. This approach

also allows to define very steep trapping potentials, as will be discussed in

the next chapter.

Our schematic sample structure is depicted in Fig. 4.1a. We place a het-

erobilayer of WSe2 and MoSe2 on top of dielectric nanopillars, which induce

localized strain perturbations and give rise to trapping potentials for inter-

layer excitons, as will be discussed in the remainder of this chapter. The pillar

grid (disks with 90 nm radius and 4 µm pitch) is defined via electron-beam

lithography on a commercially available Si wafer overgrown with 285 nm of

SiO2. A negative resist (AR-N 7520.07) was used in order to minimize writing

time. We etched the substrate (apart from the areas covered by resist disks)

by 130 nm using fluorine-based reactive-ion etching (RIE) and afterwards re-

moved residues of the resist in an oxygen plasma. Bulk crystals of WSe2 and

MoSe2 were exfoliated onto polydimethylsiloxane (PDMS, Gel-Pak) stamps.

We identified monolayers in an optical microscope via their reflectivity con-

trast and transferred the layers onto a pillar array. Each transfer step was

followed by thermal annealing in vacuum (200 °C, 30min after the WSe2

transfer; 150 °C, 20min after the MoSe2 transfer). During the assembly of

the HBL, we took efforts to orientate the crystal axes of the two materials

by aligning long crystalline edges of the monolayers.
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Figure 4.1: Sample for localization of interlayer excitons in strain-

defined trapping potentials. (a) Schematic sample structure. A hetero-

bilayer of MoSe2 and WSe2 is placed on top of a Si/SiO2 substrate patterned

with nanopillars. (b) Microscope image of the sample used to measure the

data presented in this and the next chapter. The monolayers of WSe2 and

MoSe2 are outlined with blue and orange dashed lines, respectively. The

nanopillars appear as black dots in the heterobilayer region. Adapted from

[Kre20].

Figure 4.1b displays a microscope image of the finished sample. The

monolayers of WSe2 and MoSe2 are outlined with blue and orange dashed

lines, respectively, and the nanopillars appear as black dots in the heter-

obilayer region. The final structure allows us to optically probe regions of

unstrained monolayer WSe2, unstrained monolayer MoSe2, unstrained WSe2-

MoSe2 heterobilayer and WSe2-MoSe2 heterobilayer strained over nanopillars

separately.

4.2 Interlayer excitons in a MoSe2-WSe2 het-

erobilayer

We present low-temperature PL spectra of the unstrained monolayer and

heterobilayer regions of the sample in Fig. 4.2a. These spectra were recorded

at T = 10K with cw excitation at 633 nm and a power of Pex=30µW fo-

cused to ∼ 1 µm. Both, WSe2 and MoSe2, have prominent emission features
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Figure 4.2: Interlayer-exciton photoluminescence from a MoSe2-

WSe2 heterobilayer. (a)Normalized low-temperature PL spectra of mono-

layer MoSe2, monolayer WSe2 and a MoSe2-WSe2 heterobilayer. (b) Nor-

malized IX PL emission under different excitation powers. (c, d) Interlayer-

exciton main peak energy (c) and integrated PL intensity (d) as a function

of excitation power. All spectra were acquired at T = 10K under cw exci-

tation with a HeNe laser (λ = 632.8 nm) focused to a spot of ∼ 1 µm2. The

data presented in panel (a) was recorded at an excitation power of 30 µW.

Adapted from [Kre20].
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at their characteristic exciton and trion energies at 1.75 eV and 1.72 eV,

[Jon13] and 1.66 eV and 1.63 eV, [Ros13] respectively. Furthermore, the

WSe2 monolayer exhibits a broader band of unresolved emission at lower

energies (1.60−1.70eV) that has been identified as stemming from dark exci-

tons [Wan17a, Zho17] and trions, [Zha17c] charged biexcitons [Che18, Ye18,

Bar18, Li18, Ste18] and defect-bound excitons. [Ton13a, Zha17b] Each of

these emission features is also present in the HBL region, albeit strongly

quenched, due to interlayer charge transfer that occurs over sub-picosecond

timescales, faster than the exciton lifetime. [Ceb14, Ceb15, Rig15] The most

prominent emission feature from the HBL is at ∼1.38 eV and is attributed

to IXs formed by an electron in the MoSe2 and a hole in the WSe2. [Riv15]

This attribution is supported by the emission energy and the characteristi-

cally asymmetric lineshape featuring red-shifted emission from momentum-

indirect IXs. [Mil17]

The IX emission in the HBL region is depicted for various excitation pow-

ers in Fig. 4.2b. We note a strong blueshift of the IX PL peak with increasing

excitation power, which is universally reported in literature. [Riv15, Mil17,

Nag17b, Riv18] In fact, this is a direct consequence of the spatial separation

of electron and hole in interlayer excitons: The resulting permanent out-of-

plane electrical dipole moment gives rise to repulsive interactions between

IXs. As a result, the energy of an individual interlayer exciton increases with

increasing IX density. In total, we varied the excitation power density by

more than seven orders of magnitude and determined the spectral position

of the IX main peak and its integrated PL intensity by fitting the data with

two Gaussians. The extracted IX energies and intensities as a function of ex-

citation power are displayed in Fig. 4.2c and d, respectively. As can be seen

from Fig. 4.2c, the IX energy monotonously increases by almost 30meV over

the examined power range. For high excitation powers, the increase of IX

energy with excitation power is approximately logarithmic, confirming previ-

ously repoted trends. [Mil17, Nag17b] This trend, however, has an onset at a

threshold power of P0 ≈ 20 nW. In the low-exciton-density regime below this

threshold power, a much weaker dependence of IX energy on the excitation

power is observed. Figure 4.2d shows the IX PL intensity, as determined from
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the Gaussian fits to the spectra, as a function of excitation power. We fit the

dependence with a power law of the form I(P ) = I0 ·Pα with PL intensity I,

excitation power P and fitting parameters I0 and α. For powers above P0, we

find a power factor α of 0.42, close to a
√
P dependence. This dependence is,

again, in accordance with previous reports. [Mil17, Nag17b] The low-density

regime below P0 exhibits a slightly steeper increase of α = 0.63. In conclu-

sion, the interactions between IXs appear to influence the properties of the

IX ensemble less strongly below P0. The emission energy has only a weak

dependence on excitation power and the PL intensity increases more linearly

with the excitation. Above P0, on the other hand, a strong blueshift related

to dipolar repulsion is visibile and the
√
P -dependence of the PL intensity

hints at the population dynamics being dictated by nonlinear processes, such

as Auger recombination, as we will discuss now.

Assuming that excitons are generated at a rate of G and can either radia-

tively recombine over a characteristic timescale of τ or can undergo an Auger

process with another nearby exciton with a probability proportional to the

Auger constant A, the temporal evolution of the exciton density n follows:

[O’H99, Hul80]

dn

dt
=

−n
τ

− An2 +G (4.1)

In an experiment with cw excitation (G is constant and the measurement

times exceed τ by far), the exciton population will mostly be at a steady

state. Setting eq. 4.1 equal to zero, we find:

n1/2 = − 1

2Aτ
±
√

1

4A2τ 2
+
G

A
(4.2)

Here, only the plus sign yields a positive exciton density. For low gener-

ation rates, we can expand the square-root term in a Taylor series (in terms

of the dimensionless quantity Aτ 2G), truncating at the linear term, and find

that n ≈ τG. For large generations rates, we can approximate n ≈
√
G/A

(up to terms independent of G or terms that decay with G). As can be

seen, from these calculations, the observed
√
P dependence of the IX PL

signal at high powers and the transition to a stronger dependence on the
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excitation power in the low-power regime could be explained by nonlinear

process depopulating the excitons, such as Auger recombination. However,

a clear conclusion about this power-dependence transition cannot be drawn

from the available data. Other studies (typically centering around electro-

optical measurements) have probed the role of nonlinear processes in TMDs

more directly: Auger proceses can cause electroluminescence upconversion,

as seen in MoS2-WSe2-HBLs [Bin19] or photoluminescence upconversion, as

reported for WS2 monolayers. [Lin20a] Moreover, they can facilitate trans-

port of photogenerated charge carriers into regions that would normally not

be accessible considering the photon energies of the optical driving. [Lin20b]

Overall, the interlayer excitons in the MoSe2-WSe2-HBL region, which

we observe via their PL emission at distinctly lower energies, display exactly

the previously reported and expected characteristics. In the remainder of

the chapter, we will demonstrate that these IXs can be localized in strain-

induced trapping potentials and discuss the similarities and differences of

free and localized IXs.

4.3 Photoluminescence signatures of localized

interlayer excitons

We compare the low-temperature PL spectra of the unstrained HBL and the

strained HBL at different pillar sites (labelled A, B and C in accordance

with Fig. 4.1b) in Fig. 4.3a. The flat HBL (black curve) features IX emission

at 1.375 eV with a pronounced, broad low-energy tail, as discussed in the

previous section. We also observe this PL signature at all pillar sites. This

is to be expected, since the dimensions of the pillar are much smaller than

the diffraction-limited probed sample area of ∼ 1 µm2. The spectra at the

pillar sites therefore always contain a background from unstrained sample re-

gions. However, additional peaks emerge at the pillar sites. These peaks are

redshifted by several tens of meV, up to 100meV, from the IX main peak.

Moreover their linewidths (down to a FWHM of 6meV, only considering

peaks shown in the figure) are distinctly lower than the linewidth of the IX
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Figure 4.3: Photoluminescence from localized interlayer-exciton

states at pillar sites. (a) Low-temperature PL spectra from the MoSe2-

WSe2 region of the sample shown in Fig. 4.1b. The upper three spectra

were taken at different pillar sites (labelled as in Fig. 4.1b) whereas the low-

est spectrum is a reference from a flat HBL region. (b) Spatially resolved

ratio of the integrated PL intensities in the ranges 1.310 eV to 1.340 eV (as-

sociated with localized IXs) and 1.381 eV to 1.394 eV (associated with free

IXs). These spectral ranges are marked by the colored boxes in panel (a).

The three pillar sites are framed by circles, color-matched to the curves in

panel (a). All spectra were recorded at T = 10K, under cw excitation with

a HeNe laser (λ = 633 nm) with a power of 30 µW focused to an area of

∼ 1 µm2. Adapted from [Kre20].
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main peak (FWHM of 20meV). These observations are very similar to the

localized excitons in monolayer WSe2 trapped in strain-defined potentials,

[Kum15, Bra17, PB17] which we discussed in the previous chapter. Analo-

gously, we attribute these peaks to localized interlayer excitons (LIXs). The

exact energies of the LIXs vary between the pillars, as is already known from

strain-induced quantum emitters in WSe2, [Bra17, PB17] and are altered by

thermal cycling (see section A.9). Therefore, even spectra from the same

pillar may not quantitatively agree over different figures. We will however

only present LIX data from the same set of measurements within individual

figures.

The spatially resolved ratio of integrated PL intensities in the ranges

1.310 eV to 1.340 eV and 1.381 eV to 1.394 eV is depicted in Fig. 4.3b. These

two ranges, which we also marked in Fig. 4.3a, are associated with localized

and free-IX emission, respectively. The three pillar sites are framed by circles

(color-matched to the data curves in Fig. 4.3a). We note a local increase of

the intensity ratio around the pillars, indicating favored emission in the LIX

spectral range. In the flat HBL region, this ratio is mostly uniform, staying

at a lower value. The regions of increased intensity ratio in the upper half

of the figure are due to transitions to regions with no MoSe2 or only bilayer

MoSe2 present, i.e. the emission cannot be attributed to a MoSe2-WSe2 HBL

anymore. The spatial extent of the PL features at the pillar site corresponds

to the diffraction-limited resolution of our setup (∼ 1 µm), indicative of a

point-like emission source. This demonstrates the localized nature of the

LIX peaks.

The experimental results presented in the following will mostly showcase

analogous behavior of the LIX peaks and free-IX emission, substantiating our

assignment of the LIX peaks as trapped interlayer excitons (and in particular

excluding deep defect states within one of the monolayers as a possible cause

of the emission).



4.3 Photoluminescence signatures of localized interlayer excitons 57

0
3 0 0
6 0 0

02 0 04 0 0

0
1 5 0
3 0 0

07 51 5 0

04 0
8 0

03 06 0

02 55 0

02 04 0

02 04 0

01 53 0

1 . 2 1 . 3 1 . 4
0
2 0

1 . 2 1 . 3 1 . 4
0
5

1 00
61 20
8

1 60
91 8
01 22 40

1 63 20
1 93 8
05 01 0 00

1 0 02 0 00
1 6 03 2 0

03 5 07 0 0
 

 2 . 2 0  m W
o f f  p i l l a rb

 8 9 9  µ W

 3 2 9  µ W

 8 4 . 9  µ W

 1 4 . 5  µ W

 9 . 7 2  µ W

 6 . 1 1  µ W

 3 . 4 0  µ W
 2 . 7 8  µ W

 1 . 5 2  µ W

E n e r g y  ( e V )

 0 . 7 8  µ W

E n e r g y  ( e V )

0 . 7 7  µ W

1 . 5 3  µ W

2 . 7 3  µ W

3 . 4 5  µ W

5 . 9 4  µ W

PL
 in

ten
sity

 (c
ps

)

9 . 3 7  µ W

1 5 . 3  µ W

7 9 . 0  µ W

3 0 3  µ W

8 5 2  µ W

3 . 5 7  m W L I X I X I X
o n  p i l l a ra

Figure 4.4: Excitation-power dependence of free and localized

interlayer-exciton emission. (a, b) Interlayer-exciton PL spectra at pil-

lar site A (a) and at a flat reference position (b). All spectra were recorded

at T = 10K, under cw excitation with a HeNe laser (λ = 633 nm) focused to

an area of ∼ 1 µm2. Adapted from [Kre20].
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4.3.1 Excitation-power dependence

We present PL spectra over more than three orders of magnitude of excitation

power in Fig. 4.4a (at pillar site A) and Fig. 4.4b (flat reference position).

In both cases, the free-IX peak can be seen clearly. At the lowest powers,

the emission is centered around 1.375 eV but it blueshifts by 25meV over the

displayed excitation power range. Only small differences between the free IX

emission on the pillar and at the reference position are visible. Again, this

strong resemblance of the free-IX signatures is expected since the probed

sample volume (limited by the resolution of our setup, ∼ 1 µm2) is much

larger than the extent of the strain-induced trapping potential.

In contrast to the free-IX peak, the LIX signatures individually do not

spectrally shift under changes of the excitaiton-power density. For example,

the strong LIX peak seen at the lowest excitation power, centered at 1.285 eV

remains at that energy over the entire excitation-power range over which it

is observable. However, as the excitation power is increased, new LIX peaks

emerge at higher energies compared to the ones previously present. At the

same time, the overall LIX emission intensity is redistributed towards the

higher-energy peaks. We interpret these contrasting behaviors of the contin-

uously shifting free-IX peak and the discrete spectral jumps of the LIX emis-

sion as a result of the spatial extent of the LIX confinement potential: The

free IX are distributed over an extended plane, in which the exciton density

can be tuned continuously. The discrete energy shifts of the LIX emission

correspond to individual excitons being added to a nanoscale confinement

potential. A more thorough analysis of numbers of excitons contributing to

certain emission peaks and a discussion of the confinement length scale will

be given in the next chapter.

We calculate the spectral centers of mass of the free-IX and the LIX emis-

sion in order to compare their spectral shifts upon excitation-power variation.

Our analysis procedure is illustrated in Fig. 4.5a: We fit the PL spectra at the

pillar position outside the LIX spectral range. This fitting region is indicated

in the figure by the gray background. We use three Gaussians to fit each spec-

trum. We have confirmed that this model reproduces the off-pillar spectra,
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Figure 4.5: Spectral centers of mass of free and localized interlayer

exciton emission under different excitation powers. (a) Example PL

spectrum at pillar site A to illustrate the fitting procedure and calculation

of spectral center of mass, as described in the text. (b) False-color plot

of the normalized, excitation-dependent PL spectra at the pillar site. The

overlayed solid lines indicate the calculated spectral centers of mass. This

figure is based on the same dataset as Fig. 4.4a. Adapted from [Kre20].

which should only be governed by free-IX emission, even when restricting

the fitting range analogously. Therefore, this fitting procedure is expected to

predict the free-IX emission within the LIX spectral range, as indicated by

the red dashed line in Fig. 4.5a. Everything that is not accounted for by the

fit is attributed to LIX emission, as indicated by the blue area in the figure.

We then determine the spectral center of mass for the LIX arithmetically

from these remaining data, whereas it is extracted from the fit for the free

IXs. Figure 4.5b contains a false-color plot of power-dependent, intensity-

normalized emission spectra at pillar A (same dataset on which Fig. 4.4a

is based) with the centers of mass for LIX and free IX overlayed for nearly

two orders of magnitude of excitation power. Both exhibit a similar, increas-

ing trend for higher excitation powers but the shift is more pronounced for

the LIXs. This is to be expected since a confinement potential would drive
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Figure 4.6: Photoluminescence-excitation spectroscopy of localized

interlayer excitons. (a) Emission spectrum at pillar site A under cw exci-

tation at an excitation energy of 1.65 eV. (b) PL intensity of the LIX peak

marked in panel (a) as a function of excitation energy. All spectra were

recorded at T = 10K, under cw excitation with a tunable Ti:Sa laser at a

power of 1 µW focused to an area of ∼ 1 µm2. Adapted from [Kre20].

the repulsively interacting particles towards each other, thus increasing the

exciton density and the interaction energy.

4.3.2 Excitation-energy dependence

We performed photoluminescence-excitation (PLE) measurements, in which

the wavelength/energy of the excitation laser is tuned, on the LIX peaks.

Again, there is a clear consensus of the behavior of free IX in the literature:

Interlayer excitons in HBLs of MoSe2 and WSe2 exhibit clear PLE resonances

in the spectral range of free excitons of their component monolayers: ∼
1.65 eV for MoSe2 and ∼ 1.75 eV for WSe2. [Riv15, Nag17b, Riv18, Sey19]

At these resonances, photons are efficiently absorbed to create excitons within

the respective layer. This is followed by rapid tunneling of one charge carrier

(hole in the case of MoSe2, electron in the case of WSe2) into the other

material, caused by the type-II band alignment. [Ceb14, Ceb15, Rig15]

Figure 4.6a displays an example spectrum recorded at pillar A with a

pronounced LIX peak marked by an arrow. The excitation energy used to
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record that particular spectrum was 1.65 eV, in resonance with MoSe2 exci-

tons. We monitored the PL intensity of the marked LIX peak as a function

of excitation energy (keeping the excitation power constant at 1 µW), which

is presented in Fig. 4.6b. Most notably, only negligible signal is present for

energies below the MoSe2 resonance. The intensity increases for higher en-

ergies with very pronounced resonances at the monolayer exciton energies at

1.65 eV and 1.75 eV. This behavior is in complete analogy to free IXs, sup-

porting our interpretation of the localized peaks as stemming from trapped

interlayer excitons (as opposed to deep, defect-bound states within one of the

materials). We performed PLE measurements for multiple LIX peaks and

generally observed this dependence.

4.3.3 Time-resolved photoluminescence

Interlayer excitons display much longer radiative lifetimes than intralayer

excitons (which recombine over ∼ 2 ps [Rob16, Yan14, Wan14]) due to the

strongly reduced wavefunction overlap of electron and hole. This effect may

even be enhanced by a momentum mismatch between the two charge carriers

induced by the twist angle between the two layers. [Nay17, Riv18] Due

to this twist-angle dependence (and possible sample inhomogeneities and

imperfections) a large range of lifetimes spanning between a few ns [Riv15]

and more than 100 ns [Mil17, Nag17b] has been reported.

Figure 4.7a depicts the PL emission at pillar site A at T = 10K under

pulsed excitation at 640 nm, with 90 ps pulse length, 2.5MHz repetition rate

and a pulse energy of 17.2 pJ (cw power equivalent of 43µW). This power

was chosen such that there would be a high ratio of LIX emission to free-IX

background over a spectral range that can be reliably selected using optical

bandpass filters. A band of multiple, partially resolved LIX features between

∼ 1.32 eV and ∼ 1.36 eV is clearly distinguishable from the free-IX back-

ground. A reference spectrum from a flat part of the HBL is depicted in

Fig. 4.7b. We selected luminescence from spectral ranges associated with

LIXs (around 1.33 eV, red area in Fig. 4.7a, green area in Fig. 4.7b) and free

IXs (around 1.39 eV, blue area in Fig. 4.7a, purple area in Fig. 4.7b) using
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Figure 4.7: Time-resolved photoluminescence of free and localized

interlayer excitons. (a, b) PL spectra at pillar A (a) and a flat HBL

reference position (b) under pulsed excitation (90 ps pulses at 640 nm with

a pulse energy of 17.2 pJ and 2.5MHz repition rate). (c-f) Time-resolved

photoluminescence at different sample positions and spectral ranges. The

colors of the curves match the spectral indicators in panels (a) and (b). The

gray dashed lines denote the instrument response (which is hardly visible over

the displayed timescale) and the black solid lines represent biexponential fits

to the data. Adapted from [Kre20].
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Position Pillar A Flat HBL

Spectral range Low (LIX) High (IX) Low (LIX) High (IX)

Slow timescale (ns) 118.8± 2.1 74.5± 1.5 111± 4 76.5± 1.4

Slow proportion (%) 95± 3 80± 3 76± 5 78± 3

Fast timescale (ns) 8.1± 0.5 9.0± 0.3 6.16± 0.12 9.48± 0.16

Fast proportion (%) 5± 3 20± 3 24± 5 22± 3

Table 4.1: Parameters extracted from biexponential fits to the time-resolved

PL data presented in Fig. 4.7. The fitted model I(t) = Aslowe
−t/τslow +

Afaste
−t/τfast directly includes the slow/fast timescale τslow/fast. The

slow/fast proportion is calculated as
Aslow/fast·τslow/fast

Aslow·τslow+Afast·τfast
. Adapted from

[Kre20].

suitable filters (Thorlabs FB930-10 / FB890-10; Center wavelength: 930 nm

/ 890 nm; Transmission FWHM: 10 nm).

We present the time-resolved response in these spectral ranges for the two

sample positions in Fig. 4.7c-f, where we match the data color coding with

the spectral indicators in Fig. 4.7a and b. In all four graphs, the instrument

response is denoted by a gray dashed curve. We fit the data with a biex-

ponential decay of the form I(t) = Aslowe
−t/τslow + Afaste

−t/τfast . The fitted

time-dependeces are represented by solid black lines. In all four cases, this

fit function captures the signal decay over the measured 130 ns fairly well.

The parameters extracted from the fits are summarized in Table 4.1.

Instead of giving the direct fit parameter of the fast/slow amplitude, we

calculate what proportion of the signal belongs to the fast or the slow decay.

The slow/fast proportion is calculated as
Aslow/fast·τslow/fast

Aslow·τslow+Afast·τfast
.

The time dependence of the free-IX part of the signal is described by

the same set of parameters (within the uncertainties) at the pillar site and

at the reference position. Again, this is to be expected, since even at the

pillar site, a large part of our probed sample volume corresponds to the

unstrained HBL. The time-dependent signal decay within the LIX spectral

range looks different at the pillar site and at the reference position, at first

glance. However, the fits reveal very similar decay timescales: In both cases
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a quick decay over ∼ 7 ns is followed by a long decay over ∼ 115 ns. The two

curves only appear very different because the slow decay accounts for most

of the signal (95%) at the pillar position whereas only 74% of the signal at

the reference position stem from the slow decay channel.

The presence of several decay channels with different timescales could

indicate nonlinear mechanisms, e.g. density-dependent Auger recombination.

However, no definite conclusions about these non-linear dynamics can be

drawn from the dataset presented here. Additional measurements, such as

time-resolved PL measurements for different pulse energies, would have to be

performed. Nonetheless, the very similar timescales for free-IX and LIX decay

again substantiate our original assignment of the LIX peaks as stemming from

trapped interlayer excitons.

4.3.4 Polarization profile of the emitted light

Many localized excitons in semiconductor nanostructures, including III-V

quantum dots [Gam96, Fin02, Bay02] and quantum emitters in WSe2, [He15,

Cha15, Sri15a] exhibit fine-structure splitting of the exciton emission. This

usually reflects asymmetries in the confinement potential and is mediated by

the electron-hole exchange interaction. [Bay02] As a result, two energetically

slightly detuned emission lines with perpendicular linear polarization can be

detected.

We typically do not observe such fine-structure doublets in the LIX emis-

sion. We present LIX PL spectra with perpendicular detection polarizations

in Fig. 4.8a. We show the polarization profile for each of the marked LIX

peaks in Fig. 4.8b-d. While each of the peaks exhibits preferential orientation

of the polarization in some direction, we do not observe a full linear polar-

ization for any of the peaks: The highest degree of polarization (DOP) is

at merely 68%. More importantly, we could not find two lines with perpen-

dicular orientation to each other, which could be considered a fine-structure

doublet.

It should be noted that due to the sample geometry (HBL forming a tent

over the pillar) we probably do not probe the material in normal incidence.
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Figure 4.8: Linear-polarization dependence of the LIX emission. (a)

Photoluminescence spectrum at a pillar site for two perpendicular polariza-

tions. (b-d) Dependence of the LIX peaks marked in panel (a) on the angle

of the detected polarization. The faint points are mirrored from the actual

dataset as a guide to the eye. The solid lines are fits to the data from which

the degree of polarization is extracted. Adapted from [Kre20].
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Nonetheless, the absence of any exciton fine structure stands in clear contrast

to the observations in localized emitters in WSe2. In fact, this may again

be traced back to the interlayer character of the emission lines: The spa-

tial separation of electron and hole should strongly reduce the electron-hole

exchange interaction and thus also fine-structure splitting.

4.3.5 Zeeman splitting in an out-of-plane magnetic field

In order to study the orbital contributions to the LIX states, we performed

magneto-PL measurements in Faraday geometry (magnetic field in out-of-

plane direction) and studied the observed Zeeman splitting. Fig. 4.9a depicts

the polarization-resolved PL emission from an example LIX peak (the single

localized interlayer exciton LIX1, which will be discussed in the next chapter)

as the magnetic field increases from 0T to 8T. The peak clearly splits into an

oppositely circularly polarized doublet at elevated magnetic fields. Fig. 4.9b

presents the Zeeman splitting of these peaks as function of the magnetic field.

This was evaluated from spectra acquired without polarization filtering to

counteract spectral wandering between measurements. Due to the linewidth

of ∼ 600 µeV, the splitting is only clearly visible at B ≳ 2T. The linear fit to

the data, shown as a red line in the figure, yields a g factor of −6.43± 0.13.

This g factor differs from values reported for the Zeeman splitting of interlayer

excitons in WSe2-MoSe2-HBLs [Sey19, Nag17a] and thus strongly suggests

different orbital or spin contributions to the trapped states. This is akin

to quantum emitters in monolayer WSe2 [He15, Sri15a, Kop15, Cha15] that

also do not share their g factor with free WSe2 excitons or trions. [Sri15b,

Wan15a, Mit15] There, intervalley defect states have been proposed as the

origin of this behavior. [Lin19]

The lower panel of fig. 4.9c displays the polarization-resolved emission

from pillar A over a wider spectral range at B = 4T. It can be seen that

several features within the detection volume display the same Zeeman split-

ting behavior as the previously discussed LIX1 peak. This included localized

bi- and triexciton states (as will be discussed in the next chapter) as well as

other peaks that most likely stem from other proximal potential traps. We
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Figure 4.9: Zeeman splitting of the LIX emission in an out-of-plane

magnetic field. (a) PL spectra of an LIX peak for different magnetic fields

and different circular detection polarizations. (b) Zeeman splitting of the

LIX peak presented in panel (a) as a function of magnetic field. The solid

line depicts a linear fit yielding a g-factor of −6.43± 0.13. (c) Lower panel:

PL spectra at pillar site A for the two perpendicular circular detection polar-

izations. Upper panel: Extracted g-factors for different LIX peaks observed

at pillar site A.
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evaluated the g-factors of the features with linewidths below 1.5meV and

present them in the upper panel of fig. 4.9c. Within the statistical errors,

the g-factors of all ten features overlap. This strongly hints at a shared or-

bital origin of all of these localized states. Moreover, our data do not indicate

magnetic-field-induced mixing of orbital states, suggesting that the orbital

energy splitting of the trapped states exceeds the magnetic energies in our

experiment.

4.4 Summary

In this chapter, we have demonstrated that nanoscale patterning of substrates

can be utilized in order to trap interlayer excitons in TMD hetero-bilayers in

strain-defined confinement potentials. Localized, spectrally narrow features,

red-shifted by up to 100meV from the free-IX emission emerge at the pillar

sites in low-temperature photoluminescence measurements. The interlayer

character of these localized emitters becomes apparent in excitation-power-

dependent measurements, PLE spectroscopy, time-resolved and polarization-

resolved measurements: Upon increasing excitation power, the LIX emission

monotonously blueshifts because of repulsive dipolar interaction, as is known

from free IXs. In contrast to free IXs, this blueshift does not happen con-

tinuously but via discrete spectral jumps. This is due to discrete changes in

the trapping-potential occupation as opposed to the quasi-continuous tun-

ing of the IX density in an extended HBL. In excitation-energy-dependent

measurements, the LIXs exhibit clear resonances at the MoSe2 and WSe2

exciton energies, as known for free IXs. The radiative decay timescales

((118.8± 2.1) ns and (8.1± 0.5) ns) observed in time-resolved PL measure-

ments also coincide with the ones measured for free IXs. Finally, the absence

of any fine-structure splitting, as would have been observed in polarization-

resolved measurements, stands in clear contrast to localized emitters that re-

side in only one TMD layer and can be explained by the reduced electron-hole

exchange interaction in spatially separated excitons. However, the g-factors

around −6 that were determined via magnetic-field-dependent PL measure-
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ments do not match the commonly reported values for IXs in MoSe2-WSe2-

HBLs. This strongly suggests that the orbital contributions to the LIX states

differ from the previously reported free IXs.

In the following chapter, we will utilize the strain-induced trapping po-

tentials in order to stabilize complexes of a few interlayer excitons that would

otherwise dissociate. This enables us to study the energy scales involved in

both, direct and exchange dipolar interactions between multiple LIXs. More-

over, we will obtain insight into the steepness of the induced confinement

potential.
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CHAPTER 5

Discrete interactions between localized interlayer excitons

In this chapter, we will discuss the interactions between interlayer excitons

in a MoSe2-WSe2 HBL localized within a strain-defined potential. Confin-

ing the IXs to a nano-scale volume enhances interaction effects drastically,

giving rise to a substantial interaction energy of several meV even for only

two IXs present. We will first demonstrate that excitation-power-dependent

PL measurements enable us to differentiate between emission from states

with different numbers of IXs (NIX) present in the confinement potential.

Specifically, we will identify emission from single excitons (NIX = 1) up to

quintexcitons (NIX = 5). This allows us to directly measure the hierar-

chy of dipolar interactions between localized dipolar excitons in a common

trapping potential. We find that the energy cost to add one IX to the trap

increases with the number of IXs already present in the trapping potential

and compare the numerical values to predictions based on a model of point

dipoles in a harmonic trapping potential. Moreover, we observe that some

states energetically split into a doublet. We interpret the observed splitting

of the localized biexciton (NIX = 2) in terms of exchange interaction between

71
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the two constituent excitons and reproduce the observed value via numerical

modeling using realistic material parameters.

Comparing the observed energy scales with theoretical models, we find

that the particular trapping potential we examine in this chapter is charac-

terized by a confinement length of only a few nm. The strong interaction

energies we observe in this chapter render interlayer excitons in TMD-HBLs

a promising system for the realization of exotic quantum phases of matter,

quantum simulation or nonlinear optical elements. The contents of this chap-

ter follow our publication on the topic, [Kre20] which has been publushed

under a Creative Commons Attribute 4.0 International License.1 Any reused

material will be indicated. Many of the findings of this chapter have in the

meantime been confirmed by another group. [Li20]

5.1 Identifying few-exciton states in optical

spectroscopy

We have discussed the excitation-power dependence of LIX emission already

in section 4.3.1. There, we found that discrete spectral jumps to higher

emission energies occur upon increasing the excitation power. We interpreted

this as individual IXs being added to the trap, which results in a blueshift

due to the repulsive dipolar interactions between the LIXs. In order to verify

this hypothesis and give a more quantitative analysis of this phenomenon, we

shift our attention to a specific dataset recorded at pillar A, which features

only a small emission background from free IXs. (Note that thermal cycling

can result in spectral shifts of the LIX emission; hence the energy mismatch

between data presented in this and the previous chapter.)

Figure 5.1a displays LIX emission spectra for different excitation powers.

These spectra were acquired in a different measurement setup, compared to

the data presented in the previous chapter (apart from section 4.3.5) In par-

ticular, the temperature was 4K, the excitation wavelength was 532 nm and

the excitation spot was defocused due to the chromatic aberration of the

1http://creativecommons.org/licenses/by/4.0/
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Figure 5.1: Sequential filling of an IX trapping potential in

excitation-power-dependent PL measurements. (a) Example PL

spectra at pillar site A for different excitation powers at T = 4K under

defocused cw excitation with λ = 532 nm (unlike the power-dependent data

discussed in the previous chapter). (b) Photoluminescence intensities of the

individual LIX peaks marked in panel (a). (c) Selected ratios of the inten-

sities presented in panel (b). In panels (b) and (c), the gray dashed lines

mark the onset of saturation effects and the solid lines indicate power law

fits to the data. The respective power-law exponents for panels (b) and (c)

are given in Tables 5.1 and 5.2. Adapted from [Kre20].
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objective which was optimized for signal collection. (In this experiment, ex-

citation and signal were detuned by 400 nm.) Therefore, the given excitation

powers and the signal strength cannot be compared quantitatively to the the

values given in the previous chapter.

At the lowest excitation power of 79 nW, a single sharp line (labelled LIX1

in the figure) at 1.303 eV dominates the spectrum, in a similar manner to the

spectra in Fig. 4.4. The FWHM of this peak is 550meV, more than 35 times

narrower than the free-IX emission (∼ 20meV). As the excitation power is

increased towards 283 nW, the intensity of this process rises. For higher ex-

citation powers, however, the intensity exhibits a clear saturation behaviour

and eventually even decreases. Simultaneously, new emission peaks at higher

energies emerge. Among these new peaks, a doublet labelled as LIX2A and

LIX2B are the brightest in the low-power regime. The overall emission is

redistributed towards higher-energy peaks (LIX3A, LIX3B, LIX4 and LIX5)

with increasing excitation power. This behavior is in complete analogy to

the data presented in Fig. 4.4.

Our original explanation for these discrete spectral jumps was that the

increasing excitation power leads to a successive filling of the trapping poten-

tial, with the repulsive dipolar interactions giving rise to successively stronger

blueshift. In order to substantiate this interpretation, we analyzed the PL

intensities of the various LIX peaks observed in the spectra. The intensity of

LIX1, as determined from a Gaussian fit to the data, is depicted in the lowest

panel of Fig. 5.1b. A clear transition from the low-power regime, in which the

signal monotonously increases, to the saturation regime is visible and marked

by a gray dashed line. We fitted a power law of the form I(P ) = I0 ·Pα to the

data in the non-saturated regime, where I is the PL intensity, P is the ex-

citation power, and I0 and the power-law exponent α are fitting parameters.

The fitted α of 0.9± 0.1 indicates a close-to-linear dependence of the signal

on the excitation power. This is the expected behavior for single confined

excitons.

The intensities of the remaining LIX peaks are presented in the upper

three panels of Fig. 5.1b. Due to the broader linewdiths of these peaks and

their spectral proximity, we were not able to determine intensities of the in-
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Peak LIX1 LIX2A LIX2B LIX3A LIX3B

α 0.90± 0.10 1.96± 0.15 1.57± 0.12 3.48± 0.27 3.6± 0.7

Table 5.1: Power-law exponents of the excitation-power dependence of the

LIX peaks before saturation, as presented in Fig. 5.1b. Adapted from [Kre20].

dividual peaks via fitting over the whole excitation-power range. Instead,

we integrated the signal in a range of 120 µeV around their respective center

energies. The intensisties of all peaks increase monotonously with excita-

tion power in the low-power regime. As for the LIX1, all of these power

dependencies exhibit a kink that occurs at the same excitation power. This

simultaneous saturation behavior is a clear indicator that the peaks are di-

rectly correlated, i.e. are different states within the same trapping potential

and are not independent states from various traps inside the detection vol-

ume. We fitted the low-power dependence of LIX2A, LIX2B, LIX3A and LIX3B

with a power law analogous to LIX1. The extracted power-law exponents are

summarized in Table 5.1. For LIX2A and LIX2B, we find a clear superlin-

ear dependence with a power-law exponent close to 2. This is characteristic

of biexcitons. [Mil82, Bru94, He16b] LIX3A and LIX3B exhibit near-cubic

dependencies. However, the uncertainties of their power-law exponents are

relatively large due to the small number of available data points in the non-

saturated regime. For LIX4 and LIX5, we do not have any data that could

be used for a power-law fit. In order to incorporate also the data from the

saturated regime into our analysis, we consider the ratios of intensities of dif-

ferent peaks and compare this to predicitions from an independent-capture

model.

We consider excitons which are randomly captured by a potential trap

at a rate G, which (like the exciton generation rate) is proportional to the

excitation power. These excitons decay with a radiative lifetime τ . Both pa-

rameters could in principle depend on the occupation number N of the trap.

The occupation probabilities nN of the N-exciton states are then described

by the following set of rate equations:
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dnN

dt
=

(N + 1)nN+1

τN+1

− NnN

τN
+GN−1nN−1 −GNnN (5.1)

If trapping and recombination rate are independent of N, the steady-state

solution for these equations is known to be the Poissonian distribution:

nN =
(Gτ)N

N !
e−Gτ (5.2)

For a more general case, the exact distribution can take various different

forms. Focusing only on the ratio of populations of two states with occupa-

tion numbers N + 1 and N , a quick, induction-based proof can show that:

nN+1

nN

=
GNτn+1

N + 1
∝ Pexc (5.3)

This linear dependence persists even into the saturated power regime.

More generally, it follows that nN+M

nN
∝ PM

exc.

Figure 5.1c displays intensity ratios of selected pairs of LIX peaks. We

scaled the individual curves by constant factors for better visibility. In stark

contrast to the individual intensities, these ratios do not have a kink in their

excitation-power dependence upon transitioning into the saturated power

regime (marked by the gray dashed line), as the model predicts. We fit the

data with power laws over the entire power range. The fits are shown as solid

lines in the figure and the extracted power-law exponents are summarized in

Table 5.2.

Intensity ratio I2A/I1 I2B/I1 I3A/I2A

α 1.03± 0.05 0.72± 0.07 0.89± 0.15

Intensity ratio I3B/I2A I4/I3A I5/I4

α 0.34± 0.17 1.24± 0.24 1.17± 0.46

Table 5.2: Power-law exponents of the excitation-power dependence of the

LIX intensity ratios presented in Fig. 5.1c. Adapted from [Kre20].

We compared the intensities of both, LIX2A and LIX2B, to that of the sin-

gle exciton LIX1. Both ratios were found to depend linearly on the excitation
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power, clearly supporting the assignment of these two peaks as biexcitons.

The ratio of LIX3A to LIX2A exhibits a linear power dependence as well. This

implies that LIX3A consists of one more exciton than LIX2A and thus corre-

sponds to a triexciton. Fully analogously, we identify LIX4 as a quadexciton

and LIX5 as a quintexciton because of the linear power dependence of the

intensity ratios of LIX4 to LIX3A and LIX5 to LIX4, respectively. The least

clear case is that of the LIX3B, for which the uncertainty of the PL intensity

dataset is the highest. As a result, the power law for the low-power regime

has an exponent with a large uncertainty (3.6 ± 0.7), which could be inter-

preted as a triexciton or a quadexciton. Conversely, the intensity ratio of

LIX3B to LIX2A has the most sublinear dependence (α = 0.34± 0.17) among

the presented ones. Based on that intensity ratio, one would conclude that

LIX3B is either a biexciton or a triexciton. Both of these observations are,

however, compatible with the interpretation of the LIX3B as a triexciton.

Overall, the intensities of the various LIX peaks that emerge successively

upon increasing the excitation power offer detailed insight into the associated

states. We find complexes of one to five excitons which have spectrally clearly

separated emission. In the remainder of this chapter, we will analyze the

emission energies of the states which we have identified in this section in

order to examine interactions between localized interlayer excitons.

5.2 Direct dipolar interactions between local-

ized interlayer excitons

We fit the LIX emission spectra shown in Fig. 5.1a with Gaussian peaks

(which, as stated before, works for some peaks only in a limited power range)

and present the extracted emission energies of the various LIX features as

a function of excitation energy in Fig. 5.2a. No systematic spectral shift

with excitation power is observed for any of the peaks. Some random spec-

tral wandering is observed, in particular for LIX1, for which jumps of up to

∼ 1meV occurred between measurements. Comparing the different emis-

sion peaks, we find that a higher number of excitons generally results in a
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Figure 5.2: Direct dipolar interactions between localized interlayer

excitons. (a) Emission energies of various LIX peaks as a function of ex-

citation power. The values are determined from Gaussian fits to the data

presented in Fig. 5.1a. Error bars denote fit uncertainties and gray dashed

lines indicate mean energies for the multi-excitonic states. (b) Schematic il-

lustration of the spatial configurations of one to five dipolar excitons trapped

in a harmonic potential. Adapted from [Kre20].

higher emission energy. This is qualitatively expected since the IXs interact

repulsively with each other via dipole-dipole interaction.

More specifically, we find that the biexciton is blueshifted by (8.4± 0.6)meV

with respect to the single exciton. This large value is already a first indication

of the small confinement length scale. For comparison, a similar experiment

on dipolar excitons in InGaAs double quantum wells with (calculated) lat-

eral distances of ∼ 35 nm yielded a much smaller blueshift of less than 2meV

despite the larger dipole moment of e · 17 nm. [Sch13] This discrepancy can

only be explained by much shorter distances between the excitons in our
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experiments. The triexciton blueshift amounts to (12.4± 0.4)meV, whereas

the quadexciton and quintexciton blueshift are given by (15.5± 0.6)meV

and (18.2± 0.8)meV, respectively. For the biexciton (triexciton) value, we

averaged over LIX2A and LIX2B (LIX3A and LIX3B).

For a quantitative insight into the successively increasing interactions, we

calculated the binding energies of trapped multi-excitonic states classically

in terms of point-like dipoles in an isotropic 2D harmonic potential. This

model has been applied analogously to dipolar excitons in double quantum

wells and has described the experimental findings well. [Sch13] Note that we

define positive binding energies as an increase of the multi-particle-state en-

ergy compared to the energy of the well-separated constituent particles. We

parametrize the confinement potential in terms of a confinement lengthscale

ℓ such that the energy of a single exciton with total mass M in the trap,

displaced by a distance x from the potential minimum, reads:

Uharm =
1

2

ℏ2

Mℓ4
x2 (5.4)

Moreover, the potential energy of two IXs at a distance ∆ρ from the

mutual dipole repulsion is given by:

Udip =
(ed)2

4πϵ
(∆ρ)−3 (5.5)

Here, ed denotes the electric dipole moment composed of the elementary

charge e and the distance d between electron and hole, and ϵ = ϵ0ϵr is

the effective, absolute permittivity of the surrounding medium given by the

product of vacuum permittivity ϵ0 and relative permittivity ϵr. In order to

minimize dipole-dipole repulsion, the IX reside maximally spaced around an

equipotential of the harmonic trap. The constellations that arise from this

condition are a line (biexciton), an equilateral triangle (triexciton), a square

(quadexciton) and a regular pentagon (quintexciton), all centered around the

minimum of the harmonic potential, as illustrated in fig. 5.2b. As a function



80 Discrete interactions between localized interlayer excitons

of the nearest-neighbor distance ∆ρ, the harmonic and dipole-dipole potential

energies are then given by:

U2X = 2 · 1
2

ℏ2

Mℓ4

(
∆ρ

2

)2

+
(ed)2

4πϵ
(∆ρ)−3 (5.6)

U3X = 3 · 1
2

ℏ2

Mℓ4

(
∆ρ√
3

)2

+ 3
(ed)2

4πϵ
(∆ρ)−3 (5.7)

U4X = 4 · 1
2

ℏ2

Mℓ4

(
∆ρ√
2

)2

+ 4
(ed)2

4πϵ
(∆ρ)−3 + 2

(ed)2

4πϵ

(√
2∆ρ

)−3

(5.8)

U5X = 5 · 1
2

ℏ2

Mℓ4

(√
50 + 10

√
5∆ρ

10

)2

+ 5
(ed)2

4πϵ
(∆ρ)−3 + (5.9)

+5
(ed)2

4πϵ

(
1

2

(
1 +

√
5
)
∆ρ

)−3

We minimize each of these expressions to find the equilbrium interparticle

separation (e.g. ∆ρ = 5

√
6(ed)2

4πϵ
Mℓ4

ℏ for the biexciton) and equilibrium poten-

tial energy U0. Introducing Ẽ =
(

(ed)2

4πϵ

)2/5 (
ℏ2

Mℓ4

)3/5
, we find:

U2X
0 =

5

2 · 63/5
Ẽ ≈ 0.853Ẽ (5.10)

U3X
0 =

5 · 92/5

6
Ẽ ≈ 2.007Ẽ (5.11)

U4X
0 =

5
(
8 +

√
2
)4/5

22/533/5
Ẽ ≈ 3.642Ẽ (5.12)

U5X
0 ≈ 5.796Ẽ (5.13)

We emphasize that other spatial configurations of the excitons can easily

be shown to be less favorable than the ones discussed above. For example,

arranging three excitons in a line would result in U3X
0,line ≈ 2.650Ẽ > U3X

0 ,

a quadexciton with three excitons on a triangle and the fourth one in the

center would give U4X
0,triangle ≈ 4.163Ẽ > U4X

0 and a quintexciton consisting of

four excitons on a square surrounding the fifth in the trap center would have
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U5X
0,square ≈ 5.945Ẽ > U5X

0 . Combined with the energy of a single exciton

inside the trap EX , the transition energies of the multi-exciton states can

then be expressed as:

E2X→1X ≈ EX + 0.853Ẽ (5.14)

E3X→2X ≈ EX + 1.154Ẽ (5.15)

E4X→3X ≈ EX + 1.635Ẽ (5.16)

E5X→4X ≈ EX + 2.154Ẽ (5.17)

As can be seen from above equations, the blueshifts of all states show univer-

sal scaling with all system parameters. The ratios of blueshifts of different

emission peaks therefore eliminate the dependency on the precise parameters

and take fixed values. We denote the blueshift of the N-exciton peak with

respect to the single LIX as ∆1N , as depicted in Fig. 5.2a. Table 5.3 summa-

rizes the ratios of ∆1N for N = 3,4,5 to ∆12, as predicted by the model above

and as calculated from the experimentally determined emission energies.

Blueshift ratio Model prediction Experimental value

∆13/∆12 1.354 1.48± 0.12

∆14/∆12 1.918 1.85± 0.15

∆15/∆12 2.526 2.17± 0.18

Table 5.3: Ratios of the blueshifts of various LIX peaks with respect to the

single LIX.

Overall, we find good agreement between the theoretical predictions and

our experimentally observed values, especially considering the simplicity of

the model, which considers the excitons as classical point particles and as-

sumes a harmonic potential despite us having no microscopic insight into the

spatial dependence of the potential energy. Deviations from the model be-

come apparent for the quintexcitons. This can be expected: As the excitons

reside farther away from the potential minimum, any anharmonicities of the
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Figure 5.3: Theoretical model for the observed biexciton splitting.

(a) Sketch of the interlayer biexciton complex and the coordinate conventions

used in the main text. (b) Schematic illustration of biexciton states with

different symmetries of spatial and spin wavefunction. (c) Binding energy

(gray curves) and exchange splitting (red curves) of the trapped biexciton

as a function of the confinement length of the harmonic potential. Positive

binding energies correspond to an increase in energy. The gray-shaded (red-

shaded) energy range indicates the measured biexciton blueshift (splitting).

We assume d = 0.7 nm and me/h = 0.8/0.45m0. Adapted from [Kre20].

potential (which one can assume to be present but which are not included in

the model) will have a stronger impact on the observed energies.

5.3 Exchange splitting of the localized inter-

layer biexciton

In the discussion of dipolar interactions, we have neglected the existence

of multiple biexciton and triexciton peaks so far. In this section, we will

demonstrate how exciton-exciton exchange interaction can give rise to such

a sub-structure and model the biexciton complex to reproduce the observed

splitting of (1.2± 0.5)meV. All calculations were performed by our collab-

orator at the Max Planck Institute of Quantum Optics, Johannes Knörzer.
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We modified the method outlined in [Bon18] and start with a Hamiltonian

describing the biexciton complex of the following form:

H = H0 +Hint, (5.18)

where

H0 =
∑
i=1,2

[
− ℏ2

2µ

1

ρi

∂

∂ρi

(
ρi

∂

∂ρi

)
+

1

2
µΩ2

0ρ
2
i − (5.19)

− e2

4πε

(
1√

ρ2i + d2
+

1√
(ρi + (−)i∆ρ)2 + d2

)]
describes non-interacting excitons exposed to the weak harmonic confinement

potential and

Hint =
e2

πε

[
1

|ρ1 − ρ2 + 2∆ρ|
+

1

|ρ1 − ρ2 − 2∆ρ|
− (5.20)

− 1√
(ρ1 + ρ2 + 2∆ρ)2 + d2

− 1√
(ρ1 + ρ2 − 2∆ρ)2 + d2

]

represents the Coulomb interactions between the excitons. In equations 5.19

and 5.20, the coordinates ρ1 and ρ2 are in-plane projections of the relative

electron-hole coordinates of the interlayer excitons, as depicted in Fig. 5.3a,

and ∆ρ is the exciton-exciton distance, as introduced before. Moreover, d ≈
0.7 nm is the interlayer separation of the HBL that determines the strength

of the dipole-dipole repulsion and ϵ = ϵ0ϵr describes the effective dielectric

screening by the surrounding vacuum (upper) and SiO2 (lower) media. We

note that, in the simplest picture in which we average the values for vacuum

(upper cladding) and SiO2 (lower substrate), the effective dielectric constant

would be ϵr = (ϵvac + ϵSiO2)/2 ∼ 2.45. For the effective masses m∗, we use

m∗ = 0.8m0 (0.45m0) for the MoSe2 electrons[Lar18] (WSe2 holes[Fal16]). In

the formula, the reduced mass µ =
m∗

em
∗
h

m∗
e+m∗

h
appears in terms related to the

relative electron-hole motion. We characterized the strength of the harmonic

potential by the level splitting Ω. This level splitting and the localization

length (used in the previous section) are related via Ω = ℏ
mℓ2

.
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For each individual exciton, the confinement potential acts separately on

the center-of-mass motion and the relative motion: 1
2
meΩ

2r2e +
1
2
mhΩ

2r2h =
1
2
MΩ2R2

com + 1
2
µΩ2ρ2. In this, M is the sum of the particle masses and Rcom

is the center-of-mass coordinate. Analogous to [Bon18], we use an adiabatic

approximation, in which the center-of-mass positions of the individual exci-

tons are assumed to be static. In particular, we use ∆ρ as a fixed parameter,

which we deduce following the steps of the previous section. We therefore do

not write out terms that only influence the center-of-mass motion explicitly,

anymore.

In order to be able to follow the procedure in [Bon18], we need to de-

termine if and how the presence of the confinement potential impacts the

relative electron-hole motion within an exciton. For weak confinement po-

tentials (characterized by a confinement length larger than the exciton Bohr

radius), the exciton ground-state wavefunction still decays exponentially.

The effect of the confinement potential on the wavefunction extent can be

accounted for by replacing the layer distance d by an effective layer dis-

tance d̃ = d

3

√
1+

4πϵ0ϵrℏ2
2e2µℓ4

d3
. We evaluated the denominator of this expression for

ϵr = 3, µ = 0.25me and ℓ = 3nm and obtained a value of 1.00045. This small

correction using realistic parameter values verifies a negligible influence of the

confinement potential on the extent of the single-exciton wavefunction. The

confinement potential therefore merely dictates the equilibrium inter-exciton

distance ∆ρ and we can continue to follow the steps in [Bon18].

The indistinguishability of the two LIX composite bosons forming the

biexciton implies that the total wavefunction must be symmetric with re-

spect to IX exchange. This condition can only be satisfied when both spin

and spatial parts of the two-exciton wavefunction are simultaneously symmet-

ric or simultaneously antisymmetric, as illustrated schematically in Fig. 5.3b.

Thus, the spatial part of the two-IX (biexciton) wavefunction can take the

form Ψ ∼ 1√
2
[ψIX,1(ρ1)ψIX,2(ρ2)±ψIX,1(ρ2)ψIX,2(ρ1)], giving rise to two, ener-
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getically distinct biexciton states separated by the exchange energy 2J(∆ρ).

Here, J(∆ρ) is given by [Bon11]

J(∆ρ) =
1

3

∫ ∆ρ/
√
2

−∆ρ/
√
2

dy
∣∣Ψ(x,y)

∂Ψ(x,y)

∂x

∣∣
x=0

, (5.21)

where Ψ(x,y) is the ground state of eqn. (5.18) that has been transformed

to the coordinate system x = (ρ1−ρ2−∆ρ)/
√
2 and y = (ρ1+ρ2)/

√
2. This

expression can be calculated and written out explicitly: [Bon18]

J =
2N4

3
∆ρ

(
α∆ρ√

∆ρ2 + 4d2
+

1

3(α∆ρ− 1)

)
· (5.22)

·
(e
3

)2∆ρ/(α∆ρ−1)

· exp
[
−2α

(√
∆ρ2 + 4d2 − 2d

)]
In this expression, we use atomic units (modified for the exciton). In

particular, all lengths are expressed in units of the Bohr radius aB = 4πϵ0ϵrℏ2
µe2

(where e is the elementary charge, unlike in equation (5.22), where it is

Eurler’s number) and energies are given as multiples of the Rydberg energy

R = µe4

8cϵ20h
3 . We furthermore use the abbreviations N = 4√

1+4
√
d+8d(1+

√
d)

and

α = 2
1+2

√
d
. We numerically evaluate equation (5.22) for the value of ∆ρ that

minimizes the center-of-mass energy (as discussed in section 5.2) and obtain

the absolute energies of the two biexciton states:

ELIX2B/A = 2ELIX1 +
2d2

4πε(∆ρ)3
+

ℏ2 (∆ρ)2

4m∗l4
± J (∆ρ) = (5.23)

= 2ELIX1 + Ebinding ± J (∆ρ)

Again, a positive binding energy refers to an increase in energy of the

biexciton state compared to two isolated excitons. Representative results of

our calculations are presented in fig. 5.3c that depicts the numerically eval-

uated biexciton binding energy and exchange splitting as a function of the

effective confinement lengthscale ℓ. The three curves presented on the figure

correspond to effective dielectric constants ϵr = 2 − 4. The experimentally
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observed blueshift of LIX2 of (8.4± 0.6)meV is consistent with a confine-

ment length scale in the range ℓ = 2.5 nm to 3.0 nm, with relatively weak

sensitivity to the effective dielectric constant. We interpret the existence of

two biexciton states, split by (1.2± 0.5)meV, as reflecting the existence of

two distinct spatial wavefunctions with even and odd symmetry with respect

to IX exchange, as discussed above. The red curves presented in fig. 5.3c de-

note the calculated exchange splittings 2J(ℓ) for the same range of effective

dielectric constants. The red-shaded region indicates the measured splitting

of the biexciton peak. Remarkably, our model calculations simultaneously

reproduce both the observed biexciton binding energy and the exchange split-

ting for a dielectric constant in the range ϵ ≈ 3, very close to the average

dielectric constant of the environment ϵvac−SiO2 = 2.45, and an effective con-

finement length scale of ℓ ⪅ 3 nm. Thus, we conclude that the strain-induced

trapping potentials in the vicinity of the nanopillars give rise to nanometer-

scale confinement traps in which the LIX interact via direct and exchange

Coulomb interactions in the range of a few meV.

5.4 Summary

In this chapter, we have covered the direct and exchange dipolar interactions

between localized interlayer excitons. We have identified states from single

excitons up to quintexcitons based on the characteristic excitation-power

dependence of their emission. Overall, we found that an increased particle

number results in higher-energy emission, in accordance with the repulsive,

dipolar interaction between IXs. In the dataset analyzed in this chapter, we

find that the localized biexciton is blueshifted by (8.4± 0.6)meV from the

single localized exciton, a value greater than what is observed in comparable

systems like III-V double quantum wells. The relative shift of complexes of

multiple excitons are well captured by a model of point-like, classical dipoles

in a harmonic trapping potential.

Moreover, we found that some of the peaks (biexciton and triexciton)

are split into doublets. Interpreting this splitting as arising from exciton-
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exciton exchange interaction, we reproduced the observed biexciton split-

ting of (1.2± 0.5)meV modelling interactions with realistic parameter val-

ues. Taking into account dipolar and exchange interactions, we deduce a

confinement length of 3 nm for the examined potential trap. In summary,

we find good quantitative agreement between spectroscopic data of 1 to 5

localized interlayer excitons and their modelled direct and exchange dipolar

interactions. The magnitude of the observed interaction energies renders IXs

in TMD-HBLs a promising platform for the exploration of novel interacting

phases of matter and for non-linear optical elements.
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CHAPTER 6

Excitons in twisted bilayer MoSe2

In the previous chapters, we have investigated interlayer excitons in a MoSe2-

WSe2 heterobilayer, which have been localized to a nanometer-sized area by

strain-induced potentials, to explore an extreme regime of repulsive interac-

tions between excitons. For applications in quantum technologies, a system

with similar interaction effects but a higher degree of controllability would be

highly desirable. Twisted MoSe2 bilayers may fulfill these requirements. The

lowest-energy excitons in MoSe2 with a twist angle of 0° have recently been

demonstrated to have a considerable dipolar character, potentially facilitat-

ing strong exciton-exciton interactions. [Sun20] Moreover, the twist angle in

TMD bilayers offers control over the superlattice period, which can define

exciton confinement lengths, as seen in moiré-trapped excitons in heterobi-

layers. [Tra19, Sey19, Jin19]

In this chapter, we present the first systematic study of excitonic prop-

erties of artificial MoSe2 bilayers as a function of twist angle. We produce

samples with twist angles spanning the relevant parameter range of 0° to 60°

using the tear-and-stack technique. [Kim16] By combining PL and reflectiv-

ity measurements, we examine A excitons and trions, as well as momentum-

89
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indirect excitons. The A-exciton energy exhibits relatively weak sensitivity

to the twist angle in the range 10° to 50° but abruptly decreases in the

vicinity of 0° or 60°, indicating enhanced interlayer coupling at these angles.

The hypothesis of reduced interlayer coupling between 10° and 50° is further

supported by the lack of clear indirect-exciton features and the brightening

of the A exciton in the according samples. Finally, we present continuum-

model calculations of excitons in the moiré potential of a twisted MoSe2

bilayer, which reproduce and explain our experimental findings.

The contents of this chapter follow our publication on these topics.1

[Vil23] Any reused material will beindicated.

6.1 Fabrication of twisted MoSe2 bilayers

For the studies presented in this chapter, we produced a series of samples

featuring artificial MoSe2 bilayers with varying twist angles. Each of these

bilayers is encapsulated in layers of hBN (typically 10 nm to 30 nm thick)

and placed on a Si-SiO2 substrate. In order to fabricate the bilayers with

optimal control over the twist angle, we employed the tear-and-stack tech-

nique, [Kim16] a version of the hot-pick-up method, [Wan13, Piz16] which

we show schematically in Fig. 6.1. Microscope images from the fabrication of

a sample containing a MoSe2 bilayer with a twist angle of 20° are presented

in Fig. 6.2.

Fig. 6.1a shows the design of the stamps that we used for the tear-and-

stack process. We place transparent PDMS pillars with a dome-shaped top

onto a glass slide, which allows us to mechanically manipulate the whole

stamp and to view the fabrication process through the stamp. A thin layer

of poly-carbonate (PC) is stretched over the dome. Depending on tempera-

ture, the adhesion of vdW materials to the PC film is stronger than to SiO2

substrates, such that flakes can be picked up in the desired order before we

deposit the entire stack onto a substrate in a final step. [Piz16]

1https://doi.org/10.1103/PhysRevLett.130.026901
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Glass slide

PDMS dome

PC film

Substrate

TMD monolayer

hBN

Stamp

Stamp design:

a

b c d

e f g

Figure 6.1: Tear-and-stack fabrication of twisted TMD bilayers.

(a) Design of the PC-based stamps used in tear-and-stack fabrication. (b-

g) Schematic illustration of the fabrication steps. More detailed description

in the main text.

As a first step, we exfoliate all materials separately onto Si-SiO2 sub-

strates and identify suitable flakes. The final heterostructure is assembled

from the top to the bottom layer. We choose a designated top hBN flake,

which ideally features a long straight edge, and bring the tip of the stamp

into contact with the substrate in the vicinity of this hBN layer, as seen

in Fig. 6.2a. There, substrate and stamp are already in contact on the left

edge of the picture. Where stamp and substrate are close, but not yet in

contact, colorful Newton rings can be seen. As the stamp is lowered further,

the contact area expands until also the hBN flake touches the stamp. After

waiting for one minute, we retract the stamp in order to lift the hBN off the

substrate.
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a b c

d

g h i

e f

50 µm

hBN 1L-MoSe2

hBN

Figure 6.2: Fabrication of a twisted MoSe2 bilayer sample. More

detailed description in the main text. The scale bar in panel (a) applies to

all panels.

The hBN adhering to the stamp is then partially aligned with a monolayer

of MoSe2, as seen in Figs. 6.1b and 6.2b. In the latter, the contours of the

hBN flake are outlined with dashed lines to enhance visibilty despite the

faint contrast. Only a part of the monolayer, outlined by the hBN flake,

is supposed to be lifted off. The straight edge of the hBN helps to define

this part more clearly. We lower the stamp again, having the contact edge

between substrate and stamp only progress until the end of the hBN flake,

as shown in Figs. 6.1c and 6.2c. The contact edge often still advances after

the lowering of the stamp has been stopped, possibly due to imperfections

in the mechanics or due to thermal expansion. We therefore aimed to pick

up less than half of the monolayer, such that enough material remained even

if too much was picked up accidentally. We lift the stamp again, picking up

only the material that was in contact with the PC or the hBN, as depicted in
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Figs. 6.1d and 6.2d. In particular, comparison of Figs. 6.2b and 6.2d reveals

that the parts of the MoSe2 monolayer which were within the contact region

now have a reduced contrast to their surroundings, since they do not sit on

top of the substrate anymore. We then rotate the substrate by the desired

twist angle and align the lifted-off part of the monolayer with the remaining

part on the substrate (Figs. 6.1e and 6.2e). We bring stamp and substrate

into contact (Figs. 6.1f and 6.2f), such that the two parts of the monolayer

form a bilayer. Since they were part of the same crystal, their crystal axes

were aligned before the substrate was rotated. Their mutual twist angle

therefore corresponds to the angle by which the substrate was rotated. The

stamp is lifted again (Fig. 6.1g) and now carries the top hBN and the twisted

bilayer.

In order to complete the vdW heterostructure, we pick up a bottom hBN

layer, as shown in Fig. 6.2g. During the entire assembly of the heterostruc-

ture, we heat the substrates to 110 °C to promote adhesion of the vdW mate-

rials to the stamp. We keep the stamp in proximity to the heated stage such

that its temperature also stays close to that value. Otherwise, the PC would

contract and could ripple or detach from the PDMS dome. We deposit the

entire heterostructure on a clean Si-SiO2 substrate at a temperature of 180 °C.

This higher temperature melts the PC, such that it remains on the substrate,

as the stamp is retracted again. Moreover, many impurities trapped between

the layers become mobile at this temperature, such that they can be pushed

out as substrate and stamp are pressed together. [Pur18] After the stamp

has been removed, the heterostructure remains on the substrate, covered by

the melted PC film, as seen in Fig. 6.2h. The substrate is left to cool down

to room temperature. In order to remove the PC residue, the sample is left

in choloroform for 1 hour, followed by rinsing in fresh chloroform for four

hours, acetone for four hours and IPA for twelve hours. A microscope image

of the finished and cleaned sample is presented in Fig. 6.2i. The visibility

of the MoSe2 layers in this sample is reduced without the surrounding PC

film. In total, we produced samples with nine different twist angles: 0°, 3°,

8°, 12°, 20°, 30°, 40°, 54° and 60°. We were able to reproduce the results for

the twist angles 0° and 8° by creating one additional sample for both angles
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and repeating the measurements (detailed in the following sections) on them.

For reference, we also made a sample containing a natural (2H) bilayer with

pristine and encapsulated areas.

6.2 Optical spectroscopy of the A exciton in

MoSe2 bilayers

Since MoSe2 monolayers are direct-bandgap semiconductors in contrast to

few-layer and bulk MoSe2, which have an indirect bandgap, pronounced

differences in the PL intensity of the monolayer and bilayer regions of the

samples are expected. We demonstrate this with the sample shown in the

microscope image in Fig. 6.3a. The two main parts of the original MoSe2

monolayer are outlined by black (top) and red (bottom) dashed lines. In

the overlap region, they form a bilayer with a twist angle of 30°. Figure 6.3b

depicts the spatially resolved PL signal in the spectral range 1.5 eV to 1.7 eV,

which includes the MoSe2 A exciton, at T = 10K. The monolayer regions

clearly display brighter emission than the bilayer region, as expected.

We present example spectra from the monolayer and bilayer region in

Figs. 6.3c and d, respectively. Both regions exhibit emission from neutral ex-

citons and trions. Besides the PL intensity reduction, the bilayer region

displays a redshift of the emission: In the example spectra, the neutral

exciton is shifted from 1.644 eV to 1.626 eV and the trion is shifted from

1.615 eV to 1.600 eV. The energetic reduction in the bilayer region has two

major contributions: Hybridization of electronic states between the layers

[Li07, Spl10] and dielectric effects. [Uge14, Raj17, Flo18, Cho18] In prin-

ciple, the A-exciton energy has a rather small sensitivity to its dielectric

environment because the bandgap and the exciton binding energy are both

reduced as the surrounding dielectric constant is increased, leaving only small

net changes. [Lin14, Sti16, Flo18] However, the contrast in dielectric constant

between hBN and MoSe2 is very pronounced: MoSe2 has a static dielectric

constant of 7.2 (16.8) in in-plane (out-of-plane) direction, whereas hBN only

has a static dielectric constant of 6.93 (3.76) in in-plane (out-of-plane) di-
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5 µm

1L

2L

Figure 6.3: Photoluminescence from monolayer and twisted bilayer

MoSe2. (a) Microscope image of a vdW heterostructure consisting of hBN,

bilayer MoSe2 with a twist angle of 30° and hBN on top of a Si-SiO2 substrate.

The two partially overlapping MoSe2 monolayers are outlined with dashed

lines. (b) Spatially resolved integrated PL signal of the sample depicted in

panel (a) between 1.5 eV and 1.7 eV, revealing the bright monolayer and the

darker bilayer regions. (c, d) Example spectra from the monolayer (c) and

the bilayer (d) regions of the sample. The data presented in panels (b-d) was

acquired at T = 10K with excitation at λ = 532 nm and an excitation power

of 500 nW. Adapted from [Vil23].
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rection. [Lat18] This discrepancy can already account for redshifts up to the

order of ∼ 15meV. [Cho18]

We compared PL emission from monolayer and bilayer regions in samples

containing MoSe2 bilayers with twist angles ranging from 0° to 60° in order

to probe the impact of the twist angle on the properties of the A exciton.

Figures 6.4a-i display PL spectra at T = 10K from samples with bilayer twist

angles as indicated in the top right corner of each panel. The dashed lines

are monolayer spectra, which we give for reference and to which we normalize

the PL intensity in each panel. The twist angle in the bilayer region should

not impact the excitonic properties of the monolayer region. However, we

observe slight variations of the A-exciton energies between samples, even in

the monolayer regions, which most likely stem from strain variations. [Fri17]

The solid curves are spectra from the bilayer region, which we scale up by

a factor of eight w.r.t. the respective monolayer spectra for better visibility.

Overall, we see a clear reduction in PL intensity. The bilayers with twist

angles of 0° and 60° feature no discernible PL in the depicted range. The

samples at 3°, 8° and 54° show some PL signal but it is at the same energy

as the respective monolayer emission. In these samples, the bilayer region

also turned out to be narrow (in the range of 1µm to 2 µm), such that the

most likely origin of these feature is that we probed the adjacent monolayers

region at the edge of our excitation spot. In conclusion, we find no evidence

for bright bilayer A-exciton emission for twist angles in the ranges 0° to

8° and 54° to 60°. This behavior is analogous to natural bilayers with 2H

stacking order. For comparison, we present the PL spectra from a pristine

(not encapsulated) MoSe2 monolayer and a natural (2H) bilayer in Fig. 6.4j

in the same manner as the previous plots. Again, no bilayer emission can be

seen in the depicted range. Instead, excitons relax into momentum-indirect

states at lower energies, as we will discuss in section 6.3.

The emission patterns of samples with larger twist angles (12° to 40°)

differ notably from this behavior, as seen in Figs. 6.4d-g. There, the bilayer

spectra always exhibit PL features, whose center energies are also distinctly
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Figure 6.4: Direct-exciton photoluminescence of twisted MoSe2 bi-

layers. (Figure on page 97.) (a-i) Photoluminescence spectra from samples

containing MoSe2 bilayers with different twist angles (denoted in the top

right corner of each panel) recorded at T = 10K. For reference, we present

normalized spectra from the monolayer regions of each sample as a dashed

line. The bilayer spectra are shown as solid lines and scaled with a factor of

eight relative to their respective monolayer spectrum. The monolayer spec-

tra are offset by 0.3 for visibility. If an exciton (trion) peak was identified

in both regions, we indicated it with a gray (red) line. Again, dashed (solid)

indicators are used for the monolayer (bilayer) spectra. (j) Spectra from an

unencapsulated sample containing a natural (2H) MoSe2 bilayer, showcased

analogously to panels (a-i). (k) Exciton and trion transition energies for

samples, in which the respective feature could be identified in monolayer and

bilayer regions. Gray squares (red circles) indicate excitons (trions). Empty

(full) data points and dashed (solid) lines represent monolayer (bilayer) data.

Adapted from [Vil23].

different from those of the monolayer. The bilayer spectra typically consist of

two peaks with intensity ratios which vary between the samples. This behav-

ior is well-known in MoSe2 monolayers, which can exhibit varying ratios of

emission from the neutral exciton (1.65 eV) and the charged trion (1.62 eV)

depending on the individual free-carrier density of the flake. [Ros13] In fact,

the ratios of the higher-energy and lower-energy peak in the bilayer regions

in our samples mimic those of the neutral exciton and charged trion in the

respective monolayer regions. This can be seen most clearly when comparing

Fig. 6.4d, which features two equally large peaks in bilayer and monolayer re-

gion, and Fig. 6.4f, in which the lower-energy peak is much more pronounced

in monolayer and bilayer region. We therefore conclude that the two peaks in

the bilayer emission spectra also correspond to neutral excitons and trions,

whose relative intensities depend on the free-carrier density of the MoSe2

flakes.
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If the neutral exciton (charged trion) was visible in monolayer and bilayer

regions of the same sample, we marked it with a gray (red) line in Figs. 6.4d-

g as a guide to the eye. The monolayer (bilayer) feature was denoted by a

dashed (solid) line. In order to quantify the energy shift between the different

sample regions, we fitted both features with Gaussian peaks, individually for

each sample position (on a grid of 250 nm), which we could unambiguously

identify as monolayer or bilayer. For each position j, we determined the

integrated PL intensity Aj and the center energy Ej of neutral exciton and

trion. We calculated the weighted average of the emission energy Ē =
∑

j AjEj∑
j Aj

and the respective standard deviation ∆E =

√∑
j AjE2

j∑
j Aj

−
(∑

j AjEj∑
j Aj

)2
. In

Fig.6.4k, we plot the obtained average energies of the neutral exciton in

gray and of the trion in red. Open data points and dashed lines represent

monolayer data, whereas bilayer data are depicted with filled data points

and solid lines. The error bars indicate the weighted standard deviation,

as defined above. We noticed sample-to-sample variation in the monolayer

data, most notably when comparing the trion energies of the 12° sample and

the 40°. These variations are comparable to the statiscal fluctuations within

the samples. There is a consistent redshift from the monolayer to the bilayer

data in the range of 15meV to 30meV, which we will discuss in more detail

after presenting the reflectivity data.

We were not able to probe the A exciton resonances of samples with

small twist angles (0° to 8° and 54° to 60°) using non-resonant PL experi-

ments, presumably because the A-exciton population relaxes into states of

lower energies before radiative recombination can occur, in analogy to nat-

ural MoSe2 bilayers. (This will be discussed in sections 6.3 and 6.4.) How-

ever, these (momentum-direct) transitions can be detected in white-light-

reflectivity measurements due to their large optical dipole moment. [Eva71,

Ane80] The overall (spectrally resolved) reflected light intensity, however,

does not only depend on the exciton resonance: The excitation source already

features a characteristic emission spectrum and the detection efficiency of the
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Figure 6.5: Direct-exciton reflectivity of twisted MoSe2 bilayers.

(a, b) Top: Differential reflectivity spectrum (gray) of a MoSe2 monolayer (a)

and a bilayer with 12° twist angle (b), and Lorentz-oscillator fits to the data

(red). Bottom: Real (gray) and imaginary (red) part of the refractive index

obtained from the Lorentz-oscillator fit. (c-h) Differential reflectivity spectra

(gray) and Lorentz-oscillator fits (red) of samples containing MoSe2 bilayers

with the twist angles denoted in the upper right corner. The faint curves are

monolayer spectra from the respective sample for reference, whereas the bi-

layer spectra are plotted in stronger shades. The 20° bilayer spectrum could

not be fitted sufficiently well and is therefore displayed without a fit curve.

(i) A-exciton energies as function of the bilayer twist angle as extracted from

Gaussian fits to the reflectivity data. Open (filled) data points and dashed

(solid) lines denote data from the monolayer (bilayer) regions of the sample.
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setup depends on the wavelength. To suppress the impact of emission spec-

trum and detection efficiency, we only show the spectrally resolved differential

reflectivity DR =
Ron−Roff

Roff
. Here, Ron is the reflected intensity on the area

of interest, i.e. the full heterostructure in either the MoSe2 monolayer or the

bilayer region, and Roff is a reference spectrum of the heterostructure with-

out any MoSe2 but including top and bottom hBN layers. Moreover, optical

interference effects within the thin-film sample can modulate its reflectivity.

These effects are also taken into account by our theoretical model using the

transfer-matrix method (see below and section A.10 of the appendix).

We present the differential-reflectivity spectrum of the monolayer region

in the 12° sample in the upper panel of Fig. 6.5a as a gray line. The spectrum

exhibits a very pronounced peak in the general vicinity of the A-exciton

energy but the maximum of the curve does not have to coincide with the

center energy of the resonance. (We have also performed these reflectivity

experiments at higher energies, in the range of the MoSe2 B exciton. These

data are discussed in section A.11 of the appendix.) For a quantitative

analysis of the data, we modelled the refractive index of the MoSe2 monolayer

as a single Lorentz oscillator and calculated the differential reflectivity based

on the transfer-matrix method (see section A.10 for more details). We leave

the parameters (amplitude, resonance energy, width and offset of the real

part) of the Lorentz oscillator as well as the thicknesses of the hBN layers

undefined and fit this model to the differential-reflectivity data. The fit

results are depicted as a red line in the top panel of Fig. 6.5a. The fit agrees

very well with the experimentally obtained differential-reflectivity spectrum.

The fitted models for the differential reflectivity include the energy-de-

pendent complex refractive index, which we present in the bottom panel of

Fig. 6.5a. This fitted refractive index can be compared to literature val-

ues, which were measured using more direct methods, such as ellipsome-

try. [Par18, Liu20b] Before approaching the A-exciton resonance, the real

part of the refractive index is ∼ 4, agreeing well with previous reports.

[Par18, Liu20b] The amplitude of the resonance, on the other hand, seems to

be a little overestimated by our model: The imaginary part of the refractive

index rises above six whereas reported values are instead close to or slightly
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above one. [Par18, Liu20b] At the same time, the real part of the refractive

index drops below one for a small spectral range, which is not physically

impossible but an extreme result.

There are several possible reasons for this discrepancy: The A exciton is

spectrally close to the B exciton such that the single-oscillator model may

be an over-simplified model. In fact, direct measurements of the complex

refractive index reveal that the imaginary part, which is associated with

absorption, only decreases to half of the maximum value at the A-exciton

resonance between A and B exciton, [Par18, Liu20b] whereas it is allowed

to decrease to zero in our model. Analogously for the real part of the re-

fractive index, the influence of other resonances cannot be assumed to be

a constant value in the fitted region. Moreover, leaving the hBN and SiO2

layer thicknesses as a fit parameter could result in the model assuming a

wrong heterostructure geometry, which could lead to errors in the obtained

dielectric function.

We present the differential-reflectivity spectrum from the bilayer region

(twist angle 12°) in the top panel of Fig. 6.5b, accompanied by a fit with the

previously described model as a red curve. Again, the model reproduces the

spectrum well. The extracted refractive indices shown in the bottom panel

once again take reasonable values below the A-exciton energy but overesti-

mate the amplitude of the resonance. Comparing the obtained resonance

energies for the monolayer and the bilayer (marked by dashed lines in their

respective panels), we find a redshift of ∼ 25meV in agreement with the

results of our PL measurements.

Differential-reflectivity spectra from samples with other bilayer twist an-

gles are given in Figs. 6.5c-h with the twist angles specified in the top right

corners. Each panel includes a reference monolayer spectrum in light gray

and a bilayer spectrum in dark gray. We plot Lorentz-oscillator fits to the

data in red, except for the 20° bilayer, where the measured data could not be

reproduced by our model. In all other cases, good agreement between data

and fits is observed. Only the 0° bilayer spectrum features a broad peak with

hints of a substructure that was not resolved in the experiments. Again, the

bilayer spectra exhibit consistent redshifts when compared to their mono-
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layer counterparts. This effect is most pronounced for the twist angles of 0°

and 60°.

The weighted average resonance energies and their uncertainties for the

different samples are presented in Fig. 6.5i. For this, we analyzed the reflec-

tivity spectra in many spots (between 53 and 178) for each sample and aver-

aged as described before for the PL. This procedure could not be applied to

the 54° sample since the bilayer region in that sample was too small. Many of

the spots didn’t allow proper fitting with the Lorentz-oscillator model. Since

the spot size is enhanced compared to the PL experiments, most spots do

not exhibit pure mono- or bilayer character (like the spectra showcased in

Figs. 6.5a-h) but feature both mono- and bilayer regions or have reduced ex-

citon features because parts of the excitation spot do not contain any MoSe2

at all. These constellations could only be described by combining differ-

ent reflectivity spectra, each obtained from an individual resonance, which

would have introduced a multitude of parameters to the model. Instead,

we fitted the reflectivity peaks locally with Gaussian peaks after verifying

with the pure mono- and bilayer spectra that this analysis method can be

used equivalently (see appendix, section A.10). Using this Gauss-fit method

(and accounting for its introduced offset), we obtain the energies shown in

Fig. 6.5i.

Figure 6.6 summarizes our findings on A-exciton energies from PL and

reflectivity spectroscopy at low temperatures. Signatures from the neutral A

exciton appeared in the bilayer PL for large twist angles between 8° and 30°.

(The 40° sample featured mostly trion emission, most likely due to a high

free-carrier density.) The neutral-exciton energies (bilayer and monolayer for

reference) obtained from PL measurements are presented in Fig. 6.6a. Re-

flectivity measurements contain signatures from the neutral exciton in the

bilayer region independent of twist angle. The extracted values are sum-

marized in Fig. 6.6b. Where the neutral exciton also appeared in PL, the

energies from PL and from reflectivity measurements match well, validating

the simplified analysis method for the reflectivity spectra. Trion signatures

only appeared in PL experiments and are limited to the range of high twist

angles (12° to 40°). The obtained energy values are given in Fig. 6.6c. In all
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Figure 6.6: A-exciton energies in bilayer MoSe2 as a function of twist

angle. (a-c) Energies of the neutral A exciton obtained from PL (a) and

reflectivity (b) measurements and trion energies obtained from PL measure-

ments (c) as a function of bilayer twist angle. The solid lines and filled data

points represent the bilayer data whereas the data of the monolayers in the

corresponding sample are given for reference as open data points and dashed

lines. The error bars give the standard deviation of the resonance energies

across the samples. (d) Energy shift between monolayer and bilayer regions

for excitons and trions calculated from the data presented in panels (a-c).

The color coding matches the color coding in the other panels. Negative

shifts correspond to an energy reduction in the bilayer region with respect

to the monolayer region. Adapted from [Vil23].
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cases, we evaluated the monolayer energy of the samples as well in order to

account for general spectral shifts in the individual MoSe2 flake.

We present the energy shift from monolayer to bilayer region as a function

of bilayer twist angle in Fig. 6.6d. Here, we combine the data from the neutral

exciton as obtained from PL (gray squares) and reflectivity (red circles) as

well as data from the trion as obtained from PL (blue triangles). In the large-

angle regime, where we have data from all three cases, they exhibit matching

behaviors: The redshift in the bilayer region is between 15meV and 25meV.

The dependence on the twist angle is not pronounced but the redshift appears

to be weakest for the maximum twist angle of 30°. The reflectivity data from

the samples with twist angle 0° and 60° reveal a significant increase of the

redshift to ∼ 38meV.

The dependence of the bilayer A exciton energy on the bilayer twist an-

gle has been studied in other TMD systems as well. Some reports on WS2

[Yan19] and MoS2 [vdZ14, Liu14] state that the A-exciton energies as ob-

tained from PL were independent of the twist angle.2 However, the same

reports contain density-functional-theory (DFT) calculations that predict a

slightly lower A exciton energy at 0° and 60° on the order of 10meV related

to an enhanced layer separation at larger twist angles, [Yan19, vdZ14, Liu14]

which is the exact behavior observed in our experiments.

There have also been some recent reports on artificial MoSe2 bilayers,

although, to our knowledge, no comprehensive study on the excitonic prop-

erties as a function of twist angle outside of ours is available. Marcellina

et al. present photoluminescence spectra of bilayers with twist angles close

to 0° and 60°, which exhibit emission bands, which they interpret as stem-

ming from moiré-trapped trions. [Mar21] Comparing spectra from monolayer

and bilayer regions within their samples, they do not observe any systematic

exciton-energy reduction, in stark contrast to our findings. On the other

2For completeness, it should be mentioned that also reflectivity measurements are

presented in [vdZ14]. There, the top and bottom monolayer are spectrally detuned by

∼ 40meV due to the fabrication process. The homobilayers display a feature, which is

energetically between the individual monolayers. There are indications that this feature

redshifts for twist angles close 0° but the data is not fully conclusive.
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hand, Sung et al. present a detailed study of MoSe2 bilayers with a twist

angle of 0°, addressing the static electric dipole moment of different excitonic

features. [Sun20] In analogy to our results, they see an energetic reduction

of the A exciton in the bilayer region by several tens of meV. We cannot

offer any conclusions on what causes the discrepancy between the findings

by Sung et al. and in this thesis on one side and Marcellina et al. on the

other side. However, we will present a theoretical description of excitons in

twisted MoSe2 bilayers in terms of a continuum model in section 6.4, which

is in agreement with our findings.

Finally, we examined the photoluminescence of the A exciton in mono-

layer and twisted bilayer at different excitation-power densities in order to

probe possible non-linear dynamics. As a reference, we first present PL spec-

tra of monolayer MoSe2 at different example excitation powers in Fig. 6.7a.

The spectra feature prominent emission peaks from the neutral exciton,

marked X, and from the trion, marked T. The PL intensity increases with

the excitation power but no qualitative differences between the spectra are

observed. We fitted the neutral-exciton and the trion peak with Gaussian

functions in order to quantify the influence of the excitation power. Fig-

ure 6.7b displays the energies of the neutral exciton and trion in gray and red,

respectively, as function of the excitation power. At powers below ∼ 200 nW,

the PL intensity of the neutral exciton is low compared to the measurement

noise, resulting in a larger uncertainty of the fitted energy. Apart from that,

no influence of the excitation power on the resonance energies is observed.

We give the integrated PL intensity of both peaks in Fig. 6.7c, where

gray and red data points represent the neutral exciton and the trion, respec-

tively. In both cases, the slope in double-logarithmic representation remains

constant, indicating that a single power law of the form I(P ) = I0 ·Pα can de-

scribe the data. Here I denotes the integrated PL intensity, P the excitation

power and I0 and the power-law exponent α can be used as free parameters.

Fitting these power laws to the data, we find exponents of αX = 0.905±0.011

for the neutral exciton and αT = 0.985± 0.005 for the trion. Both are close

to one, indicating a linear dependence. The population dynamics of both

states therefore appear to be governed by linear processes, such as radiative
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Figure 6.7: Excitation-power-dependent PL from A excitons and

trions in monolayer and twisted bilayer MoSe2. (a) PL spectra of

monolayer MoSe2 at different excitation powers. (b, c) Emission energy (b)

and integrated PL intensity (c) of A excitons (gray) and trions (red) as a

function of excitation power. (d-f) The same quantities as in panels (a-c)

for a bilayer of MoSe2 with a twist angle of 20°. The offset between the

groups of curves in panel (d) is due to data with different exposure times

of the camera being used. All spectra were aquired at T = 10K with an

excitation laser at λ = 532 nm.
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recombination or energetic relaxation into a continuum of states. This is in

complete agreement with previous studies on monolayer MoSe2.
3 [Bar17]

Photoluminescence spectra from a MoSe2 bilayer with a twist angle of

20° at different excitation powers are given in Fig. 6.7d. As in the mono-

layer case, we observe emission from the neutral exciton and the trion. Both

are at lower energies compared to the monolayer. The PL intensity of both

peaks increase as the excitation power is increased, without any changes in

the overall shape of the spectrum. At the high-energy end of the depicted

spectral range, two groups of spectra can be identified via their distinct base-

lines. This contrast is due to different acquisition times of the camera for

the different measurements. Again, we evaluated resonance energies and in-

tegrated PL intensities of both major features for each spectrum by fitting

a Gaussian function to the data. The obtained resonance energies are pre-

sented in Fig. 6.7e. Gray (red) points denote the neutral exciton (trion) data.

Over the two and a half orders of magnitude of excitation power which we

examined, no change in the resonance energy is found. The dependence of

the integrated PL intensities on excitation power, given in Fig. 6.7f with the

same color coding as before, can be described by single power laws again. We

find αX = 0.983± 0.004 and αT = 0.988± 0.004. In complete analogy to the

monolayer case, the population dynamics of neutral A excitons and charged

trions in twisted MoSe2 bilayers are entirely linear within the studied range

of excitation powers. The same behavior was found for the other bilayer

twist angles which featured A-exciton emission.

3Older studies will often report strong photodoping for Mo-based TMDs, meaning

that strong laser illumination increases the free-carrier density and thus the trion-to-

exciton ratio. [Cad16, Lun18, Wie19] However, these experiments were conducted on

monolayers without hBN encapsulation. The encapsulation was later found to suppress

the photodoping effects. [Cad17, Wie17]
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6.3 Indirect excitons in twisted MoSe2 bilay-

ers

Natural bilayer MoSe2 is known to have an indirect bandgap with the VBM

at the Γ point and the CBM at the Σ point. [Hon17] This contrast to the

MoSe2 monolayer, which features a direct bandgap at the K point, [Ros13]

stems from the interlayer coupling, which is more pronounced for the VB

states at Γ and the CB states at Σ than for their respective K-point coun-

terparts and therefore makes them energetically more favorable in a bi-

layer. [Li07, Spl10, Mak10] Interlayer coupling between electronic states gen-

erally has a strong dependence on twist angle, as commonly predicted by the-

ory [Lop07, Tra10, Wan17b] and observed in experiments on various twisted

homo-bilayer [vdZ14, Liu14, Yan19] and hetero-bilayer systems. [Ale19] We

therefore expect pronounced changes of the indirect bandgap of bilayer MoSe2

with the twist angle. Apart from the natural bilayer, only bilayers at 0° have

been studied in that regard so far. There, momentum-indirect ΓK exci-

tons occupying the AB domains and displaying a static out-of-plane dipole

moment of 0.23 nm were found to be the lowest-energy states. [Sun20] We

studied the low-energy photoluminescence spectra of our twisted MoSe2 bi-

layer samples (0°, 3°, 8°, 12°, 20°, 30°, 40°, 54° and 60°) and of a natural

MoSe2 bilayer in order to reveal signatures of the indirect bandgap.

Figures 6.8a-d display low-energy PL spectra from four MoSe2 bilayer

samples. The spectral range extends almost to A-exciton energies. The twist

angles of the selected samples are given in the top left corner of each panel.

None of the twist angles deviate strongly from 0° or 60°, corresponding to

almost parallel or anti-parallel alignment of the two layers. All spectra were

recorded at a relatively low excitation power of 1µW to promote visibility of

indirect excitons, as will become clear after the discussion of the excitation-

power-dependent data in Fig. 6.9. In each of these spectra, the lowest-energy

PL feature is marked by an arrow. The twist angles included in Fig. 6.8 are

the ones for which we observed the corresponding low-energy emission over
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Figure 6.8: Photoluminescence from indirect excitons in MoSe2 bi-

layers. (a-e) Low-energy PL spectra of twisted bilayers (a-d, twist angle in

upper left corner) and a natural bilayer (e) of MoSe2 acquired at T = 10K

with an excitation laser at λ = 532 nm and a power of 1 µW. The displayed

samples were the ones to consistently show a low-energy feature (marked by

arrows) over the entire bilayer region, which we interpret as emission from

momentum-indirect excitons. (f) Energy of the indirect exciton as a function

of twist angle. Adapted from [Vil23].

the entire bilayer. We did not observe clear indications of indirect-exciton

emission in the remaining samples with twist angles in the range 8° to 40°.

The indirect-exciton PL emission from a natural 2H bilayer of MoSe2

is depicted in Fig. 6.8e. As can be seen from comparing the spectra of

samples with various twist angles and of the natural bilayer, the energy of

the lowest-energy feature (marked by black arrows in the respective panel)

varies strongly from sample to sample. We present the obtained indirect-

exciton energies as a function of twist angle in Fig. 6.8f.
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To our knowledge, the dependence of the MoSe2-bilayer indirect bandgap

on the twist angle has neither been calculated nor been determined exper-

imentally before. Similarly, no literature known to us discusses that only

near-aligned samples feature PL signatures of indirect excitons. A simple ex-

planation for this fact would be that the associated transition dipole moment

decreases with the twist angle, making the excitons dark in all other samples.

However, we do not have direct experimental measurements supporting this

modulation of the transition dipole moment.

An alternative explanation for our observations would be that direct and

indirect gap are spectrally close at larger twist angles. This hypothesis is

supported by findings of our continuum-model description (see section 6.4)

and is similar to findings in other materials. The indirect bandgap of bi-

layer MoS2 has been observed to vary by 200meV with twist-angle varia-

tions, [vdZ14, Liu14] which corresponds to the energy difference of indirect

and direct excitons in our MoSe2 bilayer sample with a twist angle of 0°. The

energetic proximity of direct and indirect bandgap can prevent detection of

indirect excitons by two mechanisms: Firstly, the PL of the direct transition

would overshadow that of the indirect transition due to the larger transition

dipole moment. Secondly, fewer excitons would relax to momentum-indirect

states if they are not as clearly energetically favorable.

We performed excitation-power-dependent PL measurements on all sam-

ples, which exhibited indirect-exciton emission. As an example, we showcase

the excitation-power-dependent behavior of indirect excitons in the 60° sam-

ple in Fig. 6.9. We will comment on the generalizability of the results to

other twist angles after the discussion of this figure. We plot PL spectra for

different excitation powers at T = 10K and using an excitation source with

λ = 532 nm in Fig. 6.9a. All spectra consist of two prominent peaks, labelled

“P1” (E ∼ 1.459 eV) and “P2” (E ∼ 1.506 eV), and a broad background,

which increases towards higher energies. P1 appears consistently over the

entire bilayer area as the lowest-energy feature and we therefore attribute

it to excitons at the indirect bandgap. Comparing the individual spectra in

Fig. 6.9a, we find that P1 stands out above the background more clearly at

lower powers. This indicates that the background grows more strongly with
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Figure 6.9: Excitation-power-dependent PL from indirect excitons in

a twisted MoSe2 bilayer. (a) Photoluminescence spectra of MoSe2 bilayer

with a twist angle of 60° for excitation powers between 118 nW and 1.2W.

The two main emission features are labelled P1 and P2. (b, c) Emission

energies (b) and integrated PL intensities (c) of features P1 (gray) and P2

(red) as functions of excitation power. Power-law fits to the power-dependent

PL intensity of the form I(P ) = I0 · Pα yield a clearly sublinear dependence

(α = 0.837± 0.014) for P1 and a linear dependence (α = 1.018± 0.018) for

P2.
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the excitation power than P1. This does not hold for P2, which is more

clearly visible in the high-power spectra.

All spectra were fitted by interpolating the emission background with a

spline and fitting P1 and P2 with Gaussian functions. The results of this

analysis are presented in Fig. 6.9b and c. We plot the obtained emission

energy as a function of excitation power in Fig. 6.9b. The emission energy

of P1 (gray data points) is 1.459 eV at intermediate powers and seems to

decrease slightly for lower and higher powers. The most reliable data points,

however, stem from the intermediate power range: At lower excitation pow-

ers, the peak amplitude of P1 is only slightly higher than the noise level of

the spectrum. At high powers, on the other hand, the amplitude of P1 be-

comes smaller in comparison to the PL background, such that errors in the

estimation of the background lead to higher errors of the obtained resonance

energy. Overall, we observed no clear signatures of an excitation-power-

dependent shift of the energy of P1. P2 does not exhibit pronounced energy

shifts as a function of excitation power either.

The PL intensities of P1 and P2 as functions of excitation power are

depicted in Fig. 6.9c in double-logarithmic scaling. At low powers, the data

points of either peak form a line, indicating the intensity I as a function of

excitation power P can be described by a power law of the form I(P ) = I0·Pα.

Fitting this power law to the data, we find α = 0.837 ± 0.014 for P1 and

α = 1.018 ± 0.018 for P2. The population of excitons corresponding to P2

seems to be mainly defined by linear processes, whereas the sublinear power

dependence of P1 indicates a non-negligible impact of nonlinear processes,

such as Auger recombination, on the population dynamics of excitons at the

indirect bandgap.

Performing analogous experiments on bilayers with different twist angles,

we found a similar behavior of all indirect excitons to P1. All peaks exhib-

ited a sublinear intensity increase with excitation power. The power factors

α ranged from 0.38± 0.02 in the 54°-sample to 0.84± 0.02 in the 3°-sample.

Consequently, all indirect excitons suffered from a poor signal-to-background

ratio at high excitation powers, since the background increased linearly with

excitation power. All indirect excitons also seemed to exhibit spectral shifts
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in the meV range towards higher excitation powers. Excitation-power de-

pendent shifts may be linked to dipolar interactions: Indirect excitons in

MoSe2 bilayers with a twist angle of 0° have been measured to possess an

out-of-plane dipole moment, as evidenced by their linear Stark shift. [Sun20]

Calculations for bilayers with twist angles close to 60° predict a spatial in-

plane displacement between VBM and CBM, [Fer21] which would result in an

in-plane electric dipole moment. However, the bright background emission

introduces large uncertainties in the obtained exciton energies and therefore

prevents us from drawing any definitive conclusions.

The reduction of A-exciton emission intensity in (twisted) MoSe2 bilayers

compared to monolayers and the emergence of emission from indirect exci-

tons in natural bilayers or bilayers with twist angles close to 0° or 60° suggest

energy transfer from the direct to the indirect bandgap. We employed PLE

spectroscopy in order to probe this energy transfer more directly for the

samples with bilayer twist angles of 0° and 3°. Figure 6.10a displays the

low-energy emission from the 0°-bilayer sample under excitation with a laser

at E = 1.610 eV in black. In analogy to Fig. 6.8a, we find a broad emission

feature centered at ∼ 1.42 eV. We varied the energy of the excitation laser

(tunable cw Ti:Sa laser SOLSTIS by M Squared), maintaining a constant

power of 2 µW, and recorded spectra for each excitation energy. We fitted

the indirect-exciton emission with two Gaussians and plot the total obtained

intensity as a function of excitation energy in red in Fig. 6.10a. For refer-

ence, we present a PL spectrum from the monolayer region of the sample in

gray. The PLE spectrum (red) has a clear resonance around the A-exciton

energy of the monolayer spectrum. This illustrates that excitons excited at

the direct (K-K) bandgap can efficiently relax to the indirect bandgap. The

resonance exhibits a double-peak structure that requires further investiga-

tion. The energy separation of the two peaks of 18meV is lower than the

typical trion binding energy in MoSe2 of 30meV. [Ros13] The peak sepa-

ration would spectrally match the longitudinal-acoustic phonons of MoSe2

at the M point. These phonons have been found to couple well to the A
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Figure 6.10: Photoluminescence-excitation spectra of indirect exci-

tons in twisted MoSe2 bilayers. (a, b) Low-energy PL spectra (black)

of MoSe2 bilayers with twist angles of 0° (a) and 3° (b) displaying emis-

sion from momentum-indirect excitons. The integrated PL intensity of the

indirect-exciton feature as a function of excitation-laser energy (PLE spec-

trum) is depicted in red. For reference, the (rescaled) PL spectrum of the

MoSe2 monolayers is presented in gray. The excitation energy at which the

black PL spectrum was obtained is marked by an arrow. The data were

aquired at T = 10K and the excitation power was maintained at 2 µW for

the PLE measurements.



116 Excitons in twisted bilayer MoSe2

exciton, leading to multiple peaks in the PLE spectra of the A exciton in

monolayer MoSe2. [Cho17] However, the precise origin of the double-peak

structure remains to be explored.

We present data for the anologous measurement on a MoSe2 bilayer with

a twist angle of 3° in Fig. 6.10b. The black curve represents the low-energy

PL spectrum under excitation with E = 1.634 eV at T = 10K. The red data

points denote the integrated PL intensity as a function of excitation photon

energy at a constant excitation power of 2 µW. We show the PL emission

spectrum of the monolayer region in gray for comparison. Again, we find a

PLE resonance around the A-exciton energy. Towards higher energies, the

PL intensity decreases again. At lower energies than the A exciton, the PL

intensity vanishes completely. In comparison to the 0°-bilayer, the PLE reso-

nance appears broadened and does not exhibit any identifiable substructure.

In both cases, we find resonant enhancement of the PL intensity when ex-

citing around the A-exciton energy, illustrating the efficient energy transfer

from the direct to the indirect bandgap. We have, however, not explored the

precise shape of the PLE spectra further.

6.4 Continuum model for moiré excitons in

MoSe2 homobilayers

We applied a low-energy continuum model to gain insights into the states

involved in the observed optical transitions and their evolution with bilayer

twist angle. Computational details can be found in the Supplemental Mate-

rial (SM) of our publication on the topic. [Vil23] All calculations were per-

formed by our collaborators at the University of Michigan, Matthias Florian,

and at the University of Bremen, Ruven Hübner and Alexander Steinhoff.

As a general strategy, we will use that the moiré supercell corresponds to a

smooth variation of stacking orders, as visualized in Fig. 6.12a. We calculate

the bandstructure of a MoSe2 homobilayer at different stacking orders via

density-functional theory (DFT), as shown in Fig. 6.12c. We will treat moiré

supercells by generating an effective potential for the center-of-mass Hamil-
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tonian for each exciton species from the energetic variations for different

stacking orders. The twist angle of the homobilayer enters these calculations

as a scaling factor for the periodic moiré potential.

Figure 6.12a displays two identical honeycomb lattices at a relative twist

angle of 5°. A moiré pattern, of which we outline a unit cell with black lines,

forms. We marked the path between two vertices of the moiré superlattice.

Along this path, the stacking order of the two layers varies smoothly, as

illustrated in the bottom part of Fig. 6.12a. (See Fig.A.1 for illustrations of

a homobilayer close to 60° twist angle.) In a first step, we calculate the band

structures of MoSe2 homobilayers without a twist angle between the two

layers for different translations between the two layers. For R-stacking, we

use the six positions marked in Fig. 6.12a, i.e. we calculate the band structure

for the high-symmetry stacking order AA, the low-symmetry stacking orders

AB and BA, as well as the stacking orders halfway between each two of these.

For our calculations, we consider conduction-band states at the K points

and valence-band states at the K and Γ points. This covers the lowest-

energy direct transitions X1,2,3,4 and the lowest indirect transition Xind, as

illustrated in Fig. 6.12b. The results for the stacking-order-dependent en-

ergies of these states are presented in Fig. 6.12c. There, upward-pointing

(downward-pointing) triangles correspond to spin-up (spin-down) states. (At

the Γ point, the different spin states are degenerate. The K point features

a splitting of the different spins. The energies for the different spin states

would be interchanged at the −K point.) The color encodes layer contri-

bution. The Γ-VB states are always spread out over the two layers due to

strong interlayer hopping. The states at the K points are highly localized

for mirror-symmetry breaking stacking orders, i.e. for AB and BA stacking.

At the mirror-symmetric AA stacking, both layers contribute equally to each

state. For homobilayers close to 60° (not shown here), all stacking orders

in the moiré supercell preserve inversion symmetry. Therefore, there is no

energetic splitting between the spin states. However, the different spin states

are localized in different layers, see SM of [Vil23]. The energies of all states
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Figure caption on page 119. Reprinted figure with permission from Viviana

Villafañe, Malte Kremser et al., Physical Review Letters, 130, 026901, 2023.

[Vil23] Copyright (2023) by the American Physical Society. Original creators:

R. Hübner, M. Florian and A. Steinhoff.

vary with stacking order. However, this effect is most pronounced for the Γ

VB states. Due to their high interlayer-hopping terms, the change of layer

distance between different stacking orders has the strongest impact on them.

The DFT calcualtions carried out so far assume homobilayers with a con-

stant stacking order. To apply this to twisted bilayers, we use the energy

variations seen in Fig. 6.12c to construct an effective potential for each exci-

ton species across the moiré unit cell. [Wan17b, Hag21] The resulting poten-

tial for Xind and X1 are depicted in Fig. 6.12d. The Hamiltonian describing

the center-of-mass (COM) motion of the exciton then reads:
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Figure 6.12: Potential energies and layer localization of excitons in

a MoSe2-bilayer moiré superlattice. (Figure on page 118.) (a) Top:

Visualization of a moiré superlattice of two hexagonal layers with no lattice

mismatch and a twist angle of 5°. Bottom: Various stacking sequences oc-

curing in the moiré supercell. The position of the stacking orders is marked

via numbers in the upper panel. (b) Band structure of a MoSe2 homobilayer

for AB stacking order including spin-orbit coupling, determined via density-

functional theory calculations. (c) Energy variation of the conduction-band

minimum at the K-point as well as the valence-band maxima at the K- and

Γ-point as a function of interlayer translation. Upward-pointing (downward-

pointing) triangles correspond to spin up (down) bands. The color encodes

the layer contribution to Bloch states. The solid (dashed) lines denote the

result of our fit model for the variation of spin up (down) bands. (d) Moiré

potentials ∆U(r) for the indirect exciton Xind and the direct exciton X1 rel-

ative to the potential minimum within the moiré unit cell.

Ĥ0 = E0
gap +

ℏ2Q̂̂Q̂Q2

2M
+ U(r̂̂r̂r) , (6.1)

Here, E0
gap is the local band gap corresponding to rrr = 0 and M is the

total effective mass of electron and hole combined. QQQ and rrr are the COM

wavevector and position vector, respectively. Within our model, the evolu-

tion of potential energy over the moiré supercell only depends on the type of

stacking (R-type close to 0° and H-type close to 60°). The exact twist angle

enters the model only via the size of the moiré supercell, i.e. as a scaling

factor on rrr in the periodic potential energy. Close to 0°, the moiré supercell

scales with 1/ sin(θ/2) whereas it scales with 1/ sin((π
3
− θ)/2) close to 60°.

A central limitation of our model is that we extend these considerations also

to larger twist angles (close to 30°) where the moiré approximation does not

hold anymore. For more accurate results, one would have to consider the

entire moiré supercell for DFT calculations, which would have been compu-

tationally unfeasible.
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The exciton energies as a function of twist angle are depicted as lines in

Fig. 6.13a. The data points denote our experimental data. The calculated

energies have been shifted by 554meV in order to match experimental and

calculated values for the indirect excitons. This is in agreement with expected

GW corrections. [He14] The discontinuity at 30° is a result of our model that

considers the stacking order as strictly R-type (H-type) for angles below

(above) 30°. The color coding of the line indicates whether the transitions

have an intralayer or an interlayer character. This character is linked to

the twist-angle dependent energy shifts: The strongest shifts are seen for

the indirect excitons Xind. There, the energies of holes at the Γ point vary

strongly with stacking order (and therefore also twist angle) due to the large

interlayer hopping terms. For direct transitions, which feature layer-localized

states, interlayer transitions react more sensitively than intralayer transitions

to variations in the interlayer distance and therefore display a larger energy

shift with twist angle.

For R-stacking, the energetically lowest direct excitons, X2 and X3, are

split by 12meV at 0°, followed by the interlayer exciton X1. The twist-angle

dependence of the energy of the intralayer excitons matches our experimen-

tal results and we can identify the lowest-energy exciton X2 as the neutral-

exciton peak seen in PL in Fig. 6.4. The calculations for 0° also match

electric-field dependent reflectivity data for almost-aligned MoSe2 homobi-

layers. [Sun20] For H-stacking, there are only two direct transition energies

because the two intralayer (interlayer) transitions are degenerate due to in-

version symmetry. The double-peak structure in the reflectivity data for 0°,

8° and 20° in Fig. 6.5 might be due to contributions from X2 and X3. It is

possible that the full description of our direct-exciton data requires layer hy-

bridaztion effects between X2 and X3, [RT19] which our model does not take

into consideration. (These two transitions have intra-layer character but the

states are localized in opposite layers.) Lattice reconstruction effects [Wes20]

have also been neglected.
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Figure 6.13: Twist-angle dependent properties of excitons in twisted

bilayers of MoSe2 (a) Angle-dependent exciton energies. Solid lines denote

the result of our continuum model based on DFT calculations. Each line

corresponds to an individual exciton species, while the color encodes the

layer character. The intermediate case (gray color) indicates delocalization

of electron and/or hole over both layers. The green and orange data points

are taken from Fig. 6.5 (DR, X0), Fig. 6.4 (PL, X0) and Fig. 6.8 (PL, Xind).

(b) Integrated PL intensity for X0 and Xind relative to the corresponding

monolayer intensity as a function of twist angle. Reprinted with permission

from [Vil23]. Original creators: R. Hübner, M. Florian and A. Steinhoff.
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Finally, Fig. 6.13b displays the measured integrated PL intensity for in-

tralayer and interlayer transitions relative to the monolayer PL intensities of

the same samples. Close to 0° and close to 60°, we observe a reduction of

direct-exciton PL accompanied by an increase of indirect-exciton PL. This

agrees with an increase of the energetic splitting between direct and indirect

excitons from 150meV to 200meV, which favors population transfer from

direct to indirect excitons.

6.5 Summary

We have produced artificial bilayers of MoSe2 with a variety of twist angles

and studied different excitonic states with PL and reflectivity spectroscopy.

Moreover, we described excitons in the moire superlattices of twisted MoSe2

bilayers in terms of a continuum model, which reproduced our experimental

findings. The neutral A exciton was found to be energetically reduced by

at least 15meV in the bilayers compared to their constituent monolayers.

For twist angles between 10° and 50°, we observed only a minor modulation

of the exciton energy with the twist angle. Approaching the parallel (0°)

or antiparallel (60°) alignment, the redshift abruptly increased to 38meV.

Very similar behaviors have been reported for bilayers of MoS2 and WS2.

[Liu14, vdZ14, Yan19] The trion was only observed in PL measurements at

twist angles around 30° but it appears to follow the same trend as the neutral

exciton.

For samples with twist angles close to 0° or 60°, we were able to identify

indirect excitons in low-energy PL spectra. The sublinear dependence of

their PL intensity on excitation power suggest nonlinear decay dynamics,

such as Auger recombination. We were not able to identify indirect excitons

in samples with higher twist angles but instead observed a brightening of

the direct-exciton PL, which indicates the indirect bandgap energetically

shifting towards the direct bandgap, as predicted by our continuum-model

calculations.
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Twisted MoSe2 bilayers are a promising system to realize controllable

potential landscapes for bright excitons with dipolar interactions. [Sun20,

Fer21] Our findings represent a strong starting point for continued studies

on this hitherto largely unexplored platform.
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CHAPTER 7

Summary

In this thesis, we studied the excitonic properties of different devices fea-

turing monolayers or artificial bilayers of semiconducting transition metal

dichalcogenides. We probed the influence of substrates (topography and di-

electric properties) and TMD layer sequences (materials and twist angle) on

the electronic excitations of the studied systems. In the following, we will

review our most important findings and suggest future studies that could

expand our understanding of TMD monolayer and few-layer structures.

Substrate engineering for strain-trapped excitons in monolayer tung-

sten diselenide

In chapter 3, we studied localized excitons in WSe2 monolayers, trapped at

sites of dielectric nanopillars on top of the substrate. The tensile strain in-

duced by the pillar leads to a reduction of the bandgap and therefore creates

localized states with energies below the optical bandgap of the unstrained

material. These states have been demonstrated to act as single-photon emit-

ters. [Bra17, PB17] In analogy to previous studies, we found clear indications

of the discrete nature of the emitters, such as saturation at high excitation

125
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powers. A common disadvantages of these single-photon emitters is their

poor spectral stability. [Ton15, Cha15, He15, Kop15, Sri15a, Kum15, Bra17,

PB17] We therefore built on previous research on the influence of substrate

material on the optical quality of unstrained TMDs [Iff17] and compared

nanopillar substrates based on different materials. Nanopillars based on

HSQ (resist for e-beam lithography that takes a SiO2-like structure after

development) resulted in emitters with broad linewidths ((3.1± 1.3)meV)

and pronounced spectral wandering ((2.0± 1.2)meV) on sub-Hz timescales.

In comparison to this established substrate choice, [PB17] we observed clear

improvements using substrates with pillars etched into MBE-grown GaAs-

AlGaAs heterostructures: The linewidths of WSe2 emitters in these samples

were only (2.0± 1.3)meV and the sub-Hz spectral wandering was reduced

by almost an order of magnitude to (0.32± 0.36)meV.

At the time of our studies discussed above, several groups reported that

hBN can act as an ideal substrate for TMD monolayers, resulting in emission

linewidths of free excitons close to the lifetime limit. [Cad17, Aja17, Wie17]

Surprisingly, such beneficial effects have not been reported for the WSe2

emitters. However, hBN encapsulation allows to integrate the WSe2 into a

capacitor structure based solely on 2D materials. [BG19] In analogy to GaAs

quantum dots, [Zha20] control over the applied electric field is expected to

reduce electrical noise and thus reduce linewidth broadening. Moreover, such

devices can facilitate manipulation of the charge state of the trap, allowing

control over the emission spectrum. [BG19] Overall, the optical quality of

WSe2 emitters still needs to be enhanced strongly to make them appealing

for quantum-photonic applications, which may be done through combined

efforts of substrate engineering and electrical control.

Strain-defined potential traps for interlayer excitons in TMD het-

erobilayers

In chapter 4, we applied the established technique of defining strain pertur-

bations through patterned substrates to TMD heterobilayers. The PL spec-

trum of a MoSe2-WSe2 HBL featured additional peaks redshifted from free
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interlayer excitons by up to 100meV. These localized peaks shared various

characteristics with free interlayer excitons, substantiating our assignment of

these features as localized interlayer excitons: The enhanced radiative de-

cay time of (118.8± 2.1) ns compared to intralayer excitons can be explained

by the reduced electron-hole wavefunction overlap and matches the tempo-

ral dynamics of free interlayer excitons in the sample. Photoluminescence-

excitation resonances at the MoSe2 and WSe2 monolayer exciton energies

demonstrate decay paths originating in the separate monolayer materials to

the monitored states. Finally, increasing the excitation power and thus the

exciton density results in a strong blueshift of the emission due to the repul-

sive dipolar interactions, as studied in more detail in chapter 5.

To our knowledge, our work represents the first realization of site-selective

traps for interlayer excitons in TMD heterobilayers. Following publication of

our work, several groups have presented analogous works that largely confirm

our findings. [Li20, Wan20] The approach has also been demonstrated using

WS2-WSe2 HBLs, where even longer radiative lifetimes of up to 4µs have

been observed. [Mon21] In addition, the electric dipole moment of IXs offers

the possibility to define traps electrostaticaly, which has in the meantime

been demonstrated using a graphene layer patterned on a ∼ 30 nm length-

scale. [Sha21] The prospect of creating long-lived and strongly interacting

Bosonic ensembles continues to drive reasearch on optimal methods to trap

and control interlayer excitons. [Mor21]

Dipolar interactions of interlayer excitons in nano-scale confine-

ment potentials

We investigated the excitation-power-dependent blueshift of localized inter-

layer excitons, which occurs via discrete jumps as opposed to a continuous

shift, in more detail in chapter 5. By analyzing the different dependencies on

excitation power of various peaks (and their ratios), we were able to assign

the PL features to complexes of one to five excitons. We reproduced the

successive blueshifts for increasing particle numbers with a model of classical

point dipoles in a two-dimensional harmonic trapping potential. The biexci-
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ton blueshift of (8.4± 0.6)meV and splitting of (1.2± 0.5)meV allowed for a

more detailed modelling of the trapping potential: Interpreting the splitting

as arising from exchange interactions between the two excitons and incorpo-

rating exchange interactions into our calculations, we found a confinement

length of 3 nm while simultaneously reproducing a realistic effective dielectric

constant of 3.

After the initial publication of our manuscript on the topic, [Kre20] an-

other group confirmed most of our findings. [Li20] Overall, dipolar excitons in

TMD bilayers have thereby been demonstrated to exhibit strong interaction

phenomena when confined to short length scales. These interaction effects

could be utilized for quantum-simulation purposes or for nonlinear optical

elements. Our work represents an important proof-of-concept but also calls

for systems with a higher degree of reproducibility and controllability of the

confinement potentials, such as the moiré potential in twisted bilayers.

Excitons in twisted molybdenum diselenide bilayers

In chapter 6 we studied the influence of the twist angle on the excitonic

properties of artificial MoSe2 bilayers. We examined a series of fully hBN-

encapsulated bilayers with twist angles spanning the entire parameter range

from 0° to 60° with different optical-spectroscopy techniques. Differential re-

flectivity and PL spectra revealed that the A exciton is always energetically

reduced by at least 15meV in bilayers compared to monolayers. The ener-

getic difference is particularly large for twist angles of 0° or 60°, where we

observed a redshift of 38meV. We evaluated the trion energies in bilayers in

the twist-angle range 12° to 40° from PL measurements and observed energy

shifts equivalent to the case of neutral A excitons.

Bilayers with twist angles close to 0° or 60° furthermore featured low-

energy PL emission related to the indirect bandgap of the material. The

sublinear power dependencies of the intensities of these peaks indicate non-

linear processes contributing to the population dynamics. We did not observe

discernible PL from indirect excitons at larger twist angles, which indicates

energetic proximity of the momentum-direct and indirect exciton species.
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We applied a continuum model to excitons moving through the moiré

superlattice of a twisted bilayer, based on DFT calculations for different

stacking orders occuring in the moiré supercell. These calculations pre-

dicted the same twist-angle dependencies that were experimentally observed

for momentum-direct excitons and deduced for momentum-indirect excitons

from the relative PL intensities of the different exciton species.

While other materials, such as MoS2 [vdZ14, Liu14] and WS2, [Zhe15,

Yan19, Sha20] have been studied extensively, twisted bilayers of MoSe2 are

still relatively unexplored. Our studies examined central properties of the

system, in particular different exciton energies. With temporal dynamics, in-

teractions between excitons and interactions with external electric and mag-

netic fields not yet examined, this promising material system still features

many unknown parameters to be the subject of future studies.

Outlook

Using patterned substrates and thereby creating site-selective confinement

potentials, we have demonstrated that dipolar excitons in artificial TMD bi-

layers can exhibit strong (direct and exchange) interaction effects. However,

a higher degree of control over the confinement potential is required to utilize

these effects in quantum simulation or for optical devices. The moiré poten-

tial in twisted bilayers could offer such a well-defined potential landscape.

Near-aligned bilayers of MoSe2 have been demonstrated to host long-lived

excitons with a static electric dipole moment on the same order of magni-

tude as interlayer excitons in MoSe2-WSe2 heterobilayers. [Sun20, Bae20] At

the same time, homobilayers offer high control over the twist angle via the

tear-and-stack fabrication technique [Kim16] and access to a large range of

moiré periods. As we have discussed, the indirect excitons persist with only

minor energy shifts to twist angles of at least 3°, which are already associated

with moiré periods below 10 nm, where strong interactions are expected to

occur. We expect that this system will offer complex interaction physics that

can be strongly tuned via the moiré period and external electric fields.
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APPENDIX A

Appendix

A.1 List of abbreviations

� 1L: Monolayer

� 2D: Two-dimensional

� 2L: Bilayer

� AFM: Atomic-force microscopy

� BZ: Brillouin zone

� CB: Conduction band

� CBM: Conduction band minimum

� CCD: Charge-coupled device

� CVD: Chemical vapor deposition

� CW: Continuous wave

� DBR: Distributed Bragg reflector

� DC: Direct current
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� DFT: Density-functional theory

� DOP: Degree of polarization

� e-beam: Electron beam

� FWHM: Full width at half maximum

� HBL: Heterobilayer

� hBN: Hexagonal boron nitride

� HIM: Helium-ion microscope

� HSQ: Hydrogen silsesquioxane

� IPA: Isopropyl alcohol

� IX: Interlayer exciton

� LIX: Localized interlayer exciton

� low-T: Low-temperature

� MBE: Molecular-beam epitaxy

� PC: Polycarbonate

� PDMS: Polydimethylsiloxane

� PL: Phtotoluminescence

� PLE: Photoluminescence excitation

� QD: Quantum dot

� RF: Radio frequency

� RIE: Reactive-ion

� RMS: Root mean square

� SPE: Single-photon emitter

� T: Trion

� Ti:Sa: Titanium-sapphire

� TMAH: Tetramethylammoniumhydroxid

� TMD: Transition metal dichalcogenide
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� VB: Valence band

� VBM: Valence band maximum

� vdW: Van der Waals

� WSC: Wigner-Seitz cell

� X: Exciton

A.2 Stacking order in moiré superlattices

We visualize the different high-symmetry stacking orders in a moiré super-

lattice in Fig. A.1. Panel (a) shows two identical TMD monolayers rotated

by an angle of 4°. With the twist angle being close to 0°, the local symmetry

of the bilayer system is rhombohedral. The precise atomic alignment varies

over the moiré supercell. We will refer to the fully aligned stacking order,

in which the transition-metal atoms of both layers sit on top of each other,

as AA stacking. If the transition-metal (chalcogen) atoms of the top layer

are aligned with the chalcogen (transition-metal) atoms of the bottom layer,

we will refer to this stacking as AB (BA). We also noted another popular

nomenclature of these stacking orders of the form Ri
h. Here, R stands for

“rhombohedral” and the top index i can take the values h, X or M , indi-

cating whether the “hole” of the honeycomb structure of the bottom layer

is aligned with a top-layer “hole”, chalcogen atom or transition-metal atom,

respectively. Fig. A.1c illustrates the stacking orders for a twist angle of 56°,

close to 60°. Here, the local symmetry is hexagonal. The notation H i
h works

analogously to the rhombohedral case, with the H standing for “hexagonal”.

The Hh
h stacking resembles the 2H stacking of the most common TMD poly-

types. The stacking orders MM and XX denote that the transition-metal

and the chalcogen atoms of the two layers are aligned, respectively.

The picture of the rigid moiré superlattice breaks down for twist angles

very close to 0° or 60°. If the deviations are smaller than ∼ 6°, the atomic

lattice will undergo reconstruction in order to promote energetically more

favorable stacking. [Car18, Ros20, Qua21] The AB and BA stacking close to
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Figure A.1: Stacking orders in twisted bilayers of TMDs. (a) Two

identical honeycomb lattices (edges colored blue and red for better visibility)

with a twist angle of 4°. The unit cell of the moiré superlattice is outlined by

the dashed rhombus. Dashed circles mark points of high-symmetry stacking

orders. (b) Top and side views of the stacking orders outlined in panel (a).

(c, d) The same as panels (a) and (b) for a twist angle of 56°.
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0° are mirror images of each other and therefore energetically equivalent. The

AA stacking is energetically less favorable in comparison, mostly because it

requires a higher interlayer distance and consequently reduces the electronic

hybridization between the layers. A marginally twisted bilayer will therefore

form large, alternating, triangular domains of AB and BA stacking, whereas

the AA domains will be compressed and sit at the vertices of the AB and BA

domains. Close to 60°, the energetically most favorable stacking order is also

the one with the shortest interlayer distance, namely the 2H stacking. To

minimize the energy, large, hexagonally shaped 2H domains will form, with

small spots of MM and XX stacking at the vertices, which, in turn, span a

honeycomb lattice. Both types of reconstruction have been directly imaged

via electron microscopy [Wes20, And21] and piezoresponse force microscopy.

[McG20]

For homobilayers, the stacking order strongly defines the electronic struc-

ture: Close to 0°, the only stacking order with mirror symmetry between the

two layers is the AA stacking. The AB and BA stacking, on the other

hand, break this symmetry, such that the two layers are locally not equiv-

alent. These stacking orders are the energetically more favorable ones and

they typically contain the global VBM and CBM of the bilayer. [Fer21] In

near-aligned MoSe2 bilayers, this leads to the lowest-energy exciton having

a dipolar character, with the electrons localized mostly in the top (bottom)

layer for AB (BA) stacking. [Sun20] Since the two stacking orders are mirror

images of each other, they also mirror physics of each other, with the exciton

dipole exactly flipped.

For twist angles in the vicinity of 60°, inversion symmetry between top

and bottom layer is always locally preserved. Unless this symmetry is broken

by external factors, such as applied electric fields or different dielectric en-

vironments, the layers are equivalent and, consequently, excitons should not

have an out-of-plane dipole moment. The VBM for MoSe2 is always located

within the 2H domain but it is dragged towards the borders to XX domain

for very small angles. [Fer21] The MM domains, on the other hand, feature

the CBM, at least for deviations ≤ 3° from twist angles of 60°. [Fer21] These

distinctly different potential landscapes for electrons and holes may lead to
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confinement of excitons along domain boundaries and possibly to in-plane

dipole moments.

A.3 Fabrication of pillar substrates

We used three types of pillar substrates in this thesis. The first two, SiO2

substrates with HSQ-based pillars and AlGaAs substrates with etched pillars,

are used in chapter 3 and compared with each other in terms of spectral

stability in section 3.4. The third kind, for which the pillar structures were

etched into the SiO2 substrate, was used for the sample in chapters 4 and 5.

In the following, we will describe the fabrication steps for the three types of

substrates in the order in which they were mentioned here.

For the SiO2 substrates with HSQ-based pillars, we start with a com-

mercially available Si-[100] wafer with 285 nm of thermally grown oxide. The

wafer is cleaved into smaller pieces (6mm to 10mm), cleaned (ultrasonic bath

in acetone, then IPA; finally subjected to oxygen plasma) and spin-coated

with HSQ (Dow Corning) with 6000 rpm. We then bake the wafer pieces at

80 °C for 4min and write disk patterns in e-beam lithography with a dose

of 2000 µCcm−2. The resist is developed by submersion in 25% TMAH at

80 °C for 30 s followed by a thorough rinse with flowing deionized water.

For the AlGaAs substrates, we start with a commercially available GaAs-

[100] wafer. We then grow additional layers of various AlGaAs compounds

with molecular beam epitaxy. First, a GaAs buffer layer of 300 nm is grown

to ensure a high-quality substrate for the subsequent growth steps. We then

grow 15 pairs of alternating layers of 72.4 nm AlAs and 59.4 nm GaAs, which

form a DBR at typical WSe2 emitter wavelengths. The last layer consists

325.6 nm of Al0.41Ga0.59As which will be directly beneath the WSe2 mono-

layer. This height was chosen such that the layer hosts 1.5 wavelengths of

typical WSe2 emitters (∼ 750 nm vacuum wavelength) and, as a consequence,

there would be an electric-field maximum at the substrate surface. (The

thicknesses were initially determined for a flat substrate and not corrected

for the pillar geometry.)
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The pillars are then etched into the top layer. For this, we first deposit

70 nm of Si3N4 as a hardmask via plasma-assisted chemical-vapor deposition

(CVD). Si3N4 was chosen as a mask material because we can selectively

etch Si3N4 or AlGaAs using Cl-based or F-based RIE processes, respectively.

We spin-coat the samples with AR-N 7520.07 (new version; by Allresist), a

negative e-beam resist, at 4000 rpm and pre-bake it at 85 °C for 5min. This

was found to result in a resist thickness of (92.2± 1.7) nm. We use a dose of

25µCcm−2 to write the disk pattern. We develop the resist in 66% AR300-

47 (Allresist) for 90 s and bake the sample at 125 °C for 5min, after which

only pillars of the resist remain. This pattern is transferred into the Si3N4 by

F-based RIE. We remove resist residues in an oxygen plasma. This removes

the resist and leaves the MBE-grown wafer covered with pillars of Si3N4.

We etch into the wafer with a Cl-based RIE process, typically to depths

≤ 200 nm. The Si3N4 pillars are finally removed by F-based RIE. Before the

WSe2 transfer, the substrate is dipped into HCl in order to remove the oxide

at the surface that could have formed from the oxygen plasma.

The fabrication of the etched SiO2 pillar samples starts with Si-[100]

wafers with 285 nm of oxide. The lithography is carried out with the AR-N

7520.07, as described above. Afterwards, F-based RIE was carried out to

etch into the SiO2. We compared different etch recipes, which turned out to

produce similar results, as described in the next section. Finally, we removed

resist residues with an oxygen plasma.

A.4 Reactive-ion etching

In preparation for the pillar etching process used for the sample in chap-

ters 4 and 5, we determined SiO2 etching rates of different RIE recipes and

also compared them in terms of selectivity versus the favored e-beam resist

AR-N 7520.07 new (AllResist).

The used substrates were pieces of a p-Si-[100] wafer covered by 285 nm of

SiO2. Pieces of 5mm edge length were cleaved out of the wafer and cleaned in

an ultrasonic bath at 50 °C at the highest power for at least 10 minutes, first
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Recipe name eSAE RT3 EK

Temperature (°C) 25 25 5

Pressure (mTorr) 10 7 17

RF forward (W) 80 50 80

ICP forward (W) 0 0 150

Helium backing 8 5 10

C4F8 (sccm) 8 10 18

SF6 (sccm) 0 0 0

O2 (sccm) 2 0 2

Ar (sccm) 58 30 0

Table A.1: Parameters of the tested RIE recipes for SiO2 etching.

in acetone and then in IPA. To remove residual dirt, we exposed the samples

to an oxygen plasma (recipe: “waferclean long”) with a microwave power of

550W for 10min. To test selectivity against the resist, some of the samples

were spin-coated with AR-N 7520.07 new at 4000 rpm for 1min, resulting in

a film of (92.2± 1.7) nm thickness. The resist was then hard baked on a hot

plate at 125 °C for 5 minutes.

We compared the following RIE recipes: “Ruhstorfer SiO2 eSAE” (eSAE),

“Ruhstorfer RecTest3” (RT3) and “SiO2 Etch Kremser” (EK). The relevant

parameters for these processes are summarized in Table A.1. For the eSAE

and RT3 recipes, a pressure strike step, during which the plasma was ig-

nited, was added before the etching step. The pressure strike step shared

the parameters of the respective recipe, except for the chamber pressure

(18mTorr) and the RF forward power(140W (eSAE) or 180W (RT3)). All

of the recipes were tested for continuous etching over 1min. Additionally,

EK was also tested with the etching time divided into six parts of 10 s each

with 30 s waiting time in between. eSAE was also tested with an etching

time of 2min.

To monitor the effect of the RIE, we covered half of each sample with

an AlGaAs wafer piece acting as an etching mask. The resulting step in
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Figure A.2: SiO2 etching rates and selectivity versus AR-N 7520.07

new of the RIE protocols defined in table A.1.

height was analyzed with a profilometer (DekTak, Bruker). We performed

every measurement four times and averaged over these measurements. The

extracted etching rates are displayed in the upper part figure A.2. We com-

puted the ratio of the etching rates of SiO2 and AR-N 7520.07. This se-

lectivity is plotted in the lower part of figure A.2. It can be seen that this

selectivity hardly varies between the recipes, so one can focus on factors such

as etching rate and surface roughness. The selectivity values around 2 imply

that, with the use of only the resist as etching mask, only structures with a

height of up to twice the initial resist thickness can be realized.
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A.5 Exfoliation and transfer of 2D crystals

By now, a multitude of techniques for the deterministic placement of vdW

crystals of desired thickness on selected substrate regions have been devel-

oped. [Fri18] The samples used in chapters 3-5 have been fabricated by mi-

cromechanical exfoliation (“Scotch tape method”) of monolayers from bulk

crystals [Nov04, Tan14] and subsequent viscoelastic stamping with PDMS.

[CG14]

For the exfoliation, we place bulk crystals (from hq graphene) with edge

lengths of ∼ 1 cm on adhesive tape (Nitto Lensguard 7568, “Nitto white”).

Upon removal of the bulk crystal, a thin layer remains on the tape. Push-

ing another piece of tape onto the first one (sticky side to sticky side) and

pulling apart, we thin this “seed crystal” down and produce copies of it. This

procedure is repeated until the layers on the tape appear thin enough (red-

brown color). The tape is then brought into contact with a prepared PDMS

stamp and peeled off again. Crystals with varying layer numbers remain

on the stamp and we identify monolayers via their optical contrast under a

microscope.

The PDMS stamp consists of a PDMS film (Gel-Pak, P/N DGL-30-X4

or P/N DGL-30/17-X8) on a glass slide. After the exfoliation, we mount

this stamp in a mask aligner, with the crystal side facing down, over the

final substrate. The stamp is transparent and thus allows us to align identi-

fied monolayers and structures on the substrate. We slowly bring substrate

and stamp into contact and retract again, leaving the crystal on the sub-

strate. Unfortunately, the exfoliation is highly non-deterministic and the

transfer, despite allowing for precise positioning, still has a non-negligible

failure chance, such that often, several attempts are required for successful

sample fabrication.

The samples for chapter 6 were fabricated in an entirely different way,

which is already covered in section 6.1 in detail.
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Figure A.3: Room-temperature photoluminescence of a WSe2 emit-

ter array on an AlGaAs substrate. (a) Spatially resolved photolumi-

nescence in the range 1.56 eV to 1.60 eV. (b) Photoluminescence spectra

from four pillar positions (colored according to the indicators in panel (a)),

three flat monolayer reference positions (dark gray; positions were between

the shown pillars) and from the bare substrate (light gray). All spectra were

acquired at T = 300K with 5µW from a HeNe laser (λ = 633 nm) focused

to ∼ 1 µm.

A.6 Room-temperature PL of WSe2 emitter

arrays

We recorded the photoluminescence of a WSe2 emitter array on an AlGaAs

substrate at room temperature. The spatially resolved PL in the spectral

range 1.56 eV to 1.60 eV is shown in Fig. A.3a. The contours of the (slightly

ripped) monolayer, the pillar grid and a lithographical marker are clearly

visible. The PL intensity is strongly enhanced at the pillar sites compared

to the flat parts of the monolayer. We present spectra from individual pillars
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in Fig. A.3b. The colors of the curves match the respective position markers

in panel (a). For reference, we also give spectra from three monolayer po-

sitions with a flat substrate topography (between the four presented pillars;

dark gray curves) and from the bare AlGaAs substrate (light gray curve).

All spectra feature a background from the GaAs emission, which becomes

stronger for lower energies. The flat WSe2 monolayer emits around 1.64 eV,

which is the expected value for room-temperature excitons. At the pillar

sites, the monolayer features additional emission features in the range from

1.5 eV to 1.6 eV. These features are much broader than at low tempera-

tures (the data presented in chapter 3 were typically acquired at 10K) but

nonetheless demonstrate that the pillars create regions of strongly reduced

exciton energies, also at room temperature.

A.7 Statistical quantities and tests

In this section, we will give a brief introduction into the statistical quantities

and tests used in the substrate material comparison in section 3.4, since

these are rarely covered in physics classes or employed in physics research

despite being standard practice in many other disciplines, particularly social

sciences. The following explanations are not technically precise (e.g. in

explicitly discriminating between a quantity and a sample of the quantity)

but they are only intended to make this thesis easier to follow. For more

information, consult any textbook on statistics, e.g. [Sir05].

The aim of many statistical tests is to determine whether an observed

effect could be the result of pure coincidence. This is formulated as a hy-

pothesis test, in which the null hypothesis is that no underlying effect exists,

e.g. “The two variables are not correlated” or “The two groups of samples

have the same average for some variable”. These tests have an associated

p-value, the probability to observe the measured or a more extreme result

under the assumption that the null hypothesis is true. In order to “prove”

an effect (which is not a strict proof in the mathematical sense, but rather

a proof “beyond reasonable doubt”), one seeks to test the associated null
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hypothesis and find a small p-value. A common limit in social sciences is a

p-value of 0.05 which implies only a 1-in-20 chance of randomly producing

the observed results. The 5-sigma limit, which is often used e.g. in particle

physics, corresponds to a p-value of 3 · 10−7. (The name “5 sigma” refers to

the part of a normal distribution which is more than five standard deviations

above the mean value.) This large discrepancy between the disciplines is a

result of the different levels of controllability in the respective experiments.

The Pearson correlation coefficient is a normalized quantity that

measures the linear correlation between two variables, [Pea95] e.g. WSe2

emitter energy and linewidth. This requires a set of data pairs, in our case

n pairs of energies Ei and linewidths Li. (L is not a common symbol for

linewidth but chosen here for simple notation.) First, the mean values and

standard deviation are calculated separately for the two quantities:

E =
n∑

i=0

Ei (A.1)

σE =

√√√√ 1

n− 1

n∑
i=0

(
Ei − E

)2
(A.2)

Analogously L and σL. Next, determine the covariance of the two vari-

ables:

cov(E,L) =
n∑

i=0

(
Ei − E

) (
Li − L

)
(A.3)

Finally, for the Pearson correlation coefficient (or “Pearson’s r”) normalize

the covariance with respect to the standard deviations:

rE,L =
cov(E,L)

σEσL
(A.4)

This coefficient can take values between −1 and +1. A positive sign

implies a positive correlation between the two quantities. In our example,

higher energies would typically have higher linewidths associated. A negative

sign, on the other hand would suggest that higher emission energies are



144 Appendix

associated with lower linewidths. If r is ±1, the relation of the two variables

can be described perfectly with a linear function, i.e. Li = a + bEi with

some constants a and b. Deviations from this linear relation (or small b

compared to the scattering of the data points) reduce the absolute value

of r. Note that r is only a measure of linear correlation! Even strongly

correlated quantities, whose relation can be described by other functions,

e.g. parabolic or sinusoidal functions, can produce r = 0.

Pearson’s r can randomly be high even for uncorrelated quantities, in

particular for small sample sizes. We therefore always gave a p-value ac-

companying correlation coefficients in the main text, indicating with what

probability this (or a more extreme) coefficient could have been produced by

an equally sized sample under the assumption of uncorrelated variables.

A two-sample t-test examines whether two samples (in the statistical

sense), e.g. WSe2 emitters on SiO2 and AlGaAs substrates, differ in a quan-

tity, e.g. linewidth, significantly. [Stu08] For this purpose, the mean value

and standard deviations for both samples (LSiO2, LAlGaAs, σL,SiO2, σL,AlGaAs)

are calculated. The associated t-value is calculated as:

t =
LSiO2 − LAlGaAs√
σ2
L,SiO2

nSiO2
+

σ2
L,AlGaAs

nAlGaAs

(A.5)

In principle, it represents the difference of the two mean values in units

of the standard deviations with an additional weighting for the sample sizes.

(The t value becomes larger for larger sample sizes.) This formulation of the

t-value is already generalized for inequal sample sizes and standard distribu-

tions. The associated statistical test is called “Welch’s t-test”. [Wel47] In

order to dismiss the null hypothesis, a large t-value is desired. However, a

more refined statistical analysis of the degrees of freedom (in the statistics,

not the physics sense) also factors into the final p-value.

Lastly, an F-test is a hypothesis test that compares the variances of a

quantity in two statistical samples. We used it to compare spectral wandering

(which we generally define as the standard deviation of emission energies) in

the same emitter under different excitation powers. The associated effect size

is given by F , the ratio of the variances of the samples. In our example, where
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Figure A.4: Influence of AlGaAs substrates on optical device per-

formance. (a) Low-temperature PL spectra of two WSe2 emitters on an

AlGaAs pillar substrate and the background spectrum from the substrate.

The spectra are vertically offset for better visibility. (b) Normalized reflec-

tivity of GaAs-AlAs DBRs with the stopband center set at 775 nm and at

950 nm.

we performed 600 measurements of the emission energy for each excitation

power, F would be:

F =
σ2
E,P1

σ2
E,P2

(A.6)

The null hypothesis is that F = 1. The F-test is only one of several

tests that examine equality of variances and it is particularly sensitive to

non-normality. [Box53] However, due to the clarity of the data, we refrained

from employing more complicated tests.

A.8 AlGaAs as a substrate for 2D materials

In section 3.4, we demonstrated that WSe2 emitters on AlGaAs-based pillar

substrates exhibit a higher spectral stability than the ones on SiO2-based

substrates. This stability is, of course, a desirable property but the AlGaAs
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material system brings its unique challenges when used as substrate, which

ultimately led to our decision to discontinue the work on these samples.

All of the problems presented in the following are, in principle, a result of

AlGaAs not being an ideal insulator (unlike SiO2) but an optically active

semiconductor. Figure A.4a displays example PL spectra from two WSe2

emitters on an AlGaAs pillar substrate and compares them to the emission

from the bare substrate. The background emission is centered at 1.52 eV,

which corresponds to the bandgap of GaAs at T = 10K. We did not include

these photon energies in the measured range in order to prevent saturation

of the CCD detector. The remaining background may seem negligible in the

case of brighter emitters but it accounts for a considerable part of the PL

at the sites of the (much more common) dimmer emitters. This is also the

reason why we do not present any photon-correlation measurements for these

samples. Even with spectral filtering, the strong background emission makes

it impossible to demonstrate photon antibunching for these emitters.

A clear advantage of the AlGaAs material system are the well-developed

epitaxial growth and top-down fabrication methods. In other branches of

semiconductor research, such as most notably III-V quantum dots, AlGaAs-

based substrates have been structured into photonic elements, e.g. to spa-

tially guide emitted light [Rei14] or achieve strong light-matter coupling with

cavities. [Pet05] The suitability of AlGaAs for these application, however,

highly depends on the wavelength of the light emitted by the investigated sys-

tem. WSe2 quantum dots typically emit around 750 nm (= 1.65 eV), which is

above the GaAs bandgap at 1.52 eV. Any DBR containing GaAs will there-

fore absorb light at that wavelength and thus not act as an efficient mirror.

This can be seen from Fig. A.4b, where the gray curve shows the reflectivity

spectrum of a sample with a GaAs-AlAs DBR nominally centered at 775 nm.

The maximum reflectivity is at 0.5, in clear contrast to a GaAs-AlAs DBR

at 950 nm (red curve), as it would be used for self-assembled InGaAs QDs.

Here, the maximum reflectivity at the center of the stopband is close to one.

Both spectra are normalized w.r.t. to the reflectivity of a gold mirror, which

has a reflectivity above 95% in the entire displayed spectral range. Overall,

the beneficial properties of AlGaAs, which is generally an established plat-
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form for on-chip optics, cannot be harnessed, when it serves as a substrate

for TMDs, which have exciton energies in the red or near-infrared regime. A

combination of materials, from which a decent DBR compatible with TMDs

could be constructed, is SiO2 and TiO2. [Lun16]

A property of substrates based on the AlGaAs material system, which

merely makes them less convenient for use with 2D materials, is that they

offer only a limited optical contrast for monolayers placed on top. This is

demonstrated in Fig. A.5, where we present micrographs of two WSe2 crystals

as seen on PDMS stamps and on different final substrates. Fig. A.5a and b

show the same crystal, which was transferred onto a GaAs-Al0.65Ga0.35As

substrate. The multilayer regions can still be seen reasonably well on the

AlGaAs substrate. The monolayer, however, has only a very faint contrast.

We outline the monolayer contours in the lower panel as a guide to the

eye. Still, very close inspection of the image is required to actually notice

the monolayer. This faint contrast may not limit the performance of such

devices in experiments but it clearly makes them less convenient to work

with. Fig. A.5c and d show a different WSe2 crystal which was transferred

onto a Si-SiO2 substrate (with an oxide thickness of 285 nm) patterned with

HSQ pillars and markers. Mostly the monolayer region was transferred and it

partially ripped during the transfer process, as can be seen by comparing the

two panels. Much unlike on the AlGaAs substrate, the monolayer including

all edges and ripples can be easily seen.

To understand the difference between the substrates, one must consider

that the visibility of TMD monolayers is mostly related to interference of

light reflected at different interfaces, as illustrated in Fig. A.6. The absorp-

tion inside the monolayer of ∼ 2% to 5% [Ber13, Li14] in the visible range

plays only a minor role. The bare substrate can reflect light at its surface

or, if it consists of different materials, at any interface between the various

media. Depending on the thicknesses of the different layers, these reflected

parts of the light can interfere constructively or destructively. When a mono-

layer of a TMD is placed on top of the substrate, two things are modified:

Firstly, a part of the light is already reflected at the top surface of the TMD.

Secondly, the surface of the substrate is not in contact to vacuum (or the re-
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Figure A.5: Microscope images of WSe2 monolayers and multilayers

on different substrates. (a)WSe2 crystal with a monolayer and multilayer

regions on a PDMS stamp. (b) The WSe2 crystal from panel (a) after

transfer onto a flat GaAs-AlGaAs substrate. The two panels show the same

image but the monolayer region (which is present in the image) is outlined in

the lower panel. (c) A second WSe2 crystal with a monolayer and multilayer

regions on a PDMS stamp. (d) The monolayer region of the crystal in

panel (c) (and some residues) after transfer onto a Si-SiO2 substrate with

HSQ pillars and markers. The scale bars correspond to 20 µm.
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Figure A.6: Schematic illustration of light being reflected by a mul-

tilayered substrates, both bare and covered with a TMD. Adapted

from [Kle15].

spective ambient medium) anymore but to the TMD, changing transmission

and reflection at that interface. In particular, if the refractive index of the

top layer is between the ambient refractive index and that of the TMD (as is

the case for e.g. SiO2), placing the TMD on top of the substrate suppresses

the phase change that the light reflected at the substrate surface would nor-

mally experience. More generally, light reflected from all different interfaces

of the system interferes and the presence of the TMD can modify the result-

ing reflected light strongly. This depends not only on the materials of the

substrate but also to a large extent on the thicknesses of the different layers.

We simulated the Michelson contrast of WSe2 monolayers on different

substrates using the transfer matrix method. This method is outlined in

detail below as part of our routine to fit differential reflectivity spectra. We

define the Michelson contrast as C =
Roff−Ron

Roff+Ron
where Ron/off is the reflectiv-

ity in and outside the monolayer region, respectively. Unlike the standard

definition of the Michelson contrast (Rmax−Rmin

Rmax+Rmin
with maximum and minimum

reflectivity), we allow for negative values, which indicate that the monolayer-

covered regions appear brighter than the bare substrate; The absolute values

of the contrast match the standard definition. We present the calculated
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Figure A.7: Simulated contrast of WSe2 monolayers on different sub-

strates. (a) Michelson contrast for a substrate with a Al0.7Ga0.3As layer of

variable thickness covering a thick GaAs layer. (b) Michelson contrast for

a substrate with a Al0.7Ga0.3As layer covering a 20-pairs AlAs-GaAs DBR.

Singular contrast values are outside of the depicted range of −0.4 to 0.4. (c)

Michelson contrast for a substrate with a SiO2 layer of variable thickness

covering a thick Si layer. The depicted color bar applies to panels (a-c). (d)

Zoom-in of panel (b) with a different color scaling.
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contrast values as a function of the incident wavelength and as a function of

the thickness of the top substrate layer for different substrates in Fig. A.7a-c.

The color coding of the data is the same in all three panels. Fig. A.7a shows

simulations for a GaAs wafer capped with Al0.7Ga0.3As. The contrast values

are only in the single-percent regime. The values for Si wafers capped with

SiO2 can reach tens of percent, as seen in Fig. A.7c, which is one order of

magnitude higher than the AlGaAs substrates. There are two reasons for

this discrepancy: Firstly, AlGaAs can efficiently absorb light in the visible

spectrum, unlike SiO2. More detrimentally, however, the low refractive-index

contrast between GaAs and AlGaAs (compared to Si and SiO2) results in

only small fractions of the light being reflected inside the substrate. (The

reflection coefficient under normal incidence is given by R =
(

n1−n2

n1+n2

)2
with

the refractive indices n1 and n2 of the different media.) Overall, the intensity

of the light reflected from within the sample is too low to interfere with the

light reflected at the substrate surface in a meaningful way and, as a result,

the presence of the monolayer cannot influence this interference strongly.

Introducing a DBR into the sample structure at first seems like a viable

approach to circumvent this problem. However, even if the material system

was well suited for DBRs in the visible regime, this idea would have several

shortcomings: The DBR would significantly alter the optical performance of

the device. This can be beneficial for measurements but that would require

the DBR stopband to match the investigated system (e.g. WSe2 emitters)

spectrally and the top layer thickness would have to be chosen such that

the investigated sample part is at an anti-node of the electric field to ensure

good coupling. Overall, the sample paramters have to be optimized for good

optical performance of the device, which might not be the optimal values for

good contrast. To provide further insight, we show simulations for a substrate

consisting of a GaAs wafer topped by 20 pairs of AlAs and GaAs layers with

thicknesses of 52.4 nm and 63.9 nm and capped with an Al0.7Ga0.3As layer

of variable thickness in Fig. A.7b. The DBR is optimized for WSe2 emitters

around 750 nm. Indeed, high contrast values (even outside the plotted range

of −0.4 to 0.4) are recorded in that spectral range for certain capping layer



152 Appendix

1 . 2 5 1 . 3 0 1 . 3 5 1 . 4 0 1 . 4 5
0

2 0

4 0

6 0

8 0

PL
 in

ten
sity

 (a
rb.

 u.
)

E n e r g y  ( e V )

Figure A.8: Photoluminescence spectra from localized interlayer ex-

citons in a MoSe2-WSe2 HBL obtained from the same pillar under

the same excitation conditions (T = 10K, HeNe laser, 30 µW focused

to ∼ 1 µm) after thermal cycling. Adapted from [Kre20].

thicknesses. We show the interesting spectral range with a different color-

coding in Fig. A.7d. Near-perfect contrast values are observed, however only

for very specific wavelengths (at which the human eye also happens to have

very low sensitivity). A slight variation of the wavelength near these optimal

points can invert the contrast. When using broadband illumination and a

detector with low spectral selectivity, much lower contrast values will be

observed, effectively nullifying the benefits of the DBR in terms of contrast

of TMD monolayers.

A.9 Impact of thermal cycling on LIX emis-

sion

We investigated the effect of thermal cycling on localized IXs by repeatedly

cycling the sample temperature between 10K and 300K. Each time, we per-

formed PL measurements at 10K under the same excitation conditions (cw

excitation with a HeNe laser at 633 nm, 30 µW focused to a spot of 1 µm).

Figure A.8 compares typical emission spectra from the same pillar follow-



A.10 Modelling differential reflectivity 153

ing successive cooldowns. We observe a clear change in the energy at which

the LIX features appear. This effect was found to be even more pronounced

than with typical strained WSe2-monolayer samples tested under similar con-

ditions. In order to mitigate the effects of thermal cycling, we performed the

comprehensive studies on discrete exciton interactions presented in chapter 5

with the sample placed inside a closed-cycle cryostat that facilitated all mea-

surements during a single cooldown. Under these conditions, we found the

absolute energy of the LIX states to be stable over several weeks.

A.10 Modelling differential reflectivity

In section 6.2, we presented differential reflectivity spectra of hBN-encapsu-

lated MoSe2 monolayers and twisted bilayers and compared them to calcu-

lations, which we will discuss here in more detail. In short, we describe the

complex refractive index of the MoSe2 layer as a single Lorentz oscillator. We

then compute the reflectivity of our full sample structure (bottom to top: Si,

SiO2, hBN, MoSe2, hBN) and the heterostructure without the MoSe2 with

the transfer-matrix method. Using the differential reflectivity calculated from

these two regions, we eliminate the influence of the incident light spectrum

and the wavelength-dependent detection efficiency in our measurements. We

leave the properties of the Lorentz function describing the MoSe2 refractive

index and the thicknesses of the hBN and SiO2 layers as open parameters

and fit the data to the model. After explaining these steps in detail, we will

also show that this more rigorous treatment of the reflectivity data gives very

similar results to a simple peak-fit routine.

The description of the refractive index as a Lorentz oscillator comes from

the Lorentz-oscillator model, an expansion of the Drude model, which can

be found in most standard books on solid-state-physics, e.g. [Kop89]. In

this model, electrons, which are dislocated from their respective nucleus by a

distance x⃗, experience a spring-like restoring force with spring constant mω2
0,

where m is the (effective) electron mass and ω0 has the unit of a frequency.

Additionally, moving electrons are slowed down by a frictional force of −mγ ˙⃗x
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with the electron velocity ˙⃗x and a constant γ. An incident light wave leads to

an oscillatory force −eE0e
−iωt on the electron with elementary charge e and

the electric-field amplitude and frequency given by E0 and ω, respectively.

The equation of motion for the electron is then given by:

m¨⃗x+mγ ˙⃗x+mω2
0x⃗ = −eE0e

−iωt (A.7)

This equation for a driven harmonic oscillator is solved by:

x⃗(t) = − e

m

1

ω2
0 − ω2 − iγω

E0e
−iωt (A.8)

This dislocation x⃗(t) leads to a dipole moment p⃗ = −ex⃗(t). With the

volume density of the atoms in the crystal n and the vacuum permittivity

ϵ0, we finally arrive at the dielectric function:

ϵ(ω) = 1 +
ne2

ϵ0m

1

ω2
1 − ω2 − iγω

(A.9)

The shifted resonance frequency in the dielectric function is given by

ω2
1 = ω2

0−1
3
n e2

ϵ0m
. Generally, the refractive index in weakly magnetic materials

is given by n =
√
ϵ. If the second summand in eq. (A.9) is small, we can

approximate n by a linear Taylor expansion around 1:

n(ω) = 1 +
ne2

2ϵ0m

1

ω2
1 − ω2 − iγω

(A.10)

This approximation is usually carried out for a thin gas but may be an

oversimplification for solid-state materials. The second term describes refrac-

tive indices close to resonances well for many gases and solid-state systems.

The magnitude of this Lorentz resonance, however, also depends on the tran-

sition dipole moment, which is entirely absent in this model. We therefore

introduced the amplitude A as a free parameter in our model. Separating

the complex refractive index into its real and imaginary part n = ñ+ iκ and

introducing an offset ñ0, we set:
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ñ = 1 + ñ0 + A
ω2
1 − ω2

(ω2
1 − ω2)

2
+ γ2ω2

(A.11)

κ = A
γω

(ω2
1 − ω2)

2
+ γ2ω2

(A.12)

We were able to describe materials that only feature a single resonance

fairly well without the introduced offset ñ0 in the real part of the refractive

index. However, resonances can influence the refractive index over a wide

frequency range and, in consequence, several resonance features can overlap.

This is particularly true for the real part of the refractive index, for which

the resonance term does not decay as sharply, especially towards lower fre-

quencies. If two different resonances are far enough apart, we can account

for the influence of one on the other one by the introduced offset terms. If

they are too close, however, a more explicit treatment of both resonances is

necessary.

The complex refractive index is now modelled in terms of four parame-

ters, which are later used as fit parameters: A, ω1, γ, ñ0, which represent the

amplitude of the resonance, the resonance energy, the electron damping /

width of the resonance and an offset induced by distant resonances. Using

this refractive index, we determine the frequency-dependent reflectivity for

our full sample structure. We use the transfer-matrix method, outlined in

many optics books including [Yeh05], which we restrict to normal incidence.

We treat the problem as one-dimensional, since the in-plane extent of all

relevant regions is larger than the spot size in our experiment. At any point

within or above our sample, we can write the electric field as the sum of

a downward (towards the Si substrate) travelling and an upward (towards

the objective) travelling component. We can define a two-dimensional vector

that contains the downward and upward travelling electric-field amplitudes

A and B as its components:

(
A(z)

B(z)

)
(A.13)
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We can track the evolution of this vetor with a small set of matrices.

Moving downward by a distance d within a medium with constant (complex)

refractive index n is described by a propagator matrix P (n,d):

(
A(z + d)

B(z + d)

)
= P (n,d)

(
A(z)

B(z)

)
=

=

(
exp(i2πnd

λ
) 0

0 exp(−i2πnd
λ

)

)(
A(z)

B(z)

)
(A.14)

Here, λ is the vacuum wavelength of the light. For real refractive indices,

this only induces a phase evolution. Otherwise, it also includes absorption in

the medium. Entering and leaving a medium are described by the dynamic

matrix D(n) and D−1(n):

D(n) =

(
1 1

n −n

)
D−1(n) =

1

2

(
1 1/n

1 −1/n

)
(A.15)

We can describe the entire stack of dielectric materials, which we will

index with l, with these matrices and can then relate the light above the

sample (z = 0) with the light that is transmitted into the substrate (z = zs),

as follows:

(
A(0)

B(0)

)
=

(
M11 M12

M21 M22

)(
A(zs)

B(zs)

)
=

= D−1(n0)
∏
l

[
D(nl)P (nl,dl)D

−1(nl)
](A(zs)

B(zs)

)
(A.16)

Since the silicon substrate is very thick and absorbs light in the wave-

length range of our experiment, we can safely assume that no interfaces after

the silicon play a role in the optical processes. This also means that there

is no upward-travelling part of the light in the substrate, i.e. B(zs) = 0. It

quickly follows then that since A(0) = M11A(zs) and B(0) = M21A(zs), the

reflectivity (ratio between incident and reflected intensity) is given by |M21

M11
|2.
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This gives us an analytic way to calculate the reflectivity of a stack of

dielectric materials if all refractive indices and thicknesses are known. The

measured reflected spectrum, however, also depends on the sensitivity of the

measurement setup on the specific wavelength and the emission spectrum

of the whitelight source. In order to cancel these dependencies we analyze

the differential reflectance spectra Rdiff =
Ron−Roff

Roff
, which compare Ron, the

reflected spectrum on the full heterostructure (top to bottom: hBN, MoSe2,

hBN, SiO2, Si), and Roff , the reflected spectrum away from the TMD layer

(top to bottom: hBN, hBN, SiO2, Si). In that case, working with measured

reflected spectra and calculated reflectivities are equivalent (as long as the

measured signal is bright enough). We fit the differential reflectivity as ob-

tained from the transfer-matrix method and assuming the Lorentz-oscillator

refractive index to our data. For this, we leave the parameters of the Lorentz

oscillator and the hBN and SiO2 thicknesses, which vary across samples, as

open parameters. The fit results can be seen in Fig. 6.5a-h.

The single-oscillator fits worked well for A-exciton spectra that were cho-

sen from the center of the respective region. We wanted to analyze the

spatial homogeneity of the exciton resonance and therefore consider spectra

from various points on the sample. Due to the large spot size in our re-

flectivity measurements, we often recorded spectra in which features from

the monolayer and the bilayer region overlapped, which prevented us from

using the model explained above. We were therefore looking for a method

that allows us to obtain resonance energies from analyzing smaller spectral

ranges within our data, where the overlap of the different features is not as

pronounced. We demonstrate this approach in Fig. A.9a, where we plot a

differential-reflectivity spectrum of a MoSe2 monolayer as black data points

and the fitted spectrum using the oscillator model described above as a green

curve. The fit captures the relevant features over the depicted spectral range

well. The obtained resonance energie of Eosc = 1.6428 eV is shown as a green

dashed line. Additionally, we show local peak fits to the data using a Gaus-

sian and a Lorentzian function in red and blue, respectively. We limit the

fit range rather strongly on the low-energy side in order to avoid any influ-

ence of the dip around 1.637 eV. As expected, the Lorentzian reproduces the
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Figure A.9: Comparison of reflectivity-data analysis using the oscil-

lator model or local peak fitting. (a) Example differential reflectivity

spectrum of a MoSe2 monolayer. The green curve shows the oscillator model

fit to the spectrum. The red and blue curve denote local Gauss and Lorentz

peak fits, respectively. The resonance energy from the oscillator fit is marked

by the green dashed line, whereas the (overlapping) red and blue dashed lines

give the center energies of the Gauss and Lorentz fits. (b) Scatter plot of the

center energy of the Gauss fit versus the resonance energy from the oscillator-

model fit to 29 spectra from MoSe2 monolayers and bilayers. The gray dashed

line marks points for which the two energies are identical. (c) Offset between

Gauss-fit center energy and resonance energy from the oscillator fit of the

same 29 spectra. The black dashed line denotes the mean offset and the gray

area indicates offsets less than a standard deviation away from the mean.

(d) Average A-exciton energies for various samples, obtained from PL (gray

data) and from a corrected Gauss-fit analysis to the reflectivity data (red).
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shape of the peak better but the center energies EGauss,Lorentz = 1.6424 eV

are virtually identical and differ only slightly from the energy obtained from

the oscillator model.

We analyzed 29 individual A-exciton reflectivity spectra from MoSe2

monolayers and twisted bilayers independently with the oscillator model and

with local Gauss peak fits. Figure A.9b compares the resonance energies

within the oscillator model and the center energy of the fitted Gauss peaks.

The gray dashed line indicates where the two methods would give identical

results. Overall, we see only small deviations. To quantify this better, we

show the difference of the two energies (plotted over the energy obtained from

the oscillator fit) in Fig. A.9c. On average (as indicated by the black dashed

line), the center energy of the Gauss fit overestimates the resonance energy

by 1.2meV. The standard deviation of the offset distribution (indicated by

the gray rectangle in the figure) is 1.6meV. If we try to reconstruct the res-

onance energy from local peak fits, this standard deviation takes the role of

an additional uncertainty in our analysis. However, this uncertainty is small

compared to the typical energy variation across a sample, which makes this

method viable for the analysis of average resonance energies within samples.

The suitability of the local-peak-fit analysis is demonstrated in Fig. A.9d.

There, we make use of the fact that we have “redundant” data for the A exci-

ton in some samples because it appears in photoluminescence and reflectivity

measurements. The gray data points denote the average A-exciton energies

per sample as obtained from PL measurements. Data above 1.63 eV stems

from the monolayer region of the respective sample whereas the data points

below that limit correspond to values from the bilayer regions. We also an-

alyzed reflectivity data from the same samples by only fitting the A-exciton

peaks in the reflectivity spectra with a Gaussian function and correcting the

result by −1.2meV, the results of which we display with red data points. The

advantage of this analysis is that we only fit a small range of the spectrum,

allowing us to use spectra which have overlapping features from different

sample regions. The excellent overlap of the gray and the red data points

confirms the validity of our analysis. We are therefore confident that it is

also reliable for other samples, in which we did not have PL data to verify
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the energies, namely samples with twist angles close to 0° or 60°. We used

this analysis method to produce the data presented in Fig. 6.5i and Fig. 6.6b

and the red data in Fig. 6.6d.

A.11 B excitons in MoSe2 bilayers

We present differential reflectivity spectra in the B-exciton spectral range

of seven MoSe2 bilayer samples in Fig. A.10. The twist angle of the bilayer

is given in the top right corner of each panel. For each sample, we show the

bilayer spectrum in black and a spectrum from the monolayer region in light

gray. We already find strong deviations in the shape of the monolayer spectra

between different samples. Since in all cases we probe a MoSe2 monolayer

encapsulated in hBN, the observed differences are unlikely to stem from vari-

ations of the electronic structure of the TMD layer. However, the hBN and

SiO2 layer thicknesses vary across samples, giving rise to the different differ-

ential reflectivity spectra. (This effect of the layer thicknesses is considered

within the fit model we introduced to reproduce the data from Fig. 6.5, see

Appendix, section A.10.)

Comparing the monolayer and the bilayer reflectivity spectra for each

sample individually, we find that the bilayer spectrum imitates the general

shape of the monolayer spectrum, as seen e.g. in the sample with a twist

angle of 0° in Fig. A.10a. All distinctive features, in particular local maxima

and minima, are shifted towards lower energies in the bilayer region. This is

clearly observed in all samples excluding the 20°-sample in Fig. A.10d, which

overall features less pronounced peaks and dips than the other ones. Quali-

tatively, the B exciton follows the same trend we observed for the A exciton,

with the bilayer features redshifted from the monolayer features, most likely

due to a combination of electronic coupling and dielectric screening. How-

ever, we were unable to draw more quantitative conclusions from our data

since fits using the Lorentz-oscillator model did not capture the reflectivity

well.
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Figure A.10: B excitons in twisted bilayers of MoSe2 (a-g) Differential-

reflectivity spectra of MoSe2 bilayers (black) of various twist angles (specified

in the top right corners) in the spectral range of the B exciton. For reference,

monolayer spectra from the respective sample are given in gray. Simple

oscillator fits failed to reproduce the exact spectral shape. Generally, all

spectral features appear redshifted in the bilayer region although specific

resonance energies are not clear. The data were acquired at T = 10K.
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Assuming a single Lorentz oscillator, the model poses restrictions on the

energy-dependent refractive index, which ultimately prevented an appropri-

ate description of the material: As ellipsometry measurements on MoSe2 re-

vealed, the refractive index around the B exciton is also strongly influenced

by the distant but broad C-exciton resonance around 2.5 eV. [Par18, Liu20b]

With most parts of the C exciton resonance not captured by our experiments

due to the emission spectrum of our white-light source, we approximate this

influence by a constant offset, which is likely to be an oversimplification.

Two approaches could allow us to determine the B-exciton energies as

a function of bilayer twist angle in the future. Reflectivity measurements

across samples would be more easily comparable if all samples were con-

structed in an entirely equivalent way apart from the twist angle. Produc-

ing another series of samples with constant hBN thicknesses would give the

highest-quality samples for this purpose but preparing and identifying suit-

able hBN layers via exfoliation is practically not feasible. It would most likely

be easiest to remove hBN from the sample structure entirely. There have

been various demonstrations of artificial TMD-homobilayer [Liu14, vdZ14,

Zhe15, Hua16, Pur16, Yeh16, Lin18, Psi19, Yan19, Sha20] and heterobi-

layer [Wan16, Nay17, Ale19, Yua20] samples (typically based on CVD-grown

monolayers) that feature a large variety of twist angles on a single substrate.

Alternatively, we could use the already produced samples and employ differ-

ent spectroscopy techniques. For MoSe2 monolayers, it has been shown that

a combination of second-harmonic generation and one-photon or two-photon

PLE can reveal higher-energy excitons, such as the B exciton but also ex-

citon Rydberg states. [Wan15b] These (and possibly further) spectroscopic

measurements could help to shed more light on the excitonic properties of

artificial MoSe2 bilayers.
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A.12 Sample overview

Sample name Description Figures

HSQ pillar 1 WSe2 monolayer on top of Si-SiO2

substrate with HSQ pillars

3.10, A.5d

HSQ pillar 4 WSe2 monolayer on top of Si-SiO2

substrate with HSQ pillars

3.2, 3.3, 3.7, 3.8, 3.9a, 3.10

TS3 Olli Based on wafer TS3 / Epi-0563.

Etched AlGaAs pillars. The exfo-

liated WSe2 monolayer happened

to be large, hence the sample was

named after the tall master stu-

dent Oliver Hartwig.

3.4, 3.5,3.6, 3.9b, 3.10, A.3,

A.4a (black curve in A.4b

was recorded on the same

wafer)

LIX sample /

“Dirty Dan”

MoSe2 monolayer on top of WSe2

monolayer on top of Si-SiO2 with

etched (RIE) SiO2 pillars

4.1b, 4.2, 4.3, 4.4, 4.5, 4.6,

4.7, 4.8, 4.9, 5.1, 5.2a, 5.3c

(shaded regions), A.8

Twisted MoSe2

bilayer series

MoSe2 homo-bilayers produced

via tear&stack, encapsulated in

hBN on Si-SiO2 substrate

2.3b, 6.2, 6.3, 6.4, 6.5, 6.6,

6.7, 6.8, 6.9, 6.10, 6.13b,

A.9, A.10



164 Appendix



Bibliography

[Aha16] I. Aharonovich, D. Englund, M. Toth, Solid-state single-photon

emitters, Nature Photonics 10, 631–641 (2016)

[Ahn18] S. J. Ahn, P. Moon, T.-H. Kim, H.-W. Kim, H.-C. Shin, E. H.

Kim, H. W. Cha, S.-J. Kahng, P. Kim, M. Koshino, Y.-W. Son,

C.-W. Yang, J. R. Ahn, Dirac electrons in a dodecagonal graphene

quasicrystal, Science 361, 782–786 (2018)

[Aja17] O. A. Ajayi, J. V. Ardelean, G. D. Shepard, J. Wang, A. Antony,

T. Taniguchi, K. Watanabe, T. F. Heinz, S. Strauf, X.-Y. Zhu, J. C.

Hone, Approaching the intrinsic photoluminescence linewidth in

transition metal dichalcogenide monolayers, 2D Materials 4, 31 011

(2017)

[Ale17] E. M. Alexeev, A. Catanzaro, O. V. Skrypka, P. K. Nayak, S. Ahn,

S. Pak, J. Lee, J. I. Sohn, K. S. Novoselov, H. S. Shin, A. I. Tar-

takovskii, Imaging of Interlayer Coupling in van der Waals Het-

erostructures Using a Bright-Field Optical Microscope, Nano Letters

17, 5342–5349 (2017)

[Ale19] E. M. Alexeev, D. A. Ruiz-Tijerina, M. Danovich, M. J. Hamer,

D. J. Terry, P. K. Nayak, S. Ahn, S. Pak, J. Lee, J. I. Sohn, M. R.

165



166 BIBLIOGRAPHY

Molas, M. Koperski, K. Watanabe, T. Taniguchi, K. S. Novoselov,

R. V. Gorbachev, H. S. Shin, V. I. Fal’ko, A. I. Tartakovskii, Res-

onantly hybridized excitons in moiré superlattices in van der Waals
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Thanks to Ruven Hübner, Matthias Florian and Alexander Stein-
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