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Chapter 1
Introduction

In the process of writing a doctoral thesis one question is unavoidable. From colleagues
to friends to family, eventually they will ask:

What do you do in your doctoral thesis?

The short answer for non-physicists is: "I shoot with lasers on very thin materials and see
what happens." Although this answer sounds like a joke it actually hits the nail on the
head. Naturally, for physicists a more sophisticated answer is required. Transition metal
dichalcogenides (TMDCs) are semiconductors, that exhibit a layered structure and can
be mechanically exfoliated down to one layer. In this monolayer limit they feature a
direct band gap in the visible regime [Mak10, Spl10], which makes them ideal materials
for optical experiments. Additionally, excitonic quasiparticles form in transition metal
dichalcogenides at room temperature and allow an absorption of up to 20 % of the
incoming light [Li14]. These materials exhibit rich physics, e.g. valleytronics. This
allows to address different band extrema in the Brillouin zone with σ+ and σ− circularly
polarized light, which leads to the so called valley polarization [Cao12, Mak12, Zen12].
By stacking different two-dimensional materials on top of each other van der Waals
heterostructures are fabricated. These establish a new research field with countless
combination possibilities of different materials.
In the framework of this thesis van der Waals heterostructures consisting predominantly
of TMDCs are investigated via optical spectroscopy, specifically Raman scattering and
photoluminescence (PL). Chapter 2 introduces the theoretical results and preliminary
studies, chapter 3 explains the experimental methods and chapter 4 presents the ex-
perimental results. In section 4.1 the two-dimensional insulator hBN, which is used to
preserve and improve material properties, is investigated as a protective layer against
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1 Introduction

air. In section 4.2 the behaviour of the interlayer exciton of MoSe2-WSe2 heterobilayers
in high magnetic fields is presented. Section 4.3 proposes Raman spectroscopy as a
non-invasive method to characterize twisted TMDC bilayers. On the one hand, atomic
reconstruction can rearrange atomic lattices [Ros20, Wes20], which is investigated by
the interlayer shear phonon mode. On the other hand, moiré lattices form. This is
studied by folded acoustic phonons [Lin18]. Finally, chapter 5 summarizes the results
of this thesis.
As the first question is answered the second question is the logical follow-up:

Why?

This is an important question, which every researcher should ask oneself. There are
many reasons for research on van der Waals heterostructures. On the one hand, it im-
proves knowledge and understanding of basic science. The investigation of condensation
signatures [Wan19, Sig20], ferromagnetism [Hua17], superconductivity [Uge16], corre-
lated electronic phases[Wan20b], to name a few, gives new insight into physical effects.
On the other hand, van der Waals heterostructure based devices like transistors [Che20],
photodetectors [Ma18], LEDs [Wan20a] and even neural network applications [Men20]
are visionary projects. So the research on van der Waals heterostructures deepens our
physical understanding of the world. If it has an influence on our everyday life, remains
to be seen.
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Chapter 2
Theory

2.1 Material systems

The materials used in this work belong to the group of two-dimensional materials, which
have a layered structure in common. The atoms exhibit strong bonds within the layer
and weak bonds in between the layers and therefore the layers can be split apart (see
section 3.1). By thinning down a material to one monolayer new physics emerge. The
most prominent example is graphene whose discovery [Nov04] was awarded with the No-
bel prize in physics to Andre Geim and Konstantin Novoselov in 2010. While graphene
is a semimetal and therefore is not suitable for the optical experiments conducted in
this work there are hundreds of other two-dimensional materials and thousands more
are predicted [Ash17, Mou18]. Also semiconductors, insulators and superconductors
are represented and the materials relevant for this work are introduced in the following
subsections.

2.1.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDCs) are materials consisting of a transition metal
M and two chalcogenide atoms X with the chemical formula MX2. The most typical
TMDCs are molybdenum disulfide (MoS2), molybdenum diselenide (MoSe2), tungsten
disulfide (WS2) and tungsten diselenide (WSe2). In the following, the characteristics for
these four TMDCs will be explained in general or on the basis of one of them. If there
are important differences between the materials, these will be highlighted.
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2 Theory

Crystal structure

The crystal structure for these typical TMDCs (MoS2, MoSe2, WS2 and WSe2) is known
since 1923, where it was described for MoS2 [Dic23]. Fig 2.1 shows a perspective view of
the material and the hexagonal structure can be seen in the orthographic top view. In
this work, only MoSe2 and WSe2 were investigated. Their lattice constants are given in
table 2.1 where a denotes the distance between two chalcogen atoms in the same plane
and c the height of a layer. This is the description of one layer of a TMDC, which will
be referred to as a monolayer. While the monolayer has no inversion center it features
a 3-fold symmetry (D3h) and strong covalent bonds between the atoms in a layer.

Figure 2.1 | a Perspective view and b orthographic top view of a monolayer MX2. The metal
atoms are depicted in red and the chalcogen atoms in orange.

Figure 2.2 |Orthographic top and side view of a 2H and b 3R stacked MX2.

The bulk material is build from monolayers stacked on top of each other. In contrast
to the strong bonds in the layer, between the layers only weak van der Waals forces
prevail. Whether the bulk material has an inversion center depends on the number of
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2.1 Material systems

a (Å) c (Å)
MoSe2 3.288 [Jam63] 6.46 [Jam63]
WSe2 3.286 [Hic64] 6.49 [Hic64]

Table 2.1: Bulk lattice constants of MoSe2 and WSe2.

layers. TMDCs with an even number of layers feature an inversions center, TMDCs
with an odd number of layers not. There are two typical stacking configurations:

• In the 2H-stacking two layers next to each other are twisted by 60◦ and therefore
the metal atoms of one layer lies above or below the chalcogen atoms of the
neighbouring layer (see Fig 2.2a).

• In the 3R-stacking all the layers have the same orientation and the chalcogen
atoms lie above the metal atoms of the layer beneath. Therefore this structure
repeats after three layers (see Fig 2.2b).

Of these two stacking configurations the 2H-stacking is more common for bulk material.
For artificially stacked multilayers the stacking is more complicated and is explained in
section 2.5.1. Strictly speaking, the terms 2H and 3R are only valid for bulk material.
Therefore, the terms H-type and R-type will be used for the non bulk TMDCmultilayers.

Band structure

To understand the behaviour of a semiconductor knowledge over the band structure is
required. Because of the hexagonal shape of the crystal lattice, which can be seen in Fig
2.1b, the TMDCs exhibit a hexagonal Brillouin zone [Bro72]. The first Brillouin zone is
depicted in Fig 2.3. The two inequivalent points K+ and K− at the corners of the zone
are of particular importance.

+K
-K

+K

M

-K

-
K+K

G

+S

+S

+S

-
S

-S

-
S

M

M

MM

M

Figure 2.3 |The first Brillouin zone of monolayer TMDCs.
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2 Theory

The band structure of the bulk material features an indirect bandgap between the Γ
point in the valence band and the K point in the conduction band. This is exemplarily
shown for MoS2 in Fig 2.4. While the states at the K point consist mainly of d-orbitals
localized at the metal atoms, the states at the Γ point are influenced by the pz-orbitals
of the chalcogen atoms. These are sensitive to neighbouring layers and therefore the
band structure changes with the layer number at the Γ point [Spl10, Kuc11]. When the
material is thinned down to one monolayer the band structure undergoes a transition
from an indirect bandgap to a direct bandgap at the K point (see Fig 2.4) [Voß99, Leb09,
Kad12]. The Σ point, which is also denoted as Q or Λ point in some publications, has
a conduction band minimum close to the minimum of the K point. Depending on the
material and strain the transition energy between the K point of the valence band and
the Σ point of the conduction band is very close to the direct transition at the K point
[Ste15]. The dominating transition for optical measurements is at the K point, because
the transition from the K to the Σ point is k-space indirect and therefore momentum
dark. Due to the direct bandgap at the K point in the monolayer, which is in the energy
range of visible light, TMDCs are a very interesting material for optical experiments.
Photoluminescence (PL) measurements confirmed the theoretical calculations and are
further discussed in section 2.3 [Mak10, Spl10].

Figure 2.4 |Calculated band structure of bulk, bilayer and monolayer MoS2. The funda-
mental bandgap (arrow), the Fermi level (orange), the valence band (blue) and the conduction
band (green) are highlighted (adapted from [Kuc11]).

The bulk material is time and inversion symmetric and therefore Kramer’s degeneracy
holds. In contrast to the bulk material the monolayer has a broken inversion symmetry
and due to the spin-orbit interaction the degeneracy is lifted at most points of the
Brillouin zone [Zhu11, Kor15]. The spin splitting of the valence and conduction band
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2.1 Material systems

for the common TMDCs at the K point is given in table 2.2. As can be seen the
splitting in the valence band is in the range of hundreds of meV, while the splitting
of the conduction band is rather small and even changes its sign, depending on the
material. The valence band can be directly mapped via angle-resolved photoemission
spectroscopy (ARPES) and the experimental measurements confirm the calculated spin
splitting (see Fig 2.5) [Zha14, Ali14].

∆VB(meV) ∆CB(meV)
MoS2 148 -3
MoSe2 186 -22
WS2 429 32
WSe2 466 37

Table 2.2 |Calculated spin splitting at the
K point of the valence (∆VB) and conduction
band (∆CB) [Kor15].

Figure 2.5 | Second-derivative of the
ARPES spectra of monolayer MoSe2 along
the Γ-K direction [Zha14].

Spin-valley effects

In semiconductor physics a valley is a minimum (maximum) in the conduction (valence)
band e.g. the band structure at the K point in TMDCs. These valley physics were
already investigated before in materials like aluminium arsenide quantum wells [Shk02]
or silicon heterostructures [Tak06] and are known as valleytronics. The special feature
of TMDC monolayers is that these valleys are distinguishable at the K+ and K− point,
can be selectively addressed by circularly polarized light and are locked to the spin
polarization.
As discussed above the bands at the K point are spin split with a large splitting at the
valence band maximum and a small splitting at the conduction band minimum. Because
optical transitions in TMDC monolayers are spin-conserving there are two possibilities.
An electron-hole pair can form an exciton between the upper valence band and the
corresponding conduction band (A exciton) or between the lower valence band and
the corresponding conduction band (B exciton). Only the energetically lowest allowed
transition is bright in optical experiments like PL measurements. For the K+ valley this
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2 Theory

transition is between spin up bands and for the K− valley between spin down bands.
Therefore the spin is locked to the valley [Kor15]. This is illustrated in Fig 2.6. It
has to be noted, that the energetically lowest transition is not always optically allowed.
Excitonic effects will be discussed in section 2.2.

+s
+s-s

-s

D <0CB D >0CB

+
K +K

-
K

-
K

MoX2 WX2

Figure 2.6 | Schematic illustration of the band structure at the K points for MoX2 and WX2.
The spin polarization of the bands, the conduction band splitting (∆CB) and the circular
polarization of the energetically lowest allowed transition is marked [Wan18].

In monolayer TMDCs selection rules for circularly polarized light prevail. The transition
in the K+ valley can only be accessed via σ+ polarized light and the transition in the K−

valley only via σ− polarized light (see Fig 2.6). The reason for these optical selection
rules is the broken inversion symmetry of the monolayer and the C3h symmetry at the
K points [Yao08, Xia12]. Therefore the K+ and the K− valley can be selectively excited
and probed with circularly polarized light. This additional information is called valley
pseudospin and can be understood as an additional degree of freedom besides charge and
spin. The pseudospin is directly coupled to the spin due to the particular configuration
of the band structure. By exciting and probing the different valleys with σ+ and σ−

polarized light the optical selection rules can be utilized in PL measurements, which is
shown in Fig 2.7a and b. As expected, for σ+ polarized excitation the PL yields more
σ+ polarized light and vice versa. This effect is quantified by the valley polarization P ,
which is defined by the difference of the emitted intensities of σ+ polarized light Iσ+ and
σ− polarized light Iσ− normalized by their sum and was already measured for monolayer
TMDCs [Cao12, Mak12, Zen12].

P = Iσ+ − Iσ−

Iσ+ + Iσ−

8



2.1 Material systems

This valley polarization can reach values near unity [Mak12, Wu13]. For bright excitons
the limiting factor for the valley polarization lifetime is the electron-hole exchange in-
teraction. The lifetime is further reduced by an increase of the excitation laser energy,
temperature or excitation density [Sch16a]. Fig 2.7c shows a pump-probe measure-
ment of the valley polarization lifetime which is in the order of 1 − 100 ps for TMDC
monolayers, depending on the specific material, temperature and excitation conditions
[Mai14, Dal15].

a b c

Figure 2.7 | a, b Polarization-resolved PL measurements on WSe2 (adapted from [Xu14]).
c Normalized time-resolved Faraday rotation dynamics (adapted from [Dal15]).

2.1.2 Hexagonal Boron Nitride

Hexagonal Boron Nitride (hBN) is a two-dimensional material with a layered structure
in its bulk form. A monolayer of hBN crystallizes in a planar honeycomb lattice with
strong covalent bonds in the layer and weak van der Waals forces between the layers.
While experiments show that hBN features an indirect band gap of about 6 eV [Cas16]
in this work it will be treated as an insulator. This is appropriate because all conducted
experiments were carried out at far lower energies and the band alignment relative to
TMDCs is such that no charge transfer to hBN occurs.
HBN is mainly used to improve the properties of other two dimensional materials. Dean
et al. first found an enhancement of the mobility of graphene by hBN [Dea10]. This is
accomplished via encapsulation i.e. embedding the desired material between two thin
sheets of hBN. Furthermore this not only works for graphene but also encapsulating
TMDCs yields improvements [Jin17]. The dominant effect is hBN working, due to its
layered structure, as a perfectly flat substrate with no dangling bonds in contrast to SiO2

which is normally used as a substrate. Additionally the hBN layers serve as a protection
of the sample surface, which was further investigated in this work (see chapter 4.1).
Another improvement by hBN encapsulation is the decrease of the transition linewidth
of monolayer TMDCs [Wan17, Cad17]. Substrate roughness, impurities and adsor-
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2 Theory

bates lead to a fluctuation of the dielectric environment which influences the electron-
electron and electron-hole interaction (see figure 2.8a). Because most measurements are
conducted with a micrometer spot size on the sample the result is an average over a
macroscopic area, compared to the exciton radius (see section 2.2). Due to the spatial
fluctuations of the above mentioned interactions also the transition energies vary, which
leads to an inhomogeneous broadening in the measurement [Raj19]. This is illustrated
in figure 2.8b. By encapsulation these fluctuations are suppressed and therefore the
linewidth is reduced, which is crucial for many experiments.
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Figure 2.8 | a Illustration of the influence of a fluctuating dielectric environment εext(x)
on the electron-electron and electron-hole interaction. b Illustration of the inhomogeneous
broadening of a transition as a result of the change of the dielectric environment (adapted
from [Raj19]).

All these advantages of using hBN with TMDCs lead to hBN being a standard material
utilized in van der Waals heterostructures. In current research, due to its high quality,
mostly hBN synthesized by T. Taniguchi and K. Watanabe is used [Tan07].
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2.2 Excitons

2.1.3 Niobium Diselenide

Niobium Diselenide (NbSe2) is a metallic TMDC with the same crystal structure as
described for the classical TMDCs (see section 2.1.1). Therefore, it is a van der Waals
material and can be exfoliated down to the monolayer. In contrast to the four semi-
conducting TMDCs introduced in this work, NbSe2 is a superconductor with a critical
temperature TC = 7.2K in its bulk form and TC = 1.9K in the monolayer limit [Uge16].
Another difference is the stability of NbSe2 under ambient conditions. While the other
TMDCs are stable, NbSe2 oxidizes if exposed to air [Cao15]. The oxidation is even
enhanced by the exposure to light [Li19], e.g. by a laser while conducting optical exper-
iments. This is a major obstacle when working with many two-dimensional materials
and was further investigated in this work (see chapter 4.1).

2.2 Excitons

If an electron is excited from the valence band to the conduction band a hole remains in
the valence band. This positively charged hole couples to the electron via the Coulomb
interaction and this electron-hole pair can be treated as a quasiparticle, the exciton.
There are two types of excitons namely the Frenkel exciton, which is strongly localized
in the crystal lattice, and the Wannier-Mott exciton, which is delocalized over many
unit cells. Excitons in TMDCs belong to the latter type and their characteristics will
be described in the following.
The classification of excitons in TMDCs as Wannier-Mott excitons is justified by the
measurement of the extent of the electron-hole pair. This is done by the determination
of the Bohr radius via optical measurements in high magnetic fields and yields the result
of a radius of ∼ 1 nm [Sti16, Ple16]. For Wannier excitons the energies of ground and
excited states can be calculated via the effective mass approximation. This gives a
modified Rydberg series for the excitonic energies in TMDCs similar to the hydrogen
atom and is experimentally verified [Che14] (see Fig 2.9). Another important feature
of excitons is the exciton binding energy, which is relatively high for TMDCs. The
reasons for the strong coupling are the two-dimensional confinement, the relatively big
effective masses and the reduced dielectric screening [Wan18]. The reduced screening can
be visualized via the electric field lines of the Coulomb interaction, which are located
outside of the material due to the thinness of a monolayer, and experience a lower
dielectric constant surrounding the TMDC. Therefore, the energy of the optical band
gap EPL (see section 2.3) is not equal to the energy of the free particle bandgap EG,
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2 Theory

but reduced by the exciton binding energy EB
X : EPL = EG − EB

X The binding energy
is in the order of 500meV and an overview over the binding energies of the different
TMDCs on different substrates can be found in [Wan18]. Due to the two-dimensional
confinement, the dipole moment of the exciton in a monolayer (intralayer exciton) lies
in the layer [Sch13]. In section 2.1.1 the selection rules are discussed and as a result of
the valence band splitting two energetically different excitons emerge. An electron-hole
pair with the hole in the upper valence band is called A exciton and an electron-hole
pair with the hole in the lower valence band B exciton.

Besides the neutral exciton, which consists of a bound electron-hole pair and was de-
scribed above, other excitons exist. The trion is a neutral exciton bound to an electron
or hole and the biexciton is a system consisting of two neutral excitons. These quasi-
particles exhibit additional binding energies, which add to the binding energy of the
neutral exciton. The binding energies of the trions and biexcitons lie in the order of the
thermal energy at room temperature [Mak13] and therefore these excitons can only be
measured at low temperatures. A gate-voltage-dependent differential reflectance mea-
surement which shows the neutral exciton, positively and negatively charged trion and
the first excited state of the neutral exciton is shown in Fig 2.9.

Energy (eV)

Figure 2.9 |Heatmap of the first derivative of the differential reflectivity measured on a
monolayer of WSe2 at low temperatures. A gate voltage is used to tune the Fermi level of the
monolayer. The neutral exciton (X0), negatively charged (X−), positively charged (X+) trion
and first excited state of the neutral exciton (X0∗) are marked [Cou17].
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2.3 Optical spectroscopy

2.3 Optical spectroscopy

2.3.1 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a standard tool for investigating semiconduc-
tors. A light source, usually a laser, excites an electron from the valence to the conduc-
tion band. Therefore, the energy of the incoming light has to be bigger than the optical
bandgap of the material. After the excitation, a hole remains in the valence band and
the hole and the electron relax via phonons to their respective band extrema. Next, they
recombine radiatively by emitting a photon. This is depicted in Fig 2.10a. Due to the
coupling of the electron to the hole in an excitonic quasiparticle the energy of the emitted
light EPL is the difference between the free particle bandgap EG and the exciton binding
energy EB

X . The absorption and emission of light has to fulfill energy and momentum
conservation. Therefore only k-space direct transitions are allowed because of the neg-
ligible momentum of the photons. As a consequence, monolayer TMDCs show bright
luminescence, while multilayer TMDCs are dark owing to their indirect bandgap. This
sparked the interest in TMDCs when it was first reported in 2010 [Mak10, Spl10] (see
Fig 2.10b). The optical transitions in TMDC monolayers are also limited by selection
rules, which are discussed in section 2.1.1.

EPL

EX

B

EG

a b

Figure 2.10 | a Schematic drawing of a photoluminescence measurement. The excitation,
relaxation and emission and the important energies are shown. b PL spectra for mono- and
bilayer MoS2. The inset shows the dependence of the quantum yield on the layer number on
a logarithmic scale [Mak10].
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2 Theory

2.3.2 Raman Spectroscopy

Raman scattering is a widely used tool in optical spectroscopy. It utilizes inelastic light
scattering to measure vibrations of molecules, electronic excitations, lattice vibrations,
etc. For the measurement of phonons the sample is excited with a laser and most
of the light is elastically backscattered by the Rayleigh scattering. But a part of the
backscattered light is inelastically scattered allowing the creation (Stokes) or annihila-
tion (Anti-Stokes) of a phonon (see Fig 2.11a). Therefore the energy of the phonon can
be measured via the energetic shift in the spectrum (see Fig 2.11b). The energy scale
of the spectrum is normally depicted as the difference to the energy of the Rayleigh
scattered light in wavenumbers (cm−1) with a positive sign for the Stokes side.

a b

Rayleigh

Rayleigh

Stokes

Stokes

Anti-Stokes

Anti-Stokes

ground state

vibrational state

virtual states

ħw -E0 q ħw0
ħw +E0 q

R
a

m
a

n
 in

te
n

si
ty

 (
a

rb
. 

u
.)

Figure 2.11 | Schematic plot a and spectrum b of light scattering. The Rayleigh scattered
light has the same energy ~ω0 as the incoming light (blue). The Raman scattered light has
either lower energy for the Stokes process (red) or higher energy for the Anti-Stokes process
(green).

Raman processes must fulfill momentum and energy conservation:

~ωi − ~ωs ± Eq(k) = 0
~ki − ~ks ± ~q = 0

Here, ωi and ωs are the frequencies of the incoming and the scattered light and Eq(k)
is the energy of the phonon. ki and ks are the respective wave vectors of the light and
~q is the momentum of the phonon. So the measured spectrum (see Fig 2.11b) yields
the energy of the phonon Eq(k) [Sch06]. Due to the low wave vectors of the photon,
Raman spectroscopy is mostly limited to studying optical phonons close to the Γ point
of the phonon dispersion. An important exception is discussed in section 2.5.4. Moiré
phonons are folded acoustic phonons and can be measured by Raman spectroscopy.
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2.3 Optical spectroscopy

Other characteristic Raman modes, namely the interlayer shear and breathing mode, of
the investigated systems will be presented in section 2.5.3.

2.3.3 Second harmonic generation

Second harmonic generation (SHG) is a nonlinear optical effect where two photons
of the same wavelength get absorbed and a photon with twice the energy is emitted.
In this work, SHG was used to determine the relative orientation of two monolayers,
which is required for the structures described in section 2.5 and 2.6. Second harmonic
generation is an interaction between an electromagnetic wave and an optically nonlinear
material, whose second-order nonlinear susceptibility tensor χ(2) has to be non-zero
[Boy20]. Therefore, it is only possible in non inversion symmetric crystals. For TMDCs,
these are the ones with odd layer number (see section 2.1.1), i.e. monolayers, trilayers,
etc. To determine the crystal orientation the polarization of the light is crucial. For
parallel polarization (incoming and outgoing light have the same linear polarization) the
intensity of the SHG signal I|| is dependent on the angle ϕ of the polarization of the
incoming light with respect to the crystallographic axes of the material: I|| ∝ cos2(3ϕ)
This angle dependency corresponds to the crystallographic orientation of the material
as shown in Fig 2.12 [Mal13, Li13].
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Figure 2.12 | Polarized SHG intensity I|| of a TMDC monolayer showing the relationship
between the crystallographic orientation and the intensity dependency on the polarization
angle ϕ.

The measurement works similar with crossed polarizations (incoming and outgoing light
have perpendicular linear polarization). It has to be noted, that this method can only
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determine the orientation with an arbitrariness of 60◦, as the monolayer features only a
threefold symmetry while the SHG signal features a sixfold symmetry.

2.4 Excitons in high magnetic fields

Spectroscopy in high magnetic fields is a powerful tool for investigating TMDCs. By ap-
plying a magnetic field the time reversal symmetry is broken and the valley degeneracy is
lifted. The dominating effects that are experimentally observed are an effective Zeeman
splitting and a diamagnetic shift. These observations yield information about the Bohr
radius [Sti16], the reduced mass and the binding energy of the exciton [Sti18, Mol19] and
give experimental evidence for the Rydberg series of the exciton up to 11s [Wan20c] in
TMDCs. Via a tilted magnetic field also spin-forbidden dark states could be investigated
[Rob20].
Up to now, the effective Zeeman shift was explained by adding up contributions from
the spin, orbital and valley magnetic moment [Aiv15]. Only recently, more precise, ab
initio calculations for the effective exciton g factor were conducted [Dei20, För20, Woź20,
Xua20]. In the following, the approach of Woźniak et al. [Woź20] will be outlined, who
also calculated g factors for TMDC heterostructures (see section 2.6.2).
The following Hamiltonian H is used to calculate the effective g factor gnk of a Bloch
state |nk〉:

H(B) = H0 + µBB ·
(
L + g0

2 Σ
)

+ e2
0

8m0
(B× r)2

Here, µB is the Bohr magneton, B the external magnetic field, L the angular momentum
operator, g0 the g factor of the free electron, Σ the vector of Pauli matrices, e0 the
elementary charge, m0 the rest mass of the electron and r the position operator. H0 is
the nonrelativistic band structure Hamiltonian without magnetic field. The magnetic
field is taken into account by adding the spin Zeeman term and replacing the momentum
operator p by p − qA, where q is the charge of the electron and A = (B× r) /2 the
chosen vector potential. The equation is solved via density functional theory (DFT) by
treating the magnetic field dependent terms with first order perturbation theory and
choosing B = (0, 0, B) to be perpendicular to the sample plane. Also relativistic effects,
which cannot be neglected due to the high masses of Mo and W, are taken into account.
For more detailed calculations see [Woź20].
As a result the effective g factor gnk of the Bloch state |nk〉 can be calculated. This
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2.4 Excitons in high magnetic fields

yields the linear energetic shift EL
k (B) of the momentum-direct exciton as

EL
k (B) = (gck − gvk)µBB = gkµBB,

where c (v) denotes the conduction (valence) band and gk is the intravalley g factor
of an exciton at k. Bright excitons in TMDCs are at k = K± and due to symmetry
reasons gn,K+ = −gn,K− and gK+ = −gK− holds.
In experiment the effective g factor is measured by determining the difference of the
exciton emission energies Eσ± with σ+ and σ− polarizations in a magnetic field B per-
pendicular to the sample (effective Zeeman splitting, see Fig 2.13):

Eσ+(B)− Eσ−(B) = geffµBB
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Figure 2.13 | Schematic band structure and PL measurement of WS2 at a 0T and b 30T. c
Effective Zeeman splitting obtained from PL measurements. An effective g factor geff = −4.3
is obtained from the linear fit (adapted from [Sch16b]).

Thus in experiment an intervalley g factor is measured, which is therefore called effective
g factor geff in this work. To calculate this effective g factor gtheoeff from the intravalley
g factors obtained above, the selection rules have to be considered:

gtheoeff = gσ+ − gσ− = gK+ − gK− = 2gK+

This shows a sensitive dependence of the effective g factor on the selection rules, which
will be important in section 2.6.2. The effective g factor for the classical monolayer
TMDC is approximately geff ≈ −4 and theoretical and experimental results agree rea-
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sonably well, as can be seen in table 2.3. Further experimental values and discrepancies
to the theoretical values are discussed in [Woź20]. Due to the different energetic shifts of
the valleys the distribution of the carriers changes. This leads to a magnetic field induced
valley polarization even by excitation with linearly polarized light. Valley polarization
is described in section 2.1.1.

MoS2 WS2 MoSe2 WSe2

gtheoeff -3.68 -3.66 -3.82 -3.80
gexpeff -4.0 [Sti16] -3.94 [Sti16] -4.2 [Aro19] -3.8 [Aro19]

Intensity 28.6 42.9 21.2 33.1

Table 2.3: Calculated and experimental effective g factors of the A exciton. The given
intensities are proportional to the oscillator strength (adapted from [Woź20]).

Besides the linear contribution in a magnetic field B the Hamiltonian also features a
quadratic contribution. This diamagnetic shift Edia can be generally described by:

Edia = e2
0

8µ∗
〈
r2
〉
B2 = βB2

Here, e0 is the elementary charge, µ∗ the reduced mass of the exciton and 〈r2〉 the
root-mean-square radius of the exciton. Therefore, this is very useful to determine the
reduced mass and extent of excitons. The diamagnetic shift is always positive. In
experiment, the proportionality constant β can be measured by the mean value of the
exciton emission energies Eσ± for circularly polarized light:

Eσ+(B) + Eσ−(B)
2 − EX(0) = βB2

EX(0) is the exciton emission energy at 0T. By taking the sum of Eσ± the linear con-
tribution vanishes. β quantifies the quadratic shift and can be extracted from helicity-
resolved PL experiments.

2.5 Artificially stacked bilayers

The research on TMDCs has been a booming field since the discovery of the direct
bandgap in the monolayer [Mak10, Spl10]. Natural mono-, bi- and multilayers have
been extensively studied and while there is still a lot to be done, the next logical step
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is stacking monolayers artificially on top of each other. In this work the focus lies on
artificially stacked bilayers, which can be divided into bilayers of the same material (ho-
mobilayers) and bilayers of different material (heterobilayers). While natural bilayers,
exfoliated from a bulk crystal, always crystallize perfectly in H-type or R-type stacking
(see section 2.1.1), the twist angle θ of artificially stacked bilayers can be tailored to
an arbitrary value and therefore new physics emerge. These will be described in the
following section. The discussed effects are valid for both, homobilayers and heterobi-
layers. Additional consequences due to the different materials in heterobilayers will be
discussed in section 2.6.

2.5.1 Moiré patterns

By stacking two TMDC monolayers artificially on top of each other a twist angle θ
between the layers arises, either from the inherent inaccuracy of the stacking method
or from an intentional misalignment between the layers (see section 3.1). A twist angle
of close to (perfect) 0◦/60◦ will be denoted as R-type/H-type (perfect R-type/H-type)
stacking consistent with the stacking nomenclature in bulk materials. For a twist angle
θ 6= 0◦/60◦ in the sample and assuming a rigid lattice, a moiré pattern forms [Bis11,
Van14, Zha17]. This is a large-scale, periodic interference pattern between the crystal
lattice of the two layers and an example for a twist angle of θ = 13◦ is shown in Fig
2.14. For heterostructures a moiré pattern forms even for θ = 0◦/60◦, due to the different
lattice constants of the layers [Kum15]. The D3h symmetry of the monolayer reduces
the relevant twist angle range to 0◦ ≤ θ ≤ 60◦ [Hua14]. The moiré superlattice leads to
novel effects like moiré phonons (see section 2.5.4), moiré excitons [Yu17, Ale19, Jin19,
Sey19, Tra19] and even electronic phase transitions [Cao18, Wan20b]. Therefore, the
term twistronics was coined [Car17].
The moiré pattern is described by a moiré supercell, which repeats periodically over the
crystal (red outline in Fig 2.14). Due to the symmetry of the crystal lattice, the moiré
period of samples with twist angle θ and 60◦ − θ is equivalent [Moo13, Lin18]. This
holds for the moiré period, but generally between 0◦ (R-type) and 60◦ (H-type) stacking
has to be distinguished. The moiré period (for 0◦ ≤ θ ≤ 30◦) is given by the lattice
constant of the moiré unit cell

LMhetero = a1√
1 + (a1/a2)2 − 2 · (a1/a2) cos θ

,
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Figure 2.14 |Moiré pattern of a TMDC bilayer with a twist angle θ = 13◦. The moiré
supercell (red dashed lines) and the twist angle θ (dark-blue/-red line) are illustrated.

where a1 and a2 are the lattice constants of the top and bottom monolayer [Her12]. This
simplifies to

LMhomo = a

2 sin(θ/2)

for homobilayers with the lattice constant a = a1 = a2 [Her12]. So the size of the moiré
supercell diverges for twist angles close to 0◦ and 60◦ while it is relatively constant in
between. The heterostructures used in this work consist of MoSe2 and WSe2. Since the
difference of their lattice constants a1 ≈ a2 is negligible (see section 2.1.1) the moiré
lattice can be treated like in a homobilayer sample. It has to be noted that there is also
a crystallographic superlattice, which exists only for certain twist angles and has equal
or bigger period than the moiré superlattice. While the crystallographic superlattice
is rigorously periodic, in the moiré superlattice high symmetry points repeat [Moo13].
These will be discussed below. For this work, only the moiré superlattice is relevant.
The periodic structure of the moiré pattern gives rise to a new periodicity in reciprocal
space. For a twisted homobilayer with reciprocal lattice vectors b1 and b2 of the top
and bottom monolayer a lattice vector for the moiré reciprocal lattice is g = b2 − b1

[Lin18]. These vectors and the corresponding Wigner-Seitz cells of the moiré lattice in
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reciprocal space are illustrated in Fig 2.15. Since the moiré supercell is bigger than the
unit cell of the crystal lattice in real space, the moiré supercell is smaller than the unit
cell of the crystal lattice in reciprocal space.

g

g
q

Figure 2.15 |Reciprocal space of a TMDC homobilayer with twist angle θ = 22◦. Reciprocal
lattice vectors b1,b2 and the Brillouin zones (blue, orange lines) of the monolayers and the
reciprocal lattice vector g of the moiré unit cell are depicted. The Wigner-Seitz cells of the
moiré superlattice in reciprocal space (red dashed lines) and points equivalent to Γ (red dots)
are marked (adapted from [Lin18]).

Within a moiré supercell several high symmetry points can be classified, which will be
important in the next section. At high symmetry points the local lattice of the twisted
bilayer approximates the structure of a nonrotated bilayer (perfect R-/H-type) except
for a displacement of the layers [Moo13]. These stacking configurations are denoted
as Rn

m and Hn
m, where R corresponds to a twist angle of θ = 0◦ and H to θ = 60◦.

n (m) indicates the top (bottom) layer and substitutes the position of the monolayer
lattice. X denotes a chalcogen atom site, M a metal atom site and h the hollow center
of a hexagon. This notation follows the publication of Yu et al. [Yu17]. In literature,
different notations are used. An overview is given in the supplementary of [Ros20]. The
relevant high symmetry points Hh

h, HM
h and HX

h for H-type and Rh
h, RM

h and RX
h for

R-type bilayers are depicted in Fig 2.16.
Recently, it was shown, that the moiré pattern in TMDCs changes around the high
symmetry points for small twist angle deviations from 0◦ and 60◦ [Ros20, Wes20]. This
will be discussed in the next section.
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Figure 2.16 |Top view of the high symmetry stacking configurations in TMDC bilayers.
The top layer is depicted in red (metal atoms) and orange (chalcogen atoms). The bottom
layer is depicted in blue (metal atoms) and turquoise (chalcogen atoms). In the Rhh-stacking
configuration the bottom layer is not visible, because it is precisely underneath the top layer.

2.5.2 Atomic reconstruction

Atomic reconstruction describes the spatial rearrangement in bilayers with a twist angle
close to 0◦ or 60◦. This leads to the formation of domains, in which high symme-
try stacking orders are reconstructed. It was already observed for graphene bilayers
[Ald13, Yoo19], hBN bilayers [Ni19] and graphene-hBN heterobilayers [Woo14]. Carr
et al. showed by calculating stacking energies, that atomic reconstruction can occur
in TMDC bilayers [Car18], which was confirmed by DFT calculations [Ros20, Wes20,
Woź20, Ena20] and classical modelling [Mai20]. Recent publications also confirm atomic
reconstruction for TMDC homo- [Wes20] and heterobilayers [Ros20, Wes20] experimen-
tally.
Atomic reconstruction occurs for small twist angle deviations δ from perfect R-type
or H-type stacking. Here, the twist angle will be described as θ = 0◦ ± δ for R-type
and θ = 60◦ ± δ for H-type structures. As discussed in section 2.5.1, moiré patterns
emerge for twisted bilayers, which feature high symmetry points (depicted in Fig 2.16).
The calculated stacking energies, see Fig 2.17a and d, show the energetically favourable
stacking configurations [Ros20]. RX

h and RM
h are the energetically lowest configurations

for R-type bilayers and Hh
h is the lowest for H-type bilayers. Therefore, atoms around
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Figure 2.17 |Calculated stacking energy for different positions in the moiré lattice for a
R-type and d H-type bilayers (adapted from [Ros20]). Corresponding reconstructed domains
for b R-type and e H-type bilayers [Woź20]. CAFM measurements of c R-type (δ ≈ 0.4◦) and
f H-type (δ ≈ 0.5◦) reconstructed bilayers [Ros20].

these points rearrange in the corresponding stacking order and form reconstructed do-
mains with narrow domain walls in between. The periodicity of the high symmetry
points in the moiré pattern determines the shape of the reconstructed domains. For R-
type bilayers triangles with alternating RX

h - and RM
h -stacking form (see Fig 2.17b) and

for H-type bilayers hexagons with Rh
h-stacking form (see Fig 2.17e) [Car18]. Conductive

atomic force microscopy (CAFM) [Ros20] and transmission electron microscopy (TEM)
[Ros20, Wes20] clearly show the reconstructed domains for R-type (CAFM shown in
Fig 2.17c) and H-type stacking (CAFM shown in Fig 2.17f) and confirm the theoretical
calculations. Also Raman measurements can verify atomic reconstruction, which is part
of this work and shown in chapter 4.3.1 [Hol20]. The reconstructed domains are linked
to the moiré lattice via the high symmetry points. Therefore, the domain size depends
on the moiré period and the twist angle. For larger twist angle deviations δ from 0◦/60◦

the domains get smaller and the domain walls take proportionately more space. There-
fore the reconstruction is not energetically favourable any more and a moiré pattern
forms. In the literature different values for when reconstruction takes place, ranging
from δ < 1◦ [Ros20] to δ < 3◦ [Wes20], are given. The possible domain size ranges from
10 nm to 100 nm [Ros20]. Overall atomic reconstruction is an important aspect, that
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has to be taken into account for bilayers with small twist angle deviations from 0◦ or
60◦.

2.5.3 Rigid-layer Raman modes

As described in section 2.3.2, Raman scattering is a powerful tool to measure phonons.
The Raman active modes in TMDCs are the A1g, the E1g and two E2g modes [Ver70].
These are all intralayer modes which appear in a monolayer, but also in multilayers,
where some of them are dependent on the layer number. An overview over intralayer
Raman modes is given in [Sai16].
Here, the focus is on rigid-layer Raman modes in bilayers. There are two characteristic
interlayer modes which only appear in multilayer but not in monolayer TMDCs. One
exhibits a shearing motion between the layers (interlayer shear mode ISM) and one a
breathing motion (interlayer breathing mode IBM). These modes are dependent on the
layer number and are depicted for bilayers in Fig 2.18a and b. Further details for ISMs
and IBMs in multilayer TMDCs are described in [Lia17].
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Figure 2.18 | Schematic illustration of a the ISM and b the IBM. c Low frequency Raman
measurements in monolayer MoSe2 and WSe2 and MoSe2-WSe2 heterostructures. For mono-
layers no interlayer Raman modes are visible. The twist angle θ of the heterostructures is
listed (adapted from [Nay17]).

The first ISM in TMDCs was measured in a natural MoS2 multilayer by Plechinger
et al. [Ple12]. Since then the ISM and IBM has been studied for all the classical
TMDC materials and many more [Lia17]. For the distinction between ISM and IBM the
polarization of the light can be used. In a cross-polarized setup, i.e. the sample is excited
with linearly polarized light and the Raman signal is detected with a linear polarizer
perpendicular to the incident laser light, only the ISM is visible. For co polarization,
i.e. the sample is excited with linearly polarized light and the Raman signal is detected
with a linear polarizer parallel to the incident laser light, both, ISM and IBM are
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visible [Zha13b, Zha13a]. In a cross-polarized setup the Raleigh scattered laser light is
additionally suppressed in contrast to a co-polarized setup.
Due to the interlayer character of the shear and breathing modes, these modes are
influenced by the twist angle in artificial bilayers. The restoring force which drives the
IBM is provided by the van der Waals force and therefore is only weakly dependent
on the twist angle. However, the restoring force of the ISM is strongly affected by
the atomic registry of the layers. For twist angles θ 6= 0◦/60◦, where a moiré pattern
forms, there is no long range atomic registry. Therefore, the ISM is strongly suppressed.
Only for R- and H-type stacking the ISM is visible. This is experimentally confirmed
for both, twisted homobilayers [Lui15, Pur15, Pur16, Hua16, Lin18] and heterobilayers
[Lui15, Zha16, Nay17]. Fig 2.18c shows Raman spectra of the ISM and IBM for different
twist angles in a MoSe2-WSe2 heterostructure. Since the effect of atomic reconstruction
was only recently discovered, it was not considered in publications for interlayer Raman
modes up to now. This was investigated within the scope of this work and is discussed
in chapter 4.3.1.

2.5.4 Moiré phonons

The basics for this chapter are explained in section 2.5.1. Most importantly, the twist
angle in a bilayer introduces a new periodicity via the moiré superlattice. Therefrom
originates a backfolding of the phonon dispersion, which was already investigated for
many different materials [Hol76, Tim82, Soo85, Tan04]. Lin et al. discovered folded
phonons in twisted bilayer MoS2. The following paragraph will explain the details,
based on their publication [Lin18]. Since the phonon dispersion is folded by the moiré
superlattice, these phonons are called moiré phonons.
Here, the folding will be explained for folded acoustic phonons in a twisted TMDC
homobilayer with twist angle θ 6= 0◦/60◦. Due to the moiré superlattice in a twisted
bilayer a new periodicity emerges, which is described by the reciprocal lattice vector g
of the moiré supercell (see section 2.5.1). In Fig 2.19a the dispersion for longitudinal
acoustic (LA) and transversal acoustic (TA) phonons along g is shown. Due to the new
periodicity (illustrated by the dashed line) the phonons at g can be folded back to the
zone center Γ of the Brillouin zone. In Raman spectroscopy (see section 2.3.2) typically
only phonons at Γ can be seen. So no acoustic phonons are visible because of their
marginal Raman shift at Γ. However, the folded acoustic phonons at Γ are at higher
Raman shifts and can be detected. By a variation of the twist angle θ the periodicity
and therefore the energy of the folded phonon changes. The Raman shift of the folded
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Figure 2.19 | a Phonon dispersion of longitudinal acoustic (LA) and transversal acoustic
(TA) phonons along the reciprocal lattice vector g of the moiré supercell. The folding is
illustrated for a twist angle θ = 20◦ and the general dependency on the twist angle 0◦ ≤ θ ≤
60◦ is given below (phonon dispersion calculated by B. Peng, as described in Ref [Pen16]).
b Interpolation schematic in reciprocal space with reciprocal lattice vector g of the moiré
supercell and corresponding twist angle θ (adapted from [Lin18]). c Raman measurements
on twisted bilayer MoS2 with laser energy Eex = 2.54 eV. The twist angles for the different
samples are denoted. Folded longitudinal acoustic (FLA) phonons and folded transversal
acoustic (FTA) phonons are marked (adapted from [Lin18]).

moiré phonons as a function of the twist angle is given by the moiré period in reciprocal
space (see Fig 2.19a):

|g| = 8π√
3a

sin (θ/2)

a denotes the lattice constant of the monolayer. Interlayer coupling and lattice recon-
struction can lead to a frequency renormalization of the moiré phonons [Lam20, Qua21].
Therefore, the backfolding is an approximation. With varying twist angle the reciprocal
lattice vector g of the moiré lattice changes its direction. The phonon dispersion along
g can be calculated by the interpolation of the conventional phonon dispersion along
Γ-K and Γ-M . The phonon frequency ω( ~ΓO) at the point O is given by:

ω( ~ΓO) = ω(g) = AO
AB

ω( ~ΓB) + BO
AB

ω( ~ΓA)
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∣∣∣ ~ΓA∣∣∣ =
∣∣∣ ~ΓB∣∣∣ = |g|, AO = |g| θ·π360◦ , BO = |g|

(
π
6 −

θ·π
360◦

)
and AB = π

6 |g|. The corre-
sponding points in the Brillouin zone are depicted in Fig 2.19b. Fig 2.19c shows the
measurement of moiré phonons on MoS2 bilayers with varying twist angles. The moiré
phonons exhibit a resonance behaviour to the C exciton and are not visible in regions
of atomic reconstruction.
In this work, the moiré phonons for different materials are further investigated (see
chapter 4.3.2).

2.6 Heterostructures

TMDCs and van der Waals materials in general are perfectly suitable for building
heterostructures. The easy fabrication by stacking two monolayers on top of each
other (see section 3.1) has lead to the comparison of van der Waals heterostructures
with lego bricks (see Fig 2.20) [Gei13]. These heterostructures are an essential step
for device fabrication [Nov16] and many prototypes have already been constructed
[Mak16, Par20, Cho20, Hoa20]. The main advantage to other heterostructures, like
quantum wells grown by molecular beam epitaxy (MBE), is that van der Waals materi-
als do not require lattice matching. Due to the weak van der Waals forces between the
layers any two-dimensional materials can be stacked onto each other and also the twist
angle between the layers is arbitrary. This leads to novel effects, like moiré patterns and
atomic reconstruction, which are discussed in section 2.5. The heterostructures used
in this work consist of MoSe2 and WSe2, additionally hBN encapsulation was utilized.
While technically the combination of hBN and a TMDC is a heterostructure, for this
composition the term heterostructure will not be explicitly used in this work. HBN
encapsulation is employed for its homogeneity-enhancing and protective properties and
these effects are described in the materials section 2.1.2.

2.6.1 Interlayer excitons

Interlayers excitons (ILEs) are excitons (see section 2.2), where the electron is in one
layer and the hole in another layer. Fang et al. [Fan14] and Rivera et al. [Riv15] first
discovered ILEs in TMDCs and since then they have been investigated in many different
material combinations. While in this section ILEs in heterobilayers will be described,
it should be noted, that also in homobilayers [Aro17] and multilayers [Sur18] ILEs were
observed.
To determine the relative offset of the band structure of two different materials, the
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Figure 2.20 | Illustration of the fabrication possibilities for van der Waals heterostructures
by comparing them to lego bricks [Gei13].

Anderson rule can be applied [And60]. This estimates the band structure by aligning
the vacuum levels of the two materials and comparing their electron affinities. For most
of the classical TMDCs this yields a type II band alignment [Kan13, Lia13, Wil17]. In
contrast to type I and type III alignment, type II band alignment features a staggered
gap, i.e. a bandgap between the valence band of one material and the conduction band of
the other material. As an example the band structure for a MoSe2-WSe2 heterostructure
is schematically depicted in Fig 2.21a. The electrons and holes relax to the energetically
most favourable point, namely the electrons to the conduction band of MoSe2 and the
holes to the valence band of WSe2. This ultrafast relaxation process happens on a
timescale of a few picoseconds [Hon14, Mer19].
Due to the relaxation of the charge carriers the intralayer exciton PL is quenched, while
a new feature appears in the PL spectrum at lower energies, the interlayer exciton (see
Fig 2.21b and Fig 2.22b). Because of the spatial charge separation, the ILE has a dipole
moment perpendicular to the sample plane and exhibits a relatively long lifetime in
the nanosecond regime [Riv15, Nag17b]. Choi et al. even found a lifetime dependence
on the interlayer twist angle θ [Cho21]. This can be explained by the structure of the
ILE in reciprocal space. To observe the ILE optically, like it is shown in Fig 2.21b, the
corresponding transition in K-space has to be direct. As illustrated in Fig 2.22a this
is only the case for θ = 0◦/60◦. Consequently, in PL measurements the ILE transition
can only be observed for nearly aligned (θ ≈ 0◦/60◦) heterostructures. With increasing
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Figure 2.21 | a Schematic type II band alignment of a MoSe2-WSe2 heterostructure in real
space. The intralayer MoSe2 (blue), the intralayer WSe2 (red) and the interlayer (yellow)
transition is marked. b PL spectrum of a MoSe2-WSe2 heterostructure. The peaks are assigned
to the transitions in the schematic on the left side by the corresponding colour (adapted from
[Riv15]).

twist angle deviation δ from 0◦/60◦ the ILE lifetime increases, because its transition
is more and more indirect in reciprocal space. It has to be noted, that for R-type
heterostructures the direct transition in reciprocal space is, similar to the monolayer,
from the K+ (K−) valley of the valence band of one material to the K+ (K−) valley of
the conduction band of the other material. However, for H-type structures the direct
transition is from the K+ (K−)valley of the former to the K− (K+) valley of the latter.
The subsequent consequences are discussed below. For misaligned heterostructures (δ &
6◦) the ILE PL is strongly suppressed (see Fig 2.22b) [Nay17].
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Figure 2.22 | a Twist angle dependent reciprocal space of a TMDC heterostructure with K+

and K− points. b PL spectra of MoSe2, WSe2 and MoSe2-WSe2 heterostructures with their
twist angle θ listed on the right side. Scaling of individual curves is denoted. The interlayer
transition (blue dashed line) and the intralayer transitions (black dashed lines) are marked.
(adapted from [Nay17]).
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In a MoS2-WSe2 heterobilayer also K-space indirect Γ-K ILE were observed [Kun18].
This is possible via room temperature measurements, where phonons can enable the
indirect transition. For this material combination also the K-K direct transition could
be observed at lower energies [Kar19]. Furthermore, intrinsic stacking effects, as dis-
cussed in section 2.5, have to be taken into account. On the one hand, for misaligned
heterostructures a moiré pattern forms, which leads to a potential landscape in the or-
der of 100meV for ILEs [Yu17, Yua20]. On the other hand, for aligned structures with
low twist angle deviation atomic reconstruction takes place. Therefore, for twist angle
deviations δ < 4◦ from 0◦/60◦ the heterostructure is, due to the reconstruction, perfectly
aligned (perfect R-/H-type) and the corresponding transition direct in reciprocal space.
The reconstruction enables the calculation of the optical selection rules. Atomic re-
construction leads to different domains (see Fig 2.17) with different lattice orientation
between the layers, as described in section 2.5.2. For these high symmetry stacking
domains (see Fig 2.16) the dipole selection rules were calculated for a MoSe2-WSe2 het-
erostructure [Woź20]. These differ substantially from the selection rules for intralayer
excitons and are depicted in Fig 2.23. In contrast to intralayer transitions in monolayers,
also spin-flip transitions are accessible via circularly polarized light. The correspond-
ing transitions and relative oscillator strengths are given in table 2.4. Compared to
intralayer transitions ILE have a vanishing oscillator strength [Gil18] and therefore are
not seen in absorption measurements. In PL experiments the intralayer excitons are
excited and after population of the ILE via ultrafast charge transfer the ILE PL can be
observed.
Due to the optical selection rules different valleys can be separately addressed. In
analogy to the intralayer transition in the monolayer, an interlayer valley polarization
can be defined (compare to section 2.1.1). Rivera et al. measured a valley polarization of
40 % and a valley polarization lifetime of 40 ns for a MoSe2-WSe2 heterostructure [Riv16].
Remarkably, due to the dependence of selection rules on real-space crystallographic
alignment, a constant valley polarization of the ILEs may manifest itself with opposite
circular polarization degrees of the emitted intralayer PL, depending on the distribution
of the ILEs in real space.

2.6.2 Interlayer excitons in high magnetic fields

This section is an expansion of section 2.4: "Excitons in high magnetic fields" for the
ILE in MoSe2-WSe2 heterostructures. Nagler et al. reported a giant effective g factor
in a MoSe2-WSe2 heterostructure, which is four times as large as the intralayer g factor
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Figure 2.23 |Band structure schematic of a MoSe2-WSe2 heterostructure in reciprocal space.
The electron of the ILE is located in the conduction band of MoSe2 (yellow) while the hole is
located in the valence band of WSe2 (purple). The spin of a band is indicated by small black
arrows. Dipole-allowed optical transitions are depicted by double arrows, corresponding to σ+

(red), σ− (blue) or z (black) polarized light (adapted from [Woź20]).

of the classical TMDCs [Nag17a]. To explain this, the g factor is calculated in analogy
to the monolayer g factor [Woź20]. In contrast to the monolayer, in an MoSe2-WSe2

heterobilayer the intravalley transition occurs between the K+ and the K− valley for
H-type structures. For R-type heterostructures it is always between the same valleys.
Additionally the intervalley g factor, which is the effective g factor measured in experi-
ment, depends fundamentally on the selection rules. As described in section 2.6.1 (see
Fig 2.23), for MoSe2-WSe2 these selection rules differ depending on the stacking con-
figuration substantially from the ones for intralayer excitons. Therefore, also the ILE
g-factors differ depending on the high-symmetry stacking configuration of the atomic
reconstruction domain from monolayer g factors. Calculated and experimental effective
g factors are given in table 2.4. The experimental g factors are assigned to the corre-
sponding transitions by the alignment of the heterostructure, the magnitude of the g
factor and the intensity of the transition [Woź20].

In analogy to section 2.4 a magnetic field induced valley polarization (see section 2.6.1)
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Hhh HMh HXh Rhh RMh RXh
Trans. v→c v→c+1 v→c v→c+1 v→c v→c+1 v→c v→c+1
gtheoeff -16.67 12.15 16.31 -12.60 -6.15 10.42 6.19 -10.73
gexpeff -15.89 10.7 -8.5 6.72

[Sey19] [Wan20d] [Cia19] [Sey19]
-15.1 7.1

[Nag17a] [Cia19]
-15.2

[Wan20d]
Int. 0.03 0.34 10−4 0.01 0.12 10−7 0.08 0.05
Spin ↑↓ ↑↑ ↑↓ ↑↑ ↑↑ ↑↓ ↑↑ ↑↓

Table 2.4: Calculated and experimental g factors at different high symmetry configurations
of a MoSe2-WSe2 heterostructure. The transition (Trans.) from the valence band (v) to the
lowest (c) or second lowest (c+1) conduction band is denoted. The given intensities (Int.) are
proportional to the oscillator strength. ↑↑ marks spin-conserving transitions while ↑↓ marks
spin-flip transitions. Wang et al. [Wan20d] only measured

∣∣∣gexpeff

∣∣∣ (adapted from [Woź20]).

for the ILE is measured. This polarization features long lifetimes [Jia18] and for high
magnetic fields near-unity values were observed [Nag17a].
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Chapter 3
Methods

3.1 Sample preparation

In this section, the fabrication and preparation of the samples is described. All used
crystals are van der Waals materials and their properties are explained in section 2.1. As
already mentioned, the first material only consisting of one layer of atoms was graphene
[Nov04]. Shortly after its discovery a multitude of two-dimensional materials have been
identified [Nov05]. In this work, artificially grown bulk van der Waals materials, provided
by the company hq graphene, were used for the sample fabrication. The hBN crystals
were synthesized by T. Taniguchi and K. Watanabe (National Institute for Materials
Science, Japan).

Exfoliation

The term exfoliation describes the fabrication of an atomically thin layer from bulk
material. This is possible due to the weak van der Waals forces between the layers.
To prepare monolayers, thin films are carefully peeled off the bulk material with nitto-
tape (SPV-224PR, Nitto Denko Corporation). Subsequently, these thin TMDC films are
partially transferred to a polydimethylsiloxane (PDMS) gel film (WF-20-X4/PF-30-X4,
Teltec GmbH ). This is possible due to the low adhesive properties of the nitto-tape.
If the exfoliation was successful, a monolayer of the desired material remains on the
PDMS-film. This monolayer can be identified via an optical microscope. The gel film
is mounted on a glass slide.
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Stamping

Exfoliated monolayers are transferred on a substrate via the stamping process. The
microscope setup used for the transfer process is shown in Fig 3.1.

camera

ocular

x-y-stage

motorized z-stage

manual z-stage

10x objective

glass slide
with gel film

rotary stage

substrate

x-y stage microcsope

focus

Figure 3.1 | Photograph of the microscope setup for sample transfer. All important compo-
nents are denoted and the stamping constituents are magnified in the zoom.

In this work, the all-dry viscoelastic stamping developed by A. Castellanos-Gomez
[CG14] was utilized. For this method, the monolayer has to be exfoliated onto a
transparent PDMS film, which is described above. As a substrate 4.5mm x 4.5mm
p++-doped silicon wavers capped with a layer of 285 nm amorphous SiO2 is used. For
orientation a coordinate system consisting of gold numbers is imprinted onto the sub-
strate via lithography. The exfoliated monolayer on the PDMS film is placed on a glass
slide and mounted upside down into a x-y-z stage. The substrate is fixed onto a rotary
stage mounted on the microscope. Via a tenfold amplification objective the stamping
process can be monitored with the microscope (see Fig 3.1). By approaching the PDMS
film carefully until contact with the substrate is established and then removing it very
slowly the monolayer is transferred deterministically to the substrate. The location and
orientation can be controlled precisely.
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3.1 Sample preparation

For the stamping the viscoelastic properties of the PDMS film are employed [Mei05]. For
fast processes (exfoliation) the gel film behaves like a solid and the monolayer sticks to
the film. For slow processes (stamping) the gel film behaves like a liquid with negligible
adhesion and the monolayer transfers to the substrate.

Multilayer sample fabrication

While the basic steps are explained above there are advanced methods for the fabrication
of multilayers. To produce hetero- or homobilayers the second monolayer is transferred
via viscoelastic stamping on top of an already transferred monolayer. By repeating the
process multiple times multilayer fabrication or hBN encapsulation can be achieved. If
the alignment between the layers is of interest, prominent edges of the monolayers are
used to estimate the crystallographic directions and therefore determine the twist angle
of the structure [Guo16]. This can be checked additionally via SHG spectroscopy (see
section 2.3.3). It has to be noted, that with this method the twist angle can only be
adjusted with an arbitrariness of 60◦. As the alignment of the edges is done by eye, there
is always an error to consider, depending on the quality of the edges of the material.

50 µm

MoSe2

q=12°

Figure 3.2 |Homobilayer MoSe2 with bottom layer marked in red, top layer marked in yellow
and its twist angle θ. The yellow dotted line shows the initial position of the top layer before
tearing.

For stacking monolayers with a precise twist angle on top of each other, a variant of the
method by Kim et al. [Kim16] is used, which will be called tear and stack method. This
method utilizes the viscoelastic properties of the gel film and works for the fabrication of
twisted homobilayers. When the first monolayer is halfway transferred the PDMS film is
moved upwards abruptly. Thereby, the monolayer is torn apart and the remaining part
on the PDMS film is used as the second monolayer as shown in Fig 3.2. The advantage
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of the method is the precise control over the twist angle of the homobilayer, as the
orientation between the layers is always exactly known.

Two heterostructure samples were fabricated similar to the tear and stack method. For
these a monolayer MoSe2 is transferred on a substrate (see Fig 3.3a). Subsequently, a
monolayer WSe2 is halfway stamped onto it, aligning the cleaved edges (see Fig 3.3b).
The WSe2 monolayer is then torn apart, twisted by 60◦ and the remaining part is
transferred onto the MoSe2 monolayer. Therefore, despite the arbitrariness of 60◦, the
produced heterostructure has an H-type (60◦ twist angle) and a R-type (0◦ twist angle)
region. The finished sample is shown in Fig 3.3c.

tear twist

MoSe2

WSe2

R-type & H-type
heterostructure

100 µma b c

60°

Figure 3.3 | a Monolayer MoSe2 on PDMS film and transferred onto the substrate. b Mono-
layer WSe2 on PDMS film and partly transferred onto the monolayer MoSe2. The remaining
part of the monolayer WSe2 is torn, twisted by 60◦ and transferred onto the monolayer MoSe2.
c The finished R-type and H-type MoSe2-WSe2 heterostructure is shown. The scale bar ap-
plies to all pictures. Different colours are due to different illumination.

Most of the multilayer samples were annealed at 400K for at least 1 h. Because of the
fabrication in ambient atmosphere adsorbates adhere to the monolayer surfaces [Pür19].
The annealing leads to the formation of bubbles all over the sample. Therefore, the
adsorbates accumulate into these bubbles and in between good contact of the two layers
is established. These spots can be accessed via the µm spot size of the experimental
setup, which is described in the next section.

The physics department of the university of Regensburg promotes collaboration and
exchange in current research. As a consequence of fruitful cooperations, some of the
samples used in this work were fabricated by my colleagues M. Kempf, P. Nagler, P.
Parzefall, M. Scheuck, K. Lin, J. Bauer and L. Bauriedl.
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3.2 Experimental setup and methods

3.2 Experimental setup and methods

3.2.1 Experimental setup

The experimental setup, in which the Raman and PL experiments were conducted, is
shown in Fig 3.4.

laser

spectrometer

camera

Bragg filter set

lens

polarizers

LED

objective

cryostat

sample

beamsplitters

mirror (flip mount)

Figure 3.4 | Schematic of the experimental setup.

As an excitation source, a diode-pumped, continuous wave laser with a wavelength of
532 nm is used. The laser beam is focused via a 100x objective (Nikon Plan SLWD, NA
0.7) onto the sample with an estimated spot size of ∼ 1µm2. The sample is mounted on
an automated x-y stage with a step size of ∼ 100 nm. Optionally, a cryostat (CryoVac
GmbH KONTI) can be integrated into the setup. This allows to cool the sample to a
nominal temperature of 4K. The backscattered laser light is filtered via a set of Bragg
filters (OptiGrate BNF-532-OD3-11M). Alternatively it can also be filtered by a longpass
filter. Afterwards, the light is collimated by a lens and focused into the spectrometer
(Teledyne Princeton Instruments Acton SP 2750). The spectrometer features three
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3 Methods

gratings with 150 grooves/mm, 600 grooves/mm and 1800 grooves/mm. For detection
a back-illuminated, Peltier-cooled charge-coupled device (CCD) (Teledyne Princeton
Instruments 100BR eXcelon) is used.
To get optical access and determine the measurement spot on the sample a light emitting
diode (LED) and a camera are integrated into the beam path. The polarization of the
light can be adjusted for excitation and detection via the polarizers marked in Fig 3.4.
For circular polarization a linear polarizer and a quarter-wave plate are utilized. For
linear polarization only the former is used.

3.2.2 Experimental methods

The theory for every experimental method is explained in section 2.3 and the experi-
mental setup for optical measurements is described in section 3.2.1. Here, the important
details and variations for the experimental methods are specified. To give a complete
overview over every method, a few points may be redundant to the above mentioned
sections.
For all optical experiments a CCD camera is used to detect the signal. Especially for
long integration times, there is a high probability for cosmic rays to saturate a few
random pixels on the CCD. Those were removed from the spectra by hand and appear
as gaps in the measurement curves.

Photoluminescence spectroscopy

The conducted PL measurements are all measured with a continuous wave laser with
a wavelength of 532 nm at low temperatures, i.e. nominally 4K. Optionally, circular
polarization in excitation and detection can be applied, which will be denoted as σ±.
For easier handling, the elastically scattered laser light is usually filtered by a longpass
filter and not by the Bragg filters. While all PL experiments are preformed with the
150 grooves/mm grating of the spectrometer, the integration time of the CCD and the
laser power are adjusted to the particular measurement.
In the setup in Regensburg automated PL scans over a sample are possible. For this, PL
spectra over the desired area are recorded and fitted by a Gaussian fit via a LabVIEW
application. The intensity, full width at half maximum (FWHM) and the peak position
are extracted and can be plotted as a two-dimensional real-space map of the sample.
Photoluminescence experiments were also conducted at the High Field Magnet Labora-
tory in Nijmegen. The details are described in section 3.3.
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3.2 Experimental setup and methods

Raman spectroscopy

For the Raman measurements, like in the PL experiments, a continuous wave laser with
a wavelength of 532 nm is used. Additionally, a bandpass is utilized to filter secondary
modes of the laser and the elastically scattered light is filtered by a Bragg filter set. For
the measurement of the interlayer shear mode, a cross-polarized setup is used, i.e. the
sample is excited with linearly polarized light and the Raman signal is detected with
a linear polarizer perpendicular to the incident laser light (see section 2.5.3). All other
Raman experiments are conducted in an unpolarized setup, i.e. there is no analysing
polarizer in the beam path and all Raman active modes are visible. For a better resolu-
tion the 1800 grooves/mm grating is used and all measurements are performed at room
temperature. The integration time of the CCD and the laser power are adjusted to the
particular measurement.

Second harmonic generation

In this work, second harmonic generation measurements are used to determine the
crystallographic directions of the sample (see section 2.3.3). All SHG measurements
were conducted by Michael Kempf and Philipp Parzefall. The experimental setup is
similar to the Raman setup. For excitation a pulsed titanium:sapphire laser with a
wavelength of 800 nm, 100 fs pulses and a repetition rate of 80 MHz is used. To measure
the parallel polarized intensity a linear polarizer is used for excitation and detection.
The angular dependency is measured via a rotatable half-wave plate between the sample
and the linear polarizer.
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Figure 3.5 | a Microscope image of a MoSe2-WSe2 heterostructure (HS). SHG measurement
spots are marked by stars. b Angle-resolved SHG intensities of the corresponding spots in a.
The twist angle is extracted by fitting the experimental data.

39



3 Methods

The error of an SHG measurement consists of the instrumental error, the fitting error
and the error from a possible intrinsic twist of the measured monolayer. The intrinsic
twist of a WSe2 monolayer on a MoSe2 monolayer is illustrated in Fig 3.5. It shows,
that two different measurement spots (1, 2) yield different twist angle deviations δ1 and
δ2 with respect to the MoSe2 monolayer (3). Therefore, the error for the twist angle
determined by SHG cannot be neglected and will always be denoted. Typical errors are
in the range of ±2◦. A detailed error analysis of the conducted SHG measurements can
be found in the master thesis of Philipp Parzefall [Par21a].

3.3 Experimental setup at the High Field Magnet
Laboratory in Nijmegen

The measurements in high magnetic fields were conducted at the High Field Magnet
Laboratory (HFML) in Nijmegen (Netherlands). The facility belongs to the European
Field Magnet Laboratory (EFML) and features multiple magnet systems with fields up
to 37.5T.
Constant high magnetic fields are enabled by a Bitter magnet. The core element consists
of a resistive electro magnet and is depicted in Fig 3.6. For optical experiments the used
magnet features a wide bore of 50mm. Electric currents in the order of 20 kA and a
corresponding power consumption of 17MW allow maximum fields of up to 30T. Due
to its resistive nature, the coils of the magnet have to be cooled. This is possible via
water cooling through holes in the conducting plates (see Fig 3.6a). Two high pressure
pumps ensure a constant water flow with a flow rate of 140 l/s. Nevertheless, at high
magnetic fields the magnet can only be operated for a limited time.
The sample is mounted in a bath cryostat and cooled via helium exchange gas to a
temperature of 4K. The cryostat, which can be seen in Fig 3.6b, is installed in the
50mm bore of the magnet and features a built-in 40x objective with a spot size of
∼ 4µm and a piezoelectrically controlled x-y-z stage. All measurements in this work
were conducted with the magnetic field perpendicular to the sample plane (Faraday
geometry).
The optical setup is one floor above the magnet and analogue to the setup described in
section 3.2.1. Via an approximately 5m long beam path between the floors the sample
can be optically accessed. As an excitation source a 640 nm diode laser is used in
continuous wave mode. For time-resolved PL measurements in high magnetic fields the
setup is further modified. The laser diode is operated in pulsed mode with a repetition
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Figure 3.6 | a Schematic of a Bitter magnet (adapted from [Zai14]). b Picture of the magnet.

rate of 1MHz, a pulse length of 90 ps and a wavelength of 640 nm. The signal is filtered
by a suitable bandpass and detected by an avalanche photodiode (APD).
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Chapter 4
Experimental results

4.1 Air tightness of hBN encapsulation

For many van der Waals structures stability in ambient conditions is crucial, especially
for prototypes and future devices. Oxidation of unstable materials in air limits the
research possibilities [Gei13, Cao15, Fav15, Ye16, Sun17]. Light, e.g. a laser beam, even
enhances the oxidation effect [Li19]. Typically, hBN encapsulation (see section 2.1.2) is
used to protect the sample surface and suppress oxidation.
In this thesis the air tightness of hBN encapsulation was systematically investigated and
the results are published in [Hol19]. We find that full encapsulation, i.e. embedding
the van der Waals material between two thin sheets of hBN, is air tight and prevents
oxidation. However, half-encapsulation, i.e. capping the sample only with hBN from
the top, in combination with the commonly used SiO2 substrates is not air tight. The
material degrades over time, especially when exposed to light.
For probing the sample degradation experimentally NbSe2 was used. This superconduct-
ing TMDC oxidizes in air and is therefore suitable for the measurements. Its properties
are further described in section 2.1.3. The samples were produced by L. Bauriedl ap-
plying the pick up method [Wan13, Zom14]. As a substrate p++-doped silicon wafers
with 285 nm SiO2 on top were used. Fig 4.1 shows bilayer NbSe2 partly covered by hBN
before and after the illumination with laser light on the spots A, B and C. The sample
was exposed to a laser beam with a wavelength of 532 nm, a spot size of approximately
1µm2 and a power of 8µW for 10 s. This exposure is not sufficient to conduct Raman
measurements. Nevertheless, in the microscope image taken after the illumination (Fig
4.1b) a degradation can clearly be seen on all measurement spots. We attribute this
to oxidation. The complementary atomic force microscopy (AFM) picture (Fig 4.1c)
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indicates no thickness alteration of the spots A and B on the bare NbSe2. On the
hBN covered spot C a bulge appears in the topography. Therefore, the light-induced
oxidation of NbSe2 under ambient conditions is verified, even if it is covered by hBN.

a

c

bbefore after

5 µm 5 µm

Figure 4.1 |Microscope image of a bilayer NbSe2 partly covered by hBN a before and b
after the illumination with laser light on the spots A, B and C. The sample was exposed to a
laser beam with a wavelength of 532 nm, a spot size of approximately 1µm2 and a power of
8µW for 10 s. c AFM image of the sample after the illumination with laser light.

Protecting TMDCs with a thin film of hBN on the top of the sample is a commonly
employed technique [Xi16, Par19]. As the measurements shown above indicate, half-
encapsulation is not sufficient. For a systematic comparison, two samples, one fully
encapsulated and one half-encapsulated, are first measured in vacuum, where no ox-
idation occurs. While preventing oxidation by a vacuum environment is an apparent
solution that is commonly utilized [Xi15, He16], it is not always suitable, especially when
thinking of devices. After the first measurement, Raman measurements are repeatedly
conducted over time. By tracking the intensity of the A1g and the E1

2g modes any sample
degradation is monitored. For every measurement an integration time of 300 s and a
laser with a wavelength of 532 nm, a spot size of approximately 1µm2 and a power of
2.5mW was used.
A microscope picture of the first investigated sample is shown in Fig 4.2a. It shows a
few-layer NbSe2 flake fully-encapsulated in hBN. The encapsulation is illustrated in the
schematic image Fig 4.2b. Fig 4.2c shows the first Raman measurement in vacuum and
three consecutive measurements immediately after venting. There is a slight decrease
of the intensity of the Raman modes between the measurement in vacuum and the
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Figure 4.2 | a Microscope image and b schematic sketch of the few-layer NbSe2 sample
fully-encapsulated in hBN. c Raman spectra of the A1g and the E1

2g mode in vacuum and
immediately after venting the chamber. d Raman spectra of the A1g and the E1

2g mode after
two days in air. No significant oxidation is observed.

ones in ambient conditions. We attribute this to an imperfect refocusing after venting
the vacuum chamber. After two days in air, the sample is measured again, which is
shown in Fig 4.2d. Here, also no decrease of the amplitude of the Raman peaks can be
determined. Additional measurements after three weeks reproduce this spectra without
any decrease in intensity. Therefore, we conclude that full encapsulation in hBN is air
tight and prevents oxidation.

The second sample is a half-encapsulated few-layer NbSe2 flake. Microscope pictures
before and after the measurements are shown in Fig 4.3a and a schematic image is
depicted in Fig 4.3b. As shown in Fig 4.3c the Raman modes indicate no significant
decrease for the first measurements after venting with respect to the measurement in
vacuum. Only the third measurement shows a slight decrease. After two days in air,
every consecutive measurement exhibits a substantial decrease of the Raman intensity.
Therefore, we conclude, that half encapsulation is not sufficiently air tight and the
material degrades by oxidation. This can also be seen in the microscope image after the
measurements (Fig 4.3a). Due to the roughness of the SiO2 oxygen molecules diffuse
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Figure 4.3 | a Microscope image of the few-layer NbSe2 sample half-encapsulated in hBN
before (left) and after (right) the measurements. The edges of the top hBN flake lie outside
the picture frame. b Schematic picture of the sample. c Raman spectra of the A1g and the
E1

2g mode in vacuum and immediately after venting the chamber. d Raman spectra of the A1g
and the E1

2g mode after two days in air. The insets show the intensity of the A1g mode.

slowly in between the SiO2-hBN interface and the sample oxidizes. For a sufficient
protection in ambient conditions samples should be fully-encapsulated or always be
kept in an oxygen free environment.

4.2 Interlayer excitons in high magnetic fields

The basics of interlayer excitons in the presence of magnetic fields are explained in
section 2.6.2. For the experiments in high magnetic fields several MoSe2-WSe2 het-
erostructures were fabricated by M. Kempf and myself. Additionally, four of them were
encapsulated in hBN. For PL measurements only aligned heterostructures are suitable
because for misaligned structures the ILE transition is momentum forbidden. There-
fore, all the samples feature small twist angle deviations from 0◦/60◦ and undergo atomic
reconstruction (see section 2.5.2).
We find characteristic ILE emission peaks for R- and H-type heterobilayers. Thus, we
can distinguish between the two stacking orientations by energetic position, spectral
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linewidth and g factor of the interlayer transition. Additionally, we report a negative
magnetic quadratic shift for an energetically higher-lying ILE in R-type structures. At
the end of this chapter, the temporal dynamics of the ILE valley polarization in magnetic
fields are discussed.
The studied R- and H-type heterostructures are also investigated by Raman spec-
troscopy, which is presented in section 4.3.1. The results of the PL and Raman mea-
surements complement each other. All experiments in magnetic fields were conducted
at the High Field Magnet Laboratory in Nijmegen (see section 3.3). A continuous wave
laser with a wavelength of 640 nm, a laser power ranging from 50µW to 200µW and an
integration time ranging from 0.5 s to 30 s was used. The laser power and integration
time are adjusted based on the signal quality. Experimental details for time-resolved
measurements are given in section 4.2.4. The results will be published in [Hol21a] and
[Hol21b].

4.2.1 Characterization of H- and R-type interlayer excitons

For aligned MoSe2-WSe2 heterostructures with good contact between the layers an in-
terlayer exciton can be measured. Its emission is at a lower energy than the intralayer
excitons and it can only be detected in the heterostructure part of the samples and not
on the monolayers. We observe two different interlayer exciton spectra. Fig 4.4a shows
one spectrum, where a pronounced ILE emission is measured at about 1400meV. We
denote this ILE-1. On the contrary, Fig 4.4b shows a spectrum with two emission peaks
at about 1360meV (ILE-2) and 1450meV (ILE-3). All ILE peaks reveal a blueshift with
increasing excitation density. This can be explained by the repulsive dipole-dipole inter-
action between the aligned dipole moments of the ILEs and is a clear signature for the
interlayer character [Riv15, Nag17b, Mil17]. The spectral linewidth of ILE-1 is always
significantly smaller than the one of ILE-2 and the peak intensity of ILE-3 is smaller
than the intensity of ILE-1 and ILE-2. On every sample we either observe ILE-1 or
ILE-2 in combination with ILE-3. Two samples were fabricated by tearing and twisting
the upper layer (see Fig 4.4c) and thus feature a region with R-type stacking and one
with H-type stacking. The fabrication is described in section 3.1. For these samples
we see all three ILEs, ILE-1 in one region and ILE-2 and ILE-3 in the other region.
Therefore, we conclude that the two different behaviours of the ILE can be attributed
to the two stacking orientations.
Typical helicity-resolved photoluminescence spectra of the ILEs are presented in Fig
4.5. The samples are excited by linearly polarized light. For the measurements without
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Figure 4.4 | a Photoluminescence spectrum of one region of the H-/R-type MoSe2-WSe2
heterostructures which shows ILE-1. b Photoluminescence spectrum of the other region of the
H-/R-type MoSe2-WSe2 heterostructures which shows ILE-2 and ILE-3. c Optical microscope
image of the H-/R-type MoSe2-WSe2 heterostructure fabricated as described in section 3.1.

magnetic field no difference between the intensities or energetic positions for the different
polarizations can be seen. This is expected as the different valleys are degenerate. The
magnetic field perpendicular to the sample plane lifts the degeneracy. For ILE-1 (Fig
4.5a) the σ+ component shifts to lower energies, while the σ− component shifts to higher
energies. Due to the energetic splitting the intensities of the peaks change, which leads
to a pronounced circular polarization. For ILE-2 (Fig 4.5b) the σ− polarized component
remains at approximately the same energetic position as at 0T, while the σ+ component
shifts to higher energies. The splitting is opposite and less pronounced than for ILE-1
and also the polarization is smaller. For ILE-3 (Fig 4.5c) a completely different behaviour
at 30T is observed. Both polarization components shift to slightly lower energies and
no splitting occurs. Nevertheless, a circular polarization forms. The polarization of the
ILEs and its temporal dynamics are discussed in section 4.2.4 in detail.
Fig 4.6 shows the splitting of the σ+ and σ− polarized ILE components. The energetic
positions are determined by fitting the helicity-resolved PL spectra. As described in
section 2.4 an effective g factor can be extracted. For ILE-1 we find a g factor geff =
−14.4. This is in good agreement with previous studies on H-type heterostructures
[Nag17a, Sey19]. The fit for ILE-2 yields an effective g factor geff = +4.4, which is
in qualitative accordance with findings on R-type MoSe2-WSe2 bilayers [Sey19, Cia19].
Although the intralayer exciton is strongly quenched, we can extract a g factor geff =
−4.4 for the MoSe2 intralayer exciton in good agreement with previous experimental
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Figure 4.5 |Helicity-resolved photoluminescence spectra of a ILE-1, b ILE-2 and c ILE-3
measured under linear excitation. The upper panels show measurements at 0T and the lower
panels at 30T. Vertical lines serve as guide to the eye and show the energetic position of the
ILEs at 0T. ILE-1 is observed in H-type heterostructures, while ILE-2 and ILE-3 occur in
R-type structures.

and theoretical studies (see section 2.4).
By comparing multiple samples we find effective g factors between −14.2 and −16.8 for
ILE-1 and g factors between +2.5 and +5 for ILE-2. Therefore, we can identify the
stacking orientation by the different ILEs. ILE-1 features a large negative g factor and
appears in H-type heterostructures, while ILE-2 exhibits a smaller, positive g factor
and occurs in R-type structures. ILE-3 is only observed in conjunction with ILE-2.
This identification is even possible without magnetic field due to the distinct emission
energies and spectral linewidths of the ILEs.
The circularly polarized components of ILE-3 reveal no splitting in magnetic fields up
to 30T. In Fig 4.6 multiple datasets for ILE-3 for non-encapsulated and encapsulated
samples are shown. The g factor is estimated by an upper boundary of |geff | < 1, which
is indicated by the grey-shaded area. To our knowledge such small g factors have not
been reported in TMDCs for intralayer (|geff | ≈ 4, see section 2.4) or interlayer excitons
(|geff | > 6, see section 2.6.2).
Comparing the experimental results to the theoretical calculations presented in sec-
tion 2.6.2 we can assign the ILEs to the high symmetry stackings present for atomic
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Figure 4.6 | Splitting of the different ILEs as a function of the magnetic field. For ILE-3
multiple datasets of encapsulated (stars) and non-encapsulated (circles) samples are depicted,
which all lie within the grey-shaded region corresponding to an effective g factor |geff | < 1.
Red lines represent linear fits for the splitting of ILE-1, ILE-2 and the MoSe2 intralayer exciton.

reconstruction. We assign ILE-1 to the spin-conserving transition of the HX
h stacking

configuration. The following reasons corroborate this assignment. The calculated, ef-
fective g factor of the HX

h configuration (gtheoeff = −12.6) is in qualitative agreement with
the measured g factors. In this stacking configuration the transition metal atoms of
the upper and lower layer lie directly on top of each other. This configuration favours
the ultrafast charge transfer from the intralayer to the interlayer excitons. Additionally,
this transition has a sizeable oscillator strength in contrast to other transitions. We
assign ILE-2 to the spin-conserving transition of the RX

h stacking configuration. For
this transition the value of the theoretical effective g factor (gtheoeff = +6.19) is the best
match to the experimental values. Also the oscillator strength is comparatively large
and it is a band edge transition, which is favoured in PL experiments. The transition
metal atoms of the upper and lower layer lie on top of each other for the Rh

h stacking
and not in the RX

h stacking. After the charge transfer from intralayer excitons to the
Rh
h configuration the charges relax subsequently to the RX

h stacking region.
For ILE-3 an effective g factor |geff | < 1 is observed. In the calculations no direct
transition features such small g factors. Therefore, T. Woźniak and J. Kunstmann
calculated the g factors of indirect transitions in analogy to [Woź20]. As the selection
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4.2 Interlayer excitons in high magnetic fields

rules for momentum indirect transitions are not known, these effective g factors are
only valid with respect to their magnitude |geff |. The values are given in table 4.1. By
comparing the magnitudes only the Γ/Σ± transition features a small g factor. Therefore,
we propose the Γ/Σ± transition as an option for ILE-3.

transition K+/K− K+/Σ− K+/Σ+ Γ/K+ Γ/Σ+∣∣∣gtheoeff

∣∣∣ 17.4 13.8 9.9 5.6 2.0

Table 4.1: Transitions and corresponding absolute values for the effective ILE g factors
of R-type MoSe2-WSe2 heterostructures. X/Y denotes the transition from the valence band
of WSe2 at X to the conduction band of MoSe2 at Y. The sign reversed combinations are
counterparts to the given transitions.

4.2.2 Anomalous behaviour of the valley splitting

The valley splitting and corresponding effective g factors are discussed in the previous
section 4.2.1. Here, we identify an anomalous behaviour of the valley splitting of ILE-1
in H-type and ILE-2 in R-type MoSe2-WSe2 heterostructures. This is shown in Fig 4.7.
As described in section 2.4 the splitting is expected to be linear. For the H-type sample
a nonlinear behaviour is observed at 23.8T, 24.6T and 25.2T. Due to the broader
linewidth of ILE-2, the dataset for the R-type structure is noisier. Nevertheless, a
nonlinear behaviour is found at 23.2T. Additional deviations from the linear behaviour
may occur at 19T and 26.5T. These anomalies were measured on multiple samples
and different measurement days. A systematic error of the setup can be excluded as
the valley splitting of the intralayer exciton, which is tracked simultaneously, shows a
strictly linear behaviour.
The origin of this anomalous behaviour remains unclear. A possible explanation could
be given by band crossings, which was investigated by P. Nagler in his doctoral thesis
[Nag18]. As the magnetic field increases, the bands shift and the upper conduction band
in the K+ valley aligns with the lower conduction band of the K− valley. However, this
occurs at far lower energies and therefore does not explain the behaviour. Delhomme
et al. observe a similar feature for H-type MoSe2-WSe2 heterostructures [Del20] and
assign it to resonant behaviour with the E ′′ phonons of MoSe2 and WSe2. This model
fits relatively good for the H-type structure. For this work this explanation is not
suitable as the investigated R-type heterostructures reveal an anomaly at about the
same magnetic field value. Due to the different g factors this corresponds to a completely
different energetic splitting and does not match with the suggested phonons. Therefore,
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Figure 4.7 |Valley splitting for an R-type and an H-type MoSe2-WSe2 heterostructure as a
function of magnetic field. The effective g factor is extracted from the linear fits (red lines).
Anomalous behaviour is marked by the arrows.

the origin of the anomalous behaviour is not yet known and further experiments and
calculations are required to provide an explanation.

4.2.3 Negative quadratic magnetic shift

Another unexpected phenomenon occurs for the quadratic energy shift in magnetic field.
For the investigated R-type MoSe2-WSe2 heterobilayers we find a negative quadratic
shift for ILE-3. Generally, the quadratic contribution to the energy shift is expected to
be positive. It is called diamagnetic shift and further described in section 2.4.
A positive diamagnetic shift is indeed observed for ILE-1, ILE-2 and the MoSe2 intralayer
exciton as depicted in Fig 4.8. Due to the large spectral linewidth of ILE-1 and ILE-2,
no clear quadratic behaviour of the energetic shift in magnetic field can be extracted.
Nevertheless, a positive shift is confirmed and estimated by the blue-black region. The
intralayer exciton of MoSe2 shows a clear positive diamagnetic shift, in agreement with
previous results on TMDCs [Sti16, Ple16, Zip18]. For ILE-3 we find a negative quadratic
magnetic shift. A quadratic shift of (−2.8±0.6)10−3 meV T−2 for non-encapsulated and
(−4.5±0.7)10−3 meV T−2 for encapsulated heterostructures is extracted by the parabolic
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Figure 4.8 |Quadratic shift for the different ILEs of MoSe2-WSe2 heterostructures as a
function of magnetic field. The blue-black region estimates the quadratic shift for ILE-1 and
ILE-2. The negative quadratic shift for ILE-3 is fitted by a quadratic fit (red lines). It is
stronger for hBN-encapsulated samples.

fit shown in Fig 4.8. Currently, a qualitative theoretical explanation is developed and
will be published in [Hol21b].

4.2.4 Dynamics of the interlayer exciton valley polarization

In this section time-resolved measurements of the ILE valley polarization of MoSe2-
WSe2 heterostructures in magnetic field are presented. We find a slow build-up of the
polarization in the order of 100 ns for all ILEs.
In contrast to the relaxation time, the temporal evolution of the valley polarization is
vastly different. ILE-1 shows an initial positive polarization, which increases in magnetic
field up to nearly unity for 30T. For ILE-1 there is a direct correspondence between the
measured circular polarization of the emission and the valley polarization. ILE-2 also
exhibits an initial positive polarization. Over time, the polarization is inverted and for
the highest magnetic fields we find a polarization of −40%. In contrast to ILE-1, the
ILE-2 emission is composed of contributions from two different stacking regions, which
have different selection rules. In the time after optical excitation, interlayer excitons
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relax from the Rh
h stacking to the energetically favourable RX

h stacking region. Due to
the change of the stacking region, the helicity of the emitted light for a given valley
polarization is reversed. ILE-3 shows an initial, positive valley polarization, which
decays to zero. The behaviour of the polarization is qualitatively explained by the g
factors of the respective ILEs.
The time-resolved measurements in magnetic fields were conducted in the High Field
Magnet Laboratory in Nijmegen (see section 3.3). A pulsed laser with a wavelength
of 640 nm was utilized. All measurements were performed with linear excitation. An
integration time ranging from 120 s to 600 s and a laser power ranging from 3.4µW to
9.2µW were used depending on the PL intensity. The signal was filtered by a suitable
bandpass and detected by an APD.
ILEs in TMDC heterostructures feature very long lifetimes in contrast to intralayer
excitons. Due to the spatial separation of electrons and holes, the Coulomb interaction
is reduced and the lifetime increases [Pal15, Sch16a]. Time- and polarization-resolved
PL measurements of the ILE at 0T are shown in Fig 4.9a. The lifetime is fitted via a
biexponential fit. For all ILEs the short lifetime is in the order of 30 ns and the long
lifetime in the order of 200 ns. The biexponential decay may stem from a scattering
between dark and bright excitons [Zha15, Cho21].
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Figure 4.9 |Time- and polarization-resolved PL spectra at a 0T and b 30T of ILE-1 of
an H-type MoSe2-WSe2 heterostructure measured under linear excitation. The black curves
represent biexponential fits to the spectra. Due to the degeneracy of the valleys at 0T the
curves overlap in a.

Here, we are interested in the valley polarization. At 0T the valleys are degenerate
and there is no polarization. When a magnetic field is applied, the degeneracy of the
valleys is lifted. Therefore, one valley is energetically more favourable than the other
and a polarization arises (see section 2.4). This is shown in Fig 4.9b. The splitting
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4.2 Interlayer excitons in high magnetic fields

between the valleys is quantified by the g factor. For the measured H-type MoSe2-
WSe2 heterostructure with a g factor g ≈ −14 the σ+ polarized transition shifts to
lower energies while the σ− polarized transition shifts to higher energies. Consequently,
intervalley scattering leads to an increased intensity for the σ+ polarized transition and
a decreased intensity for the σ− polarized transition.

The circular polarization degree is calculated by the difference of the intensities of σ+

and σ− polarized light divided by their sum, as described in section 2.1.1. Positive
polarization represents a stronger intensity of the σ+ polarized transition, while negative
polarization implies a stronger intensity of the σ− polarized transition. For ILE-1 the
circularly polarized transitions are assigned to the HX

h stacking configuration. Therefore,
the measured circular polarization is equivalent to the valley polarization of ILE-1.
Time-resolved polarization measurements at different magnetic fields are depicted in
Fig 4.10a for ILE-1 of an H-type MoSe2-WSe2 heterostructure. Evidently, for 0T there
is no valley polarization. When a magnetic field is applied, an initial valley polarization,
which slowly increases to its final value is observed. At the highest magnetic fields the
valley polarization is close to unity, which corroborates measurements reported for an
H-type MoSe2-WSe2 heterostructure [Nag17a]. This build-up of the polarization is fitted
by the following formula:

P (t) = Pf + (Pi − Pf ) exp
(
− t
τ

)

Here, P (t) is the time-resolved circular polarization, Pi = P (0) its initial value and
Pf = P (∞) its final value. t is the time and τ the relaxation time of the polarization.
The results of the fits are presented in Fig 4.10b and c. The initial polarization Pi

stems from the intralayer excitons. Since they feature a g factor of about −4 they
exhibit a positive valley polarization in magnetic fields. The ILEs form via ultrafast
charge transfer out of the intralayer excitons and adopt their polarization. Due to
the far larger absolute value of the ILE-1 g factor (|g| ≈ 14), the valley polarization
increases over time to a final value Pf . With increasing magnetic field the polarization
overall increases and the relaxation time decreases. For the highest magnetic fields the
polarization is close to unity and the relaxation time declines to 28 ns. The anomaly
discussed in section 4.2.2 is visible in Fig 4.10b and c at 24.3T.

For R-type structures a different behaviour is observed. Fig 4.11 shows the time-resolved
circular polarization of ILE-2 in magnetic field. We find an inversion of the circular po-
larization. After an initial positive value, the polarization relaxes to negative values.
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Figure 4.10 | a Time-resolved circular polarization of ILE-1 of an H-type MoSe2-WSe2 het-
erostructure at different magnetic field values. The measurements were performed under linear
excitation and the curves are fitted exponentially (black lines). b Relaxation time as a func-
tion of magnetic field extracted from fitting the circular polarisation. c Initial Pi and final Pf
polarization as a function of magnetic field obtained from fitting the circular polarization.
The anomaly discussed in section 4.2.2 is visible in the fit results b and c. For better clarity
it is not shown in a.

For ILE-2 the electrons and holes first relax to the Rh
h and subsequently to the RX

h

stacking configuration. Therefore, the measured circular polarization is not the valley
polarization, but the combination of the valley polarization of excitons at the Rh

h and
RX
h stacking. The initial positive polarization originates from the valley polarization of

the intralayer excitons, analogous to ILE-1. The ultrafast charge transfer creates ILEs
at the Rh

h stacking configuration. This configuration features a negative g factor and
therefore we observe a positive circular polarization. Subsequently, the ILE relax to
the energetically favourable RX

h stacking. Since the g factor of this stacking is posi-
tive, it shows an opposite circular polarization, i.e. a negative one. The experimental
measurement shows the overall circular polarization of the interlayer PL. Therefore, we
first observe a positive circular polarization which relaxes to negative values over time.
The monoexponential fit cannot simulate this behaviour correctly, but indicates general
tendencies. The initial circular polarization increases slightly, while the absolute value
of the final polarization increases with rising magnetic field up to a value of 40%. The
relaxation time declines with increasing magnetic field to a value of 66 ns for 27.5T.
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Figure 4.11 |Time-resolved circular polarization of ILE-2 of an R-type MoSe2-WSe2 het-
erostructure at different magnetic field values. The measurements were performed under linear
excitation and the curves are fitted exponentially (black lines).

Furthermore, time-resolved PL experiments for ILE-3 were conducted. For measure-
ments in magnetic fields ranging from 5T to 30T we find an initial positive circular
polarization, which decays to zero. Exemplarily, the polarization for 0T and 30T is
shown in Fig 4.12. The initial polarization is transferred from the intralayer excitons,
analogous to ILE-1 and ILE-2. Due to the low g factor (g < 1) of ILE-3 the polarization
decays to zero. Since the PL intensity of this peak is lower than of ILE-1 and ILE-2,
the signal to noise ratio is worse. Therefore, the fits show only the general tendencies.
For measurements in magnetic field an initial valley polarization Pi ≈ 10% and a final
polarization of Pf ≈ 0 can be extracted. The relaxation time is in the order of 50 ns. In
section 4.2.1 the Γ/Σ± transition was proposed as a candidate for ILE-3. The measured
circular polarization is equivalent to the valley polarization of this transition.

In summary, we measure the temporal behaviour of the circular polarization for ILE-1,
ILE-2 and ILE-3 in H-type and R-type MoSe2-WSe2 heterostructures. As a result, the
differences in the temporal evolution of the valley polarization can be explained qual-
itatively by the different g factors of the ILEs. Corresponding theoretical calculations
are currently performed and will be published with the presented experimental data in
[Hol21a]. Due to the spatial separation of electron and holes, ILEs exhibit long valley
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Figure 4.12 |Time-resolved circular polarization of ILE-3 of an R-type MoSe2-WSe2 het-
erostructure at 0T and 30T. The measurements were performed under linear excitation and
the curves are fitted exponentially (black lines).

polarization lifetimes. Therefore, ILEs are a promising candidate for future valleytronics
devices.

4.3 Characterization of twisted bilayers via Raman
spectroscopy

With the discovery of superconductivity in "magic-angle" graphene [Cao18] the research
interest in twisted bilayer structures increased remarkably. As a consequence a similar
phenomenon was discovered for twisted bilayer WSe2 [Wan20b]. In this work, twisted
TMDC bilayers are further investigated via Raman spectroscopy. As introduced in
section 2.5, the twist angle between the two layers will be denoted as 0◦ ≤ θ ≤ 60◦.
While for misaligned structures moiré lattices emerge (see section 2.5.1), for small twist
angle deviations δ from 0◦ or 60◦ atomic reconstruction (see section 2.5.2) takes place.
In this case, the twist angle will be denoted as θ = 0◦/60◦ ± δ for R-/H-type bilayers.
For the experiments multiple samples were fabricated. A series of 15 twisted MoSe2

homobilayers was produced by M. Scheuck and a series of 16 twisted WSe2 homobilayers
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was made by J. Bauer and K. Lin making use of the tear and stack method (see section
3.1). Therefore, the twist angle of these samples is precisely known. Over 30 MoSe2-
WSe2 heterobilayers were fabricated by M. Kempf, P. Nagler, P. Parzefall and myself.
For these heterostructures the twist angle is determined by SHG measurements, which
comes along with comparatively large errors in the range of±2◦ depending on the specific
samples. R- and H-type heterobilayers are distinguished by the ILE photoluminescence
signal as described in section 4.2.1.

4.3.1 Atomic reconstruction in H- and R-type heterobilayers

In this section the results of low-frequency Raman measurements on atomically recon-
structed MoSe2-WSe2 heterobilayers are presented, which are published in [Hol20]. We
find, that the interlayer shear mode occurs only in H- and R-type heterostructures with
a twist angle deviation δ < 4◦, which are atomically reconstructed. We can further
distinguish between H- and R-type bilayers by the position and intensity of the ISM. A
shift of the shear mode between H- and R-type structures was also reported for MoSe2

and WSe2 homobilayers [Pur15]. Furthermore, we reproduce these measurements in
hBN-encapsulated heterostructures. Altogether, we propose Raman spectroscopy as a
facile and powerful tool to identify commensurate stacking configurations. In contrast
to AFM or TEM this method is contactless and non-invasive.
As described in section 2.5.3 the interlayer shear and breathing modes are well known for
TMDC multilayers. While the IBM is only weakly dependent on the twist angle, the ISM
is strongly suppressed for misaligned bilayers caused by the lack of a long range atomic
registry in the moiré pattern. For R- and H-type stacking the ISM is visible [Nay17].
We investigated multiple samples by low-frequency Raman spectroscopy. An exemplary
sample picture of a heterostructure with an R-type and an H-type region is shown
in section 3.1. Further measurements on additional samples (not shown) corroborate
the presented results. Fig 4.13 shows low-frequency Raman measurements on several
samples.
All measurements were conducted in a cross-polarized setup with a laser wavelength of
532 nm, a laser power of 2.5mW and a spot size of approximately 1µm. For each sample
several spots were measured. The Raman shift is determined precisely by comparing the
Stokes and Anti-Stokes peak. To ensure the quantitative comparability all spectra are
normalized to the sum of the intensities of the A′1 intralayer optical phonon modes of
MoSe2 and WSe2. As can be seen in Fig 4.13a, for the R- and H-type structures an ISM
is observed while for the not aligned heterostructures with larger twist angle deviations
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Figure 4.13 | a Cross-polarized low-frequency Raman spectra of MoSe2-WSe2 heterostruc-
tures with different twist angles. The by SHG-measurements determined twist angle deviation
δ from 0◦/60◦ together with its error is given on the right-hand side. nk means not known.
The ISM is only visible for aligned structures. b Close-up of the Stokes region for the R- and
H-type samples with renormalized curves as indicated. The ISM of H-type structures is at
slightly higher energies than the ISM of R-type structures.

from 0◦/60◦ no ISM is visible. We attribute this to the effect of atomic reconstruction.
For samples with twist angle deviation δ < 4◦ atomic reconstruction takes place, the
crystal lattices rearrange in a high symmetry stacking and therefore the ISM emerges.
Fig 4.13b shows a close-up of the measurements of the aligned heterostructures. A clear
difference between R-type and H-type samples is detected. The energetic position of the
ISM of the H-type structures is at (18.0±0.1) cm−1, while the position of the ISM of the
R-type samples lies at (17.4±0.1) cm−1. Also for H-type bilayers the intensity of the ISM
is five to ten times larger than the one for R-type samples owing to the smaller interlayer
bond polarizability for the R-type configuration [Pur15]. These results were reproduced
for MoSe2-WSe2 heterostructures encapsulated in hBN, which is shown in Fig 4.14. Since
the hBN lattice is completely incommensurate with the MoSe2 and the WSe2 lattices, the
ISM is undisturbed. Therefore, this technique allows for contactless determination of the
stacking configuration of encapsulated and non-encapsulated aligned heterostructures.
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Figure 4.14 |Cross-polarized low-frequency Raman spectra of an H-type (light blue) and
and R-type (dark blue) MoSe2-WSe2 heterostructure encapsulated in hBN.

4.3.2 Moiré phonons in misaligned homo- and heterobilayers

Moiré phonons are acoustic phonons folded by the moiré superlattice, as described in
section 2.5.4. Lin et al. discovered moiré phonons in twisted MoS2 homobilayers in
2018 [Lin18] and coined their name. Within the framework of this thesis, we measured
moiré phonons for twisted MoSe2 and WSe2 homobilayers and even twisted MoSe2-WSe2

heterobilayers. The results are published in [Par21b] for MoSe2 and MoSe2-WSe2 and
will be published in [Lin21] for WSe2.
All measurements were conducted in an unpolarized setup configuration. For each sam-
ple several spots were measured and Raman peaks were identified by comparing Stokes
and Anti-Stokes spectra. A laser wavelength of 532 nm, a typical laser power of 2.5mW,
a typical integration time of 60 s and a spot size of approximately 1µm were used. The
laser power and integration time were slightly adjusted between measurements on dif-
ferent materials. The phonon dispersions were calculated by B. Peng, as described in
Ref [Pen16]. Fig 4.15 shows moiré phonons in twisted MoSe2 and WSe2 homobilayers.
For the MoSe2 bilayers longitudinal acoustic (red arrows) and transverse acoustic (blue
arrows) phonons can be identified in samples with twist angles from 5◦ to 29◦ (see
Fig 4.15a). Fig 4.15b shows a comparison between the experimental results and the
calculated phonon dispersion. For this, the dispersion was interpolated as described in
section 2.5.4. The estimated error of the twist angle θ is ±1◦ and stems from the tear
and stack fabrication method. The error of the Raman shift is below the symbol size.
We find a very good agreement between the experimental results and the theoretical
calculation.
The twisted WSe2 homobilayers are analysed analogously and the results are presented
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Figure 4.15 |Unpolarized Raman spectra of twisted a MoSe2 and c WSe2 homobilayers. The
twist angle θ is given on the right side. The arrows mark the assignment to longitudinal (red)
and transverse (blue) folded acoustic phonons. Comparison of the experimental measurements
of b MoSe2 and d WSe2 to the calculated longitudinal (LA, red) and transverse (TA, blue)
folded acoustic phonon branches.

in Fig 4.15c and d. Here, samples with twist angles ranging from 4◦ to 55◦ were in-
vestigated. Due to the symmetry of the material, moiré phonon frequencies of samples
with twist angles bigger than 30◦ are equivalent to samples with twist angle 60◦ − θ.
Therefore Fig 4.15d shows only twist angles up to 30◦. Also for the WSe2 homobilayers
we find a very good agreement between experiment and theory.
In the following, the results on MoSe2-WSe2 heterobilayers will be presented. Fig 4.16a
shows exemplary Raman spectra of the longitudinal (red arrows) and transverse (blue
arrows) folded acoustic phonons of MoSe2. We are able to identify moiré phonons of
MoSe2 or WSe2 on 12 samples. For three samples, three moiré phonons are observed
and for one sample even four folded acoustic phonons are identified. Fig 4.16b shows
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Figure 4.16 | a Unpolarized Raman spectra of twisted MoSe2-WSe2 heterobilayers with their
respective twist angle θ determined by SHG. b Unpolarized low-frequency Raman spectra of
a twisted MoSe2-WSe2 heterobilayer with twist angle θ = 5◦±3◦. Arrows mark moiré phonon
modes as indicated in the key below. c Comparison of the experimental measurements to the
calculated folded acoustic phonons. The twist angle is determined by SHG. Different colours
indicate different samples. d Reevaluation of c by shifting experimental values within the
SHG error margin for the best fit.

a spectrum were both, longitudinal (red arrows) and transverse (blue arrows) folded
acoustic phonons of MoSe2 and longitudinal (red dotted arrows) and transverse (blue
doted arrows) folded acoustic phonons of WSe2 can be seen. The longitudinal acoustic
phonon of WSe2 is barely visible. Nevertheless, this mode is confirmed in measurements
on different spots, where the other phonons are less pronounced. In Fig 4.16c a summary
of all identified moiré phonons is shown in comparison to the theoretically calculated
phonon branches. Different colours indicate different samples. As the tear and stack
method is not viable for heterostructures the twist angle θ is measured via SHG. This
yields a rather large error depending on the sample (see section 3.2.2) and is indicated
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in Fig 4.16c by the error bars. To achieve a more precise determination of the twist
angle the experimental values are shifted within the SHG twist angle error margin for
the best fit to the theoretical phonon dispersion. The results are shown in Fig 4.16d.
We find a nearly perfect agreement between the experimental data and the theoretical
calculations. Therefore, this method can be used to determine the relative twist angle
very accurately at the precise position of the measurement. It has to be noted, that due
to the limited accuracy of DFT calculations, there may still be an uncertainty in the
absolute value of the twist angle.

4.3.3 Interlayer breathing mode in twisted Tungsten
Diselenide bilayers

While the interlayer shear mode exhibits a strong dependence on the twist angle in
bilayer TMDCs and even vanishes for large twist angle deviations δ from 0◦/60◦, the
interlayer breathing mode is only weakly dependent on the twist angle (see section 2.5.3).
Nevertheless, this dependence is confirmed by calculations [Mai20] and experimental
results [Pur16, Qua21]. In contrast to the shear mode the breathing mode is visible for
all twist angles. This facilitates the investigation of misaligned bilayers via the IBM.
Here, we investigate the interlayer breathing mode in twisted bilayer WSe2. We can
distinguish the behaviour of the IBM in regions of atomic reconstruction, large moiré
period and small moiré period. The results will be published in [Lin21]. The WSe2

samples are also examined for moiré phonons, which is presented in section 4.3.2 and
the results complement each other. For each sample several spots were measured and
Raman peaks were identified by comparing Stokes and Anti-Stokes spectra. A laser
with a wavelength of 532 nm, a laser power of 2.5mW and a spot size of approximately
1µm was used. The integration time for unpolarized measurements is set to 60 s, while
for cross-polarized measurements an integration time of 180 s was used. Fig 4.17a shows
unpolarized Raman measurements of all investigated samples. The interlayer breathing
mode is marked by asterisks. To distinguish between IBM and ISM the unpolarized
Raman spectra are compared to the cross-polarized spectra, which are shown in Fig
4.17b. As discussed in section 2.5.3, the breathing mode is forbidden in cross-polarized
configuration and therefore we can differentiate between IBM and ISM. Additional peaks
in the θ = 4◦, 5◦, 7◦ and 55◦ samples belong to moiré phonons and are discussed in section
4.3.2.
In Fig 4.18 the behaviour of the interlayer breathing mode with respect to the twist an-
gle θ is shown. The error from fitting the peak position is smaller than the data points
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Figure 4.17 | a Unpolarized and b cross-polarized low-frequency Raman spectra of twisted
WSe2 homobilayers. The twist angle θ is denoted and the interlayer shear mode and interlayer
breathing mode (asterisks) are marked. In cross-polarization the IBM is optically forbidden.

and the estimated twist angle error for the tear and stack method is 1◦. For small twist
angle deviations δ < 4◦ from 0◦/60◦ the IBM frequency is constant. While for the H-type
structures the IBM is identical to 2H natural bilayers of WSe2, the breathing mode for
R-type bilayers appears at slightly lower energies. For misaligned structures with a large
moiré period the IBM shows a significant twist angle dependence, while for small moiré
periods (15◦ < θ < 45◦) the IBM frequency remains nearly constant. Most interestingly,
the twist-angle dependence is in very good agreement with the calculated moiré period.
We attribute the constant IBM for R- and H-type heterobilayers to atomic reconstruc-
tion. In this region no change is expected and the frequency difference between R- and
H-type bilayers coincides with the Raman shift of the ISM (see 4.3.1). For misaligned
homobilayers a moiré pattern forms. Therefore, the interlayer distance varies and the
layers are not perfectly flat any more but exhibit a corrugation [Uch14]. This enables
a mixing of the in- and out-of-plane displacement modes and changes the frequency of
the IBM. As an additional consequence, the IBM is not completely suppressed in cross-
polarization, which can be seen in Fig 4.17b for θ = 4◦, 5◦. For twist angles between 15◦

and 45◦ the moiré period is smaller and almost constant throughout the angle range.
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Figure 4.18 | Interlayer breathing mode extracted from the spectra in Fig 4.17a in depen-
dency of the twist angle. The grey dotted line depicts the calculated moiré period scaled to
show similarities to the IBM behaviour. For 0◦/60◦ the IBM is shifted due to atomic recon-
struction.

Therefore, the IBM is nearly constant in this region. The twist angle dependency of the
interlayer breathing mode thus allows the characterization of individual domains over
large scale areas of the sample. This is presented in the next section.

4.3.4 Large-scale mapping via hyperspectral Raman imaging

In the last sections different methods of determining the lattice arrangement in twisted
bilayers are discussed. While in section 4.3.1 the interlayer shear mode is shown as a tool
to determine atomic reconstruction, section 4.3.2 demonstrates precise twist angle iden-
tification of misaligned bilayers via moiré phonons. Additionally, section 4.3.3 presents
a method to investigate both, atomically reconstructed areas and moiré lattices by the
frequency of the interlayer breathing mode. These methods can be used to generate
large-scale maps of twisted bilayer samples via hyperspectral Raman imaging. In this
section, two examples will be given. The breathing mode of a WSe2 homobilayer with
a twist angle of θ = 5◦ is scanned over a large sample area exceeding 1000µm2. We
find regions of atomic reconstruction, regions with loose contact between the layers and
moiré regions with an intrinsic twist in the investigated sample area. The results will
be published in [Lin21]. A MoSe2-WSe2 heterobilayer with twist angle θ = 5◦ ± 3◦ was
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4.3 Characterization of twisted bilayers via Raman spectroscopy

investigated by single measurements over the whole sample. On the one hand we find
regions of atomic reconstruction via the interlayer shear mode, while on the other hand
moiré phonons allow a precise twist angle determination in misaligned regions. This is
confirmed by the photoluminescence of the interlayer exciton. The presented results are
published in [Par21b]. Both samples have twist angles of approximately 5◦ as this is
the most interesting angle region for the investigation of twisted bilayers. While this
angle is close to the threshold of atomic reconstruction, the moiré period is also vary-
ing significantly and correlated phenomena were reported [Wan20b]. All measurements
were conducted with a laser wavelength of 532 nm, a typical laser power of 2.5mW and
a spot size of approximately 1µm.

WSe2 homobilayer

The WSe2 homobilayer was produced by the tear and stack method with a twist angle
of θ = 5◦ and an uncertainty of 1◦. Measurements on this sample are also shown in
section 4.3.3. Due to the good signal quality of the interlayer breathing mode, we could
scan the sample automatically with an integration time of 10 s per spot.
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Figure 4.19 | a Microscope image of a 5◦ twist angle WSe2 homobilayer with different regions
α, β and γ. 1L marks a monolayer region. b Spatially-resolved interlayer breathing mode
intensity. c Spatially-resolved interlayer breathing mode frequency. d Spatially-resolved folded
longitudinal acoustic phonon frequency.
Region α is assigned to loose contact, β to a moiré pattern and γ to atomic reconstruction.
The lower panels show a close-up corresponding to the marked region β with different domains
1 and 2. An intrinsic twist is indicated by the frequency change.

Fig 4.19a shows a microscope image of the scanned area with different bilayer regions
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α, β and γ. A rough scan was conducted over the whole area with a step size of 2µm.
A more detailed scan for the β region shown in the close-up (lower panels of Fig 4.19)
with a step size of 1µm shows two domains 1 and 2 in this region. The low-frequency
Raman spectra are evaluated by fitting the interlayer breathing mode and the moiré
phonons and the results are shown in the upper panels of Fig 4.19 for the rough scan
and in the lower panels of Fig 4.19 for the more detailed scan.
Although region α is a bilayer region neither a breathing mode nor moiré phonons can
be measured. This region shows the same behaviour as the monolayer regions. We
attribute the absence of any Raman signal to loose contact between the layers. In
region γ also no moiré phonons are visible, but an IBM can be seen. The IBM is shifted
to higher energies to a frequency close to 30 cm−1 and therefore we attribute this region
to atomic reconstruction. The strong shift is consistent with the IBM behaviour found
in section 4.3.3. In region β the breathing mode is at normal frequencies for misaligned
WSe2 homobilayers and also the moiré phonons can be seen. Thus, we attribute this
region to the formation of a moiré lattice. Typical spectra for each region are shown in
Fig 4.20a.
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Figure 4.20 | a Low-frequency Raman spectra of a 5◦ twist angle WSe2 homobilayer with
different regions α, β and γ marked in Fig 4.19. b Corresponding Raman spectra from domain
1 and 2 of region β.

In the close-up (lower panels of Fig 4.19) we can identify two different domains in
region β. A frequency difference for both, the breathing mode and the moiré phonons
is observed between domain 1 and 2. Due to the lower signal intensity, the moiré
phonon frequencies shown in Fig 4.19d are significantly noisier. The shift can be clearly
seen in the low-frequency Raman spectra shown in Fig 4.20b. The frequency difference
between the folded longitudinal acoustic phonons of domain 1 and 2 is about 3.5 cm−1.
This corresponds to a variation of ∼ 0.4◦ in the twist angle around the nominal value
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4.3 Characterization of twisted bilayers via Raman spectroscopy

of 5◦ according to the calculated dispersion from section 4.3.2.
In summary, we are able to characterize different regions in the twisted WSe2 bilayer
via hyperspectral Raman imaging. We identify regions of atomic reconstruction, regions
with loose contact between the layers and moiré regions with an intrinsic twist in the
investigated sample area. The intrinsic twist of this homobilayer can be quantified via
the calculated moiré phonon dispersion to ±0.4◦.

MoSe2-WSe2 heterobilayer

As heterostructures cannot be produced by the tear and stack method we rely on SHG
measurements for the twist angle determination. The investigated MoSe2-WSe2 heter-
obilayer features a twist angle deviation of θ = 5◦ ± 3◦ from 60◦. The big uncertainty
arises from an intrinsic twist in the sample. This is further discussed in section 3.2.2,
where SHG measurements on this specific sample are shown in Fig 3.5. Additional
measurements on this sample are also discussed in section 4.3.1 and 4.3.2.

a

d

b c

eISMISM

IBM

IBM

Figure 4.21 | a Unpolarized low-frequency Raman spectrum of the area indicated by the
green circle. Moiré phonons are marked by arrows. b Spatially-resolved interlayer exciton
PL intensity of the 55◦ ± 3◦ twist angle MoSe2-WSe2 heterostructure. c Low-temperature
PL spectrum of the area indicated by the green circle. d Unpolarized low-frequency Raman
spectrum of the area indicated by the yellow hexagon. e Low-temperature PL spectrum of the
area indicated by the yellow hexagon. The yellow-shaded region marks the interlayer exciton.
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To achieve a satisfying signal quality, integration times of at least 60 s are required.
Therefore, the mapping of the sample was done by hand via recording single spectra
at specific spots over the whole heterostructure area instead of an automated scan.
We find two different regions. In one region low-frequency Raman measurements show
moiré phonons, as depicted in Fig 4.21a. This phenomenon is already discussed in
section 4.3.2 and allows us to identify this region as a moiré lattice with precise relative
twist angle determination. In the other region we find a pronounced interlayer shear
mode and no moiré phonons (see Fig 4.21d). Therefore, we attribute this region to
atomic reconstruction, as discussed in section 4.3.1. These results are corroborated by
low-temperature photoluminescence measurements of the interlayer exciton. Fig 4.21b
shows a spatially-resolved PL intensity map of the interlayer exciton. Two exemplary
spots for a region with moiré lattice (green circle) and atomic reconstruction (yellow
hexagon) are shown. In the area which shows the ISM a twist angle θ < 4◦ and atomic
reconstruction is expected. Due to the lattice rearrangement the interlayer exciton
transition is direct in momentum space and therefore bright. This can be seen in Fig
4.21e. For the region where a moiré lattice forms, the interlayer exciton is momentum
forbidden and therefore its PL strongly suppressed, which is shown in Fig 4.21c.

moiré
lattice

atomic
reconstruction

Figure 4.22 |Microscope image of the 55◦ ± 3◦ twist angle MoSe2-WSe2 heterostructure.
Regions of atomic reconstruction (yellow hexagons) are marked. For regions associated to a
moiré lattice (green circles) the relative twist angle is denoted.
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Fig 4.22 presents the resulting map. We can identify different regions of atomic recon-
struction via the interlayer shear mode. Furthermore, moiré phonons allow for a precise
relative twist angle determination in regions with a moiré lattice, which show a twist
angle variation of about 1◦ over the whole sample. Therefore, low-frequency Raman
measurements can be used as a non-invasive, contactless method to characterize the
lattice configuration of twisted homo- and heterobilayers.
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Chapter 5
Conclusion

In the framework of this thesis van der Waals heterostructures are investigated by op-
tical spectroscopy. The research on two-dimensional materials has been booming since
the first successful exfoliation of graphene in 2004 [Nov04] and the discovery of many
more van der Waals materials afterwards [Nov05]. In this work the main focus lies on
MoSe2-WSe2 heterobilayers, but also MoSe2 and WSe2 homobilayers and hBN encap-
sulation are studied. The samples are investigated by Raman and photoluminescence
(PL) spectroscopy. The relevant theoretical background and the experimental setups for
this thesis are presented in chapters 2 and 3, respectively. In the following, a summary
of the experimental results, which are presented in chapter 4, will be given.

In section 4.1 the air tightness of hBN encapsulation is investigated. Many van der
Waals materials are sensitive to oxygen and degrade under ambient conditions. The ox-
idation is even enhanced by light, e.g. a laser [Li19]. Therefore, we systematically study
the air tightness of hBN, which is commonly utilized as a protective layer. The van der
Waals superconductor NbSe2, which is unstable in air, is used to track the oxidation
via Raman spectroscopy. We compare half-encapsulated samples and fully-encapsulated
samples on a SiO2 substrate. Half encapsulation denotes the capping of the sample with
hBN from the top, while full encapsulation implies the protection of the sample from
the top and the bottom by two hBN layers. We observe a degradation of the half-
encapsulated sample by photooxidation after two days in air. The measurements on the
fully-encapsulated sample show no degradation of the NbSe2 and verify the air tightness
of full hBN encapsulation. For a sufficient protection in ambient atmosphere, samples
should either be fully-encapsulated or always be kept in an oxygen free environment.
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5 Conclusion

In section 4.2 interlayer excitons (ILEs) are investigated by PL spectroscopy in high
magnetic fields. We identify three different ILEs in aligned MoSe2-WSe2 heterostruc-
tures. For misaligned bilayers with a twist angle θ 6= 0◦/60◦ no ILE PL is visible.
Only for atomically reconstructed samples with twist angles close to 0◦ (R-type) or
60◦ (H-type) ILEs emerge. ILE-1 appears in H-type structures and features an ener-
getic position of about 1400meV and a g factor of about −15. ILE-2 only occurs in
R-type heterostructures and exhibits a broader spectral linewidth than ILE-1, an en-
ergetic position of about 1360meV and a g factor of about +3.5. ILE-3 appears in
conjunction with ILE-2 and features an energetic position of about 1400meV, a g factor
of g < 1 and a lower intensity than ILE-1 and ILE-2. Therefore, we can distinguish
between H- and R-type stacking by the distinct features of the ILEs. We assign ILE-1
to the spin-conserving transition of the HX

h stacking and ILE-2 to the spin-conserving
transition of the RX

h configuration at the K point of the Brillouin zone. For ILE-3 we
propose an indirect transition from Γ to Σ±. The assignment of the transition is based
on the experimental results in conjunction with theoretical calculations provided by our
collaboration partners.
For high magnetic fields a yet unexplained anomaly occurs. We report a nonlinear
behaviour of the valley splitting at about 24T for ILE-1 in H-type samples and ILE-2 in
R-type samples. Since the g factors for ILE-1 and ILE-2 are very different, this behaviour
cannot be explained by a resonant tuning of, e.g. the ILE valley splitting, or a phonon
resonance. For ILE-3 we observe a negative quadratic shift with increasing magnetic
field. While ILE-1 and ILE-2 show an expected positive diamagnetic shift, ILE-3 shifts
in the opposite direction. This effect is even stronger in hBN-encapsulated samples.
To explain and understand the physical origin of these effects further experiments and
theoretical studies are required.
Additionally, the temporal dynamics of the ILE valley polarization in high magnetic
fields are studied. We find an initial polarization for all ILEs, that relaxes to its final
value on a timescale of about 100 ns. The results can be explained by the magnitude of
the g factor and the formation of the respective ILEs. ILE-1 features an initial positive
polarization that increases over time. The initial polarization is adopted from the in-
tralayer excitons. They exhibit a g factor of about −4 and the corresponding positive
polarization is transferred by the formation of ILEs. Since the absolute value of the g
factor of ILE-1 is far higher, the valley polarization rises. The measured circular polar-
ization of ILE-2 starts at an initial positive value and declines down to a negative value
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of −40%. ILE-2 is assigned to the RX
h stacking configuration with a g factor of about

+6. Nevertheless, it is formed by ultrafast charge transfer from the intralayer excitons
to the Rh

h configuration with a g factor of about −6 and subsequent relaxation to the
RX
h stacking. At the beginning, the measurement shows a positive polarization corre-

sponding to the Rh
h ILEs. As the charges relax to the RX

h configuration the polarization
reverses to negative values. ILE-3 features an initial positive polarization, which slowly
decays to zero. The initial polarization stems from the intralayer excitons and due to
the low g factor g < 1 the valley polarization of ILE-3 declines to zero. In the field of
valleytronics ILEs are a promising candidate for future devices. The long lifetime of the
valley polarization is a crucial prerequisite for the construction of prototypes that utilize
the valley pseudospin. Therefore, it is important to understand the physical origin of
the valley polarization.

In section 4.3 twisted bilayers are investigated via Raman spectroscopy. For these experi-
ments a twist angle series of MoSe2, WSe2 and MoSe2-WSe2 bilayers has been fabricated.
Recently it was shown, that these structures either atomically reconstruct (θ ≈ 0◦/60◦)
or form a moiré lattice (θ 6= 0◦/60◦), depending on the twist angle θ [Ros20, Wes20].
Raman spectroscopy is a unique tool to study artificial bilayers. On the one hand, low-
frequency Raman scattering provides new insight by measuring the shear and breathing
mode. These interlayer modes are strongly dependent on the twist angle and corre-
sponding lattice rearrangements. On the other hand, moiré phonons emerge. These
Raman modes occur due to the backfolding of acoustic phonons in the moiré superlat-
tice and are therefore sensitive to the moiré period and the twist angle. We find atomic
reconstruction for a twist angle deviation δ < 4◦ from 0◦/60◦. In misaligned samples a
moiré lattice forms.

For MoSe2-WSe2 heterostructures the interlayer shear mode (ISM) only occurs in atom-
ically reconstructed samples. We observe a difference in intensity and energetic position
of the ISM of H-type and R-type heterostructures. For H-type bilayers the Raman
shift of the ISM is at (18.0 ± 0.1) cm−1, while for R-type structures the ISM is at
(17.4± 0.1) cm−1. The intensity of the ISM is more pronounced in H-type heterostruc-
tures and in misaligned bilayers the ISM is not visible. These results are confirmed
for hBN-encapsulated samples. Therefore, low-frequency Raman scattering provides a
non-invasive, contactless method to identify the stacking configuration of encapsulated
and non-encapsulated heterostructures. The Raman spectra of H-type bilayers indicate
a dependence of the ISM intensity on the twist angle. To validate this effect a larger
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5 Conclusion

number of samples and further measurements are required.
For misaligned bilayers a moiré pattern emerges. This introduces a new periodic-
ity, which enables backscattering of the acoustic phonons. Therefore, these folded
acoustic phonons corresponding to non-zero wavevectors can be measured by Raman
spectroscopy and are called moiré phonons. The measurements show longitudinal and
transversal folded acoustic phonons, whose energetic position is dependent on the moiré
period and the twist angle. By comparing the moiré phonons of MoSe2 and WSe2 ho-
mobilayers to the calculated phonon dispersion, we find very good agreement between
theory and experiment. For MoSe2-WSe2 heterostructures longitudinal and transversal
folded acoustic phonons of both, MoSe2 and WSe2, are measured. The relative twist
angle at the exact position of the measurement ca be determined precisely via the cal-
culated phonon dispersions.
The results obtained from the measurements of the moiré phonons are corroborated by
the interlayer breathing mode (IBM) in WSe2 homobilayers. In contrast to the ISM,
the IBM does not vanish in misaligned structures but shows a dependency on the twist
angle similar to the moiré period. Via hyperspectral Raman imaging a map of a WSe2

homobilayer sample with a twist angle of 5◦ ± 1◦ is generated. We identify different
regions that are distinguishable by the IBM and the moiré phonons. One bilayer region
shows no IBM and no moiré phonons, which is attributed to loose contact between the
layers. The second region manifests an IBM at higher frequencies and no moiré phonons.
We assign this behaviour to atomic reconstruction. The third region exhibits both, the
IBM and moiré phonons and is attributed to the formation of a moiré lattice. We report
an intrinsic twist in the third region, which is mapped via the phonon frequencies.
Combining the measurement results of the ISM, moiré phonons and PL experiments
we map an H-type MoSe2-WSe2 heterostructure with a twist angle deviation of 5◦ ± 3◦

from 60◦. The uncertainty of the twist angle stems from an intrinsic twist of the bilayer
and the error of the second harmonic generation (SHG) measurements. This sample is
particularly interesting because the threshold of atomic reconstruction lies in its twist
angle range. Over the whole sample area we identify two different regions. In one re-
gion we observe moiré phonons and the IBM. Therefore, we assign this region to the
formation of a moiré lattice. The relative twist angle is determined precisely via the
moiré phonon frequency. In this region no ILE PL is visible due to the momentum mis-
match in misaligned structures. In the other region we observe only the ISM in Raman
measurements. Therefore, in this region atomic reconstruction takes place. Due to the
rearrangement of the lattices the ILE is direct in reciprocal space and its PL can thus
be measured in region two. This example shows the applicability of the method. Low-
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frequency Raman measurements are a non-invasive, powerful tool to locally characterize
the lattice configuration of twisted homo- and heterobilayers.

In conclusion, this work provides new insight into the physics of interlayer excitons.
Especially the spatial separation of electrons and holes and the long lifetimes make them
a promising platform for future applications and devices. Therefore, it is important to
investigate the physical origin of the interlayer exciton transition and the corresponding
valley polarization. The conducted experiments improve the understanding but also
raise new questions. Furthermore, low-frequency Raman spectroscopy of the interlayer
shear mode and moiré phonons presents a new method to characterize twisted bilayers.
Via hyperspectral Raman imaging regions of atomic reconstruction or the formation of
a moiré lattice can be determined. This is an essential information regarding twisted
bilayers. Moreover, these structures demonstrate interesting physical phenomena like
the aforementioned interlayer excitons, moiré phonons, moiré excitons and electronic
phase transitions. Therefore, Raman spectroscopy provides a non-invasive, contactless
technique with a broad area of application.
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