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Chapter 1

From silicon to van-der-Waals bilayers:

Towards tunable optoelectronics

Every human carries the profound need to live in a safe and secure environment. Ad-
ditionally, a fundamental wish of each individual is to ease life’'s hardships, which has
been accomplished throughout history by creativity and invention. The resulting de-
velopment of tools and instruments has, in turn, shaped entire eras and their societies.
However, each technological advancement carries inherent limitations, which spark the

next wave of innovation.

The shaping tools in the current (post-)Information Age are digital devices. They en-
able rapid information exchange and are therefore the driving force behind economics
and knowledge interchange. The building blocks of modern devices, silicon-based mi-
croprocessors, have been continuously miniaturized and are now approaching their
quantum-mechanical limits. Here, leakage currents result in significant power losses,

making heat dissipation a critical technological limitation [1-4].

It is up to the research community to overcome these fundamental limitations and
provide concepts for the next generation of devices. Current strategies involve the
design of specialized architectures. Two promising approaches are neuromorphic sys-
tems, which mimic neural networks [5-7], and parallel or near-data processing, which
addresses the von Neumann bottleneck [8-10]. In completely novel approaches, quan-
tum computers mimic problems that are inaccessible to classical circuits [11-13], or

new carriers of information are investigated. At the forefront of this research, photons
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promise reduced energy losses and faster communication speed [14-21], while electron

spin enables non-volatile information storage and lower processing energy costs [22-24].

Alongside these conceptual advances, entirely new material systems are explored—one
of which will be the focus of this thesis, and is a member of the family of van der
Waals (vdW) semiconductors. These consist of two-dimensional (2D) atomically thin
layers, which are bound by weak vdW forces into naturally occurring bulk crystals.
When extracting a single layer, which can be achieved with sticky tape [25, 26], novel
physical properties can emerge. The most prominent and first-discovered single-layer—
monolayer (ML)—material is graphene, which alone exhibits numerous remarkable
phenomena due to its massless Dirac fermions [27-38]. Since its discovery, a whole
family of 2D materials spanning semiconductors, insulators, superconductors, and even
2D magnets has been discovered. Throughout this thesis, the materials of the 2D vdW
class transition metal dichalcogenide (TMDC) will be central to all investigations. They
are of particular interest, as they are direct semiconductors in the ML limit with large
light-matter interactions and exciton physics dominate even at room temperature [39-
45]. Additionally, spin-valley selective excitations [46-48] make them a prime candidate

not only for optoelectronics but also for spintronics.

Going beyond the ML limit, an artificial stacking of bilayers (BLs) or heterostructures
introduces tunability into the designed system. Here, the electronic band alignment
is of particular interest. The material combination of TMDC MLs can be chosen
so that hetero-BLs emerge with excitons situated across both layers, resulting in a
permanent out-of-plane dipole [49-52] and, therefore, long lifetimes, which is of interest

for excitonic devices.

Another prominent tuning knob in artificial BLs is introduced when layers are twisted
relative to each other or when materials with a lattice mismatch are used, or both.
The result is an emergent superlattice, which influences charge carriers, excitons, and
phonons, revealing novel physical phenomena. These include the formation of localized
excitons [53-61] and electron lattices [59, 62-72], resulting in the rise of integer- and
fractional anomalous quantum Hall effect [73-77], kinetic magnetism [59], and uncon-
ventional superconductivity in twisted BL graphene [78-81]. These emerging physics,
in turn, shape the optical response of the designed vdW structure, which offers a pow-

erful, fast, and non-invasive probe that will primarily be used in this thesis.

Under this premise, fundamental excitonic and phononic phenomena in vdW BL sys-

tems are explored, with a special focus on heterostructures. The investigated struc-



tures are designed with specific materials—defining the band alignment and lattice
constants—and controlled twist angles to tailor and control their properties. The
two main findings in this work, phonon-assisted resonant energy transfer and quasi-
particle-phonon coupling, emerge in two separate regimes, the moiré superlattice and

a lattice under atomic reconstruction, respectively.

In the first regime, moiré superlattices confine excitons and influence vibrational modes.
Resonant photoluminescence (PL) spectroscopy on encapsulated MoSe,—WSy BLs re-
veals phonon-assisted resonant energy transfer between localized excitons, which can be
controlled by electrostatic doping. Complementarily, superlattice physics gives rise to
moiré phonons, detected in Raman spectroscopy, which can serve as a fast, non-invasive

probe of the local twist angle.

In the second case of atomic reconstruction, the focus shifts to reconstructed BL lat-
tices, their excitonic landscape, and the resulting interactions with free charge carriers.
In MoSes—WSe,y heteros-BLs, an emergent trion—phonon coupling, uncovered in reso-
nant Raman spectroscopy, can be explained by the coupling of an interlayer phonon
to hybridized trions. In electrostatically doped devices, this coupling can be tuned,
enabling programmability. The experimental coupling signature is then used as a tool
to investigate the electronic and excitonic landscape in real and reciprocal space of

homo-BL and WSe, few-layer structures.

Together, these studies advance the microscopic understanding of exciton—phonon in-
teractions in TMDC BLs across distinct lattice regimes, and point towards strategies

for tailoring such couplings in future optoelectronic devices.

Before presenting the experimental results in Chapter 4, the thesis develops the nec-
essary theoretical and methodological background. Chapter 2 introduces the material
systems under investigation, emphasizes exciton complexes and the optical and vibra-
tional properties of TMDCs, and outlines the spectroscopy techniques—PL, reflection,
and Raman spectroscopy—used to probe exciton—phonon interactions. Chapter 3 de-
scribes the optical setups for resonant and nonresonant measurements, as well as the
fabrication of high-quality heterostructures. In Chapter 5, a summary of the main
findings, a discussion of their implications, and a brief perspective for future avenues

of research are given, laying the foundation for 2D material-based applications.






Chapter 2

Fundamentals of optical spectroscopy in

2D semiconductors

As already emphasized during the introduction, semiconductors form the basis of to-
day’s technology, as transistors are the core building blocks of electronic devices. They
enable precise signal control and drive advances in microprocessors, memory, and sen-
sors. There are various transistor architectures, such as field-effect and bipolar junction
transistors, which have driven the evolution of electronics and are therefore the foun-

dation of modern technology [82, 83].

Ongoing research in various materials and in device fabrication has pushed silicon tech-
nologies to their quantum limits. 2D vdW semiconductors have emerged as candidates
for next-generation electronics, in part due to their unique excitonic properties. The
dielectric screening in these materials is reduced due to their 2D character, resulting in
large exciton binding energies that enable exciton formation even at room temperature.
Additionally, their strong light-matter interactions make them a prime candidate for

future optoelectronic applications.

2.1 Transition metal dichalcogenides

TMDCs are a prominent class of vdW semiconductors that have been studied for over a

century in bulk form, resulting in well-explored and characterized crystal structure and
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bulk properties [84-86]. Molybdenite, a naturally occurring TMDC, was first examined
optically by X-ray diffraction spectroscopy in 1923 [87].

As highlighted earlier, a breakthrough came when Novoselov, Geim, and colleagues
demonstrated mechanical exfoliation of atomically thin, air-stable MLs from bulk
graphite and TMDC crystals [25, 88]. This discovery sparked intense research into
the 2D family and their possible heterostructures in the last decades, which will also
be explored extensively in this thesis. Before exploring these systems in detail, the
fundamental crystal, electronic, and optical properties of ML TMDCs, along with the

theoretical foundations of the optical measurement techniques, are introduced.

2.1.1 Crystal structure

The primitive unit cell of TMDCs contains a transition-metal atom “M” and two chalco-
gen atoms “X” corresponding to the stoichiometry MXs. A single covalently bonded
ML consists of three atomic layers, where the transition-metal atoms are sandwiched
in between the chalcogens, forming a trigonal prismatic unit cell (see Fig.2.1.1a). The

resulting ML lacks spatial inversion symmetry.

Bulk TMDC crystals are composed of multiple MLs stacked vertically and held together
by weak vdW forces. Due to their rotational symmetry of 180°, two prominent stacking
configurations emerge, one without relative twist between the adjacent layers, the R-
type, and one with a rotation of § = 60°, the H-type stacking. In naturally occurring
crystals, a repeating two-layer sequence of H-type stacking can be predominantly found,
which is depicted in Fig.2.1.1b. In contrast, the R-type configuration corresponds to a

repeating three-layer sequence, as shown in Fig.2.1.1c. A more detailed discussion of

Figure 2.1.1 | a Trigonal prismatic unit cell of a TMDC ML. The transition-metal
atom “M7” is shown in blue, and the chalcogen atoms “X” are shown in orange. Side
views of b H-type and ¢ R-type stacked TMDC layers.



2.1.2 Electronic structure

stacking configurations and the nomenclature used to describe artificially stacked BLs

is provided in Section 4.2.

The crystal structure is hexagonal, as shown in the orthographic top view in Fig. 2.1.2a.
In momentum space, this corresponds to a hexagonal first Brillouin zone (BZ) [86],
which is illustrated in Fig. 2.1.2b. There, the relevant high-symmetry points are shown:
the I' point at the center, the K points at the edges, the M points between them, and the
Q points along the I'-K axis. In odd-layer systems, the absence of inversion symmetry
renders the K and Q valleys inequivalent, giving rise to the corresponding K’ and Q’
points connected by time-reversal symmetry. The implications of this inequivalence

will be discussed following the introduction of the general electronic structure.

Figure 2.1.2 | a Orthographic top view and b hexagonal first BZ of a TMDC ML.

2.1.2 Electronic structure

TMDC semiconductors in the bulk limit are indirect bandgap materials [84, 86, 89,
90], with a transition to a more direct bandgap as the layer number decreases [91,
92]. The transition to a direct bandgap semiconductor in momentum space in the ML
limit was first experimentally observed by Splendiani et al. [39] and Mak et al. [40].
This indirect-to-direct bandgap evolution is illustrated in representative band structure
calculations for bulk, BL, and ML MoS, shown in Fig.2.1.3a. As the number of layers
decreases, the valence band (VB) maximum shifts from the I' to the K point, while the
conduction band (CB) minimum moves from the Q to the K valley [39, 93, 94].

The aforementioned spatial inversion symmetry breaking in structures with an odd
number of layers, combined with strong spin-orbit coupling arising from the heavy
metal atoms, results in a spin splitting at the VB maxima and at the CB minima [95—

99]. The VBs are, hereby, separated by several hundred meV, while the splitting of the
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CBs is minor and even changes sign depending on the metal. The splitting magnitudes
of relevant TMDCs, calculated by Ref.[99], are given in Tab.2.1 and were directly
experimentally observed using angle-resolved photoemission spectroscopy (ARPES).
Here, the momentum and energy of photoemitted electrons from the material’s VB
are resolved. Such a spectrum along the I'-K direction for a ML MoSe, is shown in
Fig.2.1.3b, where the binding energy is given with respect to the Fermi energy Ep
[100]. The second energy derivative is shown in order to highlight the band splitting.

a  bpulk BL ML b
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Figure 2.1.3 | a Calculated band structure of bulk, BL and ML MoS,, shown from
left to right. The lowest CB and the highest VB are highlighted in red and blue,
respectively. The energetically lowest transitions are marked by solid arrows (adapted
from Ref. [39]). b Second derivative of the ARPES spectrum of ML MoSe; measured
along the I'-K direction (adapted from Ref. [100]).

Since the K and K’ valleys are related by time-reversal symmetry, the spin splitting
acquires opposite signs in the two valleys. This opposing spin orientation directly ties
the spin degree of freedom to the valley, providing the basis for spin—valley locking,
which enables selective excitation of the K and K’ valleys using circularly polarized

light with o™ and o~ helicities, respectively [46-48, 96, 101-103] (see Fig.2.1.4).

AVB [meV] ACB [meV]
MoSes 186 -22
MoS, 148 -3
WSes 466 32
WS, 429 37

Table 2.1 | Calculated CB and VB spin splitting at the K points (from Ref. [99]).

Furthermore, spin-valley locking persists in each ML of an H-type TMDC multilayer.
Here, the K and K’ points alternate between adjacent layers, resulting in spin-layer

locking [96, 104-108]. Generally, the energetically lowest transition from the VB to the
8



2.2 Excitons in 2D materials

CB at the K points is spin-allowed in MoX, but spin-forbidden in WX, [99, 109-111].
Notably, the spin orientation of the bands at the WXy  valley is opposite to that at
the K point [99, 111].

Figure 2.1.4 | Schematic electronic band structure of a MoX; and b WX, ML,
including spin-orbit coupling and the consequent spin splitting Acg/ve. The different
spin orientations are indicated by arrows and color shading. Due to spin-valley locking,
the K and K’ valleys can be selectively addressed by ot and o~ circularly polarized
light, respectively. In WX, the spin orientation at the Q valley is opposite to that at
the K point (adapted from Refs. [99, 111]).

2.2 Excitons in 2D materials

The previously mentioned exciton is a Coulomb-bound electron-hole pair. It may
form when an electron is excited from the VB to the CB. The resulting void can be
considered a positively charged hole with opposite spin and momentum. Their binding,
of the hole and the electron, results in a quasi-particle, conceptually analogous to a

hydrogen atom. Additionally, their binding reduces the single-particle bandgap.

Excitons are classified into the following two categories. The Frenkel excitons, which
are highly localized with binding energies on the order of several electron volts, and
Wannier-Mott excitons, which exhibit lower binding energies and are characterized by

a delocalized wavefunction.

Comparing these classifications to ML TMDCs results in a mixed picture. The excitons
exhibit large, Frenkel-like, binding energies of ~ 500 meV, resulting in tightly bound
excitons [41-45, 112]. Despite this, their Bohr radius is about 1, nm [43, 113, 114], and
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the observation of well-resolved Rydberg series—analogous to those in the hydrogen

atom—further supports a description within the Wannier-Mott framework [44, 115].

The exciton corresponding to a transition from the VB maximum to the CB minimum
is referred to as the A exciton (X°) (see Figs.2.1.4a, b). The exciton associated with
the transition from the energetically lower spin-split VB to the corresponding spin-split
CB is termed the B exciton.

For an estimation of the exciton energy Fx, the 2D hydrogen model with a reduced
excitonic mass has to be used in order to calculate the binding energy more accurately.
This leads to the equation, following Refs. [44, 116, 117]

1 et h2K2
Fx = Eyap — Ebind + Fiin = Eyap — = a X

+
2 )
2 (47r€oeext)2 h (n — %) 2Mx

(2.2.1)

where Fg,, represents the free-particle bandgap, FEy, is the exciton’s center-of-mass
kinetic energy and FEy;,q is the exciton binding energy. Here, p is the exciton’s reduced
mass, Mx is the exciton’s total mass, Kx is the exciton’s center-of-mass momentum,
and €. is the external relative permittivity. The quantum number n is analogous to
that of the hydrogen atom. With increasing n, Fy;.q decreases quadratically and the

Bohr radius increases linearly.

For MLs, an additional prominent factor influencing the excitonic binding energy is
the change in dielectric environment. Especially, the tightly bound excitons n = 1,2
are influenced by the contrast of strong screening within the layer and weak screening
in the surrounding medium [44], which is schematically compared to bulk excitons in
Figs. 2.2.1a, b with relative permittivities esp and esp. The inherently weak dielectric
screening outside the TMDC ML results in high excitonic binding energies, giving rise

to pronounced excitonic effects that persist even at room temperature [44, 118].

Inhomogeneities in samples must be considered, as the spatial extent of the X° wave-
function makes it highly sensitive to its surroundings. This is conceptually illustrated
in Fig. 2.2.1b, where a substrate alongside contaminations are shown. Those variations
are on the scale of the laser spot size and result in a significant inhomogeneous broad-
ening of the excitonic resonances. Using insulating hexagonal boron nitride (hBN) in
order to encapsulate the ML, a drastic reduction of such a broadening is achieved,
as it is atomically flat [119-123]. Furthermore, the encapsulation provides additional

protection against degradation, effectively preserving the ML [124].

10



2.2 Excitons in 2D materials

a b c n=ee
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Figure 2.2.1 | Real-space representation of excitons for a bulk and b ML TMDC.
The dielectric environment is indicated by gray-shading and the different relative per-
mittivities esp, €2p, €9 and a fluctuating external dielectric environment €. (adapted
from Ref. [44, 119]). ¢ Schematic illustration of the exciton dispersion with the exciton
center-of-mass momentum K in the two-particle representation. Higher excited states
are labeled until the continuum is reached. The momentum conservation restricts tran-
sitions to Kxc < Eppoton and is indicated by the orange light cone. Excitons outside
the light cone are called momentum dark X§.

The exciton dispersion within the two-particle picture is schematically illustrated in
Fig.2.2.1c. The lowest-energy exciton (the A exciton) with its energy Fyo, defines the
optical band gap [111]. It is from now on denoted as X°. For radiative recombination of
the exciton to occur, momentum conservation must be satisfied. This requirement con-
strains optically active excitons to those whose center-of-mass momentum Kx matches
the in-plane momentum of the emitted photon, forming what is known as the exciton

light cone.

Excitons with momenta outside this light cone are termed momentum-dark excitons
(X)), as they can only couple to light in a second-order process involving an additional
phonon. Furthermore, excitons can also be spin-dark if the electron and hole comprising
the exciton possess parallel spins, thereby making the radiative recombination spin-
forbidden.

Further considerations on the exciton can be made by looking at the VB and CB cur-
vatures of calculated band structures, as they reflect the effective mass of the exciton.
For instance, the WSey K-Q exciton—formed by an electron in the ) valley and a
hole in the K valley—exhibits a higher binding energy due to the larger effective mass,
which results in a lower total exciton energy Fx compared to the K-K exciton, de-
spite the single-particle band structure suggesting the opposite (see Fig.2.1.4b). As a

result, the lowest-energy exciton in ML WSey is momentum-dark. Nonetheless, such

11
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dark states can be probed optically through phonon-assisted scattering processes, spin-

mixing mechanisms, or back focal plane imaging [125-130].

Charged excitons, termed trions, result when the exciton further binds to addi-
tional charge carriers. The increased binding energy is approximately 30 meV [131-
133]. In general, a more comprehensive description is required, as the exciton interacts
with a whole Fermi sea at large charge densities [133-135]. In this regime, many-body
interactions must be considered. Applying perturbation theory to the Fermi sea fluc-
tuations reveals that the system is more appropriately described in terms of attractive
and repulsive Fermi polarons, as illustrated in Fig.2.2.2a, analogous to the interaction

of an electron with phonons in a crystal [136, 137].

In this picture, the exciton is dressed by an electron screening cloud, which modifies
its binding energy. This framework enables a consistent interpretation of the Rydberg-
like (1s,2s, 3s, ...) excitonic series even at high carrier densities [133, 138, 139]. Optical
signatures of such a series at various charge doping levels are shown in Fig. 2.2.2b, where
the absorbance is presented and the doping level is modified by an applied external
gate voltage Ug. The second energy derivative of the reflection contrast (RC) is used
to enhance the contrast. An introduction to this technique will be provided in the
following section. Additionally, the formation of biexcitons [123] or even higher-order

excitonic complexes [140-142] is possible, where two or more excitons bind to each

other.
a b 10 egmmpos |
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Figure 2.2.2 | a Schematic picture of an attractive- and a repulsive polaron. The
bound exciton attracts or repulses the surrounding Fermi sea, respectively. b Gate-
dependent maps of the second derivative of the ML MoSe, RC at T" = 15K. The
Rydberg-series of X° and the B exciton in charge neutrality and at varying doping
levels are marked (adapted from Ref. [133]).

12



2.3 Optical spectroscopy in transition metal dichalcogenides

In order to correctly interpret measurements on excitonic resonances, it is essential first
to introduce the underlying spectroscopic techniques. This will provide deeper insights

into the spectral response of TMDCs.

2.3 Optical spectroscopy in transition metal dichalco-

genides

This thesis needs to link experimental signatures to microscopic phenomena. Here,
the fundamental consideration is the Lorentz oscillator model, which simplifies the
solid’s interaction with electromagnetic radiation. This simplification describes the
electron clouds bound to the nuclei as springs. Their resulting motion—and thus
their interaction—can be described as a driven, damped oscillator. From this classical
picture, the refractive index and absorption coefficients can be calculated, which, in
turn, determine the reflectivity using the Fresnel formulas. An ensemble of Lorentzian
oscillators with discrete eigenenergies, coupling strengths, and damping constants can,
thus, describe TMDCs in linear optics [116, 117, 143].

2.3.1 Absorption measurements

One common approach for measuring absorption is to measure the sample’s RC. This
method provides a measure of the absorption by illuminating a sample with a broad-
band white-light source. The reflected signal from the sample (R) is hereby compared
to both a reference reflection spectrum (R,ef) and a background spectrum (Rpg). The
R.ct is taken at a location, which features the exact same structure except for the

investigated sample. The reflection contrast is then defined as

R — Rref

RC= ————.
Rief — RBa

(2.3.1)

The resulting relative intensity is directly linked to the oscillator strength and thus
reflects the strength of the optical transitions. For a more detailed analysis of the spec-
trum, it is necessary to account for the dielectric environment and the thickness of each
layer in the sample to correct for multilayer interference effects. In the simplest case of
a ML, only the Si/SiO, substrate must be considered. However, as sample complexity

increases—e.g., by adding hBN layers—the analysis becomes progressively more chal-

13
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lenging. One practical approach to isolating changes in the material’s absorption is to

tune its properties externally.

An example for RC measurements on MoSes, measured by Ref. [133], is provided in
Fig.2.2.2b. Here, the second derivative of the ML MoSe, RC spectra is shown doping-
dependent in a heatmap. In these spectra, one can clearly resolve the neutral and

charged A exciton Rydberg series, as well as the B exciton.

An alternative method for probing quasi-particle resonances—and one employed in this
thesis—is the measurement of the resonance fluorescence (RF) signal. In this technique,
the laser energy is tuned into extreme resonance with the targeted optical transition.
The resulting excitation leads to the radiative, coherent recombination of the quasi-
particle and provides a measure of the oscillator strength, the density of states, and

the oscillator resonance energy.

2.3.2 Photoluminescence spectropscopy of excitonic states

PL spectroscopy is the experimental method where the optical response of a system is
investigated after optical excitation. It is used to probe excitonic physics, usually by
coherent irradiation, as follows. The formed quasi-particles, after an electron is excited
from the CB to the VB by laser energies > F¥x, thermalize via phonon interactions
into lower-energy states, where they can radiatively recombine. Afterwards, this op-
tical response is analyzed spectrally. The energies thus indicate excitonic resonances,
and their intensities provide further insights, e.g., into selection rules. Indirect semi-

conductors exhibit weak PL peaks contrary to direct ones, which is exemplarily shown
for the direct ML and the indirect BL MoS, PL in Fig. 2.3.1a (adapted from Ref. [40]).

A prime candidate for discussing a PL spectrum is ML WSe; at cryogenic temperatures.
It exhibits a rich optical response with multiple peaks, which is shown in Fig.2.3.1b.
An understanding of this optical response can be gained by using the earlier introduced
excitonic complexes and the WX, band structure (c.f. Fig. 2.1.4b). In this representa-
tive spectrum, the A exciton signal is fitted with a Lorentzian function. The resulting
narrow full-width at half maximum (FWHM) of 3.9 meV, achieved through encapsu-
lation in hBN, is dominated by the exciton lifetime and serves as an indicator of high

sample quality.

Various previously discussed complexes are now directly observed in experiment and
identified following Ref. [144]. Charged excitons exist in both singlet (Xg) and triplet

14



2.3.2 Photoluminescence spectropscopy of excitonic states
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Figure 2.3.1 | a PL spectra of ML and BL MoS, samples at room temperature
(adapted from Ref. [40]). b PL spectrum of an hBN encapsulated ML WSe, at cryogenic
temperature. The X° is fitted with a Lorentzian function with a FWHM= 3.9 meV.
The ML peaks are identified according to Ref. [144].

(X7) configurations, depending on whether the additionally bound electron occupies
the lowest CB in the same or the opposite valley, respectively. These complexes are
shown for the K valley in Fig.2.3.2a. The energy splitting is due to the short-range
exchange interaction, which is sensitive to both spin and valley [145]. The biexciton

(XBY), shown in Fig.2.3.2b, appears alongside its charged configuration (XB™).

Furthermore, the momentum-indirect, exciton (I°), stemming from a K-valley hole
and a Q-valley electron, as well as the spin-forbidden lowest-energy K-valley exciton
(DY), can be identified in the PL spectrum in Fig.2.3.1b. These states are schemat-
ically shown in Fig.2.3.2c. Complementarily, the dark trion (D) is observed in the
WSe; spectrum. Further momentum-dark excitons must be considered, as they can
be brightened by phonon-assisted processes [128-130]. This leads to phonon sidebands
(PSBs) in the PL spectrum. The low-energy PL signatures around 1.65€eV are at-
tributed to localized excitons bound to defects. This in-depth understanding of a PL
spectrum illustrates the experimental access to the excitonic landscape of TMDCs via

PL spectroscopy.
a X, X; b XB° c \DO/ 10
t K K’ t K K’ t K K’ K Q K

Figure 2.3.2 | Schematic representation of selected excitonic complexes in WSey ML.
a The bright trions (X5, X7), b the neutral biexciton (XB") and ¢ the momentum-
indirect (I°) together with the spin-forbidden (DY) exciton.

15



2 Fundamentals of optical spectroscopy in 2D semiconductors

2.3.3 Raman spectroscopy

Raman spectroscopy is one of the key experimental techniques used in this thesis. The
term Raman scattering, hereby, refers to the inelastic scattering of incident electromag-
netic waves, in this case, with solids. During this scattering event, a phonon is either
created, in so-called Stokes scattering, or annihilated, which is denoted as anti-Stokes
scattering [146-151]. Both inelastic scattering events are schematically illustrated in
Fig.2.3.3a.

During both, the momentum and energy are conserved, which can be expressed by

ks:klzl:q
th:hLdI:l:_Q,

(2.3.2)

where kg, ki, ws, wy are the scattered and incident wave vectors and frequencies. The
phonon wave vector and frequency are labeled q and {2, respectively. The minus sign
corresponds to the creation of a phonon (highlighted in red in Fig.2.3.3). In contrast,

the positive sign indicates a phonon annihilation (shown in blue).

As a direct consequence, the phonons located at the I point of the phonon dispersion,

in the case of solids,—carrying no momentum—are Raman active.

A simplified exemplary Raman spectrum is shown in Fig.2.3.3b. Here, the inelasti-
cally scattered light is detected symmetrically around the incident laser energy, i.e.,
the Rayleigh scattered light. The peaks are presented in relative wavenumbers with
respect to the incident laser energy, allowing easy identification of the phonon ener-
gies. Furthermore, the Stokes spectrum is displayed with positive energy values, as is
standard practice. The Raman intensity is a measure of the scattering probability as
it depends on the phonon population, which follows the Bose-Einstein distribution. As

a result, the anti-Stokes peak is typically weaker and vanishes at low temperatures.

Vibrational modes are Raman active if their polarizability is influenced by lattice mo-
tion, i.e., the polarizability changes. The Raman intensity /g, hereby, can be expressed

by the relation

Ir = |esRe;]*. (2.3.3)
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b Rayleigh
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Figure 2.3.3 | a Scattering diagram and b Raman spectrum of scattered light. The
elastically scattered light does not experience a change in energy. The Stokes (red)
and anti-Stokes (blue) Raman scattering processes are of lower and higher energy,
respectively.

Here, e; and ey are unit vectors of the electric field for the incident and scattered
light, respectively. R denotes the Raman tensor, which is a second-rank tensor. From
this equation on Raman intensities, it becomes apparent that polarization-dependent
detection provides a tool for identifying Raman modes [152]. In TMDC MLs, the
most prominent Raman-active modes are the optical phonons A;, and Eég. They
correspond to out-of-plane and in-plane oscillations of the chalcogen atoms. During
both oscillations, the chalcogen atoms are out-of-phase relative to the metal atom
[153]. The motions are depicted in Fig.2.3.4a. Furthermore, combining the momenta
of multiple phonons can satisfy momentum conservation. Such sum- or difference-
processes are thus Raman-active. An overview of phonons and their resulting Raman
signatures in TMDCs is provided in several publications [154-161] and review articles
(152, 153, 162-165].

Another important parameter influencing the Raman intensity is the excitation energy.
In the general case, the excitation promotes the system to a virtual state before it
relaxes back to the ground state. However, if the excitation energy is resonant with an
electronic or excitonic transition, the Raman scattering process is strongly enhanced.
Formally, this can be expressed with third-order time-dependent perturbation theory,
compared to the second-order nonresonant case [150, 152]. In this picture, one or
more of the previously virtual states coincide with real intermediate states, giving
rise to resonant or double-resonant Raman scattering. These processes can be further

distinguished as incoming or outgoing resonances, depending on whether the excitation
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2 Fundamentals of optical spectroscopy in 2D semiconductors

or emission step is resonant. A schematic illustration of these three resonant Stokes

processes is shown in Fig. 2.3.4b.

a E%g - A t b . incoming outgoing
-
= 3 = T

Nonresonant Raman Resonant Raman

double_

Figure 2.3.4 | a Eég and Aj, intralayer Raman modes. b Energy levels of Raman
scattering events involving virtual states or excitonic resonances. Dashed lines indicate
virtual states, while solid lines represent excitonic resonances.

Resonance alone is insufficient to enhance Raman scattering, as the effective coupling
between the electronic and phononic systems is also essential. Two primary mechanisms

govern this electron-phonon interaction [166].

First, the deformation potential interaction arises from the motion of atoms in a lattice.
Since they move more slowly than electrons, the electron cloud experiences a time-
dependent potential. This changes the electrons’ energies and, therefore, their spatial

distribution, leading to electron-phonon coupling [167, 168].

Second, in polar materials, lattice vibrations generate oscillating electric fields by
displacing positive and negative ions. These fields, in turn, couple to the electron
cloud in the so-called Frohlich interaction. As TMDCs are polar materials, influ-

ences on phonon scattering, exciton lifetimes, and resonance effects must be considered
(c.f. Fermi-polaron picture in Section 2.2) [116, 151, 169-178].

This introduction to applied optical methods provides a basis for understanding the
experimental results presented in this thesis. Prior to this, the experimental setups

and sample fabrication techniques employed throughout this work are presented.
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Chapter 3

Experimental techniques and fabrication

for 2D bilayer spectroscopy

Before presenting the experimental results of this thesis, this chapter introduces the
spectroscopy setups and sample fabrication techniques employed. The experiments
are conducted in two separate laboratories. One is designed for nonresonant sample
characterization, and the other is optimized for resonant Raman spectroscopy. Both
setups will be described in the following, with particular emphasis on the equipment,
configurations, and parameters used during the optical experiments. Following this,

the sample fabrication processes will be outlined.

3.1 Optical spectroscopy setups

The similarities between the two experimental setups are introduced first, as the key
differences lie in the lasers and spectrometers used. All samples are mounted on a
Steinmeyer x—y stage with a positioning accuracy of approximately 100 nm, and all
experiments are performed in backscattering geometry. For low-temperature measure-
ments, a continuous-flow cold-finger cryostat (Konti Micro, CryoVac GmbH) is used,
enabling sample temperatures down to ~ 4 K. Optionally, the sample can be contacted
inside the cryostat to two external voltage sources (SMU-Standardseries 2400, Keith-
ley). The excitation power is controlled using a variable optical density filter wheel,

and the laser beam is focused onto the sample using a 100x objective (Plan SLWD,
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3 Experimental techniques and fabrication for 2D bilayer spectroscopy

Nikon) with a numerical aperture of 0.7. The backscattered signal is coupled into the
detection path with a 90 : 10 cube beam splitter (CBS). A white LED, a camera, and
a foldable 50 : 50 CBS are integrated into the optical path for sample illumination and
positioning, with minor variations between the two setups. From this point, the two
experimental configurations diverge and will be described separately. The nonresonant

laser spectroscopy setup, shown in Fig. 3.1.1a, is discussed first.

Nonresonant characterization laboratory

A continuous-wave (cw), solid-state, single-mode laser (Excelsior, Spectra-Physics)
with an excitation energy of 2.3305€V is used as a narrow-bandwidth source of ex-
citation. Higher modes are filtered using a bandpass (BP) afterwards. For absorption
measurements, a tungsten—halogen lamp (SLS301, Thorlabs) serves as a broadband
white-light (WL) source. High resolution is achieved using a 75 um pinhole as a point-
like source. Therefore, the WL is focused on this pinhole before collimating the light.
The spot size, at the sample, is approximately 3 um for the WL and 1 ym for the green

laser.

In the detection path, the backscattered signal can be analyzed using two separate
setups. First, it can be spectrally filtered using three Bragg notch filters (BNF-532-
OD3-11M, OptiGrate), enabling access to low-frequency (LF) Raman modes. Alterna-
tively, a spatial filter consisting of two 5 cm-focal-length lenses and a 30 pm pinhole, in
combination with a long-pass filter, can be used to reduce the collection spot size. The
filtered signal is then focused into a spectrometer (Acton SP 2750, Teledyne Princeton
Instruments) equipped with gratings of 150, 600, or 1800 grooves/mm. The detection is
performed using a back-illuminated, Peltier-cooled CCD camera (Pixis 100BR eXcelon,

Teledyne Princeton Instruments).

Both the excitation and detection paths can be manipulated using linear polarizers
(LPs) in combination with A/2 or A/4 wave plates, enabling full polarization control.
Unless otherwise stated, all experiments are performed in an unpolarized detection

configuration.

The relevant experimental configurations for this thesis, gained in the nonresonant
laboratory, are introduced in the following and differ between nonresonant LF Raman,

uPL, and absorption spectroscopy.
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3.1 Optical spectroscopy setups

Nonresonant LF Raman measurements are performed under ambient conditions
using Bragg filters to reduce the Rayleigh scattered light intensity. This allows for the
detection of low-energy Raman modes. The used excitation power is 2.5 mW. The
spectrometer grating of 1800 grooves/mm is used for all measurements. The Stokes
and anti-Stokes modes are then centered around the Rayleigh peak. Two polarization
configurations are employed: co-polarized and cross-polarized. In the co-polarized
configuration, the Raman signal is detected with linear polarization parallel to the
excitation. In the cross-polarized configuration, the detection polarization is orthogonal

to the excitation.

#PL measurements are performed at a temperature of ~ 4K with an excitation
power of 25-50 uW. To enhance signal quality, Rayleigh-scattered light is suppressed
using a BP filter. A spectrometer grating with 150 or 600 grooves/mm is used for all

measurements.

Absorption measurements are performed using the WL source, with appropriate
integration times and, in some cases, the spatial filter to improve spatial resolution. The
subtle changes are monitored using differential reflectance (DR), where the reference
reflection spectrum R, in Eq.2.3.1 is obtained by modifying the sample’s absorption
through external influences rather than by changing the sample location [179, 180]. In
this work, Rt is recorded in backgate controllable doping devices at high free-carrier
densities, where Pauli blocking and Coulomb screening suppress the exciton oscillator
strength. While the exact carrier density is unknown, the used spectra resemble that of
free-carrier plasma, providing a suitable baseline for DR analysis [116, 133, 138, 181—
184]. DR should not be confused with differential reflectivity, where the time-resolved

transient absorption is investigated in pump-probe experiments.

Resonant Raman laboratory

The second laboratory, illustrated in Fig. 3.1.1b, employs a cw Ti:Sapphire laser (39008,
Spectra-Physics), pumped by a Millenia Pro laser. The laser is tunable over the spectral
range of 675-1100nm. Higher-order modes are suppressed using a tunable volume
Bragg grating filter (Photonetc.) in the spectral range of 715-790 nm. The laser beam

is broadened and dispersed by this filter, which is compensated for by an inverse beam
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3 Experimental techniques and fabrication for 2D bilayer spectroscopy
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Figure 3.1.1 | Schematic illustration of the a nonresonant and b resonant spectroscopy
setups.

expander. After focusing on the sample, the resulting laser spot size is approximately

1.5 pm.
A 2.3305eV laser (GL532LN, Shanghai Laser & Optics Century Co., Ltd.) can be

coupled into the excitation path as an alternative excitation source.

The collected signal is directed into a triple Raman spectrometer (TriVista, Prince-
ton Instruments) operated in subtractive mode. The first two monochromators, which
block the Rayleigh scattered light, have gratings of 900 grooves/mm. the third monochro-
mator uses a grating with 600 grooves/mm. The spectra are recorded using a liquid-

nitrogen-cooled CCD camera.

Due to the polarization sensitivity of the spectrometer grating—particularly to hori-
zontally polarized light in the near-infrared region—the setup operates by default in a

cross-polarized detection configuration.

Resonant LF Raman measurements are performed at approximately 5K using
an excitation power of &~ 800 uW. Due to the subtractive mode of the triple Raman
spectrometer, only the Stokes spectrum is recorded. As the Raman shift cannot be
corrected by comparing the Stokes to the anti-Stokes energies, the A, Eég intralayer
phonon modes of MoSe; or WSey are compared with corresponding nonresonant low-

temperature measurements [185-187].

For comparability across the heatmaps presented in the following chapter, all spec-

tral intensities are normalized by the respective integration time. The RF signal is

1

quantified by evaluating the intensity at an arbitrary Raman shift of 12cm™", unless
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3.2 Sample fabrication process

stated otherwise. The resonance profile of the oscillator is obtained by performing
an excitation-energy scan, and the LF Raman mode intensities are extracted by sub-
tracting the RF background. The low-energy region—excluding the Raman mode’s
energy—is fitted with an exponential decay function in order to describe said back-

ground.

Magneto-PL measurements are performed using the same Ti:Sapphire laser in
combination with a 5 T magneto-cryostat (MicrostatMO, Oxford Instruments). Precise
sample positioning within the cryostat is enabled by two retrofitted horizontal linear
stepper stages (ANPx51/RES Nanopositioners, attocube systems GmbH) mounted in-
side the sample chamber. The resulting change in the sample’s vertical (z) position

reduces the effective magnetic field at the sample to approximately 4.5 T.

To enable circularly co-polarized measurements, additional A/4 wave plates are incor-

porated into both the excitation and detection paths, in combination with LPs.

3.2 Sample fabrication process

The success of experimental investigations critically depends on both sample quality
and reproducibility. Therefore, the sample fabrication plays a crucial role. In this work,
all utilized materials are vdW materials, sourced through various techniques. MLs and
few-layer flakes are obtained either by mechanical exfoliation from artificially grown
bulk crystals [25, 88] or by chemical vapor deposition (CVD) growth. Subsequently,

precise stacking techniques are employed to fabricate artificial hetero-BLs and devices.

All bulk TMDC crystals were purchased from HQ Graphene, while the hBN crystals
were provided by Dr. T. Taniguchi and Dr. K. Watanabe (National Institute for Materi-
als Science, Tsukuba, Japan). All investigated samples were fabricated using different
procedures. The detailed fabrication steps for all techniques applied in this study are

presented in the following sections.

3.2.1 Exfoliation

Exfoliation begins with the mechanical cleavage of a high-quality bulk vdW crystal
using adhesive tape (Scotch Magic tape). For hBN and graphite, this is followed by
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3 Experimental techniques and fabrication for 2D bilayer spectroscopy

a second careful cleavage using the same tape. In contrast, for TMDCs, a blue tape
with lower adhesive strength (polyvinyl chloride backgrinding tape SPV-224PR, Nitto

Denko Corp.) is employed to minimize material loss and preserve thinner layers.

The yield depends on several factors, such as crystal size, thickness, and peeling speed.
For hBN, a standard method involves placing a single crystal on one piece of tape and
repeatedly cleaving it with another tape—ensuring no overlap during the process—to

achieve thinner flakes.

The resulting few-layer flakes on the tape can then be used in two downstream ap-

proaches, as described in the following sections.

First, a viscoelastic polymer stamp can be employed for flake transfer. The poly-
dimethylsiloxane (PDMS) (WF-20-X4/PF-30-X4, Teltex GmbH) is a viscoelastic ma-
terial, i.e., it acts like a liquid under low stress and like a solid under high stress. The
PDMS stamp is fixed onto a glass slide, and the adhesive tape containing exfoliated
crystals is slowly brought into contact with the PDMS surface. Adhesion strength and
tape removal speed are critical parameters that determine the transfer yield of crys-
tals onto the stamp. Upon successful exfoliation, MLs or other target flakes can be

identified via optical contrast using an optical microscope.

Second, the exfoliated flakes can be directly deposited onto a heated silicon wafer with
a 90 nm amorphous SiOs capping layer. The substrate must be thoroughly cleaned
beforehand. This involves successive ultrasonic baths in acetone, isopropyl alcohol,
and high-purity water, followed by baking in a plasma oven to remove residual organic
contaminants. As with PDMS-assisted exfoliation, the optical contrast of the flakes is
thickness-dependent, and experienced users can visually identify MLs under an optical
microscope. The flake thickness can also be estimated by comparing it to established
optical contrast data from the literature [188, 189] or by direct measurement using

atomic force microscopy (AFM).

In general, the yield and lateral size of MLs obtained via direct exfoliation onto Si/SiO,
are lower compared to those gained with the PDMS-assisted method. The main ad-
vantage of the former lies in the higher quality of the resulting flakes, as PDMS con-
tamination can be effectively avoided. For ML stacks, avoiding such contamination
is essential to ensure sample homogeneity. Due to the inherently low ML yield from

exfoliation, CVD grown ML TMDCs are partially used in this thesis. These are syn-
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3.2.2 All-dry viscoelastic stamping

thesized at Prof. Hogele’s laboratory in Munich and at Prof. Turchanin’s group in Jena.

The resulting flakes are later used in one of the following two stacking techniques.

3.2.2 All-dry viscoelastic stamping

One possible fabrication method is the “all-dry viscoelastic stamping” technique es-
tablished in Ref. [190]. For this stacking approach, all flakes must be exfoliated onto
PDMS. The employed microscope and stamping setup are depicted in Fig. 3.2.1a. The
glass slide containing the TMDC flake is inverted and mounted on an x-y-z stamp-
ing stage. A p*T-doped Si/SiO, substrate (with a 285 nm oxide layer) is placed on a
copper heating block. A gold coordinate system is pre-patterend to aid navigation. A

low-pressure pump secures the substrate during processing.

Using a 10x objective, or optionally a glass-corrected 20x objective, and an x-y-z
translation stage, the desired flake on the PDMS can be located and precisely posi-
tioned. Contact between the flake and the substrate is established gradually, as is
indicated by a distinct change in optical contrast. A controlled retraction of the con-
tact area—achieved via the z-axis micrometer screw—results in the transfer of the
flake. Alternatively, heating and cooling the copper block induce thermal expansion

and contraction of the PDMS, enabling a uniform, high-quality transfer.

This process can be repeated to fabricate artificially stacked multilayers. The twist
angle between flakes can be roughly estimated by aligning their edges, as TMDCs tend
to cleave along their main crystallographic axes [191]. A rotation stage beneath the
heating block facilitates this alignment. For homobilayers (homo-BLs), the “tear-and-
stack” method can be employed, where a single flake is partially transferred, torn,

optionally rotated, and transferred again to achieve precise twist-angle control [192].

After stacking, an annealing step in a cryostat at 400-420 K helps agglomerate PDMS
residues and airborne adsorbates into isolated bubbles. This relieves interfacial strain
near the bubbles and enhances layer contact [193]. When multiple stacking steps are
required, thermal stamping is recommended after each transfer to progressively encour-
age lattice relaxation, rather than relying solely on a final annealing step. An exem-
plary microscope image of an edge-aligned and annealed MoSe;—WSes heterostructure
is shown in Fig. 3.2.1b.

By acquiring frequency-modulated (FM) AFM images, structural features such as bub-

bles, wrinkles, residues, and even adsorbates can be resolved. These measurements were
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Figure 3.2.1 | a Optical microscope setup used for exfoliation and sample fabrication.
b Microscope image of an exemplary MoSe,—WSey hetero-BL on a Si/SiO, substrate
after annealing. The relative twist angle between the layers can be estimated to be
either 0° or 60° based on the alignment of their edges. c—d FM-AFM images of the
region shown in b, taken at different magnifications. In ¢, PDMS residue bubbles are
visualized on a length scale comparable to the laser spot size used in optical exper-
iments. In d, additional inhomogeneities, such as wrinkles and surface residues, are
resolved in greater detail.

performed by Dr. K. Pirckhauer and are shown in Figs. 3.2.1c—d. The bubbles appear
on a length scale comparable to the laser spot size used in optical experiments, making

their influence non-negligible.

When additional stamping steps are introduced—for example, to integrate graphite
stripes for controlling charge carriers or applying an external electric field—the result-
ing structures often become too inhomogeneous. To overcome these limitations, the

alternative, polymer-free fabrication technique known as “hot pickup” is employed.

3.2.3 Hot-pickup method

Before starting the stamping process, a PDMS substrate is prepared by mixing PDMS
and a curing agent (Dowsil 184) in a 10:1 weight ratio, followed by an ultrasonic bath
to ensure homogeneity. A small droplet of this mixture is then applied to a heated
microscope slide using a pipette or a toothpick, resulting in a hemispherical PDMS

dome.

Next, a thin polycarbonate (PC) film is prepared. Here, a solution consisting of 5%
PC and 95% chloroform by weight is drop-cast onto a glass slide. The solution is then
spread evenly by pressing a second glass slide on top and sliding them apart. All slides

are heated to 80°C afterward to evaporate the chloroform, leaving behind a thin PC
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3.2.3 Hot-pickup method

film. This film is then transferred onto the PDMS dome using a tape-based template,

thereby forming a stamp.

The sample is assembled by sequentially stacking the individual layers using the PDMS-
PC stamp, following a slightly modified version of the procedures described in Refs. [194,
195]. The stamp is inverted and mounted onto the z-y-z stamping stage. Before the
stamping process can start, a thorough plan for the sample, including the position
and rotation of each component, is needed. The transfer itself begins by approach-
ing the substrate adjacent to the first hBN flake at a temperature of 125°C. Due to
thermal expansion, the stamp makes contact with the hBN crystal. Upon cooling, the
stamp contracts, thereby picking up the flake onto the PC layer. In subsequent pickup
steps, vdW forces between the 2D materials exceed those of the substrate, enabling an

iterative assembly of the planned heterostructure.

Subsequently, the completed stack is placed onto the final substrate, and the PC is
melted off at 175°C. The sample is then cleaned via sequential chloroform and iso-
propyl alcohol baths, leaving only the assembled heterostructure. If electrical contact-
ing is required, the final substrate is chosen to include pre-patterned gold or platinum
electrodes. It is mounted onto a ceramic chip carrier using conductive silver lacquer.
Finally, aluminum (or optionally gold) wires are bonded to the contact pads, allowing
the application of external voltages during experiments.

a Au  hBN =Graphite =Si/SiO,
=MoSe, =WS,

ORI IR, L
OO A A A A
|

Figure 3.2.2 | a Schematic illustration of the dual-gated MoSe;~WSy R-type het-
erostructure device (sample RS, fabricated by N. Paulik). b Optical microscope image
of the same device, showing the individual layers. ¢ Macroscopic image of the bonded
and mounted sample fixed onto the ceramic chip carrier using conductive silver lacquer.

A schematic of the exemplary MoSe;—WS, device R8, fabricated by N.Paulik, an
optical microscope image, and a macroscopic image of the assembled device are shown
in Figs.3.2.1a—c. This specific device can be understood as follows: the MoSe; and
WS, MLs are stacked at 0°, rendering an R-type heterostructure. The WS, flake is
contacted by a graphite stripe, which functions as the ground contact. The hetero-

BL is encapsulated between two hBN flakes with a thickness of 10 to 20 nm, which is
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3 Experimental techniques and fabrication for 2D bilayer spectroscopy

determined via optical contrast. A top- and a bottom graphite flake function as top-
and bottom gates, allowing for an electrostatic doping by an external voltage source
(SMU-Standardseries 2400, Keithley). The whole stack is hBN capped. All three
graphite flakes are in direct contact with separate gold electrodes, which are bonded to
the contact pads via aluminum wires. Devices with only a single gate miss a graphite

and an hBN stripe.

Even a brief look at the fabrication process reveals that sample fabrication is a broad,
continuously evolving field of research. Consequently, all samples used in this the-
sis are fabricated with slight variations. The experimental results presented dur-
ing this thesis are, in part, made possible by the high-quality samples provided by
my colleagues Dr. J. Holler, Dr. P. Nagler, M. Scheuck, F. Buchner, N. Maier, N. Paulik,

J. Lichtenberger, and L. Sichert, whose contributions are gratefully acknowledged.
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Chapter 4

Optical signatures of moiré and

reconstructed van-der-Waals bilayers

Having established the theoretical foundations of TMDCs in the ML limit, this thesis
now shifts focus to a more complex system: vdW BL structures. Recent advances in
angle-aligned bi- and multilayers have unveiled a variety of intriguing physical phe-
nomena, including spin-layer locking between adjacent layers [96, 104-108, 196], the
emergence of hybridized and every-other-layer excitons [107, 142, 197-203], and inter-
layer phonons [152, 204-213].

Additionally, introducing the key tuning parameter in vdW BLs—the twist angle be-
tween adjacent layers—enables the formation of moiré superlattices. This degree of
freedom results in exciting discoveries, including unconventional superconductivity near
the so-called magic angle in twisted BL graphene [78, 79|, the fractional quantum
anomalous Hall effect in twisted MoTey BLs [73-77], and ferroelectric and multiferroic
behavior in twisted TMDC BLs [59, 214-225].

The groundwork and key experimental findings during this thesis on this promising
field will be presented in the following chapter, which focuses on vdW BLs and het-
erostructures. It first introduces the key concepts in Section 4.1, before discussing moiré
superlattices and their resulting potential landscapes in Section 4.2, alongside the key
experimental findings of this thesis concerning moiré physics. Finally, the focus is
shifted to the phenomenon of atomic reconstruction and to its influence on vibrational

and excitonic properties in Section 4.3.
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

4.1 Heterostructures

In 2013, Geim and Grigorieva [226] introduced their visionary perspective on het-
erostructures by stacking different vdW materials. By reviewing state-of-the-art fab-
rication techniques and the resulting groundbreaking phenomena, they spurred the
scientific community to move in a collective direction toward perfect tunability and

control in industrial-scale applications.

Compared with conventional transistors and electronic devices, essential electronic
functionalities can be replicated in vdW heterostructures, which offer unprecedented

control through layer stacking, twisting, and heterojunction engineering [227-230].

Extensive research on BLs and multilayer heterostructures composed of vdW materials
has since kept Geim’s and Grigorieva’s perspective relevant to this day. During these
studies, it was demonstrated that vdW heterostructures not only reproduce many
effects known from traditional semiconductors but also enable entirely new physics.
Many phenomena are hereby driven by the interplay of strong Coulomb interactions,
spin-orbit coupling, moiré superlattices, and hybridization. For instance, the periodic
potential created by moiré patterns has been shown to trap electrons into correlated

states such as generalized Wigner crystals [67-72].

Building on these advances, engineered vdW systems hold great promise for future
optoelectronic [231-233] and quantum electronic applications [234, 235], where precise

tailoring of electronic, optical, and mechanical properties is possible.

This section introduces the essential concepts of vdW heterostructures. Here, the
focus will be on band alignment between adjacent layers and on the formation of
interlayer excitons. For a comprehensive overview of the rapidly evolving field of vdW

heterostructures, the reader is referred to several recent review articles [236-245].

4.1.1 Band alignment

Before delving into this immense field of research—with its enormous possibilities for
tuning properties—the fundamental principles of vdW semiconductor heterojunctions
must be discussed. A helpful starting point is Anderson’s rule, which states that the
vacuum levels of the constituent semiconductors are aligned. Applying this rule to two

materials A and B with their respective electron affinities () allows for an estimate
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4.1.1 Band alignment

of their band alignment and, therefore, their charge carriers’ location in the respective
materials. Here, y is defined as the energy required to remove an electron from the CB

minimum to the vacuum level [246].

There are three possible types of band alignment, which are determined by the relative
bandgaps of the two semiconductors, as illustrated in Fig.4.1.1a. Type-I (straddling
gap) alignment occurs when both the conduction and valence bands of one material lie
within the bandgap of the other, resulting in both electrons and holes being confined
in the same material. Type-II (staggered gap) alignment features spatial separation of
electrons and holes across the interface, while type-III (broken gap) alignment results
in an overlap of the CB of one material with the VB of the other. In Ref.[247],
Anderson’s rule is extended to 2D semiconductor heterostructures, where corrections
must be made to account for interlayer hybridization and dipole-induced electric fields
248].

All three band alignments are realized in vdW heterostructures. The existence of
type-I heterostructures has been confirmed by various experimental groups, notably in
MoSe,~WS, BLs [58, 60, 249] and in MoTe,~WSey BLs [250]. Type-II heterostructures
are theoretically predicted in Refs. [251-255] and subsequently confirmed experimen-
tally [49, 50, 256]; see also [257] for an overview. Type-III band alignments have also
been realized in various vdW heterostructures to exploit their charge-transfer charac-
teristics [258-260]. However, the focus of this thesis will remain on type-I and type-1T
band alignments, which are shown in the band-alignment schematic at the K points in
Figs. 4.1.1b-c, where the individual materials are color-coded. The spin-configurations

are indicated by arrows in Figs.4.1.1b.

The band alignment is not as straightforward as theoretical calculations may suggest,
as demonstrated by the extended debate surrounding MoSe,—WS, hetero-BLs. Here,
the CBs of WS, and MoSe, lie in close energetic proximity, making the spin-subband
ordering crucial (see Fig.4.1.1b) and requiring experimental verification. Ultimately,
experimental studies confirmed that MoSe;—WS, heterostructures exhibit type-I band
alignment in the R-type stacking [58, 60, 249]. In contrast, a type-II alignment is
observed only for the H-type stacking under an applied out-of-plane magnetic field [60,
249]. This conclusion is supported by magneto-optical experiments [58, 60, 249].

As a direct consequence, there is a possibility of new quasi-particles forming, where
the exciton’s individual charges are separated across adjacent layers—the interlayer

excitons.
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Figure 4.1.1 | a Schematic of type-I, type-II, and type-III band alignment with
electrons and holes situated in VB maxima and CB minima in respective configurations.
b Schematic of R- and H-type MoSe,-WS, type-1 band alignment at K points. The
lowest energy Coulomb-bound electron-hole pairs are marked. MoSe; (WS,) material
and bands are orange (blue). The spin up (down) configuration is indicated by upward
(downward) facing arrows and drawn-through (dashed) lines. ¢ Schematic of MoSes-
WSe; type-II band alignment at K points. d H-type MoSes-WSes PL spectrum with
marked intra- and interlayer exciton peaks (adapted from Ref. [50]).

4.1.2 Bright interlayer excitons

Interlayer excitons can emerge in both natural and artificially-stacked vdW material
systems [49, 141, 198, 239, 247, 261-263], with this thesis focusing on type-II vdW
hetero-BLs. In those strongly coupled heterostructures, it is energetically favorable for
the carriers to relax to their lowest energy state, which involves charge transfer between
the layers [49, 50, 252, 253]. Thereby, the electron relaxes to the CB and the hole to
the VB, which are situated in the two opposite layers as is illustrated in Fig.4.1.1c.

These charge transfer processes occur on ultrafast timescales [264-267] and result in the
formation of spatially indirect, permanent dipoles [49, 247], as electrons and holes re-

side in separate layers while remaining Coulomb-bound. These interlayer excitons (IX?)
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4.1.2 Bright interlayer excitons

possess large binding energies [268] and exhibit a low oscillator strength due to their in-
direct character [269, 270]. They are long-lived as a consequence [50-52]. They can be
probed using magneto-PL techniques [51, 271-276] (see Section 4.3), while their inter-
layer character is revealed through the Stark shift observed in electric-field-dependent
studies [198, 239]. In MoSey~WSe, hetero-BLs, this interlayer charge transfer leads
to a decrease in the intralayer exciton population and, therefore, to the intralayer PL
quenching. The distinct IX? PL emerges. An exemplary PL spectrum displaying both
inter- and intralayer PL peaks, adapted from Ref. [50], is shown in Fig.4.1.1d.

The type-II band alignment is not the only factor influencing the electronic struc-
ture. Density functional theory calculations reveal hybridization of the electronic bands
across both layers at the Q valley of the CB and the I" point of the VB (see Fig. 4.1.2a)
[187, 269, 277, 278]. Since the global energy minimum for free electrons lies at the Q
valley, the resulting electron wavefunction is delocalized over both layers. Analogous
to the behavior observed in MLs, interactions between these free charges and intra-

and interlayer excitons lead to the formation of charged excitonic complexes.

In the intralayer exciton case, they interact with the hybridized electron sea, leading
to the formation of hybridized Fermi polarons or, at low charge densities, hybridized
intralayer trions (HX™). The resulting excitonic complexes in MoSe;-WSey hetero-
BLs are schematically illustrated in the single-particle representation in Fig.4.1.2b. A
notable consequence is the emergence of a trion-phonon coupling [187] in a specific

lattice configuration, which will be discussed in detail in Section4.3.
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Figure 4.1.2 | a Layer-projected band structure of H-type MoSes-WSes hetero-BLs.
The band layer contribution is color-coded. The bands in the K valley exhibit negligible
hybridization and a type-II band alignment. Additionally bound electrons are situated
at the Q points, and are strongly hybridized over both layers (adapted from Ref. [187]).
b Schematic real-space illustration of excitonic complexes in MoSe,-WSey hetero-BLs
shown in side-view. The MoSe, and WSe, X exist next to their hybridized negatively
charged counterpart HX~ alongside the IX°.
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The properties of IXs and their charged states will now be explored to better understand

the MoSey-WSes interlayer PL spectra, introduced in the same Section 4.3.

In H-type MoSe;—WSe, hetero-BLs, the energy minima at K valley band structure
become relevant. The 60° rotational twist between the constituent MLs results in the
K (K’) valley of the WSes VB being aligned with the K’ (K) valley of the MoSe, CB.
The spin-splitting in the MoSe; CB results in two energetically distinct states when
an IX is formed. Here, the lower-energy state is a spin-forbidden triplet state IX$.
It involves parallel spins of electrons and holes. The higher-energy state is a spin-
allowed singlet state IX3 [273, 279-283]. These transitions are schematically depicted
in Figs.4.1.3a and b, for the hole located in the WSey VB at the K point. Here, the

color is indicative of the exciton being optically dark or bright.

These excitonic complexes can lower their energy by binding an additional hybridized
electron located at the Q and Q' valleys, forming charged IXs denoted as IX} and IXg.
The experimentally observed energy shifts between these complexes and their relative
PL intensities, extracted from low-temperature, nonresonant uPL measurements, are
shown in Fig.4.1.3c (following Ref. [279)]).

One additional peak, labeled IX7., may hereby originate from an IXt bound to an

electron at the MoSes K’ spin-up valley, as hypothesized in Ref. [279]. Alternatively,
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Figure 4.1.3 | Schematic representation of charge configurations for IXs and their
charged counterparts in H-type MoSe;-WSes hetero-BLs: a IXt and X7, and b IXg
and IXg, illustrating optical transitions involving a hole in the WSe, VB and an electron
in the MoSe, CB at the K point. The spins of the involved bands are color-coded and
indicated by arrows. The additionally bound electron is hybridized over both layers at
the QQ valley and is color-coded in light blue. ¢ Schematic of exciton energies and the
expected intensities in low-temperature uPL experiments for the excitonic complexes
shown in a and b, following Ref. [279].
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this peak may result from differing binding energies associated with electrons located

at the Q- versus Q' valleys, a scenario discussed for WSe; homo-BLs in Ref. [203].

A lower-energy resonance, labeled IX;, is attributed to either a Mahan-like exciton
[284] or an exciton-plasmon-like excitation, as discussed in theoretical ML studies [179,
285].

When investigating charge-tunable devices in the hole-doping regime, the formation of
positively charged interlayer excitons, IXF and IX{, is expected. These arise from the
binding of an additional hole at the WSe, K’ valley [273].

Taken together, these assignments establish a consistent picture of the interlayer exci-
tonic landscape in H-type MoSe;—WSe; hetero-BLs and provide the foundation for the

analysis presented in Subsection4.3.2.

4.2 Moiré superlattice

For this section, the vdW BL lattice is of central interest. If two lattices with a
lattice mismatch are combined, or by introducing a finite twist between the layers, an
interference pattern emerges, which can be described as a novel superlattice. This is

called a moiré lattice and the accompanying effects, moiré effects.

Such a moiré supercell of an angle-aligned hetero-BL is shaded in gray in Fig.4.2.1a.

The moiré lattice constant a,, as a function of the twist angle 6 is given by

U = (1 +9)ao (4.2.1)

\/2(1 +6)(1 — cos ) 482

where 0 is the lattice mismatch, defined as 0 = lalaﬂ

lattice constants of the two MLs with a; < as [238].

, with a; and as denoting the

This new periodicity in real space gives rise to a corresponding periodicity in reciprocal
space. The reciprocal moiré lattice vector is defined as g = by — by, where b; and b, are
the reciprocal lattice vectors of the individual layers. The typical moiré lattice constant
a,, is on the order of a few to several tens of nanometers. As a result, the first moiré BZ
is considerably smaller than the first BZ of the individual MLs. This is illustrated for
a hetero-BL, consisting of angle-aligned TMDC MLs with a lattice constant mismatch,
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Figure 4.2.1 | Hlustrations of an R-type moiré hetero-BL superlattice formed by two
angle-aligned TMDC MLs with lattice constant mismatch. a Real-space representation,
with the moiré unit cell shaded gray and the high-symmetry points, introduced in
Fig.4.2.2a, marked. b Reciprocal-space representation, with the first moiré BZ colored
red. The ML contributions are gray-shaded.

in Fig.4.2.1b, where the first moiré BZ is shown in red. The high-symmetry moiré

points are labeled in lowercase Greek letters.

It is essential to introduce a precise nomenclature for high-symmetry stacking in the
emergent supercell. This will enable a precise description of the moiré physics in the
following. For this thesis, the notation of Ref.[54] is used. Here, the R- and H-type
stackings are denoted as R} and H} . The sub- and superscript letters indicate atomic
sites in the bottom and top layers, respectively. Similarly to Section2.1.1, “X” is used

for a chalcogen atom site, “M” for a transition-metal one, and “h” for a hollow center.

The resulting high-symmetry stacking configurations are R, RE and RM for R-type
and HM, H! and HY for H-type stacking. These are highlighted in the moiré cell
in Fig.4.2.1a and are illustrated in Figs.4.2.2a and b, respectively, where the upper

(lower) layer is colored blue (red).

Each moiré superlattice contains all the characteristic high-symmetry points of either
R-type or H-type stacking. Between these high-symmetry configurations, the local
atomic registry varies smoothly. This smooth spatial transition is exemplified for an
R-type hetero-BL in Fig.4.2.1a.

In BL graphene, the discovery of so-called magic twist angles—at which superconduc-

tivity and correlated insulating states appear—has generated intense interest in the
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Figure 4.2.2 | Schematic illustration of high-symmetry stacking configurations in a
R-type and b H-type BLs. The chalcogen atoms are represented by small circles, and
the metal atoms by larger ones. The top layer is colored blue, and the bottom layer
red.
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emerging field of twistronics [78-81]. This research frontier has since expanded into

TMDC BLs, which will be the focus of the following experimental sections.

4.2.1 Excitonic moiré potential

The basis for exciton physics, the electronic band structure of 2D materials, introduced
in Chapter 2.1.2, is significantly modified by the presence of a moiré superlattice. The
smooth variation between high-symmetry stacking points creates a periodic potential
and dielectric landscape, leading to backfolding of the CB and VB into the first moiré
Brillouin zone and the formation of moiré minibands [58, 60, 239, 286-289], when

including hybridization.

For large moiré periods, the electronic potential can be approximated by the effective
band masses of the constituent layers modulated by a periodic potential, producing flat
minibands at the edges of the mini-BZ [241]. Free charge carriers tend to localize in the
minima of the resulting moiré potential, which can be imaged using scanning tunneling
microscopy [290]. Moreover, strong Coulomb interactions can lead to the formation of

long-range ordered, correlated electron lattices at integer or fractional fillings v.

As the electrons become pinned, an energy gap emerges because introducing additional

electrons into the system is not energetically favorable. This gives rise to insulating
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states such as the Mott insulator (v = 1), the moiré band insulator (v = 2), and

generalized Wigner crystals at fractional fillings (e.g., v = 1/3,2/3) [68].

These states have been experimentally investigated in various moiré-BL systems such as
homo-BLs and WSes-WS,, MoSex-WS,, and MoSex-hBN-MoSe, heterostructures [59,
63, 65-67, 69, 70, 77, 291-298]. Evidence of the Coulomb crystal can also be provided
in all-optical experiments, as it causes the backfolding process like a conventional lattice

71, 299).

The widely used term Mott insulator at v = 1 should be used with caution in moiré
systems, as studies suggest that the dominant mechanism is charge-transfer insulat-
ing [300, 301]. Therefore, the general term generalized Wigner crystal will be used
throughout this thesis [62, 64, 68]. Additionally, the integer- and fractional quantum
anomalous Hall effects have been reported in ferromagnetic, topologically nontrivial
MoTe; homo-BLs [73-77], further highlighting the rich correlated physics accessible in

tailored moiré systems.

The charge filling factor v can, hereby, be estimated using a simple parallel-plate ca-
pacitor model, which is widely applied in moiré-heterostructure studies. The equation

for the charge density n is given by

_ €0€BN <Vt Vb)
n = )

e

4.2.2
o d (4.2.2)

where V; and V}, are the applied voltages to the top and bottom gate, respectively. The
top and bottom insulating hBN layer thicknesses are d; and dj, respectively. Here, ¢
is the vacuum permittivity, and egy = 3.8 is the out-of-plane relative permittivity of
hBN [302]. With knowledge of the intrinsic doping level, the thicknesses of the hBN
dielectric layers—determined either via AFM or optical contrast [189]—and the moiré
lattice constant, the gate voltage required to reach a specific charge filling factor can

be estimated.

In the following experimental work, an intrinsic (undoped) R~ or H-type MoSe;-WS,
hetero-BL. with a moiré period of a,, =~ 7.5nm combined with an hBN thickness be-
tween 10 and 20nm is used. This corresponds to a gate voltage range of 0.5 — 1.0V
applied simultaneously to both gates to achieve a moiré site filling factor of v = 1,

which corresponds to a carrier density of n = 2.05 x 102 cm 2.

38



4.2.1 Ezxcitonic moiré potential

a 100“ ¢ Lowest moiré CB wavefunction (k-space)
%: 50
£
N
£ 0
€ R-type
D-50 d R
RV RE R X WSe, BL
b - = MoSe,-WSe, |
100] £ 40 — MoSe,-WS,
S =
g 50 8
—
= ]
2 ‘type =
2-50 §
Hy HY H X : —

2 3 4
Twist angle (°)

Figure 4.2.3 | Calculated moiré potential along high-symmetry stacking configura-
tions for a R-type b and H-type MoSe,-WS, hetero-BL (adapted from Ref. [61]). ¢
Momentum wavefunction plot for lowest moiré CB of R-type MoSe;-WS, hetero-BL
(adapted from Ref. [59]). The highest probability density of the moiré exciton is found
at the RP stacking. d Calculated moiré period as a function of the twist angle from
Eq.4.2.1 for WSes; homo-BLs, MoSes-WSey and MoSe,-WSs hetero-BLs.

Similarly to the electronic bands, excitons in a moiré superlattice form mini-bands,
which follows from either the single-particle or from the two-particle picture [60, 61,
287, 303]. The modulation of the potential landscape is, hereby, dependent on the
moiré period and on the material system. The H-type moiré potential is generally
shallower than that of an R-type configuration due to the spin-subband ordering in the
CB of WS, [55, 61, 304].

Previous theoretical studies on various TMDC hetero-BL systems (MoSey-WSs, WSeo-
WSa, MoSes-MoSs, MoSa-WSes, and WS,-MoSs) show a moiré potential depth of a
few meVs up to a hundred meV [53-56, 61]. The moiré excitons (M;) in the type-I
heterostructure MoSe,-WSs can be considered as trapped quasi-particles due to the
large moiré potential. The calculated potentials for R- and H-type hetero-BLs along
the high-symmetry stacking configurations are shown in Figs. 4.2.3a and b, respectively
[60].

Calculations on the momentum wavefunction of the lowest R-type moiré CB highlights
its strong localization at the RY high-symmetry point in the MoSe, layer [59-61], as
depicted in Fig. 4.2.5c. Additionally, when calculating the moiré period of MoSes—W S,
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as a function of the twist angle, it shows little dependence on the angle in contrast
to other BLs, as seen in the slopes in Fig.4.2.3d. This minimum twist-angle disorder

yields a highly reproducible moiré period, ideal for experimental investigations.

Together, these properties make the MoSes-WSy moiré heterostructure not only a
promising platform for exploring correlated physics [59, 305], but also an appealing
candidate for scalable device applications. In the following, the focus is specifically on

MoSe,—WS, hetero-BLs as the material platform of this thesis.

Multiple distinct moiré excitons have been observed in PL and RC measurements [59—
61, 249, 287], serving as the foundation for sample characterization in this thesis. Alter-
natively, the moiré miniband structure can be probed via collective inter-moiré-band
excitations (IMBE), observable in resonant inelastic light scattering (RILS) experi-
ments [289]. These investigations are analogous to earlier works in GaAs-based sys-
tems [306-311]. In this three-step scattering process, an electron is first excited from
a lower VB to a virtual state. It then scatters via Coulomb interaction with a charge
carrier residing in a moiré miniband, promoting that charge to a higher miniband. The
scattered electron-hole pair subsequently recombines under the emission of the scat-
tered photon. As the charge carrier is scattered into a higher moiré band, it is called
IMBE. This can be detected in RILS spectra, thereby granting experimental access to

the underlying moiré band structure and its emergent properties.

When considering the backfolding of the exciton band structure, excited states emerge,
denoted as My and M3. The energies of these moiré excitonic peaks are well-documented
in the literature [59-61, 72, 249, 287, 312|. Their oscillator strength f differs distinctly
between R- and H-type stacking configurations, which is shown in Figs.4.2.4a, b. The
calculated and experimentally measured moiré excitonic oscillators are labeled accord-
ingly (cf.Refs. [61, 313]). The large and distinct energy gap between My and M3 in
the R-type stacking, compared to the H-type stacking, enables an unambiguous iden-
tification of the stacking configuration of the MoSes~WS, hetero-BL samples used in
this thesis, as exemplified for sample R8. The corresponding measurement, shown in
Fig.4.2.4c, displays the averaged sum of —d/dE(DR) spectra in the charge-neutral
regime. The reference reflection spectrum is taken at a calculated doping level of
n = 2 x 10 1/cm? according to Eq.4.2.2, where moiré-dipole moments become van-
ishingly small as the system exceeds the Mott transition [181-183], where the plasma

screening [314] and state-filling effects [133] dominate. The observed moiré peaks’ en-
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ergetic offset of 10 — 20 meV relative to values reported in the literature may result

from a slight twist between the layers or a different dielectric environment.
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Figure 4.2.4 | Measured and calculated oscillator strength f of a R-type and b H-type
MoSea-WSs, hetero-BLs from Refs [61, 313].c Averaged sum of —d/dE(DR) spectra of
the charge-neutral regime of sample RS8.

After establishing the origin of the excited moiré excitonic peaks, the spatial profile of
the My wavefunction—and thus its probability density—becomes important, in analogy
to the localized M; exciton. The My wavefunction, centered at the R high-symmetry
stacking configuration, exhibits a non-negligible spatial extent [59, 61, 287]. Similarly,
calculations for H-type stacked MoSe,—WS, hetero-BLs show strong localization of
M; at the HM stacking point (see Fig.4.2.3b), whereas My and Mj display a partial

delocalization at the HY and H}' configurations, respectively [60].

The combination of the electronic and excitonic moiré potentials in MoSe,—~W S, hetero-
BLs provides a comprehensive picture of M; and My moiré excitons’ spatial distribution
for both R- and H-type stacking. Furthermore, this includes their evolution into posi-
tively (M7, MJ), negatively charged (M7, My ), and double-negatively charged (M7,
M3™) excitonic complexes, as illustrated—exemplarily for the negatively charged case—

in real-space moiré-potential representation in Figs. 4.2.5a—c.

For a filling of two electrons per moiré cell, Coulomb repulsion prevents both electrons
from occupying the same R! or HY! site [287, 294, 300]. Instead, the second electron
localizes at the local energy minimum at R, like in WSe,~WS, moiré superlattices [73],

where one electron remains fully localized and the other exhibits partial delocalization.
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Figure 4.2.5 | Schematic of moiré excitons in real-space moiré-potential representation
of an R-type MoSes—WS, hetero-BL at integer electron fillings v = 2,1,0 shown in
panels a—c, respectively, indicated above a moiré cell. The moiré-trapped excitons are
illustrated with finite spatial extent, while localized electrons are represented by blue
charges. d Gate-dependent RC measurements from Ref. [59] highlight the energies of
the moiré quasi-particles. The energy of M2~ is only indicated by the gray box.

An alternative scenario, that finite hopping terms for electrons exist, similar to the
kinetic magnetism reported in Ref. [59], is deemed improbable or negligible as both the
used excitation powers and temperatures in this thesis are well beyond the undisturbed

regime of the aforementioned publication.

The spectral response in RC measurements of all excitonic complexes, including their
charged states, are collected at varying symmetrically applied voltages, and are shown
in Fig.4.2.5d, adapted from Ref. [59].

After sample characterization and comparison with previous studies, evidence of nanoscale
transfer pathways of excitonic energies between moiré sites will be presented bellow,

offering fundamental insights into exciton dynamics in moiré lattices.
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Programmable phonon-assisted resonant energy transfer between moiré cells

For the following experimental investigations, published in Ref. [315], a total of 14 edge-
aligned MoSe,—WS, hetero-BLs were fabricated by Nicolas Paulik during his Master’s
thesis [316]. A total of 10 samples are of R-type stacking, with R6, R9, and R10
functioning as single-gate devices, and R8 as a dual-gate device. In samples R8 and
R9, the ground contact is connected to the WS, ML, whereas in R6 and R10, it is
connected to both MLs. All TMDC MLs were CVD-grown in Prof. Hogele’s group
in Munich, except the onto PDMS exfoliated WS, MLs in R8 and R9. The stacking
order in these latter two ensures that the heterostructure interface remains PDMS-free.
Additionally, four H-type samples are fabricated without gate structures, among which

H3 and H4 are selected for the experiments.

Sample characterization: To characterize the samples’ resonances, their emission
and absorption are investigated in nonresonant uPL and white-light DR measure-
ments. The focus of this work is placed on the R-type hetero-BL sample R8 (shown in
Fig.3.2.2b), as its dual-gate architecture allows the investigation of the system under

zero out-of-plane electric field.

First, a PL area scan of the heterostructure region is performed to assess the interfaccial
contact and sample homogeneity. The MoSe;, M; PL peak is fitted with a Gaussian
function to extract the peak energy, which is presented in Fig.4.2.6a for Ug = 0V,
the PL intensity, and the FWHM. The MoSe, is identifiable in the blue region, which
corresponds to a fitted energy of ~ 1.6eV. A large, homogeneous area in the center of
the gated heterostructure region (marked in cyan) exhibits a clear redshift compared to
this PL. Simultaneously, spots of this cyan heterostructure region show the narrowest
linewidth of approximately 10 nm, gained from the Gaussian fits. These characteristics
suggest high homogeneity and good interlayer contact. Equivalent PL area scans at
room temperature reveal a comparable redshift, indicating that the moiré potential
influences the excitonic states even when sufficient energy is introduced into the system

so that the excitons’ trapping is prevented—as predicted in Ref. [317].

Subsequently, low-temperature PL measurements are carried out in the identified region
of high interface quality and homogeneity. A heatmap of the PL spectra as a function
of symmetrically applied gate voltage is shown in Fig.4.2.6c. The MoSe; PL emission

is dominated by the moiré excitonic peaks M; and M7, while the WS, emission shows
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neutral (X$;) and negatively charged (Xyy) excitons. For gate voltages exceeding ~ 3V,
the emergence of charged WS, excitons indicates population of the WSy CB minima,

potentially due to CB hybridization across both materials.

A zoom-in of the PL heatmap to the MoSe, region is provided in Fig. 4.2.6d, while the
corresponding DR spectra—displayed as the negative energy derivative, —d/dFE(DR)—
are shown in Fig.4.2.6b. Here, the reference reflection spectrum is again obtained by
increasing the doping level beyond the Mott transition. Moiré excitonic complexes are

identified based on Ref. [59] and marked by vertical lines, consistent with Fig. 4.2.5d.

The —d/dE(DR) and PL intensities of the M; resonance, highlighted by pink dashed
frames, are plotted normalized in Figs. 4.2.6e and f, respectively. The oscillator strength
of M7 reaches its maximum when each moiré site hosts exactly one electron due to a

reduced screening from free charges [59, 67, 72, 318]. This enables the identification of
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Figure 4.2.6 | a Area scan of the M PL peak energy of sample R8 recorded at zero
gate voltage (Ug = 0V), extracted via Gaussian fits to the PL spectra in the displayed
energy range. The gated heterostructure region is highlighted in cyan and the MoSe,
ML region in black. A clear redshift in emission energy indicates good interlayer con-
tact. b Heatmap of the negative energy derivative of DR spectra (—d/dE(DR)) versus
gate voltage, showing various moiré excitonic complexes and corresponding filling fac-
tors v. ¢ Heatmap of PL spectra as a function of gate voltage measured at 4 K at a
high-quality location. d Zoom-in of gray-framed region of b. Normalized area of the
pink-highlighted M7 e —d/dE(DR)- and f PL signal. A small intensity dip in the PL
signal at filling factor v ~ 1 is marked by a black arrow. Selected g —d/dE(DR) and
h PL spectra from b and d, respectively.
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4.2.1 Ezxcitonic moiré potential

a filling factor v ~ 1 at Ug =~ 4.25V, which is shown in Fig.4.2.6e. A distinct local
minimum in the PL intensity near 1.5V (marked with a black arrow in Fig. 4.2.6f) is at-
tributed to the formation of a generalized Wigner crystal of electrons, which suppresses
the availability of free carriers needed for M; formation [74, 77]. The contradictory
spectral response of an RC maximum and a PL minimum in identifying the filling

factor is consistent with the literature.

Representative —d/dF(DR) and PL spectra from Fig.4.2.6c and d, respectively, taken
at voltages near integer filling factors, are displayed in Figs.4.2.6g and h. The afore-
mentioned moiré quasi-particles in the —d/dE(DR) spectra are highlighted by color-
coded bars following Fig.4.2.5. The M; and M] PL peaks in the PL spectra at v =0
and v = 1 each exhibit approximately 16% of the intensity of the other, indicating
a degree of inhomogeneity—maybe due to inhomogeneous charging—in the sample.
No significant change is observed in the PL signal’s shape between v = 1 and v = 2.
At higher electron densities, the emergence of an asymmetric peak—comprising the
M7 and a shifting M2~ resonance—alongside the previously mentioned charged WS,
exciton PL suggests CB hybridization between MoSe; and WS,. However, this phe-
nomenon lies beyond the scope of the present thesis and should be addressed in fu-
ture investigations, where the previously simplified picture—of two mutually repelling,
moiré-trapped electrons occupying a single moiré site in the MoSe; layer—will need to

be revised.

A consistent voltage offset of approximately 3V for v = 1 is observed between the PL
and DR measurements across all samples and multiple measurement runs. This offset
cannot be attributed to charging hysteresis, as identical integration times were used
for both techniques. Furthermore, a power-dependent study and the use of a long-
pass filter during white-light illumination exclude a photo-doping contribution. At
low temperatures, only the negatively doped regime—corresponding to positive gate
voltages—is reliably accessible. Spot-to-spot variations and differences between cooling
cycles can introduce an additional offset of up to 1V, as systematically discussed in
Ref. [319]. Overall, the hetero-BLs remain charge-neutral over a wide voltage range
extending down to at least —10V, with the single-gate device R10 representing an

exception that allows access to the positively doped regime.

Before moving on to the main findings in the next section, the nonresonant Raman
response is examined to aid the interpretation of later results and support conclu-

sions about the twist angle. In Fig.4.2.7a, the nonresonant Raman spectrum of the
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Figure 4.2.7 | Nonresonant Raman spectra at room temperature. a Raman spectra
of ML and hetero-BL regions of the R-type hetero-BL R8, normalized to the silicon
phonon mode at ~ 521 cm™!. Unlabeled peaks arise from phonon sum and difference
processes. b Raman spectra in the region of the WS, Eég mode for two H-type (gray

hues) and two R-type (blue hues) hetero-BLs. For sample R8, two spectra from different

locations exhibit an energy shift of approximately 2cm™!.

R8& hetero-BL is shown alongside spectra from adjacent MoSe; and WSy ML regions.
All spectra are normalized to the silicon phonon mode. The Raman peaks of the
constituent MLs dominate the hetero-BL response, with well-documented modes at-
tributed to sum and difference modes [320, 321].

A closer analysis of the spectral region around the WS, Eég phonon mode is presented
in Fig.4.2.7b, comparing hetero-BLs R8, R10, H3, and H4. The mode appears con-

sistently at ~ 351 cm™!.

For sample RS, spectra from two distinct positions reveal
a maximal energy variation of approximately 2cm™!. In a previous study on twisted
WSey~WS, hetero-BLs [322]—a similar system with a comparable lattice mismatch—
the WS, Eég mode energy is reported to be sensitive to the twist angle, appearing at
~ 351 cm ™ for 0° twist, with blueshifts of up to 4cm™! at 3°. Comparing the measured
Eég mode positions with these values suggests that all investigated samples are near-
angle-aligned, with local twist angles likely < 3°. Further insights remain speculative,

however, due to the lack of reported twist-angle-dependent data close to the H-type

alignment in the literature.

These twist-angle-dependent phonon energies, together with the previously discussed
stacking-dependent moiré exciton energies and the aligned crystallographic edges dur-
ing sample fabrication, provide a consistent confirmation of the samples’ stacking con-

figuration.
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Moreover, the small estimated relative twist angle of < 3° in combination with the
relative insensitivity of the moiré period to local twist-angle disorder promises a robust
moiré lattice constant. This characterization supports the suitability of the hetero-BL

for the following investigation of moiré effects.

Phonon-assisted resonant energy transfer: Having confirmed the heterostruc-
tures’ suitability for further experiments, the focus now shifts to the main findings on
exciton dynamics in MoSe,-WS, hetero-BLs: phonon-assisted resonant energy trans-
fer (RET) processes. The experimental results from resonant yPL measurements are

presented first, followed by their interpretation.

The resonant PL spectra are recorded using a tunable cw Ti:sapphire laser with a power
of 800 uW to excite excitonic complexes selectively. For identifying spectral resonances,
the dual-gated device R8 is measured at various symmetrically applied voltages to
exclude the influence of external electric fields. Fig. 4.2.8a displays a heatmap of near-
resonantly excited puPL spectra at a gate voltage of Ug = —0.5V. The vertical axis
denotes the excitation laser energy, and the horizontal axis the energy shift relative to

the laser energy—akin to Raman spectral presentations.

Raman modes appear at constant energy shifts (marked by white arrows) and match
those from the nonresonant experiments in Fig.4.2.7a. In contrast, PL emission shifts
linearly with excitation energy, which is indicated by the dashed lines tracking the
M; and Mj peaks. The excitonic resonances M; (=~ 1.612eV), My/M; (gray-bullet,
~ 1.64¢V), and M; (= 1.574¢V) can be identified by the RF maxima, which are
in agreement with the —d/dE(DR) spectra shown in Fig.4.2.6c. The filling factor
per moiré cell in the near-resonant PL measurements is determined by evaluating the
RF signal (at an arbitrary energy redshift of approximately 3.5meV) of the excited
charge-neutral moiré My exciton and the excited single-charged M exciton at different
gate voltages. Their small energy difference and their resonance linewidth allow an
evaluation of the RF signal at one excitation energy, which is indicated as a gray
bullet in Fig.4.2.8a, in order to monitor both resonances. The resulting RF signal is
shown as a function of the gate voltage in Fig.4.2.8c for the temperatures 7' = 5K
and T = 60K in order to highlight the validity of this approach independent from
temperature. The distinct maxima at Ug = —0.5V for both temperatures from the
M, RF signal correspond to a filling factor of v ~ 0. The contribution of the Mj

RF signal results in a distinct weaker maximum at Ug =~ 2.7V for T" = 5K and
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Figure 4.2.8 | a-b Heatmaps (logarithmic scale) of resonantly excited PL spectra
versus energy shift relative to the excitation energy for an R-type hetero-BL with
symmetrically applied gate voltages: a Ug = —0.5V (v = 0) and b Ug = 2.5V
(v &~ 1). Three phonon-assisted RET processes and the My/M; RF signal are labeled
and marked by colored bullets. The M;- and M| resonances are indicated by vertical
dashed lines. Small vertical arrows denote MoSe; phonon energies. ¢ Normalized
Msy/M; RF signal from marked energy in a by a gray bullet as a function of the gate
voltage for temperatures 7' = 5K and T = 60 K to determine the filling factor. d-f
Real-space schematic illustrating phonon-assisted RET processes within a moiré cell
and between neighboring moiré cells at different moiré-cell fillings v. g-i Corresponding
moiré-potential schematics of the phonon-assisted transfer processes from d-f.

Ug =~ 3.1V for T = 60K, correspondingly. The slight voltage shift between the
temperatures is attributed to thermal effects. The gate voltage for v = 1 during near-
resonantly measured PL closely matches the values determined from white-light DR

measurements, where v = 1 shows a spot-to-spot variability between Ug = 3.1V to
Uz =43V.

Interestingly, when exciting the M; resonance, M7 is simultaneously observed (purple
bullet in Fig. 4.2.8a), indicating the presence of single-charged moiré sites—likely due

to the reported sample inhomogeneities. The transitions My — M; (light-blue bullet)
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and M; — Mj (orange bullet) require the integer filling factors v = 0 and v = 1,
respectively. The energy differences between My — M; and M; — M; transitions
match the MoSe; Aj, and Eég phonon energies. The energy offset in the M; — M|
transition corresponds approximately to twice the A;, phonon energy, suggesting a
highly efficient energy down-conversion process as a resonance is achieved by one or

two phonons, depending on the energy difference.

Phonon-assisted up-conversion—excitonic anti-Stokes PL—is reported in TMDC MLs
[118, 323-327] and in twisted WSe, BLs [328]. Theoretical calculations of up/down-
conversion rates in TMDC MLs, considering temperature and doping, can be found
in Ref.[329]. In the present study, a phonon-assisted down-conversion of excitonic
complexes with defined spatial separation is considered and will be introduced in the

following.

The three proposed RET mechanisms are illustrated schematically in Figs. 4.2.8d—f
(top-view of real-space representation) and Figs.4.2.8g—i (moiré potential landscape
in real space). In these schematics, the moiré cell is depicted such that the potential
minimum at R} lies at the center. For M, and M; to M; and M7, respectively, a
phonon-assisted energy transfer occurs predominantly within a single cell or between
adjacent cells of identical charging state. In contrast, the M; state, photo-excited in
a charge-neutral cell, undergoes a phonon-mediated transfer to a neighboring charged
moiré cell, i.e., requiring an inter-cell RET process. As mentioned above, all the pro-
cesses become resonant due to the phonon emission. The inverse process—an electron
moving to the photo-excited moiré exciton—is deemed unlikely due to Coulomb repul-
sion [287, 294, 300].

Next, the measurements at a charge filling of v ~ 1 (corresponding to Ug = 2.5V at
T = 5K, Fig.4.2.8b) are considered. Compared to v =~ 0, the M; and My RF signal
is noticeably reduced. Consistently, the phonon-assisted transfer process My, — M;
becomes indistinguishable from the diffuse background. In contrast, the increased
prominence of the M; — M and M; — M transitions will be more clearly evident

in the subsequent analysis of RET intensities as a function of gate voltage.

The transition probabilities are compared by normalizing the spectra to the RF signal.
Since the RF intensity is proportional to the oscillator strength of the excitation, this
normalization provides a measure of the transfer process probabilities, which depend
on the initially photo-excited states. To illustrate measurements not only at integer

fillings but also at a filling 0 < v < 1, a normalized PL heatmap at Ug = 1.0V is
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Figure 4.2.9 | a Relative intensity heatmap (logarithmic scale) of resonantly-excited
PL spectra at Ug = 1.0V, normalized to the RF intensities at an arbitrary energy shift
of 3.5meV. b, ¢ Normalized PL intensities as a function of gate voltage at the positions
indicated by dashed circles in a and colored bullets in Figs.4.2.8a, b, measured at b
T=5Kand cT =060K.

shown in Fig.4.2.9a. Here, the intra-cell processes My — M; and M; — M;j are
more efficient than the inter-cell M; — M transition consistent with the proposed
RET mechanism, where larger spatial separations and increased potential walls reduce
transfer probability. This holds despite the M; — M process being expected to have
its maximum at ¥ = 1/2 when a charged moiré cell neighbors an uncharged one, as
highlighted in the following.

The three RET processes are now analyzed as a function of gate voltage. The nor-
malized RET transfer rates measured at temperatures of 5 K and 60 K are shown in
Figs. 4.2.9b and c, respectively, where the previously determined charge-filling factors
are marked. At 5K, the My — M; transfer reaches its maximum near v =~ 0, as

expected. Meanwhile, the M5 — M process increases and peaks around v ~ 1.

The inter-cell transfer My — M shows a finite strength near charge neutrality, likely
due to sample inhomogeneities that prevent perfect neutrality. Its intensity rises at
positive voltages, peaking at v ~ 1, which is surprising, since one would expect a
maximum around v ~ 1/2 for a RET between unoccupied and neighboring occupied

sites. At the higher temperature of 60 K (Fig. 4.2.9¢), the curves, including that of the
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Figure 4.2.10 | Schematic illustration of moiré-lattice charging at v = 1/3 for tem-
peratures 5 K and 60 K. The thermal energy alongside Coulomb repulsion between the
charges, indicated by arrows, result in homogeneous charging of the moiré lattice.

M; — M; process, follow the expected behavior with a slight shift toward higher gate
voltages. This shift suggests that thermal energy in combination with the Coulomb
repulsion of electrons overcome local potential variations and allow for a redistribution
of charges. This results in a homogeneous charging of the moiré lattice and, thus, in
a maximum of unoccupied moiré minima adjacent to occupied ones. The charging of
a moiré lattice at v = 1/3 is schematically illustrated in Fig.4.2.10 for T = 5K and
T = 60 K. Arrows hereby indicate the homogeneous charging at elevated temperatures

due to thermal energy and Coulomb repulsion.

Before discussing the origin of the RET processes, their reproducibility across multi-
ple samples—not just different measurement spots—is demonstrated. Near-resonant
PL measurements on the single-gate R-type devices R6, R9, and R10 are shown as
heatmaps of the PL spectra versus energy redshift in Figs.4.2.11a-c. For these gated
devices, heatmaps corresponding to charge fillings of 0 < v < 1 are presented. In all
three R-type samples, the three RET processes My — My, My — M7, and M; — M7
can be unambiguously identified, except for the My — M process, which is compa-
rably weak in sample R6. The gate-voltage dependence of the M; — M process is
shown in Figs.4.2.11d-f, alongside the My/M; RF signal for the samples R6 and R9
and the M; RF signal for R10, which is used to identify the charge-neutral state. The
sample R9, like R8, can only be negatively doped, and R9 approaches charge neutrality
more closely than R8. The strong decrease in the My and M; RF signal at negative
voltages in samples R6 and R10, respectively, alongside a rise in the M; — M inten-
sity suggests positive doping, potentially due to direct contact between the ground and
the MoSe; ML in these samples—a characteristic absent in R8 and R9. Nevertheless,
in all three samples, the M; — M process, which will be crucial for the following

discussion, shows a minimum at ¥ = 0 and increases with negative doping. In these
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Figure 4.2.11 | Heatmaps (logarithmic scale) of resonantly-excited PL spectra versus
energy shift relative to the excitation energy for single-gate R-type hetero-BLs: a R6,
b R9, and ¢ R10, at gate voltages corresponding to 0 < v < 1. The RET processes
My — My, My — M7, and M; — M7, as well as the My/M; RF signal, are marked
by colored bullets. d-f Normalized PL intensities versus gate voltage for the My RF
signal and the M; — M;j process, shown with matching colors for the three R-type
samples from a-c. The M; RF signal is used to identify v ~ 0. Heatmaps (logarithmic
scale) of resonantly-excited PL spectra versus energy redshift of the H-type hetero-BL
samples g H3 and h H4.

single-gate devices, the accompanying out-of-plane electric field complicates analysis

beyond phenomenological confirmation and is, therefore, not further discussed.

Equivalent near-resonant measurements are performed on the H-type samples H3 and
H4, shown in Figs.4.2.11g and h. For each sample, three RF maxima are observed
alongside RET processes. Comparing these results with the negative first derivative
of RC measurements from Ref. [61, 313] in Fig.4.2.4b suggests the presence of three
charge-neutral moiré absorption peaks. This allows a tentative assignment of the three
observed RF maxima in sample H3 to the moiré excitons My, My, and M3, with energies

in good agreement with the literature. To more clearly identify the RF peaks in sample
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H4 and to explore possible RET processes in general, gated devices enabling doping-
dependent near-resonant PL. measurements are required, but beyond the scope of this

thesis.

Discussion: Two mechanisms are likely to be the origin of the observed RET pro-
cesses: phonon-assisted resonant tunneling and/or phonon-assisted Forster resonance
energy transfer (FRET), a non-radiative dipole-dipole energy transfer. It is important
to emphasize again that the energetic resonance condition between the initial and final
states in all three processes is fulfilled by the emission of one optical phonon (A;, for
M; — M; and Ej, for My — M) or two optical phonons (2 x Ay, for My — M)

during the transfers between moiré sites or cells.

The general down-conversion process from a neutral exciton to a charged exciton has
been theoretically analyzed for TMDC MLs in Ref. [329]. There, Fermi’s golden rule is
applied within the effective-mass approximation to investigate population transfer. The
electron—phonon interaction is incorporated via the Frohlich interaction for the in-plane
E%g phonon mode and the deformation potential for the out-of-plane A;, mode. This
analysis concludes that the transfer becomes unlikely at elevated temperatures and low
background doping, as the conversion time exceeds the exciton’s radiative lifetime—
consistent with experimental observations reported in Ref. [330]. This decrease in the
down-conversion rate is, thereby, primarily attributed to free electrons acquiring larger
wave vectors at higher temperatures. However, the relevance of these results to moiré-
trapped electrons and excitons remains under debate, since the theoretical framework
assumes, for example, a background doping described as a free-electron gas rather than

as localized electrons.

The spatial separation d between moiré sites involved in the observed processes ex-
ceeds the characteristic range of Dexter-type energy transfer, which is limited to a few
nanometers by the required wavefunction overlap. Therefore, a Dexter mechanism can
be excluded [331-333]. This leaves the previously mentioned two viable candidates for
the observed energy transfer: exciton tunneling between moiré potential minima and
non-radiative dipole-dipole coupling, i.e., the FRET mechanism [334-336]. Tunneling
exhibits an exponential decay with distance, whereas FRET scales with 1/d* in a 2D
system [337]. The FRET process has been theoretically predicted [317, 338, 339] and
experimentally confirmed in various TMDC-based systems [221, 260, 333, 340-345],

including heterostructures. For lateral FRET processes within a single layer, dielec-
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tric screening further reduces the effective transfer distance. Notably, the condition
of aligned optical dipole moments is fulfilled [336]. To distinguish between tunneling
and FRET via a detailed analysis of the spatial dependence on d, one would need to
conduct a hetero-BL study across samples with varying twist angles—similar to the

approach in Ref. [56]—which is, however, beyond the scope of this thesis.

A more in-depth analysis of the M; — M process can only be performed by examining
its temperature dependence. This RET process is chosen because it is the lowest-energy
transition and because the maximal spatial distance between moiré sites is bridged. It
is therefore most sensitive to environmental changes as competing RET processes are
absent. One straightforward approach is to vary the sample temperature and monitor
the M7 intensities as a function of the symmetrically applied gate voltage, when excit-
ing in M; resonance. This is shown for four different temperatures in Fig.4.2.12b. To
reduce statistical uncertainty, each data point represents the average of measurements

taken at five different sample spots.
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Figure 4.2.12 | Intensity of the M; — M; RET process as a function of the gate
voltage: a normalized power-dependent measurements and b temperature series. All
data of the latter are averaged over measurements conducted on five different sample
spots. ¢ Maximum M; — M; intensity at each temperature from panel b, normalized
to the corresponding RF signal. The drawn-through lines serve as guides to the eye.

As discussed earlier, thermal energy in combination with Coulomb repulsion results in a
more homogeneous electron distribution of the moiré lattice. This should maximize the
number of unoccupied sites adjacent to occupied ones, thereby enhancing the energy
transfer rate and increasing the Mj intensity. Furthermore, thermal activation may
help equilibrate local energy variations across moiré sites, potentially promoting the

tunneling rate.

Scattering with thermal phonons also broadens the exciton distribution in momen-

tum space, which has been predicted to enhance the Forster transfer rate [339]. It
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is also noteworthy that the acoustic moiré phonon modes of MoSe,; have energies of
approximately 2meV and 3meV for a moiré period of d =~ 7.5nm (see Ref.[346] and
the following Section4.2.3). These phonons become thermally activated at T 2> 30 K,
which may further support energy transfer between moiré cells via higher-order pro-

cesses.

Alternatively, thermal activation can be induced by increasing the excitation power.
However, this approach introduces a competing effect—the saturation of excitonic
states—which limits the analysis to a complementary role. The M; intensity as a func-
tion of gate voltage, under resonant excitation at My, is shown normalized for three
different excitation powers in Fig.4.2.12a. An increase in excitation power results in a
shift of the M] maximum toward lower gate voltages. This behavior is consistent with
the thermal-activation mechanism discussed for the elevated-temperature case, while
a possible contribution from saturation effects cannot be ruled out. The gate voltage
corresponding to the integer charge filling per moiré site v = 1 varies slightly between
the temperature- and power-dependent measurements, as they were conducted during

different cooling cycles.

A more detailed analysis of the temperature dependence can be performed by using
that the M; intensity is proportional to the population of the initial M; states. As
before, this allows normalization of the intensities to the RF signal, as already shown
in Fig.4.2.9a. The resulting relative intensities at the M] maxima are extracted for
each temperature and plotted in Fig. 4.2.12c as a function of temperature. The transfer
probability increases up to 30 K, which is attributed to an increasingly homogeneous
charge distribution in the moiré superlattice. At higher temperatures, however, the
M; — M; RET process exhibits an apparent decline in transfer probability. In con-
trast, the relative intensities show, as expected, no significant variation with excitation

power.

Recent theoretical predictions on trapped moiré excitons suggest that the FRET mech-
anism follows a power-law increase with temperature [317], as the dipole-dipole cou-
pling strengthens similarly to the free-exciton case discussed earlier [339]. This effect
might contribute to the observed rise in transfer rate at low temperatures. Exper-
imental studies involving TMDCs, however, report varied behaviors. Some find the
energy transfer rate to remain constant up to 300K [340, 347], while others observe
an increase [342, 345]. A decrease in FRET rate with increasing temperature was only

reported in Ref. [344], where enhanced exciton-phonon scattering [348] accelerates ex-
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citon thermalization, thereby hindering energy transfer of excited excitonic complexes.
This mechanism is not considered relevant for the already thermalized trapped moiré
excitons during the experiments presented in this thesis. Therefore, a potential FRET

process being the predominant RET process can be tentatively excluded.

The following paragraph focuses on quantum tunneling in moiré heterobilayers and its
temperature dependence. The increase in exciton-phonon scattering with rising tem-
perature is predicted to be crucial in moiré superlattices [317, 349] as the resulting
reduction in energy transfer efficiency may be explained in the polaron picture, where
polaron—acoustic-phonon interactions renormalize moiré-exciton energies, leading to a
decrease in energy tunneling rates as temperature increases [350]. The influence of
charges within the moiré superlattice on energy-transfer rates remains unclear, as the
existing literature [317, 349, 350] primarily addresses neutral excitons. With these sup-
porting theoretical calculations on energy transport in moiré lattices and after elim-
inating the FRET as the primary RET process, the observed phonon-assisted RET

processes can be tentatively attributed to phonon-assisted resonant tunneling.

This study on excitonic complexes in moiré superlattices and the observed phonon-
assisted RET processes is published in Ref. [315] and the corresponding Supplementary
Information [319]. It marks a key step toward understanding the fundamental dynamics
in artificially stacked BLs and toward engineering tailored excitonic landscapes. In
particular, the observation of lateral phonon-assisted RET processes in MoSes—W'S,
hetero-BLs provides a foundation for future theoretical studies on the lateral diffusion

of trapped moiré excitonic complexes and the influence of resident carriers.

4.2.2 Outlook: The Hunt for generalized Wigner phonons

In the following, a more in-depth discussion of the previously introduced generalized
Wigner crystal and the associated physical phenomena is provided, offering a novel

avenue of research into Raman spectroscopy in correlated systems.

To understand the emergence of correlated electronic phases in moiré materials, it is
imperative to first introduce the concept of an electron lattice. In low charge carriers
densities, Coulomb repulsion dominates over kinetic energy, resulting in the formation
of an ordered charge lattice—a Wigner crystal [351-353]. In an ideal two-dimensional

system, the electrons or holes arrange in a triangular lattice with a single-charge basis.
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4.2.2 Outlook: The Hunt for generalized Wigner phonons

The collective vibrations of this crystal can be described by two acoustic phonon modes,

transverse acoustic (TA) and longitudinal acoustic (LA) [354, 355].

When a periodic potential such as the moiré potential in MoSe,—WS, hetero-BLs is
present, charge carriers may become trapped at moiré sites. In this case, a generalized
Wigner crystal is formed, governed by the interplay between Coulomb repulsion and
moiré pinning [62, 64, 68]. As an example, the resulting TA phonon of such a gener-
alized Wigner crystal is shown in Figs. 4.2.13a and b for hole filling factors » = 1 and
v = 1/3, respectively. In this case, the harmonic confinement potential introduces a
finite zero-point energy [64, 296, 356, 357]. As a consequence, the crystallized phase

can remain stable up to elevated temperatures and can be investigated in resonant

optical experiments [71, 299].
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Figure 4.2.13 | TA generalized Wigner-crystal phonon at hole fillings a v = 1 and
b v = 1/3. ¢ Calculated LA (upper branch) and TA (lower branch) Wigner-phonon
dispersions (for hole fillings ¥ = 1 and v = 1/3) of R-type MoSes-WS, hetero-BLs with
a calculated zero-point energy of ~ 55 meV|[358].

Additionally, the Wigner phonon dispersion is dependent on the charge filling factor
as the Coulomb interaction between the electrons is influenced by the crystal lattice
constant [64, 356, 357]. The calculated dispersions for fractional v = 1/3 and integer
v = 1 hole fillings are shown in Fig. 4.2.13c, displaying the Wigner-phonon dispersions
in R-type MoSes—WS, hetero-BLs, calculated by Dr. D. Erkensten [358]. Importantly,
the high-symmetry points in reciprocal space correspond to the generalized Wigner
crystal rather than the moiré superlattice. Since the generalized Wigner crystal at
v = 1/3 is three times larger in real space than the moiré superlattice, its corresponding

BZ is 1/3 the size. The zero-point energy of this hole crystal is approximately 55 meV.

Furthermore, the moiré potential can induce backfolding of the generalized Wigner-

phonon branches to the BZ center, rendering them Raman-active. These moiré-induced
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

Raman-active modes are referred to as moiré-Wigner phonons. A more detailed in-
troduction will be provided in the following section. As the moiré lattice period is
equivalent to the Wigner-crystal size at v = 1, this results in the Raman activation of
the Wigner phonons at the K points. In this case, the LA and TA Wigner phonons
are energetically degenerate with a calculated energy of ~ 61 meV for a generalized
hole crystal. For equivalent generalized moiré-Wigner phonons at v = 1/3, further
theoretical calculations are needed. Altogether, this theoretical framework provides an

initial basis for experimental investigations.

First resonant Raman experiments on the R-type MoSe,—WS, hetero-BL R10, intro-
duced in the previous section, are conducted in collaboration with M. Lorenz. To
remain non-invasive and below the melting temperature, the excitation power is re-
duced to the tens-of-uW range. Additionally, the reduction of the PL background and
IMBEs (c.f. 4.2.1 and Ref. [289]) is achieved by tuning into extreme resonance with the
M exciton at =~ 1.58 meV. Spot-to-spot variations and differences between successive
cooling cycles result again in charge-filling variations of approximately 1V. For this
reason, the RF signal is considered a reliable indicator of the charge-filling factor, as

this information is gained from the same Raman spectra.
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Figure 4.2.14 | a Heatmap (logarithmic scale) of Raman spectra versus Raman shift
relative to the applied gate voltage in the electron-doped regime excited at M;. The
intensities are rescaled for shifts from 45meV. The inset displays the averaged RF
intensities in the interval 10-13meV, which are used to estimate the electron-filling
factors v, indicated by dashed lines as guides to the eye. b Selected Raman spectra
at the marked moiré-site fillings from a, including one at Ug = 3.4 V. The spectra
are individually rescaled starting from 45meV upward. The solid red lines indicate
potential IMBESs, and the orange-dashed line marks the potential zero-point energy
Wigner-phonon. Peaks appearing exclusively at the identified filling factors are high-
lighted with asterisks.
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4.2.2 Outlook: The Hunt for generalized Wigner phonons

In the first resonant Raman experiments, the hole-doped and electron-doped regimes
are investigated simultaneously. The results for the electron-doped regime are displayed
in Fig.4.2.14a as a heatmap, where the intensities are shown on a logarithmic scale
and rescaled for Raman shifts above 45meV. The RF signal intensities, extracted by
averaging over the energy range 10-13meV, are displayed in the inset of the heatmap
and used to estimate the electron filling factors. While in experiments of the previous
section only broad RF signal maxima are visible due to elevated excitation powers and
large voltage steps, in the present measurements clear local minima of the RF signal are
observed at gate voltages of approximately 1.4V, 2.6V, 3.8V, 5.9V, and 7.6 V. Due
to their equidistant separation and the emergence of additional peaks, these signatures
are tentatively assigned to moiré-site filling factors of v ~ 1/3, 2/3, 1, 5/3, and 2,
respectively. Here, the duality of the absorption maximum [59, 67, 72, 318] and the
PL minimum [74, 77] at Wigner-crystallized states leaves the interpretation of the RF

signal open to debate.

Selected spectra corresponding to these voltages, together with an additional spectrum
at Ug = 3.4V, is shown in Fig.4.2.14b. The intensities are individually rescaled
starting from 45meV. A distinct peak at ~ 19meV, highlighted by a dark-red line,
is consistently observed in all spectra but weakened as v ~ 2 is approached. This
signature is likely related to an IMBE between moiré CBs. Similar collective excitations
are reported in hole-doped twisted WSey, homo-BLs in Ref. [289]. The lower energy of
~ 19meV, in contrast to the ~ 50 meV reported for hole IMBESs, can be explained by
the small CB splitting and therefore moiré-CB splitting, when compared to the large
VB splitting. Consistent with this interpretation, the peak vanishes when the filling
exceeds v ~ 2, which can be attributed to the Pauli blocking of the IMBE between the
lowest CB and first moiré CB. Although confirmation will require further tests, such
as resonance determination, an assignment to a Wigner phonon can be excluded due
to the signal’s weak dependence on the filling factor. Additional faint peaks around
60 meV, marked by bright-red lines in Fig. 4.2.14b, may arise from related higher-order
IMBES.

The lowest-energy Wigner-phonon mode is expected at the zero-point energy and
should be observable only for all integer and fractional moiré-site fillings. A candi-
date peak is indicated by the orange-dashed line at ~ 28 meV. The expected energy
may be smaller than the calculated hole Wigner-phonon energy of ~ 55meV due to

the smaller electron mass [358]. The dependence of its intensity on gate voltage could
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

be reliably analyzed only near v = 2. The intensity is found to be highest close to the
identified integer filling. Some overlap with the MoSe; A;, phonon cannot be ruled
out. Furthermore, the moiré-Wigner phonons are expected at higher energies. For a
possible peak assignment in the experimental spectra, phonon dispersion calculations

for generalized electron crystals are needed.

Additional unidentified peaks appear solely at the assigned integer or fractional fillings.
Such signals are marked by asterisks in Fig. 4.2.14b. Their origin has to be investigated

in further studies.

At this stage, the assignment of the observed peaks to moiré~Wigner phonons is not
possible, especially without supporting theoretical calculations. For an unambigu-
ous peak identification, homogeneous, high-quality samples with reduced RF signal

linewidth are required.

In contrast to this, the hole-doping regime is predicted to yield more stable Wigner
crystals due to the higher hole effective mass and the resulting larger zero-point energy.
In the first doping-dependent investigations, excitation energies at M{ (=~ 1.59meV)
and below the M (a~ 1.58 meV) resonances are employed. The key findings are similar
for both cases. For a direct comparison with the electron-doped regime, the spectra
presented as a heatmap in Fig. 4.2.15a are from the earlier presented measurement run
with an excitation at Fey. = EM;. The RF signal, again extracted by averaging over
the energy range 10-13meV, is shown in the inset. Small modulations are observed,
with local minima again interpreted as signatures of Wigner crystallization. Horizontal
lines as guides to the eye are drawn at the same voltages as in the electron-doped case,
consistent with the expected symmetry, except for a rigid intrinsic offset arising from
the background doping. Agreement of the filling factors with the electron-doping regime
is observed as some minor local minima appear. A similar accordance can be found in

a second dataset, obtained at Fo. = M-

All further observable peaks are broad and extend over a wide doping regime, suggesting
an IMBE origin as discussed in Ref. [289]. This is unexpected since the excitation
energy is below the M{ resonance. Nevertheless, the intensities of the most prominent
peaks at =~ 35meV, 48meV, and 56 meV—the latter with a similar energy to the
electron-doping regime—plotted as a function of gate voltage in Fig.4.2.15b, display
clear oscillations and both minima and maxima at the estimated hole fillings v. The
only apparent exception is the 48 meV peak at v = 1/3, which is close to the zero-

point energy of generalized hole Wigner crystals predicted by Dr.D. Erkensten [358].
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Figure 4.2.15 | a Heatmap (logarithmic scale) of Raman spectra versus Raman shift
relative to the applied gate voltage in the hole-doped regime excited at M; . The inten-
sities are rescaled starting from 45 meV. The inset shows the RF intensities averaged in
the interval 10-13 meV. The estimated hole-filling factors v are taken from the negative
doping case in Fig. 4.2.14a and are marked by dashed lines as guides to the eye. Promi-

nent peaks are marked by green boxes. b Integrated intensities of the green-colored
boxes from a.

This local maximum may therefore represent the first experimental indication of a
generalized Wigner phonon.

Additional unidentified peaks appear at ~ 18 meV, 26 meV, and 70meV. For a more
conclusive interpretation of these feature-rich moiré heterostructures, distinguishing
between IMBEs and moiré-Wigner phonon modes is required. This can be achieved

through measurements on high-quality samples combined with a systematic investiga-

tion of the resonance behavior of the individual excitations.

Once this fundamental groundwork is established, the inversion asymmetry at v = 2
arising from the two inequivalent moiré minima or the time-reversal asymmetry due to
the application of a finite magnetic field in these hetero-BLs is predicted to give rise to
chiral phonons of the electron lattice [356, 357]—lattice vibrations that carry a well-
defined angular momentum, corresponding to circular atomic motion with a distinct
chirality. These chiral phonons couple to electronic and excitonic complexes and can

be probed through helicity-resolved Raman/PL spectroscopy [359-362].
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

4.2.3 Vibrational properties in moiré superlattices

Besides the profound impact on electronic and excitonic behavior, the presence of a
moiré superlattice also significantly modifies the vibrational properties of vdW BLs,

similar to the influence on electronic lattices as mentioned in the previous section.

A significant effect of the moiré supercell is its influence on the phonon modes of the
constituent TMDC MLs. Analogous to the electronic band structure, the phonon dis-
persion is modified by the emergence of a moiré mini-BZ. As a result, phonon branches
experience Bragg reflection at the mini-BZ edges and are backfolded to the I' point.
This backfolding is illustrated in Fig.4.2.16a for the TA and LA MoSe; ML phonon

branches.

The analysis of twisted homo-BLs, like in Refs. [210, 211, 346] is a convenient starting
point. Without a lattice constant mismatch, the general expression for the moiré period

from Eq.4.2.1 simplifies to

a

~ 25in(0/2)’ (4.2:3)

am

where a is the lattice constant of the MLs and 6 is the twist angle. The corresponding

reciprocal moiré lattice constant becomes

g = 2bsin(0/2), (4.2.4)

with b = % being the magnitude of the reciprocal lattice vector of the ML.

The following considerations are made analogously to Ref. [346]. The phonon disper-
sion along the moiré reciprocal lattice vector g is estimated for twist angles in the
range 0° < 6 < 30°. Therefore, a weighted interpolation between the acoustic phonon
branches along the high-symmetry directions I'-K and I'-M can be employed. Note
that dispersions for 30° < # < 60° are equivalent by symmetry in a hexagonal lattice.
This interpolation path is illustrated as a red dashed arc in Fig.4.2.16b, which shows
the first and neighboring BZ of a ML together with a second reciprocal lattice vector

of a twisted second layer, comprising a twisted BL system.
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Figure 4.2.16 | Backfolding of phonon branches at the moiré-BZ edge. a Calculated
twist-angle dependent LA and TA phonon branches of MoSe, along g, backfolded to
the T point at |g|/2. The phonon dispersion is plotted as a function of twist angle 0,
using Eq.4.2.4. b First- and neighboring BZ of one ML. The reciprocal lattice vectors
b, and b, correspond to the two constituent layers, twisted by an angle 6. The resulting
reciprocal moiré lattice vector g is shown in red and projected onto the first BZ. The
red dashed arc illustrates the evolution of g with twist angle 6.

It is important to note, however, that this estimate does not account for moiré-induced
phonon renormalization effects arising from interlayer coupling and lattice reconstruc-

tion, which can significantly modify the actual backfolded phonon modes [363, 364].

The resulting phonon branches along the moiré reciprocal lattice vector g are back-
folded to the T-point at the moiré-BZ edge, located at |g|/2. As a result, these modes
become Raman-active due to the satisfied momentum conservation during the scatter-
ing event. The backfolded dispersion depends on the magnitude of the moiré reciprocal
lattice vector |g| and, therefore, on the twist angle § between the constituent layers,
as follows from Eq.4.2.4. This is illustrated in Fig. 4.2.16a.

Non-invasive relative twist-angle determination via moiré phonons

The next logical step is to extend the knowledge of moiré-phonon modes from the re-
ported homo-BL cases [210, 211, 346] to hetero-BLs, where precise control of the twist
angle between adjacent layers is inherently limited. Even in twisted homo-BLs fab-
ricated using the widely adopted “tear-and-stack” technique [192], significantly large-
scale twist-angle inhomogeneities are reported [211]. This casts doubt on the reliability
of estimating the local twist angle in hetero-BLs via second-harmonic generation (SHG)
performed on adjacent MLs, as crystallographic alignment may not accurately reflect

the twist in the stacked area.

63



4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

However, accurate knowledge of the local twist angle is essential for reproducibility and
meaningful interpretation of twist-sensitive phenomena—such as the earlier-reported
moiré exciton dynamics. In this context, Raman spectroscopy can be used as a fast and
non-invasive tool. It offers spatially resolved access to local vibrational properties and
is compatible with the essential hBN encapsulation. It enables robust characterization

of twist angle without compromising sample integrity.

The following experimental results on hetero-BLs are gained by investigating MoSe,-
WSe, hetero-BLs, where the relative lattice mismatch is only 0.004. The backfolded
moiré phonon energies are estimated based on the known ML phonon dispersions of
MoSe; and WSe,; and the moiré lattice constant. The MoSes-WSe, system is an ideal
platform for investigating moiré phonons and, by extension, for extracting information
about the local relative twist angle. These experimental results, presented in Fig. 4.2.17
and Fig. 4.2.18, were revisited and further analyzed at the beginning of my PhD thesis,
expanding upon work originally carried out during my Master’s thesis in collaboration
with Dr. J. Holler [346, 365].
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Figure 4.2.17 | a Unpolarized LF Raman spectra of four hetero-BL samples with twist
angles determined from moiré-phonon mode energy compared to calculated phonon dis-
persions. Moiré-phonon modes are marked by arrows. b Comparison of experimental
moiré-phonon mode energies (diamonds from spectra in a, orbs from additional sam-
ples) to calculated LA and TA phonon dispersions of MoSe; and WSey; ML as a function
of twist angle. The uncertainty of the twist angle is smaller than the symbol size. The
averaged uncertainty from SHG measurements is indicated by a black double arrow.

The relative twist angles of 33 MoSe;—WSey hetero-BLs are determined by measuring
the SHG signal from adjacent ML regions. The extracted twist angles exhibit an
average uncertainty of approximately 4°, arising from a combination of systematic error
and large-scale twist inhomogeneity across the samples. In 12 of these samples, two to

four moiré phonon modes are unambiguously identified in the LF Raman spectra. Four
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4.2.3 Vibrational properties in moiré superlattices

representative spectra are shown in Fig.4.2.17a, where the moiré modes are marked
by black arrows. The observed moiré phonon energies are compared with calculated
twist-dependent LA and TA phonon dispersions of ML MoSe, and WSes, allowing the
local twist angle to be extracted with an uncertainty of approximately 0.1°. The results
for all 12 samples are presented in Fig. 4.2.17b, where modes from the same sample are
shown in the same color, and the phonon energies shown in Fig. 4.2.17a are indicated

by diamonds.

In a next step, the local twist angle is further examined for the 55° + 3° hetero-BL
sample, which is highlighted by a white frame in the microscope image in Fig.4.2.18a.
To this end, a low-temperature area scan of the IX? PL intensities is carried out. The
intensities are extracted by fitting the puPL spectra around 1.39eV with a Gaussian
function and are presented as an area heatmap in logarithmic scale in Fig.4.2.18b. In
the unpolarized LF Raman spectrum taken at the dark region (indicated by a green

circle), four moiré phonon modes are identified (see Fig.4.2.18c). These modes are
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Figure 4.2.18 | a Microscope image of a 55° £ 3° hetero-BL. Pink circles mark re-
gions where the ISM is detected, and green circles indicate regions where moiré-phonon
modes are measured. The local twist angles extracted from moiré-mode analysis are
labeled. A spatial variation of ~ 1° is observed and confirmed by sampling multiple
positions per region. b Heatmap (logarithmic scale) of low-temperature IX® PL intensi-
ties of the hetero-BL. ¢, d Unpolarized LF Raman spectra from areas marked by green
and pink circles in b, respectively. Moiré-phonon modes are color-coded according to
Fig.4.2.17b, and the ISM and IBM are annotated.
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

associated with the phonon branches from Fig. 4.2.17b and are color-coded accordingly.
Additionally, a LF interlayer breathing mode (IBM) is observed, which will be discussed
in detail in the following section. In contrast, the unpolarized LF Raman spectrum
recorded at the bright IX PL region (marked by a pink circle) reveals an interlayer
shear mode (ISM), as shown in Fig.4.2.18d.

A large-scale twist-angle analysis of this sample is presented in the microscope image
in Fig.4.2.18a. In the individual green-encircled regions, the local relative twist is
identified based on the observed moiré-mode energies, revealing a large-scale twist of
approximately Af = 1.3° between the respective moiré regimes. Regions where an
ISM is detected are marked by pink circles. The emergence of the IX? PL is found to
correlate with the appearance of the ISM for small twist angles (6 < 4°) between the

individual layers.

Through this hyperspectral analysis, non-invasive and fast insight into the local relative
twist of BLs is provided, and the appearance of a LF Raman mode—the ISM—is linked
to regions exhibiting bright IX° PL. The underlying origin is attributed to spatial

relaxation at the atomic scale, as elucidated in the following section.

4.3 Atomic reconstruction

A distinction must be made regarding the choice of material system for BL heterostruc-
tures. Besides differences in electronic band alignment, which follow Anderson’s rule
(see Section4.1.1), the moiré period exhibits strong twist-angle dependence, partic-
ularly for systems with negligible or small lattice mismatch (see Fig.4.2.3d). Espe-
cially for near angle-aligned stacking, large moiré periods occur for homo-BLs and

MoSe;~WSes hetero-BLs due to no or a small relative lattice mismatch, respectively.

When calculating the stacking energy as a function of stacking configuration, local en-
ergy minima are found depending on the stacking type [366-369]. For H-type stacking,
the H} configuration is energetically favorable (see Fig.4.3.1a). For R-type stacking,
two minima exist: the R and RM stacking configurations (see Fig. 4.3.1b). As a conse-
quence, relaxation of the lattice toward these high-symmetry stackings is energetically
favorable for large moiré periods, leading to the formation of domains in which a single
atomic registry dominates. However, the fundamental periodicity remains defined by

the moiré superlattice. Additionally, domain walls allow the relaxation of strain within
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4.8 Atomic reconstruction

the system [370]. Since R-type stacking produces two stacking minima, whereas H-type
produces only one, the resulting domain structures exhibit three and six neighboring
domains, respectively, forming trigonal and hexagonal arrangements. These are illus-
trated schematically in the insets of Figs.4.3.1a and b. This atomic reconstruction
can be resolved using conductive AFM (CAFM) [368, 369] or STM [275, 369], as ex-
emplified in Figs.4.3.1c and d, which are adapted from Ref. [368]. As a result, in a
perfectly homogeneous sample, mesoscopic domains form, consisting of high-symmetry
stackings [275].
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Figure 4.3.1 | Calculated interlayer stacking energy as a function of the stacking con-
figuration for a H-type and b R-type MoSes-WSes hetero-BL (adapted from Ref. [368]).
The insets show the corresponding reconstructed domains (adapted from Ref. [272]).
CAFM measurements of reconstructed ¢ H-type and d R-type hetero-BLs, respec-
tively (adapted from Ref.[368]). e Schematic illustration of the IBM and the ISM. f
Cross-polarized LF Raman spectra of encapsulated H- and R-type MoSes-WSe, hetero-
BL show the redshifted and low-intensity R-type ISM compared to the H-type ISM
(adapted from Ref. [371]).
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Starting from twist angles # > 4°, the domain size decreases to the extent that recon-
struction is no longer energetically favorable. This leads to the formation of a regular
moiré superlattice with only minor reconstruction around the high-symmetry points
but all the relevant moiré physics instead. Therefore, in reconstructed hetero-BLs, the
IX° PL (see Section4.1.2) is bright as the recombination of the electron-hole pairs,

situated in the K valleys of the adjacent layers, exists within the light-cone. For larger
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twist angles— and thus a regular moiré superlattice—the IX becomes momentum-dark,
and the PL consequently quenches [263, 346].

In this thesis, the focus is on the earlier-encountered phononic effects—specifically,
the two interlayer Raman modes: the ISM and the IBM. As their names suggest, the
ISM corresponds to a shearing motion between the adjacent layers. At the same time,
the IBM involves an out-of-plane breathing motion. Both motions are schematically

illustrated in Fig.4.3.1e.

The restoring force for both interlayer modes originates from vdW interactions. The
IBM is thus primarily sensitive to the interlayer distance. In twisted BLs, the under-
lying moiré potential induces an undulated interlayer separation [372], which leads to
an energy shift of the IBM [211].

In contrast, the ISM depends on the long-range atomic registry. A small in-plane
displacement of the energetically favorable stacking configuration results in a restoring
force. Therefore, the existence of the ISM requires atomic reconstruction, linking this
interlayer phonon mode to the emergence of the bright IX° exciton, as observed in

Figs.4.2.17d, e in the previous section.

A comparison of the LF Raman spectra of encapsulated H- and R-type MoSes-WSe,
hetero-BLs is shown in Fig.4.3.1f. It reveals a significantly lower ISM intensity and
a slightly redshifted, by 2cm™!, ISM energy for the R-type stacking [207, 371]. This
behavior is attributed to the reduced interlayer bond polarizability in the R-type con-
figuration [207]. In general, the interlayer shear phonon mode is reported to be sensitive
to the layer number, lattice constants, stacking configuration, and interlayer distance.
As they are, thus, highly specific to each material system and can be used for charac-
terization purposes, they have been extensively studied [152, 204-213, 263, 371, 373—
375].

Notably, both interlayer modes can be detected in a co-polarized Raman experiment
(see Section 3.1), where the excitation and detection are performed with parallel linear
polarizations. A distinction between the ISM and the IBM can be achieved using a
cross-polarized Raman configuration, in which the structure is excited with linearly
polarized light and the Raman signal is detected through an analyzer oriented perpen-
dicular to the laser polarization. In this orthogonal configuration, the Raman signal of
the IBM is strongly suppressed [205, 376, 377].
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4.3.1 Emergent trion-phonon coupling in reconstructed MoSe,-

WSe, heterostructures

For a comprehensive understanding of the phononic properties and potential related
insights into the excitonic characteristics of reconstructed MoSe,-WSe, hetero-BLs, our
findings on emergent trion—phonon coupling reported in Ref. [187] will be discussed in

the following.

Here, LF Raman measurements are performed on reconstructed (both R- and H-type)
MoSe;~WSes hetero-BLs at cryogenic temperatures using a tunable Ti:Sapphire laser
at various excitation energies F... near the ML exciton resonances. The samples are
nominally undoped but have some n-type background doping. An exemplary Fey.
scan, excited with equidistant energy steps of ~ 4.5meV, across the MoSe; exciton
resonances is shown in Fig. 4.3.2a, where well-known Raman modes are indicated by
arrows. A bright redshifted PL appears in the pink-highlighted spectra when the
excitation is resonant with the MoSey, X transition. This peak is identified as the
HX™ quasi-particle, introduced in Section4.1.2. The emergence of the HX™ PL under
X excitation corresponds to a phonon-assisted down-conversion process, analogous to
the one discussed earlier in MoSes-WSs hetero-BLs, without the required lateral energy
transfer and without electrostatic doping control. In nonresonant pPL measurements,
good interlayer contact is confirmed by the quenched intralayer PL and a bright IX°
signal.

An evaluation of the RF at an arbitrary Raman shift of 12cm™!

reveals an energy
difference of approximately 25 meV between the X° and HX™ peaks. This indicates
a reduced binding energy (of ~ 4meV) for the HX™ quasi-particle in the hetero-BL
compared to the X~ trion in a MoSey; ML (see Fig.4.3.2c). This observation is further
supported by calculations of the trion binding energy as a function of charge separation
distance [378]. The argument also holds for a hybridized Fermi sea, which would give

rise to hybridized Fermi polarons, thereby establishing a more universal picture.

Furthermore, the measurements in Fig. 4.3.2a reveal an emergent LF Raman excitation
that appears in resonance with the MoSe; and WSe, HX ™, which is labelled the hybrid
shear mode (HSM). The Raman signal is extracted by subtracting the RF background,
which is obtained by an exponential decay fit and is displayed for H- and R-type het-
erostructures excited at the MoSe; and WSey HX™ resonance in Fig. 4.3.2b. Notably,
the HSM resonance coincides with the HX™ resonances (see Fig.4.3.2c). Here, the
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Figure 4.3.2 | a Resonant Raman excitation energy scan of an R-type MoSes-WSe,
hetero-BL displayed as a waterfall plot of the individual LF spectra. F,,. increases from
bottom to top in equidistant energy steps of approximately 4.5 meV. Well-known ML
Raman peaks are indicated by arrows, and the pink spectra are excited in resonance
with MoSe; X°. A LF Raman peak emerges within the orange-shaded region. b
Comparison of the background-subtracted HSM from H-type and R-type samples at
two different excitation energies: Fe =~ 1.722€V, corresponding to the WSey, HX™
resonance (top), and Ee. ~ 1.630€eV, corresponding to the MoSes HX™ resonance
(bottom). A nonresonant Raman spectrum from an H-type sample is shown at the
bottom for comparison to the ISM. ¢ The nonresonant PL spectrum from a MoSe,
ML region (upper panel) is compared to the RF intensity taken at a Raman shift
of 12em™! (black dots, lower panel) and to the HSM intensities (orange dots, lower
panel). The solid lines in the lower panel represent Loretzian fits to the experimental

data. (Adapted from Ref. [187])

phonon energy depends not only on the stacking configuration—similar to nonreso-
nant room-temperature experiments [371]—but also on the resonance condition, i.e.,
whether the excitation energy is tuned to the MoSes or WSey HX ™ (see Fig. 4.3.2b). An
excitation at the MoSe, HX™ resonance yields a Raman mode at ~ 22 cm™!, whereas
an excitation at the WSey HX™ results in a redshifted and roughly four times weaker
mode, indicating reduced phonon coupling. Here, the observed asymmetric lineshape
is attributed to either a recoil effect on the remaining electron [379] or the k-dependent

electron-phonon coupling.

A detailed description of the implementation of the trion envelope wavefunction and
the calculation of the Raman intensity, based on electron—phonon coupling, can be

found in Ref. [378]. These theoretical results predict that the electron—phonon cou-
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pling strength depends on specific regions in momentum space. The results are visu-
alized in Fig.4.3.3a, where the single-particle shear mode coupling strength ¢ for an
R-type hetero-BL is projected onto the first BZ. The resulting trion-phonon coupling
agrees well with the experimental observations, as only the HX™—which includes an
additionally bound electron at the @ valley—Ileads to interlayer coupling. Further sup-
porting this picture is the polarization dependence of the HSM. Unlike the ISM, the
HSM adopts the trion polarization and can therefore only be detected in a co-polarized

configuration.

When an out-of-plane magnetic field is applied, time-reversal symmetry is broken, lift-
ing the valley degeneracy. The energy shift of the individual valleys—and consequently
of the corresponding quasi-particles—can be calculated using density functional the-
ory with first-order perturbation theory [272, 380-382]. Experimentally, the individual
valleys can be selectively addressed by exciting with o circularly polarized light and
measuring the corresponding energies, F,+. The resulting energy splitting is expressed

as

E(B) = gupB, (4.3.1)

where up is the Bohr magneton, B is the externally applied out-of-plane magnetic field

and ¢ is the exciton gyromagnetic factor.
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Figure 4.3.3 | a Contour plot of the single-particle shear mode coupling strength
projected in the first BZ of the R-type hetero-BL. b RF signal intensity as a function
of Eqy. from circularly polarized excitation and detection of LF Raman spectra under an
out-of-plane magnetic field B ~ 4.5T. The experimental data for the o (o) excitation
and ot (07) detection configuration are shown as orange (gray) dots. Gaussian fits to
the data in the range 1.615eV < Fg . < 1.640¢eV, with identical amplitude, offset, and
FWHM, are shown as solid lines.
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The theoretical prediction can be compared to the experimentally extracted effective

geg-factor, defined as
E,+—FE, -

pusB

This effective geg-factor differs significantly between intra- and interlayer excitons.

Gett = (4.3.2)

The experimental geg values for TMDC intralayer excitons are typically around —4
[107, 114, 381]. In contrast, for interlayer excitons in MoSey-WSes hetero-BLs, geg
depends strongly on the stacking configuration. For the most prominent stackings in
R-type BLs, the interlayer exciton g-factors are approximately g ~ 6 for RY and
get = 10 for RM. In the H! configuration, a much larger negative value of g.g ~ —16
is documented [272, 275]. These distinct g-factor values between intra- and interlayer
excitons offer a powerful tool for probing excitonic character and gaining real-space

insight into the stacking configuration and into novel excitonic effects.

A magnetic field study of the HX™ g.g-factor is conducted on an R-type MoSes-WSes
hetero-BL. The RF signal, shown in Fig.4.3.3b, is extracted from LF Raman spectra
taken at B ~ 4.5 T in a o0& co-polarized detection setup—that is, with identical circular
polarizations in both excitation and detection—tuned close to the MoSe; HX™ reso-
nance and evaluated at an arbitrary Raman shift of 14 cm™!. Gaussian fits to the o™
experimental data, using shared amplitude, offset, and FWHM in the excitation energy
range 1.615eV < Fg, . < 1.6406eV, yield an energy difference of E,+ — E,- ~ —2meV.
Using Eq.4.3.2, this corresponds to a geg = —7.7 £ 2. The relatively large uncertainty
reflects both fitting error and a systematic uncertainty due to the modified cryostat,
where the magnetic field strength can only be estimated due to the piezos elevating

the sample beyond the maximal magnetic field position [383].

Using this extracted g.g value, which matches closely the known R-type IX° g-factor of
~ 6, and lies between the interlayer and intralayer g-factors of & 10 and 4, respectively,
supports the hybridized character of the HX™ over both layers. This provides direct
experimental evidence that the additionally bound electron is hybridized across both

layers.

To enable a more systematic and precise investigation of HX™ g-factors in both H-
and R-type MoSeo-WSes hetero-BLs, higher-quality samples are required—ideally with

reduced RF linewidths approaching the exciton lifetime limit.

72



4.3.2 Programmable trion-phonon coupling

4.3.2 Programmable trion-phonon coupling

Having introduced the emergent trion-phonon coupling in reconstructed heterostruc-
tures, the question arises whether this coupling can be exploited in a programmable
device by controlling the doping of the hetero-BL—and thereby enabling or disabling
the coupling.

In this investigation, three H-type gated devices (S1-S3) fabricated by Jakob Lichten-
berger [384] are examined individually, as significant discrepancies are observed among
them. The devices are built equivalently to the earlier introduced MoSe;-WSs devices,
schematically depicted in 3.2.2a but with a WSe, ML instead of WS,. The hetero-BL
is encapsulated between two hBN flakes with equivalent thicknesses, and a graphite
flake in direct contact with the heterostructure functions as the ground electrode. A
top and bottom graphite flake serves as a top and bottom gate, enabling electrostatic
doping. All TMDC MLs are CVD-grown, except the WSe, ML in sample S3, which is
exfoliated. In contrast to the earlier devices, platinum contact pads are used in samples
S1 and S2.

First, the nonresonant, doping-dependent PL spectra of each sample are analyzed and
presented in Figs.4.3.4a, ¢ and e. The corresponding doping-dependent LF Raman
spectra, taken near the MoSe, HX™ resonance, are shown in Figs. 4.3.4b, d and f and
discussed for each device in parallel. The applied voltages are symmetrically applied
between the top and bottom gates. All measurements are performed with an excitation
energy resonant with the MoSes HX ™, due to the strong trion-phonon coupling observed

at this resonance. All results are documented in Jakob Lichtenberger’s Master’s thesis

[384].

The sample S1 exhibits, under nonresonant excitation, a quenched intralayer PL
and broad IX° PL peaks at approximately 1.34 eV and 1.39 eV, confirming again good
interlayer contact. The high-energy (1.39eV) PL, shown in Fig.4.3.4a, can be at-
tributed to the H-type stacking and the low-energy (1.34¢eV) one to the adjacent R-
type domain [276]. Both PL signatures can be detected simultaneously due to a mirror
twin boundary in the used CVD-grown ML [368], resulting in neighboring R~ and H-
type stacking configurations within a single sample. The discussion will focus on the
IX peaks at 1.39eV, which are shown in Fig.4.3.4a, as they correspond to the reso-

nant Raman measurements. Upon applying a gate voltage, the IX peaks at an energy
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

of around 1.39¢eV show a doping-dependence. They can be identified by referring to
the energies introduced in Fig. 4.1.3. At a gate voltage of —0.75V, the asymmetric PL
peak has distinct high- and low-energy shoulders. The energy separation between these
signatures is approximately 10 meV 42 meV—similar to the previously reported 7 meV
separation between the charged and neutral IXt states. Since the high-energy peak
disappears at both higher and lower gate voltages, this spectrum likely corresponds to
the charge-neutral doping regime, with additional broadening caused by local charging

inhomogeneities, as discussed in Section4.2.1.

Repeated measurements show that the voltage corresponding to the neutral regime
shifts between cooling cycles, preventing a reliable comparison between gate voltages
in the PL- and resonant LF Raman experiments. In the PL, an unidentified PL peak
emerges about 18 meV above the IX+ at Ug = —1.25V. This resonance may be
attributed to the positively charged triplet exciton, where the additionally bound hole
resides in the opposite valley of the triplet exciton. At higher doping levels (e.g.,
Ug =2V or Ugs = —6V), the IX peaks are quenched. This behavior is consistent with
plasma screening [314] and state-filling effects, wherein the presence of free carriers
screens the Coulomb interaction and occupies the band-edge states that are required

to form excitons [133].

After confirming the device’s functionality via PL measurements, resonant LF Raman
measurements at the MoSe, HX™ resonance are performed on sample S1. The resulting
spectra are shown in Fig.4.3.4b, with an equidistant offset applied for visual clarity.
A clear HSM, marked by an asterisk, is observed, along with the appearance of a RF

signal-—but only at positive gate voltages.

The HSM'’s energy remains constant across the measured doping range. The intensi-
ties of both the RF and HSM signals initially increase with rising positive gate voltage,
but then decrease at higher doping levels. This trend is similar to the doping depen-
dence of the interlayer PL and aligns well with the plasma screening and state-filling
arguments. The transition from negative doping to the charge neutrality point occurs
approximately between the two pink-highlighted spectra, where the RF signal vanishes
due to the absence of background doping and, consequently, the disappearance of the

repulsive Fermi-polaron’s oscillator strength.

Interestingly, both the HSM and RF signals are absent in the positive-doping regime,
despite the presence of the positively charged hybrid trion HX™ in the PL spectra. The
lack of HSM signal can be attributed to the fact that the additional hole in the HX™ is
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Figure 4.3.4 | a, c, e Nonresonant doping-dependent PL spectra of samples S1-S3
(from top to bottom). The applied voltages are symmetrically applied to both the
top and bottom gates. An individual vertical offset is added to each spectrum for
clarity. The spectra in e are normalized. b, d, f Doping-dependent LF Raman spectra
of samples S1-S3 (from top to bottom), recorded with excitation at the MoSe, HX™
resonance. The positive and negative doping regimes are indicated in gray and black,
respectively. The HSM is indicated by asterisks. An equidistant vertical offset is added
to the spectra in b for better visibility.

located at either the K- or the I' valley, neither of which couples effectively to the shear
mode (cf. Fig.4.1.2a and Fig.4.3.3a). Notably, the RF signal associated with the HX™"
is significantly weaker than that of the HX™, for reasons that remain unclear, as the
4meV offset between the trion resonances, as seen in PL, measurements, would account
for only a minor decrease. Further measurements cannot be performed on sample S1,

as the device became defunct during subsequent experiments.
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Similarly, for the sample S2, the nonresonant PL spectra are shown in Fig. 4.3.4c
with an arbitrary vertical offset for clarity. The displayed spectral region corresponds
to the intralayer PL, as the interlayer PL is very weak, which suggests a poor interlayer
contact. Nevertheless, the intralayer PL exhibits the typical doping-dependent behavior
reported in Ref. [133].

Despite this, doping-dependent LF Raman measurements with excitation tuned to the
MoSe; HX™ resonance reveal a distinct LF Raman mode, as is shown in Fig. 4.3.4d.
Here, the RF signal displays a clear minimum near zero doping at 0V and increases
symmetrically with both positive and negative doping. The HSM is unambiguously
identifiable at the negative-doping regime and absent at the positive-doping regime,

despite the bright intralayer RF signal.

The absence of a discernible IX PL raises questions about the sample quality, particu-
larly regarding the interlayer coupling, which appears to be weaker compared to other

samples.

For the third sample S3, the nonresonant uPL spectra shown in Fig. 4.3.4e exhibit
bright IX® peaks with a narrow linewidth of approximately 4 meV, enabling a clear
identification of charge-neutral and charged singlet (IXg) and triplet (IXt) states, in
accordance with Fig.4.1.3. Near charge neutrality, at —0.5V, the [Xg and Xt are
observed at 1.414 eV and 1.388 eV, respectively, showing the well-known singlet-triplet
splitting of 26meV [279].

Upon electron doping (positive voltages), the IX peaks shift to lower energies by
~ 7TmeV, which is consistent with literature values for the charged triplet state. The
redshift of both peaks with increasing applied voltage suggests coupling between a finite
out-of-plane electric field to the interlayer exciton, potentially caused by an asymme-
try in the hBN layer thicknesses. Additionally, a broad low-energy shoulder around
1.377 eV may correspond to the excited charged triplet state, IX}/. For hole doping
(negative gate voltages), redshifted singlet and triplet trions are observed, with an

energy shift of ~ 5meV.

The corresponding doping-dependent resonant LF Raman spectra are displayed in
Fig.4.3.4f. As in sample S2, the RF signal exhibits a minimum near charge neutrality
and increases for both electron and hole doping. In contrast to earlier observations,

the HSM appears only under hole-doped conditions.
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In conclusion, the resulting overall picture of the trion-phonon coupling of the HX™
to the ISM remains unclear. However, the fabricated samples demonstrate a clear
degree of programmability, as the coupling can be effectively switched on or off by
tuning the system into or out of charge neutrality. While the current model—suggesting
that additional free holes reside at the K or I' valleys and therefore do not couple to
the ISM—is consistent with some observations, it cannot be definitively confirmed.
Notably, sample S3 exhibits behavior that contradicts this interpretation, suggesting
that further statistics is needed to fully validate the model.

4.3.3 Probing hybridization of excitonic complexes in recon-

structed WSe, homobilayers

Having demonstrated a programmable trion-phonon coupling in reconstructed MoSes-
WSe; hetero-BLs, the next step is to investigate the HSM signal in other vdW stacks.
The presence of trion—phonon coupling provides insight into the electron distribution
in both real and reciprocal space, specifically by revealing the hybridized nature of the

additionally bound Q-valley electron.

A natural starting point is WSe, homo-BL systems, as both theoretical and experimen-
tal foundations—particularly for atomically reconstructed BLs—are already partially

established in the literature.

It is well known that both H- and R-type WSe; homo-BLs are momentum-indirect
semiconductors [201, 203, 254], hosting momentum-dark excitons composed of an elec-
tron at the Q valley and a hole at the K valley at an energy ~ 1.55eV. In H-type
stacking, the electron state hybridizes across the two layers, resulting in an exciton
with a mixed intralayer and interlayer character. In contrast, the R-type stacking
leads to an exciton with a predominantly interlayer character, as the electron is local-
ized in the layer opposite to the hole [200, 201, 385]. These momentum-dark excitons
give rise to phonon-assisted PL peaks—Ilabeled P; to P, for H-type stacking and P,
to P, and P} to P} for R-type stacking—where one or multiple phonons mediate the
radiative decay process [130, 200, 381].

The phonon-assisted PL signatures are observable in the PL spectra in Figs.4.3.5a,
b for the H-type and in Figs.4.3.6a, b for the R-type homo-BL. For both stackings,

the spectra shown in the panels a are taken from Ref. [200] and serve as a reference
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for comparison with the corresponding measured spectra in panels b, recorded on the

samples used in this thesis for the following resonant Raman measurements.

The measured momentum-dark P; to P4 transitions in the H-type BL agree well with
Ref. [200], though slight variations in the relative intensities and larger FWHM are
observed. For the R-type stacking, the measured PL in Fig.4.3.6b is broader and
weaker but appears at the same energies as in Ref. [200]. As shown in the RC spectra of
Ref. [200], the absence of absorption near the P;—P, energies confirms their momentum-

indirect nature.

In the following, the focus shifts to the direct intralayer excitonic resonances and their
coupling to phonons, which will be discussed separately for the H-type and R-type

configurations.

In the H-type configuration, the 60° twist between the layers aligns the K point
of one layer with the K’ point of the other, rendering the BL centrosymmetric in both
real and reciprocal space. The lowest-energy, spin-allowed optical transition at the K
and K’ points corresponds to the neutral intralayer exciton X°, which are energetically
degenerate. Their PL and RC signature can be seen in Fig.4.3.5a at ~ 1.713eV. The
corresponding excitonic transition at the K point of one layer is illustrated schematically
in Fig. 4.3.5¢, where the layer number and the spin orientations of the bands are color-
coded.

The background doping electrons occupy the Q or Q' valleys, where they are hybridized
across both layers [203]. This gives rise to the formation of bright hybrid trions,
HX gk and HX 5k where the first index denotes the momentum-space location of the
background electrons and the second corresponds to that of the electron-hole pairs, as
schematically depicted in Fig.4.3.5d. This figure simplifies the situation by showing
the X° located at the K point of one layer within the first BZ, along with the two
possible configurations of the background-doping electron that is additionally bound.

The vertical direction serves as a proxy for real-space distribution, highlighting the

hybridization of electrons at the Q and Q' points across the two layers.

Notably, the differing real-space distributions of the hybrid trions, i.e., one electron
is closer to the exciton, lead to distinct binding energies: EB(HX&K) = 2meV and
Ep(HXqk) = 18 meV [386]. It is debatable whether the small binding energy of 2 meV

results in a bound trion state.
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The measurements are performed on two naturally stacked WSe, homo-BLs, WBL-H1
and WBL-H2, both of which exhibit intrinsic negative doping. The normalized non-
resonant pPL spectrum of sample WBL-H1, displayed in Fig.4.3.5b, shows a broad,
low-intensity excitonic peak at =~ 1.713 eV along with the earlier discussed pronounced
phonon sidebands at ~ 1.55eV. All PL signatures are in agreement with Ref. [200],
shown in Fig.4.3.5a. The high-energy peak at ~ 1.713 eV exhibits a low-energy shoul-
der at =~ 1.70eV, indicating a double-peak structure with an energy splitting of ap-
proximately 16 meV. This may originate from a superposition of HXqx and HXgx

emission due to the intrinsic negative doping of the sample. However, a neutral X° PL
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Figure 4.3.5 | Exciton and trion picture of H-type and WSe; homo-BLs. a Nonreso-
nant PL and RC spectrum (adapted from Ref. [200]) and b uPL spectrum from sample
WBL-H1. The phonon sideband peaks P;-P, and the exciton peak X° are highlighted
in a. ¢ Schematic illustration of the dipole-allowed X° transition at the K point. Se-
lected valleys from layer one and layer two are shown in orange and blue, respectively.
d Illustration of the valley and layer configuration of the bright H-type WSey X™s con-
sisting of a bright exciton at the K point in the first BZ and an additional hybridized
electron at either the Q or Q' point. This leads to two bright HX™ configurations
(cf. Ref.[203]). e Waterfall plot of resonant LF Raman spectra measured at various
excitation energies Fey.. The HSM is marked with a gray dotted line. f Normalized
RF signal and HSM intensity as a function of Eg,. for sample WBL-H1 (top panel)
and WBL-H2 (bottom panel). A blowup of the PL spectrum from b and the PL, with
Eo. = 1.73€eV, belonging to sample WBL-H2, is added in orange to the upper and
lower panel, respectively. WSe; Raman modes are marked by asterisks. Solid lines are
bigaussian fits in the upper plot and guides to the eye in the lower one, revealing an
energy offset of 7+ 2meV.
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peak, as seen in Fig. 4.3.5a from Ref. [200], contributing to the PL spectrum cannot be

ruled out.

Next, resonant LF Raman measurements are performed near the observed excitonic
resonances using excitation energies ranging from 1.689eV to 1.727¢eV in steps of ap-
proximately 5 meV. The resulting spectra are displayed as a waterfall plot in Fig. 4.3.5e.
An asymmetric LF Raman mode emerges at ~ 20.5cm™!, which is again labeled as

the HSM.

The HSM intensity is extracted after subtracting the background RF signal. It is
plotted alongside the RF signal as a function of the excitation energy in Fig. 4.3.5f for
sample WBL-H1 in the upper panel and for sample WBL-H2 in the lower panel. For
comparison, a magnified view of the PL spectrum from Fig.4.3.5b is included in the
upper panel, and the PL spectrum of sample WBL-H2, excited at 1.73¢eV, is shown
in the lower panel. In the latter, well-known intralayer Raman modes are marked by
asterisks [154-161], as the excitation is near-resonant. The HSM intensity tracks the
RF signal strength but is spectrally blueshifted by approximately 7 + 2meV. Both
signals exhibit an asymmetric shape that resembles the corresponding PL spectrum.
Additionally, a second lower-energy peak in the low-energy shoulder is revealed by
fitting the intensity curves with bigaussian functions, yielding a peak separation of
~ 15+ 3meV. For the second sample, however, the fits exhibit large uncertainties, as
single Gaussian functions already provide an adequate description. Therefore, only the

apparent peak energy is extracted for this sample.

Further measurements reveal a linear power dependence for both the HSM and RF
signals, ruling out a biexcitonic origin. Moreover, the HSM is observable only in a
co-polarized detection setup, indicating that it follows the polarization of the trion—
consistent with the behavior of the HSM observed in reconstructed hetero-BLs [187].

The HSM is blueshifted relative to the RF signal, suggesting that the RF signal is
not solely due to HX™ trions but may also be due to ML trions with larger binding
energies [187]. This implies that the observed PL and RF signals may have ML con-
tributions that are decoupled from the H-type homo-BL structure. This can be due to
the imperfect interfacial contact or strain, introduced during the fabrication process.
Consequently, the HSM signal is interpreted independently of the RF signal. Here, the
observed energy separation of ~ 15+3 meV between the two maxima of the HSM signal
is attributed to two resonances that may correspond to the bright hybrid trions HX 5k
and HX k- This value agrees well with the theoretically predicted energy splitting of
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16 meV reported in Ref. [203], confirming current exciton and trion picture in H-type
WSe; homo-BLs. Further statistical analysis is required to clarify the origin of the

~ 10meV HSM resonance energy offset observed between the samples.

The H-type WSe; homo-BL serves as a model system, in which the HSM signal probes
the trion—phonon coupling and reveals the hybridized nature of trion complexes with
an additional Q-valley electron. Building on this understanding, the HSM signal is
further employed to probe the hybridized nature of excitonic complexes in R-type

WSes homo-BL configurations.

In the R-type configuration, spatial inversion symmetry is broken, leading to the
lifting of the energy degeneracy of the free charges and the neutral exciton X°. As a
result, it becomes energetically favorable for free charges to localize predominantly in
one layer, resulting in a polar, ferroelectric homo-BL [215-223, 225, 387, 388]. This
interlayer asymmetry in the excitonic landscape can be seen in an energy splitting
of approximately 17meV of the intralayer excitons—denoted as X! (in layer 1) and
X9 (in layer 2). This is due to asymmetric VB and CB offsets [200, 220, 385, 389],
as schematically illustrated in Fig.4.3.6c, where the K valley and selected Q and Q'
valleys are color-coded orange and blue for layers 1 and 2, respectively. The layer
labeling is arbitrary, as the layer polarization can be reversed by applying an external
out-of-plane electric field [215, 217, 223, 390]. Both polarization states typically coexist

in neighboring domains.

The lowest-energy dipole-allowed transitions occur at the K and K’ valleys, and are
depicted in Fig. 4.3.6¢ for the K valley. Magneto-PL studies in Ref. [200] confirm the
intralayer character of both X9 and X9 by extracting their geg-factors. The free electrons
localize at the Q and Q' points of one layer. The again simplified BZ schematic in
Fig. 4.3.6d shows the bright excitons X? in layer 1 and X in layer 2 at the K points. The
vertical direction illustrates the real-space interlayer distance and highlights electron
localization at the Q and Q' points of layer 1, resulting in an intralayer trion (X7 ) and
a hybrid trion (HX3).

The charge-neutral excitons X{ and X9 in R-type BLs exhibit an energy splitting of ap-
proximately 16-20 meV [200, 220, 385], shown in the PL and RC spectra in Fig. 4.3.6a.
The binding of an additional electron to form the trions X and HX5 causes a redshift

of the PL peaks relative to their neutral counterparts.
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

The experimental investigations in this thesis are performed on an R-type WSes; homo-
BL capped by hBN with a nominal twist angle of 0.8°. The corresponding nonresonant
PL spectrum is shown in Fig.4.3.6b next to the previously explained PL spectrum
from Ref. [200] in Fig. 4.3.6a, which displays both the direct and momentum-dark exci-
ton emissions. In contrast, whereas Fig. 4.3.6a clearly resolves the two neutral exciton
peaks X? and X9, the spectrum in Fig. 4.3.6b is dominated by several peaks character-
istic of WSe; ML PL. This dominant ML-like emission indicates imperfect interlayer
coupling, likely caused by poor interfacial contact. As a result, the ML PL obscures the

spectral region in which X9, X§ and their respective trions are expected tp appear in
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Figure 4.3.6 | Exciton and trion picture of R-type and WSe; homo-BLs. a Non-
resonant PL and RC spectra (adapted from Ref. [200]) and b PL spectrum from spot
A of sample WBL-R. The phonon sideband PL peaks P;-P, and P|-P} of the two
momentum-dark excitons and the two bright exciton peaks X{ and X9 are highlighted
in a. The ML WSe, exciton PL peaks X{;;, Xy, Dy, DBy, and PSBy;; in b arise
due to imperfect contact between the layers. c Schematic of the dipole-allowed in-
tralayer transitions. Selected valleys in orange and blue represent layer 1 and layer 2,
respectively, as the intralayer degeneracy is lifted in the R-type stacking. d Illustration
of the valley and layer configuration of the bright R-type WSey X™s consisting of one
of the bright excitons X! or X9 and a localized electron from layer 1, resulting in X
and HX5 (cf. Ref.[203]). e Waterfall plot of resonant LF Raman spectra measured
at various excitation energies Fe.. The HSM is indicated by the gray-dotted line.
f Normalized RF signal and HSM intensity plotted as a function of E.. for spot A
(upper panel) and spot B (lower panel) of sample WBL-R. A magnified view of the PL
spectrum from b is overlaid in orange in the upper panel. Arrows indicate the energy
offset between the HSM and RF maxima. Solid lines are guides to the eye.
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4.3.3 Probing hybridization of excitons in WSey homobilayers

an R-type WSe; homo-BL. The observed PL signatures can be assigned to the neutral
exciton (X{;;), intralayer trion (Xy; ), dark trion (D), charged biexciton (XBy),
and phonon-assisted sidebands (PSBy;; ), as described in Ref. [144] and Section 2.3.2.

LF Raman measurements similar to those performed on the H-type samples are carried
out with excitation energies around the intralayer K-valley transitions and are displayed
in Fig.4.3.6e. A LF Raman mode emerges at approximately 18.5cm™! with varying
intensity, marked by a gray-dotted line. The energy of this HSM is lower than that
observed in H-type samples, indicating a weaker interlayer coupling consistent with
observations in reconstructed MoSes-WSey hetero-BLs [187, 371].

An analysis of the RF signal and HSM intensities as a function of excitation energy
is presented for two exemplary sample spots, alongside a close-up of the PL spectrum
from Fig.4.3.6b, in the two panels of Fig.4.3.6f. The RF signals from five out of six
investigated spots exhibit at least two intensity maxima near ~ 1.71eV and ~ 1.69¢€V,
with the energy difference varying between 15-25meV. The relative intensity ratio
of these peaks varies significantly across spots, but in four of six cases, the lower-
energy peak dominates. The observed RF signal could also be attributed to ML-
like intralayer PL contributions, where multiple quasi-particles with similar energies
coexist, as identified in the nonresonant PL. measurements. Notably, the increase in

RF intensity at higher excitation energies is attributed to the ML neutral exciton X{,; .

The HSM intensities display two distinct maxima, separated by approximately 15 meV.
Additionally, an asymmetric low-energy shoulder around 1.685¢eV is observed in four
of the measured spots, as shown in the lower panel. The HSM resonance near 1.69 eV
consistently coincides with the maximum of the RF signal and corresponds to the
highest HSM intensity. The energy difference of &~ 15 meV between the HSM resonance
maxima is only slightly smaller than the reported splitting of &~ 16-20 meV between

the neutral excitons X and X9, suggesting a possible link to trion resonances.

The energy shift of trions compared to the excitons may, hereby, be partially com-
pensated by differences in the dielectric environment, as the investigated sample is
hBN-capped, whereas the samples in Ref. [200] are fully hBN-encapsulated. Therefore,
only the energy difference, which can be estimated by the trion binding energies, is

indicative of the origin of the HSM resonances.

In order to estimate the X binding energy, a comparison is made to the hetero-BL case

from Ref. [187], where binding energies are calculated as a function of the electron-hole
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

separation distance at the Q valley. For a charge separation near zero, i.e., an intralayer
trion, the binding energy amounts to approximately 26 meV. In contrast, the hybrid
trion HX; exhibits a reduced binding energy of a few meV due to the electron being
reported as localized in the adjacent layer [203]. Taken together, only a minor energy
difference between the trions is expected compared to the neutral-exciton splitting
using this microscopic picture. It qualitatively explains the observed reduction in trion
energy splitting, which is not seen for all measured spots. Furthermore, the reduction
in binding energy illustrates the strong dependence of trion stability on the degree of

hybridization.

An assignment of the HSM maxima to the trion resonances X; and HX; by the
observed energy difference is, therefore, tentative at best. The low-energy HSM peak
at =~ 1.69 eV—which consistently exhibits the strongest HSM signal—is hereby related
to the hybrid trion HX; .

However, if the additionally bound electron of the intralayer trion X; were fully local-
ized within the same layer, no trion-phonon coupling—and thus no HSM—would be
expected. The observation of a finite HSM signal therefore suggests partial hybridiza-
tion of the Q-valley electron. This interpretation is supported by Ref.[220], which
predicts hybridization across both layers at the global CB minimum at the Q valley.
Moreover, it is possible for the shearing motion to introduce a time-dependent modula-
tion of the electrons’ probability density, resulting in a time-dependent deviation from
perfect electron localization in a single layer. Gaining supporting experimental evi-
dence for this time-dependent consideration remains elusive, as the HSM’s low energy

impedes time-resolved experiments with energetically broad laser pulses.

These investigations of the trion-phonon coupling provide experimental evidence for
the hybridized nature of the additionally bound electrons at the Q valley, supporting
the theoretical predictions presented in Ref. [220].

When extending the excitation energy range shown in the lower panel of Fig. 4.3.6f, an
additional low-energy maximum appears for both the RF and HSM signals at approxi-
mately 1.64eV. This is highlighted by an arrow in Fig. 4.3.7a. The resonance is clearly
observed in four of the six measured spots. The RF signal indicates an excitonic res-
onance, while the HSM maximum reflects quasi-particle-phonon coupling. Hereafter,

the origin of this resonance remains speculative.
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Figure 4.3.7 | a Normalized RF and HSM signal dependent on the excitation energy
from the lower panel in Fig.4.3.6f with an expanded z-axis. The emergent resonance
is marked by an arrow. b Schematic of the phonon-assisted intralayer transition of
the momentum-dark exciton X2 of the R-type WSey BL. The introduced momentum
by the phonon is indicated by the dashed arrow. c¢ Schematic of the valley and layer
configuration of the momentum-dark WSe, exciton in layer 2—XJ.

Interlayer excitons in R-type WSe, BLs originating from K-K transitions are symmetry-
forbidden due to suppressed hole tunneling [200, 225, 389]. In contrast, excitons in-
volving the Q) valley—either intralayer or interlayer—are momentum-indirect as their
center-of-mass momentum lies outside the light cone. Such excitons can nevertheless
acquire weak optical activity through phonon-assisted transitions, as seen in the PL
spectra above, where the absorption or emission of a phonon provides the small in-plane
momentum required to couple them to light [129, 130, 197, 200, 391]. An exemplary
phonon-assisted intralayer XD absorption in the second layer under phonon creation
is schematically depicted between the K VB and Q CB in Fig.4.3.7b. The resulting
quasi-particle alongside the localized electrons in the lower layer are illustrated in the
BZ and layer configuration in Fig.4.3.7c. This mechanism may explain the weak RF
resonance and the associated HSM signal, consistent with exciton—phonon coupling
due to the electron situated at the Q valley. Their charged counterparts may similarly

give rise to trion—phonon coupling, as discussed earlier.

Furthermore, the nominal twist angle of 0.8° in the hBN-capped sample is expected
to have a negligible effect due to atomic reconstruction. Nevertheless, as shown in
Ref. [385], excitonic transitions in WSey BLs are highly sensitive to the relative twist
angle, and a minor contribution from twist-induced optical effects cannot be entirely

ruled out.

In the PL and RC measurements shown in Fig.4.3.6a of Ref.[200], as well as in the
PL spectra reported in Ref. [385] for R-type WSes homo-BLs, a weak, unidentified PL

peak appears alongside an unexplained modulation in the RC signal around ~ 1.64 eV.
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4 Optical signatures of moiré and reconstructed van-der-Waals bilayers

So in total, multiple hints of this resonance have been observed across multiple samples

and publications.

Although the exact origin of the low-energy resonance and its coupling remains elu-
sive, monitoring the HSM offers a promising route to gain future insights into novel
resonances and their hybridization. Investigating the strength of this low-energy reso-
nance could help clarify its nature. This could be achieved by fabricating dual-gated
devices of CVD-grown, high-quality R-type WSe; homo-BLs and studying how the
HSM evolves under an external electrostatic field. An observable energy shift of the
HSM resonance under such conditions would suggest a permanent out-of-plane dipole
moment, consistent with the involvement of an interlayer exciton. If the Rayleigh-
scattered laser light remains obtrusive to the LF Raman mode, a device with only a
back gate would be promising for a doping-dependent study. Alternatively, analysis
of the RF g-factor may provide additional insights into the degree of hybridization of
the involved quasi-particles, as done in Section4.3.1. In a twist-dependent study, a

possible intralayer origin of this resonance could be investigated.

4.3.4 Probing hybridization of excitonic complexes in recon-

structed MoSe; homobilayers

Extending the same LF Raman investigation to two intrinsically negatively doped H-
type MoSe,; homo-BLs demonstrates the HSM as a universal probe in investigating the
hybridized character of excitonic resonances. In both samples, distinct X° and X~ PL
peaks are observed in nonresonant PL. measurements, which result in strong RF signals
in the resonant LF Raman measurements. Nevertheless, a HSM is unambiguously
identified at an energy of ~ 20cm™!. The excitation is performed at the low-energy
shoulder of the X~ resonance, using an excitation energy of Fe. ~ 1.61eV in order
to minimize the RF signal. The background-subtracted HSM is shown normalized in
Fig.4.3.8a, where it is compared to the HSM of WSey homo-BLs and the WSe; 3L,
which is investigated in the following section. The HSM energy coincides with the ISM

energy of ~ 20.0cm™!

, as measured in nonresonant Raman experiments at cryogenic
temperatures, and is found to follow the polarization direction of the trion. Based on
density function theory calculations, the CB minimum—and hence the location of the

free electrons—is situated at the Q point [39, 41, 392-394].
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4.3.5 Probing hybridization of excitons in natural WSey few-layers

This observation of the HSM signal confirms that the Q-valley electrons are hybridized
across both layers, consistent with predictions for H-type MoSs homo-BLs [248] and
analogous to the H-type WSe, homo-BL case [203].

In contrast, an R-type MoSe; sample (not shown) exhibits PL. dominated by ML-like
emission, similar to R-type WSey; homo-BLs. As a result, the RF signal stemming from
BL contributions is not identifiable. Similarly, as the LF Raman spectra are dominated

by the RF signal, no distinct LF Raman mode is detected.

Having established the applicability of the HSM as a probe of hybridized excitonic
complexes in MoSe; and WSe, BLs, this approach is now extended to natural WSe,
few-layers, where additional interlayer excitonic quasi-particles exist, which may couple

to phonons, making them accessible to the same HSM-based investigations.

4.3.5 Probing hybridization of excitonic complexes in natural

WSe, few-layers

Resonant LF Raman measurements are conducted on natural WSe, few-layer stacks,
where diverse interlayer coupling mechanisms have been reported. Examples include
spin-valley-locked every-other-layer excitons [202], electric-field-driven coupling [141],
and other unidentified coupling mechanisms in multilayer TMDCs [108]. For this study,
natural WSey tri- (3L), four- (4L), and five-layer (5L) samples are investigated. The
number of layers is first determined from unpolarized, nonresonant LF Raman measure-
ments conducted at room temperature by comparing the measured ISM and IBM en-
ergies with literature values [159, 395]. Representative spectra of the respective stacks
are presented in Fig.4.3.8b, alongside spectra of natural WSe, and MoSe; homo-BLs
for comparison. Notably, the IBM is nearly energetically degenerate in energy with the
ISM in the 3L stack. The 5L WSe, shows an additional ISM (S,) at lower frequencies,
and an additional IBM (B,) appears at higher energies starting from 4L. The absence

of an additional ISM in the trilayer is notable for the following considerations [159].

An excitation energy scan of the LF Raman response across the WSe; resonances, as
done earlier, is conducted for various layer thicknesses. A low-energy mode is iden-
tifiable only in the 3L stacks, which will be examined in detail. The corresponding
spectra for the 3L WSe, sample are shown in Fig.4.3.8c, where two asymmetric LF
Raman modes are discernible at energies £, ~ 15cm~! and Ey ~ 23.5cm™!. For the

lower-energy mode, an energy shift of about 2cm™! is observed for different excitation
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Figure 4.3.8 | a Comparison of the background-subtracted and normalized LF Raman
spectra excited at trion resonance: H-type MoSe, BL spectra, R-type WSe, BL spectra
from Fig.4.3.6e, H-type WSey BL spectra from Fig.4.3.5e, and 3L spectra from c. b
Upolarized, nonresonant LF Raman spectra measured at room temperature for natural
MoSe, BL and for natural WSe, with 2 to 5 layers. The evolution of the ISMs and
IBMs is indicated by orange dotted lines. ¢ Resonant LF Raman spectra of a WSe,
3L sample at various excitation energies Fe... Gray dotted lines mark the LF Raman
modes. d Normalized RF signal, HSMj3; - and HMj;, intensity as a function of the
excitation energy. Curves are guides to the eye.

energies. Since the Raman-mode energies of all previously studied HSMs do not shift
under a change in the excitation energy, the mode at Ey ~ 23.5cm™! is tentatively
assigned to the HSM in the 3L, HSMj3;,. The origin of the lower-energy peak at E;
remains unclear, as only a single shear mode is expected in 3L stacks [159]. It is there-
fore labeled as an unidentified hybrid mode, HMj3;,. The only other known LF Raman
mode is the IBM, which is nearly energetically degenerate with the ISM in nonresonant
experiments and appears in co-polarized detection geometry. The observed hybrid Ra-
man modes inherit the polarization of the excited quasi-particle and, therefore, appear
only in co-polarized detection geometry. As a result, distinguishing between the con-
tributions of the shear and breathing modes based on polarization is not possible and

requires supporting theoretical investigations.

The intensities of the RF signal and both hybrid modes are again analyzed as a func-
tion of the excitation energy, with the corresponding results shown in Fig.4.3.8d. The
hybrid modes intensities are again extracted after background subtraction. Due to
the broad and asymmetric lineshape of HM3p,, an additional uncertainty is added to
the extracted HSMjp, intensity, which remains within the displayed dots. Both LF

88



4.3.5 Probing hybridization of excitons in natural WSey few-layers

Raman-mode resonances coincide with the RF signal maximum. The appearance of
an asymmetric low-energy shoulder suggests that at least two distinct coupling mech-
anisms contribute to the HSM intensity—and thus to the trion—phonon coupling—in
the 3L system. Notably, the energies of the identified resonances closely match those
of the WSe, H-type BL, suggesting a shared microscopic origin. The fundamentally

different lattice symmetries in both systems appear to play no crucial role.

These experimental findings may serve as a foundation for theoretical investigations
aimed at identifying the hybrid quasi-particles involved, and for completing and linking
the BL picture to few-layer systems. To develop a comprehensive understanding of
excitons and trions in those systems, it is essential to consider the absence of measurable
trion—phonon coupling in stacks thicker than three layers, which may, for instance,
result from doping confined to the outer layers, thereby resulting in trion hybridization

at the few-layer edges.
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Chapter 5

Conclusion & Outlook

In this thesis, the phononic, electronic, and excitonic properties, along with their re-
sulting interactions, are explored in TMDC BLs, with a focus on the influence of moiré
superlattices and atomic reconstruction. Using high-quality exfoliated and CVD-grown
samples integrated into gate-tunable devices, PL, Raman, and absorption-based spec-

troscopy are combined to probe these effects and their interplay.

First, the moiré-exciton landscape of MoSes-WSs heterostructures is examined. High-
quality R-type gated devices are characterized and compared with existing literature
during these investigations. The stacking type is hereby unambiguously identified, as
the TMDC edges align and the energy difference between the moiré excitons My and
Mjs shows excellent agreement with the literature. Homogeneous regions of the samples
are located via PL area scans. Furthermore, PL. and DR measurements are both used
to determine the integer charge-filling factors. For charge fillings greater than two in
these measurements, signatures of significant CB hybridization between MoSe, and
WS, are identified.

The primary focus of this study lies on phonon-assisted RET processes, revealed
through resonant pyPL measurements. In doping-dependent excitation energy scans,
three distinct resonant down-conversion processes are observed. The corresponding
transitions are My — My, My — M7, and M; — M;, where the energy resonance be-
tween the respective excitonic states is fulfilled by the emission of one or two phonons.
These processes can only occur when lateral energy transfer takes place due to the

distinct charge and exciton localization within the moiré potential. The last process,
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M; — M, suggests an inter-moiré-cell energy transfer as the excitation in an un-
charged cell excludes the emission of a charged quasi-particle. This interpretation is
further corroborated in transition intensities analyzed as a function of gate voltage.
Here, the transition maxima are observed at the expected charge fillings per moiré cell,

which is seen across multiple samples.

In a temperature-dependent study of the M; — M] process, the maximal energy trans-
fer rate is revealed at 30 K, followed by a decrease at higher temperatures. The initial
increase is interpreted as a signature of homogeneous charging behavior across the moiré
lattice enabled by thermal activation. In this temperature regime, a contribution of
a phonon-assisted FRET can not be excluded. However, the subsequent decline rules
out Forster-type dipole-dipole interactions as the driving mechanism. The decrease in
this temperature study is consistent with phonon-assisted resonant tunneling, in which
increased exciton—phonon scattering reduces the energy-transfer efficiency. A tentative

assignment of the observed RET process to this mechanism is, thus, conducted.

A complementary direction for future research could involve a twist-angle-dependent
study of these heterostructures. As the moiré lattice constant decreases with increasing
twist angle, such a study would provide spatially dependent insight into the RET
processes. This could offer further evidence for the proposed mechanism of phonon-
assisted resonant tunneling, and an enhancement of the inter-moiré-cell transfer rate
may be achieved. Altogether, this may provide the foundation for tunable lateral

transport in moiré superlattices.

A deeper understanding of the intrinsic timescales of moiré excitons could be achieved
using a pump—probe differential-reflectivity technique, which would directly access ex-
citon transfer and formation times. Moreover, the introduction of charged moiré sites
in this system may inspire future theoretical studies aimed at developing a compre-
hensive understanding of exciton dynamics in moiré lattices with background doping.
Furthermore, the transition times could be influenced by emergent local magnetic mo-
ments arising in the correlated electron lattice near v = 1 [59, 300], which might be

revealed through circular-polarization-dependent measurements.

In the next part of the thesis, a brief insight into the current ongoing search for the
Wigner phonon is given through resonant Raman experiments on the previously inves-
tigated R-type MoSes-WSy moiré system. Furthermore, due to the introduced moiré
periodicity, a backfolding of the Wigner phonon branches to the I point may give rise

to optically active moiré-Wigner phonons dependent on the charge filling per moiré cell.
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In first experiments, evidence of IMBESs is observed, consistent with earlier experimen-
tal work [289]. Additionally, emergent peaks at integer and fractional charge fillings
are observed, which are indicative of Wigner-phonon modes. It becomes evident that
high-quality samples are crucial for unambiguously identifying the origins of individual
modes, as a reduction of the prominent RF signal is required. Future experimental
ideas involve the chiral nature of Wigner phonons, which may be observable in future

resonance- and helicity-resolved PL/Raman studies.

In twisted MoSe;-WSe;y heterostructures, the emergence of moiré phonons from both
constituent materials due to acoustic phonon branch backfolding to the I' point is
revealed through a LF Raman study. This observation complements earlier insights
into moiré phonons in homo-BLs, consisting of MoSey, MoS,, or WSe, [210, 211, 346]. A
significant advantage of these findings is their applicability in a hyperspectral imaging
technique. This enables a non-invasive analysis of local relative twist angles and is
not deterred by an hBN encapsulation, which enhances the overall sample quality. In
general, the ability to detect local twist variations is a necessity in optical experiments
and is highly relevant for the interpretation of various studies. A prime example is the
broadening of RILS peaks in IMBEs, which is reported in Ref. [289)].

In the second part of this thesis, the influence of reconstructed lattices on excitonic
and phononic properties is investigated. Resonant LF Raman studies on MoSe,;-WSe,
hetero-BLs reveal an asymmetric LF Raman mode, which is attributed to emergent
trion—phonon coupling. This mode appears only under resonant excitation with the
intralayer trion states of the two constituent materials. In those, the additionally bound
electron is situated at the Q valley and hybridized over both layers, and in turn enables
a coupling to the ISM. This interpretation is supported by accompanying theoretical
calculations. Further evidence for the hybrid character of the trion is provided by a
magneto-PL study. The g.g-factor of gsg = —7.7 = 2 is extracted in an R-type hetero-

BL, which significantly exceeds the typical intralayer value of approximately —4.

This trion—phonon coupling can be selectively activated or suppressed in electrostatically-
doped hetero-BL devices by tuning the system into or out of charge neutrality, which
is achieved in three separate devices. One sample exhibits an unexpected trion-phonon

coupling in the positive doping regime, requiring further statistics for a final conclusion.

The emergence of a LF Raman mode provides important insights into electron hy-
bridization and their distribution in reciprocal space, specifically whether they are sit-

uated at the Q point. The HSM as a probing tool in LF Raman spectroscopy is applied
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to both H-type and R-type WSey; homo-BLs. In these systems, the bright intralayer
excitonic transitions are analyzed, revealing hybridized electrons for both stacking con-
figurations. Notably, this observation of hybridization is a novel insight into the R-type
stacking, as the spatial inversion symmetry breaking would result in the localization of
carriers within a single layer. Another surprising result in the R-type homo-BL is the
identification of a low-energy resonance at approximately 1.64eV. The detected RF
signal is hereby accompanied by the emergence of a HSM. A phonon-assisted second-
order absorption in both neutral and negative doping regimes is tentatively discussed
as a possible, responsible excitonic resonance. Confirming the origin of this resonance
is crucial for a comprehensive picture of the electronic and excitonic landscape in such

a fundamental BL system.

Future doping-dependent studies, combined with investigations under externally ap-
plied electric and magnetic fields, appear highly promising to understand the origin of
this resonance, as the interlayer character and degree of hybridization of the involved
quasi-particle can be probed. In this context, sample fabrication using high-quality
CVD-grown BLs represents a first step to ensure homogeneous interlayer contact and
experimental reproducibility. These experimental efforts will hopefully stimulate com-
plementary theoretical work aimed at unraveling the microscopic picture behind the

observed experimental signatures.

In related studies on H-type MoSe, BLs, similar trion-phonon coupling is observed,
strongly suggesting that electrons are hybridized at the Q valley across both layers, as
seen in WSe, BLs. This finding aligns with theoretical predictions made for MoS,; BLs
in Ref. [248] and further confirms the LF HSM signal to serve as a universal probe in

investigating the hybridized character of excitonic resonances.

Finally, the resonant LF Raman measurements are expanded to natural WSe, few-
layer systems. Notably, the HSM is identified only in 3L samples. Furthermore, an
additional, unidentified second LF Raman peak is observed. As the two modes require
trion-phonon coupling, they clearly indicate the hybridized character of electrons at
the QQ valley. One possible explanation for the second LF mode is that it arises from
coupling between the trion and the IBM. This remains speculative, as polarization-

resolved measurements cannot distinguish between these contributions.

Taken together, these results provide key insights into how the TMDC BL lattice shapes
the excitonic and phononic landscapes and defines their interplay. Central outcomes

include the identification of phonon-assisted resonant tunneling, which governs exciton
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dynamics in moiré superlattices, and the discovery of a universal trion—phonon coupling
that serves as a probe of the degree of excitonic hybridization in various 2D vdW homo-

BLs and heterostructures.

An essential step towards uncovering novel physical phenomena lies in the fabrication
of high-quality samples via CVD growth. With the current structures, time-resolved
pump-probe spectroscopy and twist-angle-dependent studies promise further insights

into the fundamental physical properties and mechanisms in vdW BL systems.

These new insights, gained in straightforward systems within a single thesis, high-
light the potential for future innovations when the scientific community pulls together

towards a common goal.
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