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CHAPTER 1

Introduction

And God said, “Let there be light,” and there was light.
And God saw that the light was good.

Genesis 1:53-4 [1]

From ancient creation stories on, light has always been a source of fascination
and inspiration for humanity. In a biblical sense, light is the beginning of
everything. It has been associated with knowledge, enlightenment and the
divine [2-4]. In modern science, light is not seen metaphorically as a myth
but plays a crucial role in our understanding of the universe, from the study
of distant galaxies [5] to the exploration of the tiniest particles [6].

The interaction between light and matter is a fundamental aspect in
modern physics, especially in the field of condensed matter physics, offering a
powerful tool to investigate the quantum nature of the material [7]. Ranging

from early studies of atomic spectra [8] to the development of state-of-the-
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art LEDs, lasers, computer chips, detectors, light-harvesting devices and
quantum optics [9-11], light-matter interaction has revealed the behavior
of electrons, phonons and other quasiparticles in solids, and certainly will
play a crucial role in future computational devices, for example, in the field
of quantum computing, using the spin of the carrier, or optical computers
[12-21].

Among the most intriguing manifestations of light-matter interaction are
excitons, bound electron-hole pairs that are generated when a material ab-
sorbs a photon [22-25]. Excitonic properties can be widely tuned and provide
a versatile platform for optoelectronic devices [26, 27]. In order to use exci-
tons in applications, they require high mobility and large binding energies,
i.e., stability at room temperature. Inorganic materials like GaAs exhibit
high mobility but low binding energies [28, 29], while organic materials show
high binding energies but low mobility [30-32]. Two-dimensional transition
metal dichalcogenides (TMDCs) provide a good compromise between these
two. The material’s properties are highly influenced by their reduced dimen-
sionality, leading to high binding energies while keeping high mobility [33—
38].

The successful demonstration of monolayer graphene started the research
on atomically thin layers and made it a vibrant field of study [39-43]. While
layered materials, fabricated by means of molecular beam epitaxy, have been
studied for a long time [44-46], restrictions concerning the material combi-
nations remain. The isolation of two-dimensional materials breaks this lim-
itation and opens endless combinations, independent of the lattice constant
[47-50]. The materials can be fabricated and tailored to the desired proper-
ties by easy mechanical exfoliation, using commercially available Scotch tape
[51-57]. This low barrier of entry makes the field accessible to many research
groups.

The possibility of fabricating structures of different materials, without

restrictions on the twist angle, led to the discovery of moiré excitons [58-64].



The rapid increase in sample quality and extensive studies led to fascinating
discoveries like Wigner crystals [65-68]. Twisted structures of monolayers,
obtaining large moiré cells, can serve as a platform to investigate correlated
many-body physics and unconventional superconductivity [69-81]. By bring-
ing two different semiconducting materials in close proximity, interlayer ex-
citons can be formed, where electrons and holes are spatially separated in
different layers. Due to the alignment of Fermi energies at the interfaces
of the materials, their electronic bands exhibit a shift. Depending on the
position of the Fermi energy interlayer excitons can form in different types of
band alignment. As the charge carrier wavefunctions have reduced overlap,
the lifetime of interlayer excitons usually exceeds the lifetime of intralayer
excitons [82-91].

Due to their low-dimensional nature, TMDCs are highly sensitive to their
dielectric environment, which can be used to control their properties [92-97],
or to sense physical quantities in materials which are in close proximity [98].

This thesis explores a newly discovered unique class of excitons, originat-
ing from states far above the band gap of semiconducting TMDCs, referred
to as high-lying excitons (HX). Traces of these excitons are investigated by
linear and nonlinear spectroscopy. A bright s-like species is investigated
by means of upconversion photoluminescence (UPL). Additionally, a dark
p-like HX is measured with nonlinear processes. The thesis is structured as
follows: In chapter 2 the theoretical foundations of low-dimensional materi-
als and excitonic complexes are introduced, followed by a brief overview of
nonlinear optical spectroscopy techniques. This includes the parametric and
non-parametric regimes of nonlinear optics, where the latter is described by
density-matrix formalism. Next, a review of the already established phys-
ical properties of HXs is given. The influence of excitonic resonances on
optical properties is highlighted, with a focus on the power-law exponent of
second-harmonic generation and the influence of spectral phase on quantum

interference phenomena.
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In chapter 3 the experimental setup and measurement techniques used in
this work are introduced. This includes a description of photoluminescence
(PL) measurements, UPL measurements, nonlinear optical experiments using
one laser wavelength to investigate the second-harmonic generation (SHG),
and nonlinear optical experiments using two different colored lasers, inves-
tigating sum-frequency generation (SFG) and four-wave mixing (FWM). Fi-
nally, a setup to control and measure the chirp introduced to one laser pulse
is presented.

Next, the experimental results are presented in chapter 4. The first part
focuses on the energetic landscape of HXs. This includes the investigation of
the influence of chirped laser excitations on the nonlinear optical response of
WSe,. In order to display HXs as a general feature of semiconducting TMDC
monolayers, we investigate their traces by various optical spectroscopy tech-
niques in different materials.

The second part investigates the temporal dynamics of HXs. The lifetime
of p-like HX in WSe, is investigated by means of SFG and FWM. Additionally,
the temporal dynamics of s-like HX in WSe, are measured using a streak
camera.

Finally, a conclusion is drawn in chapter 5 and future perspectives are
discussed. An appendix with additional information is provided at the end
of this thesis.



CHAPTER 2

Theoretical foundations

Over the last years, layered materials have gained a lot of attention in the
scientific community. The ability to reduce the dimensionality of materials
down to a single layer, has led to a new field of research, as the properties of
materials change drastically with the number of layers [40]. The most promi-
nent example is the semimetal graphene, a single layer of carbon atoms ar-
ranged in a honeycomb lattice. The material shows extraordinary properties
like high electrical conductivity, high thermal conductivity and high mechani-
cal strength [39, 40, 42]. Over the last 20 years a diverse family of layered ma-
terials has been discovered. Including insulators like hexagonal boron nitride
(hBN), superconductors like niobium diselenide (NbSe,), metals like titanium
disulfide (TiS2) [99], magnetic materials like chromium triiodide (Crls) [100],
topological insulators like BisTes [99],and semiconductors like black phospho-
rous (BP) [101] or transition metal dichalcogenides (TMDCs) [102]. Many
different approaches to fabricate layered materials have been developed, in-
cluding chemical deposition techniques or dry mechanical exfoliation. The

latter uses the intriguing property of weak van-der-Waals (vdW) interactions
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between layers of the material, that are formed by covalent bonds, making
it possible to separate the layers from each other by finite forces. While two-
dimensional materials themselves already show interesting properties, nearly
unlimited possibilities can be explored by stacking different materials on top
of each other and using the vdW force to form heterostructures and create
new materials with tailored properties [48, 103-108].

In this work, we investigate the physical properties of semiconducting
TMDCs. Therefore, some of their key properties will be discussed in the

following sections.

2.1 Transition metal dichalcogenides

The electrical, optical and mechanical properties of bulk TMDCs have been
extensively studied since the 1960s, when their layered character was already
known and used [109-112]. The synthesis of few-layer TMDCs sparked a new
research area in the field, making it particularly interesting because of their
semiconducting properties. In order to understand physical effects in this
material class, the general crystal structure, the electronic band structure

and the resulting excitonic species will be discussed in the following sections.

2.1.1 Crystal structure

Semiconducting TMDCs are characterized by their layered structure. Each
layer consists of one transition metal from group 6 of the periodic table, gen-
erally referred to as M, sandwiched between two layers of chalcogen atoms
from group 16 of the periodic table, generally referred to as X. The general
formula is MX,. A side view of the atomic arrangement within one layer
is shown in fig. 2.1a, with transition metals shown in black and chalcogen
atoms shown in yellow. The layer of transition metal atoms is shifted with
respect to the chalcogen atoms, forming a trigonal prismatic orientation, as

schematically depicted in fig. 2.1b. The top view of a TMDC monolayer
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reveals a triangular lattice with a basis of two atoms per unit cell, resulting
in a hexagonal honeycomb structure of the crystal. The most common semi-
conducting TMDCs are composed of M=Mo, W and X=S, Se, Te [110, 113].
Artificial stacks of these compounds will also be analyzed in section 4.1.2 of

this work.

Figure 2.1: Schematic drawing of the crystal structure of an MX, TMDC
layer. Transition metals M are shown in black and chalcogen atoms X are
shown in yellow. The in-plane covalent bonds are shown in light gray. a
Orthographic side view of the atomic arrangement within one layer. The
transition metal atoms are sandwiched between two layers of chalcogen atoms.
b Orthographic side view of a trigonal prismatic coordination of the chalcogen
atoms around the transition metal atoms.

Multilayers of TMDC can be found in different crystal phases. The most
common phase is the hexagonal 2H phase, depicted in fig. 2.2a. Two neighbor-
ing layers are rotated by 60° with respect to each other, resulting in a spatial
alignment of transition atoms of one layer with chalcogen atoms of the other
layer. Consequently, multilayers show repeating alignment every two layers.
This stacking is commonly referred to as natural stacking, AB-stacking or
60° stacking and is commercially available for most semiconducting TMDCs.
Additionally, for materials like MoSs, a trigonal prismatic 3R phase can be
found. In this phase, the individual layers are not rotated with respect to
each other, resulting in a pattern that repeats every three layers, as shown

in fig. 2.2b. This phase is commonly referred to as A BC-stacking or 0° stack-

7
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ing. The 3R phase of WSe; is also synthetically accessible by physical vapor
deposition (PVD) techniques.

a 2H stacking b 3R stacking
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Figure 2.2: Schematic side view of two different crystal stackings of TMDC
multilayers. Transition metals are shown in black and chalcogen atoms are
shown in yellow. a The layers are rotated by 60° with respect to each other
in the 2H phase. Chalcogen atoms of one layer overlay with transition metal
atoms of the other layer. b Representation of the 3R phase. The layers are
not rotated with respect to each other. Chalcogen atoms of one layer overlay
with transition metal atoms of the neighboring layer. The structure repeats
every three layers.

Furthermore, materials like NbSy can be found in the 2H phase or in the
3R phase. While the material shows superconducting properties in the 2H
phase, the 3R phase is metallic [114]. This shows that the right choice of
phase is crucial for the investigation of certain physical properties.

Beside the fabrication of few-layers by means of chemical techniques [40,
52, 109, 115-123] or mechanical exfoliation of bulk crystals [112, 124-126],
the posibility of stacking monolayers with defined twist angle enables the
fabrication of artificial phases, that do not occur naturally.

As the real-space lattice shows hexagonal symmetry, the first Brillouin

zone, as shown in fig. 2.3, is also hexagonal [127]. The high-symmetry points
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are labeled. As a result of the two-atom basis, the points in the corners of
the Brillouin zone have a rotational symmetry of 120°, making neighboring
corners inequivalent. They are labeled alternately as K and K’ points. The
point between two neighboring K and K’ points, the middle of one edge of
the first Brillouin zone, is referred to as the M point. The center of the
Brillouin zone is known as the I' point. Additionally, the region between I'
and K, labeled as Q, is of particular interest [128].

ky
K ) ) Q.
M >
° r ° kx
K, [ ]

Figure 2.3: Schematic drawing of the first Brillouin zone of the hexagonal
lattice of a TMDC. The high symmetry points are labeled. As a result of the
two atomic basis, the corners of the first Brillouin zone are inequivalent.

2.1.2 Electronic band structure

In order to investigate and understand optical or electronic effects in semi-
conducting materials, one needs to consider the material’s electronic band
structure. For many-body systems, it is not possible to solve the Schrédinger
equation analytically [129]. Therefore, one has to use approximations and nu-
merical methods to calculate the band structure. The most common method

is density functional theory (DFT) [130, 131]. Here, the ground state of an
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N-particle system with a wavefunction, depending on 3N coordinates, is re-
placed by the density of electrons p(7) in the ground state. The properties
of the system can be derived as functionals of the density. As a consequence
the many-body problem is reduced to a single-particle problem, where the
electrons are treated as non-interacting particles in an effective potential
which accounts for external effects of the electron-electron interaction. By
finding good approximations for the effective potential, the band structure
of a material can be calculated.

As a representative for all semiconducting TMDC materials, the band
structures of bulk, quadrilayer, bilayer and monolayer MoS, are compared in
fig. 2.4 [132]. The maximum of the valence band (VB) for the bulk case is
calculated to be at the I" point. Together with the minimum of the conduction
band (CB) near the Q valley this results in an indirect bandgap [132, 133].
This behavior also persists for quadrilayer and bilayer of MoS,. However, the
energy of the gap is increased for decreasing layer number. This is achieved
by a reduction of the energy of the VB maximum, as well as an increase of
the energy of the CB minimum.

In the monolayer case, the minimum of the CB is at the K point, while
the maximum of the VB is also located at the K point, resulting in a direct
bandgap semiconductor. The shift of energy levels at the Q valley and T’
point is a result of orbital contributions. The states at these points arise
from linear combinations of d-orbitals around the Mo atoms and antibonding
ps-orbitals from the S atoms. The involvement of S atoms on the outer side
of the material sheet makes these states sensitive to the environment of the
material, e.g., adjacent layers. In contrast to the layer-sensitive states, the
states at the K point solely arise from strongly localized d-orbitals around
the Mo atoms, which are shielded by the S atoms. This makes states at the

K point less sensitive to the environment of the material [132, 134-136].
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bulk quadrilayer bilayer monolayer

Energy

r MK I r MK T MK T MK T

Figure 2.4: Calculated band structure of MoS, bulk, quadrilayer, bilayer and
monolayer. The transition from the I' point to the Q valley is the lowest
energy transition for bulk, quadrilayer and bilayer. Its energy is increased
by lowering the layer number. In the monolayer case, the direct transition
at the K point is the lowest energy transition. Adapted from Ref. [132].

2.1.3 Linear optics of excitons in semiconductors

Light emission in a solid occurs when excited electrons recombine with holes,
accompanied by the emission of a photon. Prior to recombination, electrons
can be promoted to higher energy states either by applying an external volt-
age, known as electroluminescence or by optical excitation, refered to as
PL. In a semiconductor, PL is initiated when a suitable optical field excites
an electron from the VB to the CB, leaving behind a hole. The excited
electron-hole pair subsequently relaxes non-radiatively to the band extrema

via phonon interactions before recombining radiatively.

11
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Quasiparticles such as excitons play a central role in the excitation and
recombination process. The optical bandgap, defined by the measured pho-
ton energy in PL, Epr, is given by the bandgap energy, Fq, reduced by the

exciton binding energy, F®:
Epy, = Eq — E®. (2.1)

Excitonic properties are highly influenced by the dimensionality of the mate-

rial. This effect will be discussed in the following section.

2.1.4 Properties of excitonic species and the effect of

reduced dimensionality

Commonly, excitons are distinguished into two different types: If the wave
function of the exciton is localized in one unit cell, for example in organic
crystals, one speaks of Frenkel excitons [137]. In contrast to conventional
semiconductors where the exciton can be spread over the area of many lattice
cells forming so-called Wannier excitons [138], which can be described in the
effective mass approximation. Here, the curvature of the band is correlated
with the mass of the electron and the hole. The effective mass m*, represented

as tensor, can be written as

1 1 82E(7€)
(m*)ij N ﬁ akiakj ’ (2‘2)

with reduced Planck’s constant A and the curvature of the band %ifa(:). As-
i0K;j

suming a Coulomb interaction of parabolic bands in a direct semiconductor,

the two-particle system can be described by a two-particle hydrogen atom

model, which leads to energies of bound states n for 3D excitons

ESD(n) __ - -~ _ _ (2.3)

12
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where the Rydberg constant Ry = 13.6 €V is scaled by the dielectric constant

€, the electron mass my and the reduced mass i = Ti + n}b*,
h

e

with effective

electron mass m and effective hole mass mj, to get the excitonic Rydberg
constant Rx. Excitons are only stable if their binding energy is larger than
the thermal energy of phonons, which is determined by Boltzmann’s constant
kg and the temperature T, leading to a value at room temperature of around
kgT ~ 25meV. In conventional three-dimensional semiconductors, the bind-
ing energy of excitons is typically in the range of a few 10 meV, making them
unstable at room temperature [139)].

When reducing the dimensionality of the material to two dimensions, the
binding energy has to be modified [38, 140].

1
() =1 fn o Rx (2.4)

SMCGH NG

Consequently, the binding energy of the first excited state n = 1, correspond-

ing to the lowest energy exciton, is increased by a factor of 4 compared to
the three-dimensional case.

Furthermore, due to the low dimensionality, the exciton exhibits confine-
ment and a lack of dielectric screening as shown in fig. 2.5. This effect further
increases the binding energy of excitons, depicted by the red arrow, to several
100 meV, making them stable at room temperature [33, 38, 141-144|. The
dielectric environment can be adjusted by using a few layers of hexagonal
boron nitride (hBN) as a cover of the TMDC layer on top and on bottom.
The insulating hBN with a bandgap in the deep UV [145] provides a ho-
mogenous dielectric environment, which improves the optical properties by
reducing the width of absorption and emission lines in optical spectroscopy

[146-152].
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Figure 2.5: Confinement effect of excitons in 2D materials. a The electric
field lines of an electron-hole pair in a 3D semiconductor exhibit a constant
dielectric environment, in contrast to the electric field lines of the electron-
hole pair in two dimensions. The change of dielectric environment increases
the binding energy of the exciton. This effect is known as reduced dielectric
screening. b The energy of the exciton in two dimensions is increased with
respect to excitons in three dimensions. The binding energy depicted as red
arrows is also increased when reducing the dimensionality of the material.
Adapted from Ref. [38].

2.1.5 Band edge exciton species

In monolayer TMDCs, the band structure is characterized by a direct bandgap
at the K point. The most simple two-particle system, created under optical
excitation of one electron from the VB to the CB, is the A-exciton (AX)
which is formed at the K point [153-155].

It is possible to create quasiparticles consisting of more than two particles,
by doping the system, which adds holes or electrons. Three-particle systems

with one hole and two electrons are described as negative trions and can

14



2.1. Transition metal dichalcogenides

exist in two different configurations: The charge carriers forming the singlet
(Xg) exciton are located at the same K point, in contrast to the triplet
configuration (X7 ) where they reside in both K and K’ valleys. Quasiparticles
with one electron and two holes are referred to as positive trions (X*). The
binding energy of trions is increased by roughly 30meV compared to the
binding energy of excitons [156].

The described excitonic species so far are referred to as bright excitons,
as the transition to the ground state is spin and momentum allowed and
therefore recombines radiatively. In contrast, spin-forbidden or momentum-
forbidden excitons also play a crucial role in monolayers.

Due to strong spin-orbit coupling in TMDC monolayers, the spin of the
electron is intrinsically coupled to the valley degree of freedom. This links
the spin of an electron in the highest VB to the spin of an electron in the
lowest CB [157, 158]. The band spins are flipped for the K and K’ valleys
[159-162]. While the spins of the CB and VB in one valley have opposite
direction for W-based materials, they have the same orientation in Mo-based
materials, as depicted in fig. 2.6 [153, 155, 163-165].

Figure 2.6: Spin-valley coupling in a Mo- and b W-based TMDCs. The
spin of the electron, indicated by color, in the CB is connected to the spin
of the electron in the VB. The spins are flipped for the K and K’ valleys.
For Mo-based materials, the spins of the CB and VB in one valley have the
same orientation, while they have opposite directions in W-based materials.
Adapted from Ref. [165].
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Theoretical calculations show that contributions to the splitting of spin
states in a monolayer of MoSs almost cancel out if Coulomb interactions are
taken into account [166].

Spin-forbidden excitons, also referred to as dark excitons, are formed
by transitions that require a spin flip of the electron in order to recombine.
Therefore, they are not radiatively coupled to the ground state and should not
contribute to PL. However, they can still be seen in temperature-dependent
measurements [167-170], measurements in transverse magnetic fields [171-
173] or with out-of-plane dipole moments [174, 175].

Spin-forbidden dark excitons can be formed from a single electron-hole
pair (Xp). Their excitonic Rydberg series can be measured by optical means
[173]. Spin-forbidden trions with three particles can be either positive (X)),
or negative (Xp). The exciton-trion separation is smaller for dark excitons
than for bright states [176, 177].

Furthermore, it is possible to create more complex quasiparticles, consist-
ing of more than three particles, like biexcitons (XXp), which are composed
of one bright exciton and one dark exciton.

The electrostatic doping of a two-dimensional semiconductor can be con-
trolled by an insulated gate structure, where the gate-voltage-dependent PL
of monolayer WSe; in fig. 2.7 shows the different excitonic species, depending
on the doping in the system. Positive gate voltages induce additional elec-
trons in the material, while negative gate voltages induce additional holes
[73, 178-180].

16
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Figure 2.7: Gate-voltage-dependent photoluminescence of monolayer WSesy
excited using a 488 nm laser at a photon energy of 2.54 €V, above the bandgap.
The different excitonic species are labelled as discussed and are observed,
depending on the doping in the system. Adapted from Ref. [181].

2.1.6 Radiative lifetimes of excitonic complexes

In order to investigate the temporal dynamics of excitons in TMDC mono-
layer it is crucial to understand their radiative lifetimes. The radiative re-
combination rate v of excitons is proportional to the overlap of electron and
hole wavefunction, i.e., finding electron and hole in one unit cell, and is asso-
ciated with a lower limit in excitonic linewidth. Excitons in two-dimensional
TMDC materials exhibit a relatively small Bohr radius on the order of a few
nm due to their lack of dielectric screening [38, 182], resulting in fast recom-
bination rates of several meV. This translates to lifetimes T' = % on the order
of 0.1ps to 1ps [153, 162, 182-186]. The lifetime is strongly increased for
spin- or momentum-dark excitons and reaches values of several hundreds of
ps [123, 187]. Even longer lifetimes are measured in heterostructures as they
form interlayer excitons with lifetimes up to hundreds of ns [83, 91, 188]. The

linewidth, and therefore the lifetime of excitons, can be influenced by exciton
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density and temperature. Here, increased exciton-exciton interaction results
in a reduced excitonic lifetime for increased exciton densities. The lifetime is
also reduced with increasing temperature due to exciton-phonon interaction,
as seen in fig. 2.8 [184].
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Figure 2.8: Radiative linewidth of excitons in TMDC monolayers for a differ-
ent exciton densities and b different temperatures. Adapted from Ref. [184].

2.2 Nonlinear optics

If an electromagnetic wave E(t) interacts weakly with matter, its bound
electrons are influenced by the field and a polarization P(t) of the material

is generated, which can be written as
P(t) = cxVE(t) (2.5)

with the permittivity of free space €y and the first-order susceptibility y(!
[189].

If the interaction of the electromagnetic wave with the material is in-
creased, nonlinear effects must be considered.

The description of nonlinear optical effects can be separated into two
cases. In the parametric regime the underlying quantum system of the ma-

terial is not influenced by the electric field. In the non-parametric regime,

18
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the quantum states change their properties under the influence of an electric
field. This enables the transfer of energy, momentum, or angular momentum
between the material and the electric field. Both processes will be described

in the following.

2.2.1 Parametric regime

Following descriptions are based on Ref. [189]. In order to describe nonlinear
effects in the framework of parametric excitation, one expands the linear field

dependence of the polarization in a Taylor series as

P(t) = ¢ (X“)E(t) +XPE*(t) + xP E3(t) + .. ) (2.6)

(2

where x(® and y® represent the second- and third-order susceptibility, re-

spectively. To investigate second-order processes, one needs to calculate the
components of the E? term. We assume that an electric field, consisting of
two different frequency components w; and wy and corresponding amplitudes

FE4 and Es, can be written as
E(t) = By exp(—iwqt) + Eyexp(—iwst) + c.c. (2.7)

Any vectorial properties are neglected for simplicity. The second-order po-

larization is calculated as

PA(t) = eoxPE(t)? = eox P [E? exp(—2iwst) + E2 exp(—2iwst)+
E1Eyexp(—i (wy +ws)t) + E1Ey exp(—i (w; — wo)t) +cc] (2.8)
+2e0x? [E1Ef + E>E3).

For convenience the polarization can be written in the form of the following

summation

PA(t) = > P(wy) exp(—iwyt). (2.9)
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The nonlinear polarization can be separated into the corresponding frequency

components

P(2w1
P(2ws

) 2 (SHG
)
P(wy + wo)
)
)

2 (SHG
@B B, (SFG
EIE* (DFG
= 2c0x? (E\E} + B, E3) (OR).

E
E

(2.10)

(Wl — W2

P(0

Each frequency component of the polarization describes a second-order physi-
cal process, such as second-harmonic generation (SHG), sum-frequency gener-
ation (SFG), difference-frequency generation (DFG) and optical rectification
(OR). A comparable calculation can be done for the third-order susceptibility,

which can be written as
P(3)(t) = eoX(3)E(t)3. (2.11)

Here, we only consider selected terms of the third-order polarization, includ-

ing third-harmonic generation (THG) and four-wave mixing (FWM)

P(3w;) = egx WV E3 (THG)
P(3wy) = eox® E3 (THG) (2.12)
P(2uw; — ws) = 3egx P E2E; (FWM).

For complete descriptions, see Ref. [189]. The nonlinear polarization is nonzero
only if higher-order susceptibilities x™ for n > 2 are nonzero. For nonzero
x?, broken inversion symmetry is required, while nonzero x® can be found
in both centrosymmetric and non-centrosymmetric materials.

This description is only valid in a parametric regime, where the quantum
states of the material are not modified by the electric field and the initial

quantum state is equal to the final state: population from the ground state
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is only transferred to virtual states for a very short time that is on the order
of % where 0F is the energy difference between the nearest real state and
the virtual state [189].

2.2.2 Non-parametric regime

Generally speaking, the nonlinear susceptibility tensor, obtained from the
classical anharmonic oscillator model, is a complex entity. Comparable to
the refractive index, the nonlinear susceptibility of lossless media can be
described solely by the real part, which is the benchmark of parametric non-
linear optics.

In contrast, the non-parametric regime can only be described by the full
complex tensor. As the imaginary part of the susceptibility is related to the
absorption of the material, real energy states of the material must be consid-
ered within the non-parametric regime. Furthermore, the photon energy does
not need to be conserved in this regime. Therefore, descriptions according to
eq. (2.5) are not valid anymore, and a more sophisticated model is required
[189]. For this, the time-dependent polarization of the system is calculated

by the density-matrix formalism, which is presented in the following chapter.

2.3 Density-matrix formalism

During this work, not only experimental data was obtained. We performed
simulations of the nonlinear signals by using a density-matrix approach,
which is a powerful tool to describe the interaction of light with matter,
especially in the context of quantum optics and nonlinear optical processes
[189]. However, the simulated results only provide hints on the underlying
physics, leaving space for interpretation of the results.

The underlying formalism is described in the following. The density-
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matrix formalism is based on the concept of a density operator p,

p= Y bl (i (2.13)
where p; describes the probability of finding the system in state |¢;). The
time evolution of the density operator is described by the Lindblad equation

d N 1 - .
—p=—H,p| — ={T,p} + A. 2.14

p=lH,pl =il p} + (2.14)
The diagonal components of the Hamiltonian are given by the energies of the
states &;

The off-diagonal components of the Hamiltonian describe the coupling be-
tween the states, which is given by the electric field of the laser pulse E(t)

and the transition dipole moment f;; between two states

Hij=—-EM®)py; (@ #)). (2.16)

Relaxation processes are described by a decay matrix [ with only nonzero
elements on the diagonal, which are connected with the lifetimes of the states
L

L,=T  (i>1). (2.17)
Repopulation of the ground state is included by the repopulation matrix /A\,

which has one nonzero element

i>1

The model system is excited with a pulsed laser field, described by a Gaussian-
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2.4. High-lying excitons

shaped electric field

t—to \?
E(t) = Ep - exp <_Zwot _ 21n2< 0 > ) (2.19)
fwhm
with amplitude Ey, center frequency wy, center time ¢y and full width at half
maximum Atghm.

The time-dependent polarization of the system is calculated by
P(t) ~ Z:uijpij(t)' (2.20)
ij

A Fourier transform of the time-dependent polarization gives the frequency-
dependent polarization P(w), which can be interpreted as a spectrum gener-
ated by the system.

Having established the theoretical background of excitonic species in
TMDCs, basic concepts of nonlinear optics and the density-matrix formal-
ism, we can turn to novel excitonic species in TMDCs, where high-lying
states with energies above the bandgap influence the optical response of the

material system.

2.4 High-lying excitons

This chapter aims to review the current scientific understanding concerning
HX in TMDCs. This overview provides the necessary foundation for under-
standing the fundamental properties of HX and prepares the ground for the
experimental results presented in this work.

The first indication of the existence of excitons formed by energy states
far above the bandgap in TMDCs was reported in 2019 [190], in a study
examining the SHG signal of a monolayer WSe, at cryogenic temperatures.
Under typical circumstances, the SHG signal, produced by pulsed laser exci-

tation, exhibits a comparable Gaussian spectral profile to the incident laser,
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since it represents the transform limited convolution of two Gaussian-shaped
laser spectra. Under certain specific conditions, however, the SHG spectrum
displays a more complex structure. As shown in fig. 2.9a, the SHG spec-
trum features a spectral bifurcation, also referred to as spectral anticrossing.
Both experimental data and simulated spectra show a pronounced dip that
appears at a specific energy within the SHG spectrum. This characteristic
energy is assigned to the transition energy of state |3) to the ground state,
denoted as F3. The fig. 2.9b illustrates the process proposed in the original
work to explain the observed SHG splitting. The system is described as a

Experiment Simulation

a P R 735 nm m P
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iCD/ g > w 2w
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Figure 2.9: First observation of spectral bifurcation in the SHG signal of a
monolayer WSe;. a Comparison between wavelength-dependent SHG spectra
obtained experimentally and through simulation. A dip is observed at the
same energy in both cases and is attributed to the transition from the ground
state to a HX. b Schematic of the underlying process. Strong electric field
couples [2) and [3). The SHG dip arises from interference between the two
excitation pathways, |1) — |2) and |3) — |2). Adapted from Ref. [190].

ladder-type three-level configuration, consisting of the ground state |1), the
first excited state |2), the AX, and a third state |3), corresponding to the HX.
Strong electric-field-driven coupling between |2) and |3) results in the forma-

tion of dressed states, analogous to those observed in electromagnetically
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induced transparency (EIT) [191-199]. The dip in SHG signal arises from
the interference between two excitation pathways, [1) — [2) and |3) — |2),
leading to spectral suppression. Since |3) is not coupled to the ground state
|1}, it does not contribute to emission. Therefore, this state will be referred
to as the p-like HX in the following.

Figure 2.10 provides a more detailed depiction of the process responsible
for the SHG dip. Simulated results, obtained by density-matrix dynamics,
shown in the two upper rows, are compared with the corresponding measured
spectra. The top row presents the simulated population dynamics of the
three-level system under the influence of a laser field, while the second row
displays the resulting SHG spectra. In the middle column, the laser field has
an energy of 3.3 pJ and a pulse duration of 80fs. The population dynamics
reveal that under this simulation conditions, a single Rabi oscillation occurs
between states |2) and |3). The corresponding SHG spectrum exhibits a
single dip at the energy of state |3), with the measured spectrum showing
excellent agreement with the simulation.

In the left column, the pulse energy of the electric field is increased to
9.2 pJ while maintaining the same pulse duration of 80 fs. The resulting pop-
ulation dynamics display two Rabi oscillations between |2) and |3), leading to
an SHG spectrum with two dips, a feature reproduced in both the simulated
and experimental data.

For the right column, the laser pulse energy is set to 3.3 pJ, but the pulse
duration is extended to 140fs. The population dynamics again indicate two
Rabi oscillations between |2) and |3), and the resulting SHG spectra from
both simulation and experiment exhibit two dips. From these observations,
it can be concluded that the number of Rabi oscillations can be increased
either by raising the laser pulse energy or by lengthening the pulse duration.
Furthermore, the number of Rabi oscillations is directly correlated with the

number of dips observed in the SHG spectrum.
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Figure 2.10: Comparison between simulated population dynamics (a-c) and
corresponding simulated SHG spectra (d-f) with experimentally measured
SHG spectra (g-i) for different pulse lengths and energies. The number of
Rabi oscillations between states |2) and |3) during the laser pulse (yellow) de-
termines the number of dips in the SHG spectrum. Adapted from Ref. [190].

Another parameter for probing the SHG dip is the sample temperature,
which allows investigation of the effects of decoherence and inhomogeneous
broadening of excitonic resonances [190]. The wavelength-dependent SHG
dip of monolayer WSey at various sample temperatures is shown in fig. 2.11.
A clear temperature dependence is observed. The SHG anticrossing is most

pronounced at the lowest temperature of 5 K. As the temperature increases,
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the dip becomes progressively shallower and vanishes. At 100 K, a small kink
remains visible, whereas at 200 K, the SHG spectrum exhibits the trivial
linear dependence on excitation wavelength. Furthermore, the position of
the SHG dip, corresponding to the energy of the third state |3), shifts to

higher wavelengths with increasing temperature.

OHS "WIoN

360 370 360 370 360 370 360 370 360 370
Emission wavelength (nm)

Figure 2.11: Temperature dependence of the excitation-wavelength depen-
dent SHG, measured at temperatures ranging from 5 K (left) to 200 K (right).
With increasing temperature, the dip becomes shallower and disappears.
The dip energy shifts to higher wavelengths with increasing temperature.
Adapted from Ref. [190].

Another approach to probe excitonic resonances is to examine their in-
fluence on the power-law exponent of the SHG signal: here, the detected in-
tensity of the SHG process is analyzed as a function of the excitation power,
for various excitation wavelengths, following [ Isua(Aems Aex)dAem 0¢ T2Re).
For a trivial SHG process, the power-law exponent p(Ae) is equal to 2, re-
flecting the involvement of two photons in the generation process. Excitonic
resonances, however, can modify this exponent: a reduction in the power-
law exponent is indicative of the AX resonance, as this state saturates when
excited with a high-power laser.

Simulations reveal that in a three-level system, the effect of resonant ex-
citation is more complex. When the excitation is close to the two-photon
resonance of the |1) to |3) transition, the power-law exponent exhibits a dis-
persive feature. Due to AC-Stark shifts of the energy levels, the exponent

decreases for blue-detuned excitation and increases for red-detuned excitation
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[190]. The measured power-law exponent of the SHG signal from monolayer

WSe; is presented in fig. 2.12. The power-law exponent of the SHG signal
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Figure 2.12: Power-law exponent measurements of the SHG signal reveal
excitonic resonances. a The power-law exponent of the SHG signal, obtained
under excitation at 724nm (blue line), exhibits a Fano-like line shape as
a function of emission wavelength. The power-law exponent for different
excitation wavelengths is shown as red dots. b The influence of excitonic
resonances on the power-law exponent persists even at room temperature,
providing a robust signature of the excitonic three-level system. Adapted
from Ref. [190].

from monolayer WSe, is resolved with respect to both excitation and emis-
sion energy for different temperatures, clearly demonstrating the impact of
excitonic transitions. Notably, the effect of excitonic resonances remains
observable even at room temperature. A more detailed discussion of the
power-law exponent analysis is provided in section 2.5.

The influence of the dielectric environment on excitonic resonances, and
consequently on the SHG dip, is examined in the publication reviewed next
[200]. In this study, a monolayer of WSe, is placed on a 285 nm-thick layer
of SiO5 deposited on a Si substrate. The samples are then encapsulated with
various materials, including hBN, PMMA, Zeonex, and PS. The effect of the
dielectric environment is investigated through measurements of both the PL

spectrum and the SHG dip. It is observed that the dielectric environment
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alters the energies of the excitonic species. In fig. 2.13, the energies of the AX
are plotted against the energies of the SHG dip, which correspond to the HX,
for the different dielectric environments. The data points for all materials lie
on a straight line with a slope of 1. This linear relationship indicates that
both excitonic species originate from the CB and that the spectral bifurcation
of the SHG spectrum cannot be attributed to a biexciton [200].
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Figure 2.13: Energy of the SHG dip plotted against the energy of the AX for
different dielectric environments. The black line has a slope of 1. Adapted
from Ref. [200].

In addition to the p-like HX, the existence of an s-like HX has been
proposed in [201]. For this, a resonant excitation of the AX, leading to an
Auger-like energy transfer to a higher-lying state is suggested. The energy
of this s-like HX is 3.4¢V, slightly lower than twice the energy of the AX
at 1.732eV, as shown in fig. 2.14. Ab initio GW-BSE calculations reveal an
energy level labeled CB+2 at the corresponding transition energy.

Notably, the curvature of the CB+2 band is negative, indicating a nega-
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tive effective electron mass. The HX signal, obtained via upconverted photo-
luminescence (UPL), exhibits a pronounced multi-peak structure. The peaks
are equally spaced by 15.5meV, suggesting an energy reduction via emission
of a longitudinal acoustic (LLA) phonon, which scatters the electron between
the K and K’ valleys and back. The intensity of every even-numbered peak
is enhanced relative to the odd-numbered peaks, an effect attributed to a
required spin flip for odd numbers of phonon-assisted transitions between

different K points.
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Figure 2.14: a Calculated band structure of monolayer WSe,, with oscillator
strength encoded in the color scale. The VB, CB, and higher conduction
bands CB+1 and CB+2 are labeled. b Simplified band structure around the
K point, highlighting the bands responsible for the AX (CB) and the s-like
HX (CB+2). ¢ UPL spectrum of monolayer WSe, under resonant excitation
of the AX, showing a multi-peak structure consistent with the presence of
the s-like HX. Adapted from Ref. [201].

Figure 2.15 illustrates two possible mechanisms for exciting the s-like HX.

One approach involves resonant excitation of the AX with a continuous-wave
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(cw) laser, generating a high exciton-density.
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Figure 2.15: Comparison of two mechanisms for exciting the s-like HX. a
The p-like HX can be excited via two-photon resonance, with subsequent
nonradiative transfer of population to the s-like HX. Resonant excitation of
the AX followed by an Auger-like process promotes an electron to a higher
CB. b The two processes are distinguishable by their excitation energy de-
pendence. The two-photon process requires higher irradiance than the Auger
process. ¢ Both processes yield the same UPL spectrum but exhibit different
power-law exponents: 0.6 for the Auger process and 2 for the two-photon
process. Adapted from Ref. [201].

Through an Auger-like recombination process, the energy of one electron
is transferred to another, promoting it into a higher CB and creating HX that

subsequently recombines radiatively. The second mechanism is a two-photon

31



Chapter 2. Theoretical foundations

luminescence process, in which the p-like HX is resonantly excited by two
photons of the cw laser. The population is then transferred nonradiatively
from the p-like to the s-like HX, which recombines radiatively to the ground
state. These two processes can be clearly distinguished by their differing
excitation-energy-dependencies and distinct power-law exponents.

By comparing experimental results with ab initio GW-BSE calculations,
the authors conclude that the s-like HX originates from the CB+2 and is
localized around the K valleys.

Few layers of TMDCs offer remarkable versatility for fabricating artifi-
cial heterostructures by stacking individual layers. In such systems, not only
the choice of material combinations but also the twist angle between layers
plays a crucial role, as it can significantly alter the material properties [43].
The influence of twist angle on excitonic resonances has been investigated
in [202]. Experiments were conducted on several twisted WSey bilayers, em-
ploying PL, UPL, and SHG anticrossing measurements. The twist angle was
precisely controlled during fabrication and verified via polarization-resolved
SHG measurements. It was varied from 1° to 59° in increments of approxi-
mately 6°. As shown in fig. 2.16, the energy of the AX, determined from PL
measurements, depends on the twist angle, with an average twist-angle sus-
ceptibility of 0.8 meV/°. In contrast, the s-like HX exhibits a much stronger

dependence, with an average twist-angle susceptibility of 8.1 meV /°.
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Figure 2.16: Excitonic resonances obtained from PL and UPL measurements
for twist angles ranging from 1° to 59°. The AX energy can be tuned by
24 meV, whereas the s-like HX energy can be tuned by 235meV. Adapted
from Ref. [202].

The pronounced twist-angle dependence of excitonic resonances also af-
fects the SHG dip, as it is directly linked to the energetic position of the p-like
HX. As shown in fig. 2.17a, the anticrossing feature, as discussed earlier, is
observed only for twist angles between 21° and 45°. Outside this range, the
SHG signal exhibits a trivial linear dependence on excitation wavelength. To
explain this behavior, the authors calculated the partial charge density of the
relevant states. The results show that the VB and the CB have charge den-
sity contributions localized around the tungsten atoms, whereas the CB+2
has a more delocalized contribution around the selenium atoms, as shown in
fig. 2.17b,c. This delocalization renders CB+2 more exposed to its environ-

ment and thus more sensitive to external perturbations.
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Figure 2.17: a Excitation-energy dependence of the SHG signal for different
twist angles. The anticrossing feature is present only for twist angles between
21° and 45°. Outside of this range, the SHG signal shows a trivial linear
dependence. b Simulated band structure of monolayer WSe,, with wavefunc-
tion projections color-coded by atomic contribution. ¢ Partial charge density
at the K points, showing VB and CB contributions centered on tungsten
atoms, while CB+2 is more delocalized around selenium atoms. Adapted
from Ref. [202].

Since both the p-like HX and s-like HX originate from the same region in
the band structure, a similar twist-angle dependence is expected. The angle-
dependent energies of the s-like HX, the p-like HX, and twice the AX energy
are shown in fig. 2.18. The disappearance of the quantum interference dip in
SHG at small and large twist angles is attributed to the loss of the resonance
condition of almost equal energy differences of the transition |1) to |2) and
|2) to |3) caused by the strong redshift of the HX energies.
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Figure 2.18: Energies of the AX (from PL), the p-like HX (from SHG dip),
and the s-like HX (from UPL) plotted against twist angle. The orange region
marks the range where quantum interference occurs. As the HX energies shift
more strongly with twist angle than the AX, the resonance condition is lost
for angles below 21° and above 45°. Adapted from Ref. [202].

Given the similar band structures of semiconducting TMDCs; it is reason-
able to speculate that quantum interference effects involving HXs could also
be observed in other materials, such as MoSe,. However, in the monolayer
case, the energy separation between states |2) and |3) is apparently larger
than that between |1) and |2), preventing the resonance condition from being
met, as shown in fig. 2.19a [202].

In twisted bilayers of WSey, the energy of the third state |3) can be
tuned via the twist angle. This tuning parameter is used in a twisted bi-
layer of MoSe, with a twist angle of 0°, where the bandstructure is altered

and the SHG spectrum exhibits an anticrossing feature, indicating quantum
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interference, as shown in fig. 2.19b. This highlights the universal character
of HXs in different semiconducting TMDC materials, which will be further

investigated and presented in section 4.1.2.
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Figure 2.19: a Excitation-energy dependence of the SHG signal for mono-
layer MoSes, showing a trivial linear dependence due to the absence of the
resonance condition. b Excitation-energy dependence of the SHG signal for
a twisted bilayer MoSe; with a twist angle of 0°, showing an anticrossing fea-
ture at 3.25¢eV, indicative of quantum interference. Adapted from Ref. [202].

Another effective tuning parameter for excitonic properties in TMDCs is
the use of biased gates placed in proximity to the TMDC layer. Such gated
structures enable the investigation of out-of-plane electric field effects as well
as modulation of the charge carrier density through electrostatic doping. The
dependence of HX on gate voltage is shown in fig. 2.20 [181]. Remarkably,
under both positive and negative gate voltages, additional peaks emerge in
the UPL spectrum. These features are assigned to the negative high-lying
trion (HX ™) and the positive high-lying trion (HX™). The energy separation
from the neutral HX, in this case referred to as HX? is 35.2meV for HX™"
and 42.6 meV for HX™. This trend mirrors the observed binding energy for
band-edge trions, but with binding energies approximately 1.4 times larger.
Polarization-resolved UPL measurements reveal a striking difference in op-

tical selection rules. The HX™ exhibits co-polarized emission, whereas HX*
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Figure 2.20: a Schematic of the charge configurations for negatively (left) and
positively (right) charged high-lying trions. In HX™, the resident electron
occupies the first CB at either the K or K’ valley, while in HX™, the resident
hole resides in the VB. b Gate voltage-dependent UPL spectra of a monolayer
WSe, device and ¢ selected UPL spectra, showing the HX?, its phonon replica,
and the charged HX~ and HX'. The energy offsets relative to HX® are
42.6 meV for HX™ and 35.2meV for HX*. Adapted from Ref. [181].

is cross-polarized. This contrast is attributed to the distinct nature of the
respective resident charge carriers.

The influence of gate voltage on quantum interference, involving p-like
HX, is presented in fig. 2.21. For the ungated device, the SHG spectrum
displays the well-known anticrossing feature at the energy of the p-like HX
(left panel). Upon increasing the gate voltage to 1.5V (middle panels), a

second anticrossing feature emerges at a slightly lower excitation energy.
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This additional dip appears 42meV below the primary anticrossing, in ex-
cellent agreement with the binding energy of the HX™ observed in the UPL
measurements. The second feature is, therefore, attributed to a quantum
interference process in a three-level system comprising the ground state, the

negative band-edge trion, and the negative high-lying trion.

a Norm. SHG Norm. SHG Norm. SHG

5 3435
| Emission energy (eV)

b p-like HX " p-like HX
42 meV
|2)——X" X—2)
1)y— —I1)
Charged 3-level Neutral 3-level
system system

Figure 2.21: a Excitation-energy-dependent SHG signal for the ungated de-
vice, showing the characteristic anticrossing at the p-like HX. Increasing the
gate voltage to 1.5V induces a second anticrossing at lower energy. b This
second feature is attributed to quantum interference in a three-level system
consisting of the ground state, the negative band-edge trion, and the negative
high-lying trion. Adapted from Ref. [181].

Finally, the influence of an out-of-plane electric field on excitonic species
has been investigated in [203]. Since such a field is expected to affect only
excitons with an out-of-plane dipole moment, a bilayer WSey sample was
studied, where the wavefunction of the HX is anticipated to be spread over

both layers, rendering it sensitive to the applied field. The UPL spectrum

38



2.4. High-lying excitons

obtained from a dual-gated bilayer WSe, device is shown in fig. 2.22a. The
narrow HX peak, accompanied by its previously discussed phonon replica,
exhibits a pronounced Stark-shift under the electric field, which is shown in
fig. 2.22b. From these measurements, a dipole moment of ugx = 0.26 enm
and a polarizability of ayx = 0.82eV nm? V=2 were extracted by polynomial
fitting of the electric field-dependent exciton peaks. Although these values
are smaller than those reported for interlayer excitons in heterostructures [90,

188], they highlight the hybridized nature of the HX.
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Figure 2.22: a UPL spectrum of the bilayer WSe, device, obtained via Auger
recombination, showing HX with a linewidth of 1.8 meV and its phonon
replica. b The heatmap of UPL spectra as a function of applied out-of-
plane electric field gives rise to a pronounced Stark-shift of the HX. The
insets schematically illustrate the contribution of charge carriers. Adapted
from Ref. [203].

Further investigation of high-lying trion species in bilayer WSe, reveals
an HX™ located 19 meV below the neutral HX, and an HX™ located 29 meV
below the neutral HX. Both trions exhibit a Stark-shift under an out-of-plane
electric field, reinforcing their interlayer character. Interestingly, the dipole
moment of HX™ is 0.95 upx, while that of HX™ is 1.3 ugx, relative to the
neutral HX. This asymmetry is attributed to the distinct momentum-space
locations of the resident carriers. The additional electron in HX™ occupies
the Q valley, whereas the additional hole in HX* resides at the K point.
The larger dipole moment of HX™ can be explained by the fact that states
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originating from the ) valley are more strongly hybridized between the layers,
modifying the spatial charge distribution and, thus, the dipole strength.
Having now reviewed the main experimental findings regarding HXs in
established publications, we proceed to provide a detailed description of the
modelling approach employed to simulate the nonlinear optical processes in

the excitonic three-level system.

2.5 Modelling of the excitonic three-level sys-

tem

To describe the processes occurring in the excitonic three-level system, we

use the model according to the schematic shown in fig. 2.23.
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Figure 2.23: Schematic of the excitonic model used to simulate nonlinear
processes. |1): ground state; |2): AX; |3): HX. The transition dipole moment
(12 is about four times smaller than po3. Lifetimes I's and ' are set to match
experimental data. State |4) breaks inversion symmetry, enabling second-
order nonlinear processes via weak couplings to |1) and |2). Parameters that
show little influence on the results are shown in grey.

The parameters are chosen to reproduce the key experimental observa-
tions. The ground state |1) is set to Fy = 0eV. The AX is represented by
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2.5. Modelling of the excitonic three-level system

|2) at By = 1.722¢V, and the HX by |3) at E3 = 3.426¢V. The transition
dipole moment between |1) and |2) is 12 = 0.14enm. To correctly repro-
duce the SHG power-law exponent and anticrossing behavior, the transition
dipole moment between [2) and |3) is set to pg3 = 0.58 e nm, approximately
four times larger than p5. The lifetimes are chosen as hl'y = 0.005€eV and
h's = 0.003 eV, consistent with previous experimental results and confirmed
by time-resolved nonlinear spectroscopy (section 4.2.1). The dipole moment
between |1) and |3) is set to zero, reflecting the fact that the high-lying state
is only indirectly observed in nonlinear spectroscopy and not in direct emis-
sion. Therefore, we treat |3) as a p-like state that does not couple directly
to the ground state [204]. To enable simulation of second-order nonlinear
processes, such as SHG, the system must lack inversion symmetry. This is
implemented by introducing an additional state |4), which couples weakly to
both |2) and |1), with pgs = 0.02enm and py4 = 0.007 e nm, respectively.
The exact setting of these small values has negligible influence on the results.
The lifetime of |4) is set to hl'y = 0.1eV, and its energy to E; = 3.28¢€V.
The exact choice of parameters related to |4) does not affect the simulations,
given they are not resonant with the excitation pulse energy. The simulation

parameters are summarized in table 2.1.

State E, Es E; Ey
Energy (eV) 0 1.722 3.426 (3.28)
Al ' Al
Decay rate (eV) ’ ’ !
0.005 0.003 (0.1)
Transition dipole 12 13 Hia H23 24 H34
moment (enm) 0.14 0 (0.007) 0.58  (0.02) 0

Table 2.1: Simulation parameters used for the density-matrix model. Values
related to state |4) (in parantheses) have little influence on the results.
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2.5.1 Influence of excitonic resonances on the SHG

power-law exponent

As discussed in section 2.2, the second-order polarization of the SHG is gener-
ally expressed as P(2w) = eox®? E(w)?. This results in a constant power-law
exponent of 2, as the second-harmonic generation signal is proportional to
the square of the excitation intensity I(2w) oc I(w)?. However, this is only
true if the SHG signal is not influenced by any resonances of the material.
TMDC monolayers are known to exhibit strong optical nonlinearities due to
their broken inversion symmetry, making them the ideal candidate to inves-
tigate nonlinear light-matter interaction [205-209]. SHG spectroscopy can
be used to identify excitonic resonances in the material, as they result in an
enhancement of the SHG signal [144].

When the excitation frequency is close to the energy of an excitonic tran-
sition, states become dressed by photons, Rabi oscillations occur and the

macroscopic effective susceptibility x®) becomes a function of the Rabi fre-

quency Qgrabi = \/ (uE(w)/h)? + A? where p is the transition dipole moment,
E(w) is the electric field amplitude of the excitation laser and A is the detun-
ing of the excitation frequency from the excitonic resonance. Under strong
pumping of excitonic transitions, the energy level will be shifted by the AC-
Stark effect [210, 211]. Usually, the energy gap between the two levels will
increase for red-detuned pump frequency and decrease for blue-detuned pump
frequency. This leads to a power-dependent shift of the excitonic resonance
and therefore to a reduction of the resonant enhancement. Consequently,
the second-order polarization becomes field strength dependent, leading to a
power-law exponent deviating from the trivial value of 2. The AC-Stark shift
of excitonic resonances is more complex in the case of an almost degenerate
three-level system, as AC-Stark effects of several transitions can counteract.

We choose the deviation of the power-law exponent of the SHG from the

trivial value of 2 as the experimental observable. By comparing experimental
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2.5. Modelling of the excitonic three-level system

data with simulation, we found that the transition dipole moments need to
be chosen in a way, such that the transition dipole between state |2) and |3),
[to3, is roughly four times larger than the transition dipole coupling ground
state |1) to state |2), p12 [190].

In order to investigate the influence of the energetic positions of the ex-
citonic resonances on the power-law exponent, we perform numerical simula-
tions of systems with different energy level positions. The simulated power-
law exponents of the SHG signal obtained from a model system for different

excitation wavelengths is shown in fig. 2.24. We artificially choose the energy
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Figure 2.24: Simulated power-law exponent of the SHG signal, obtained for
artificially chosen energy levels in a three-level system. The second state |2)
is set to 1.285eV. A saturation of the state results in a reduction of the
power-law exponent at this energy. The third state is set to 2.38eV. Due to
shifting of this energy level, a dispersive feature is visible in the power-law
exponent. The energy, where the power-law exponent crosses 2, indicates
half the energy of the excitonic resonance of state |3). Error bars indicate
the quality of the numerical simulation.

states to be far apart in order to investigate the influence of the resonances
on the power-law exponent separately. The energy of the second state is set
to Fy = 1.285eV. The energy of the third state is set to F3 = 2.38eV. The
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dipole moments are set according to table 2.1.

The simulated power-law exponent signal shows characteristic lineshapes
for excitonic resonances. The second state |2) can be identified by a satura-
tion, resulting in a power-law exponent smaller than 2. The third state |3)
results in a dispersive-shaped feature, that has a power-law exponent larger
than 2 for red-detuned excitation and smaller than 2 for blue-detuned excita-
tion. The energy of state |3) is identified by the energy where the dispersive
feature crosses the power-law exponent of 2. As the shape of the power-law
exponents is a direct consequence of the excitonic resonances, it can be used
to determine the material’s energetic positions.

The detuning of the energy levels AE = E19— Fa3 = 2E715— E13 can either
be positive, as in WSes, or negative, as in MoSe,. Therefore, we simulate the
power-law exponents for very large or small detuning in positive or negative
direction, respectively, as shown fig. 2.25. Panel a shows the power-law expo-
nent for negative detuning with the two characteristic features, well separated
at distinct energy positions. When the detuning is reduced, as shown in panel
b, the features merge, resulting in a notable 'peak-and-two-dip’ shape. For
the simulated positive detuning, shown in panel ¢ and panel d, the shape
is inverted. Corresponding experimental data, analysing the lineshapes of
power-law exponents, obtained by SHG measurements of different materials

is shown in section 4.1.2.
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Figure 2.25: Simulated power-law exponent of the SHG signal of three-level
systems. The dispersive feature indicating the third state |3) and the satu-
ration of the second state |2) is marked in every graph. a The two features
are well separated for a large negative detuning AE. b The features merge
into one feature, for a smaller negative detuning. ¢ The feature is reversed
compared to b for small positive detuning. d The features are well separated
for large positive detuning.

2.5.2 Spectral phase and second-harmonic generation
dips

The quantum interference SHG dip is attributed to Rabi oscillations occuring

in the three-level system under suitable resonant excitation, as seen in their

population dynamics in fig. 2.10. In this chapter, we analyse the spectral

properties of simulated SHG signals, in order to obtain information about
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the underlying process. The simulated time-dependent polarization P(t) of
the system is shown in fig. 2.26a for a low-power excitation, corresponding to
one quantum interference dip and in fig. 2.26b for high-power excitation, cor-
responding to two quantum interference dips. In both cases, the polarization
shows several nodes, which is captured by the Fourier-filtered polarization
at the fundamental frequency P,(t) leading to the envelope of P(t). By
Fourier-space filtering at the SHG frequency, we obtain the small fraction
of polarization at the SHG frequency P, (t), which shows only one or two
nodes, for low- or high-power excitation, respectively. This analysis makes
it intuitive to relate the number of nodes in the time-dependent polarization

at the SHG frequency to the number of dips in the SHG spectrum.

a —T0) b p—T0)
= 10. — P(t) envelope = 40. — P,(t) envelope
= —— P,,(t) envelope = P,,(t) envelope
= 2
& 8 05
c c
kel kel
g § 0o,
(:5 x10000 (:u x10000
L £ -0.5-
0 250 500 750 0 250 500 750
Time (fs) Time (fs)

Figure 2.26: Time-dependent polarization (black line) and its envelope (red
line) for a low-power excitation, resulting in one dip of the SHG spectrum,
and b high-power excitation, resulting in two dips of the SHG spectrum. The
rescaled polarization at the SHG frequency (blue line) only has one or two
dips, respectively.

The frequency counterpart of the time-dependent polarization can be
analyzed in order to obtain additional information about spectral phase and

group delay and their relation to Rabi oscillations. Figure 2.27 shows the
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simulated spectrum of a one-dip SHG spectrum in the left column and a two-
dip SHG spectrum, obtained for higher excitation power, in the right column.
The spectral phase ¢ of both polarizations shows one or two jumps at the
energy of the SHG dips, respectively. Consequently, the derivative of the
spectral phase, the group delay % shows one or two dips at corresponding

frequencies.
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Figure 2.27: Spectral analysis of left column low-power-excited SHG spec-
trum with one dip and right column high-power-excited SHG spectrum,
showing two dips. The spectral phase shows one or two phase jumps, cor-
responding to the number of dips. The group delay shows one or two dips,
corresponding to the number of dips in the SHG spectrum. Vertical lines are
guides to the eye indicating the position of the SHG dips.

47



Chapter 2. Theoretical foundations

This analysis provides intuitive understanding of the suppression mech-
anism. Frequency components of the SHG dip are only emitted when low
excitation power is present, i.e., at the early part of the laser, limiting them
to negative group delays. When the power is stronger, in the middle of the
laser pulse, Rabi oscillations take place, suppressing emission of correspond-
ing frequency components. This analysis seems to be quite robust and is
used to rationalize the chirp-dependent SHG dips in section 4.1.1.

The influence of phase jumps on spectral bifurcation is well-known in
literature [212-214]. Here, the spectral phase of the laser can be shaped
in a way that the SHG signal of a nonlinear crystal shows a bifurcation at
desired wavelengths [212]. The spectral phase can also be tailored in a way
that emission of a two-photon allowed transitions is completely suppressed,
as a result of destructive interference between photons with different energy
in one pulse [213]. Phase jumps cannot only be introduced by tailoring the
laser field, but also by the material itself. Therefore, transform-limited pulses
are often not ideal for efficient excitation of certain transitions. Laser pulses
can be tailored, to optimize the nonlinear light-matter interaction [214].

In our experiments, the phase of the laser field remains uninfluenced,
while the unique properties of the excitonic levels in the materials lead to
jumps of the spectral phase, resulting in spectral bifurcation.

Having now established the main theoretical concepts of TMDCs, their
band-edge excitons, high-lying excitons, and the influence of excitonic res-
onances on nonlinear optical processes, the implementation of the optical

experiments will be discussed in the following chapter.
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Measurement techniques

In order to investigate the properties of the materials, various optical mea-
surement techniques are employed. This includes both linear and nonlinear
methods. The linear techniques include PL measurements of the band-edge
states, as well as UPL measurements of s-like HX. The nonlinear techniques
are applied to probe p-like HX. Experiments using a single-laser excitation
are performed to study SHG effects, while FWM and SFG signals are inves-
tigated using two laser excitations with a fixed pulse delay. The techniques
will be described in the following.

All experiments are carried out by focusing the laser onto a TMDC layer
placed inside a cryostat, using an objective integrated into a custom micro-
scope in back-scattering geometry. The emitted light from the sample is
collected by the same objective and directed through a beamsplitter, which
separates the detection path from the excitation path. The detection path
guides the emission into a spectrometer, where it is spectrally dispersed and
recorded by a CCD camera. The power of all lasers is carefully monitored and

controlled. Throughout this thesis, the corresponding pulse fluence is calcu-
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lated and given in parentheses where relevant. Appropriate excitation filters
are used to suppress reflected light from the excitation laser. A schematic

overview of the general setup is shown in fig. 3.1.

[ Laser
[ CCD ISpeotrometer

Figure 3.1: Schematic illustration of the measurement setup. Laser radiation
is directed through a microscope objective onto a sample held in a cryostat
at cryogenic temperatures. The power of each laser is precisely controlled.
The emitted light is collected by the same objective and passes through a
beamsplitter, which separates the excitation path (red) from the emission
path (blue). The emission is filtered to suppress reflected excitation light,
dispersed in a spectrometer, and detected by a CCD camera. This setup is
used for all experiments in this work, with minor modifications as required
for specific measurement techniques.

Power
regulation

Emission Beam-
filter splitter

181S0A1D

The following sections describe the measurement techniques and the ad-

justments to the setup, as required by each technique.

3.1 Photoluminescence spectroscopy

The materials investigated in this work exhibit a direct bandgap in the visible
spectral range, with energies between 1.1€eV and 2.1V and binding energies
on the order of several 100meV [33, 38, 141-144, 153]. For PL excitation,
the photon energy needs to exceed the optical bandgap. Therefore, a CW
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solid-state laser (Coherent Sapphire 488 SF NX) with a fixed wavelength
of 488 nm and a maximum output power of 100 mW is used. Typically the
power used for PL is on the order of 1 pW to 100 pW

Under resonant excitation of the AX, the electron density in the corre-
sponding state can be increased to a level where Auger recombination be-
comes significant. In this non-radiative process, the energy of one electron
is transferred to another, promoting the latter to a higher conduction-band
state. The upconverted electron can then recombine radiatively with a hole
in the valence band, emitting a photon with the energy corresponding to the
higher-lying state. This UPL process is used in this work to investigate s-like
HX.

The most efficient way to induce Auger recombination is by using a CW
laser resonant with the AX. This approach maintains a constant electron
density in the conduction band, in contrast to pulsed excitation, which tends
to enhance exciton-exciton annihilation and thereby suppress the Auger pro-
cess. For the investigation of HX in WSe, and MoSes, a Ti:sapphire CW
laser (Sirah Matisse CR) with a tuning range of 680 nm to 1020nm and a
maximum power of 2W is used. To investigate the temporal dynamics of
the s-like HX using a streak camera, pulsed excitation is required. For this
purpose, a Coherent Chameleon Ultra II laser is employed, offering a tuning
range from 680 nm to 1080 nm and a maximum output power of 4 W. The
laser delivers pulses with a duration of 140 fs at a repetition rate of 80 MHz.
Typically, the power used for UPL is on the order of 100 pW to 3 mW.

3.2 Second-harmonic generation

To efficiently generate SHG signals, a sufficiently large electric field is re-
quired, which can be achieved using pulsed lasers with high peak power. In
this work, SHG is investigated under resonant excitation of excitonic tran-

sitions, which imposes specific requirements on the excitation wavelength.
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For this purpose, a Spectra-Physics MaiTai BB laser is employed, delivering
pulses with a duration of 80fs at a repetition rate of 80 MHz. The laser pro-
vides a spectral tuning range from 710 nm to 990 nm and a maximum output
power of 1.5 W. To extend the accessible excitation range, the Coherent
Chameleon Ultra II is used to pump an optical parametric oscillator (OPO)
(APE OPO-X fs), enabling wavelength coverage from 505 nm to 730 nm, at
a repetition rate of 80 MHz. This extended range allows resonant access to
a broader set of excitonic transitions in the investigated materials. Usually
powers between 500 pW (200 pJ cm™2) and 3mW (1200 pJ cm™2) are used for

SHG measurements.

3.3 Pump probe experiments with two-laser

excitation

In this work, the nonlinear response of the material under illumination with
two intense laser pulses is investigated. We measure the delay-time-dependent
SFG and FWM signals. One laser frequency is in or close to resonance with
real excitonic transitions. For this experiment, the Chameleon and the OPO
are used, as they emit synchronized radiation. The temporal delay is adjusted
by a mechanical delay line.

In order to guide radiation from two different laser sources onto the same
optical path way, a 50:50 beamsplitter is used. This reduces the power of
each laser by half, which is generally no problem in the given configuration.
Furthermore, we use the residual radiation from the beamsplitter to employ
a novel technique, to determine the temporal overlap of the two laser pulses
with high precision during the experiment, limiting errors introduced by in-
stabilities in the setup. The fraction of both lasers that is not exciting the
sample is guided onto a beta barium oxide (BBO) crystal, widely used in non-
linear wave-mixing applications due to its high nonlinear coefficients [215],

and set to the phase-matching condition of the SFG signal of the two laser
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beams. The generated SFG signal is detected with a photodiode. With a
bandgap exceeding 6 eV, BBO is a suitable candidate for non-resonant SHG
studies in the red and near-infrared spectral range [145]. As parametric non-
linear processes are highly dependent on the intensity of the exciting lasers,
the SFG signal reaches maximum if the two laser pulses overlap temporally.

To find the zero delay time of both lasers we place a second BBO in
the cryostat, next to the sample. To achieve phase-matching conditions over
a broad range of fundamental wavelengths without rotating the crystal, a
thin BBO plate, cut at 29.2° with thickness of 100 pm, is employed, making
conversion efficiency insensitive to wavelengths. The SFG signal of the two
lasers, generated in the BBO, is detected by the spectrometer. We compare
the time-dependent intensity of the SFG signal for both BBO crystals in

order to calibrate the setup for every wavelength combination used.

3.4 Technical implementation

In this section, the technical implementation of the general setup shown in
fig. 3.1 is described. The investigated samples are mounted in a continuous-
helium-flow cryostat (Janis, ST-500 or Cryovac, Konti Micro), which can be
operated at temperatures from 4 K to 300 K. The cryostat is mounted on an
zy-stage. The lasers are focused onto the sample by an objective (OLYMPUS
LUCPLFLN 40X/0.6) mounted on a z-stage. The emitted light is collected
by the same objective and passes through a non-polarizing 50:50 beamsplit-
ter (Thorlabs BSW26R). The light then passes through a filter to block the
excitation light. Several filters are used depending on the requirements of
the different experiments. This includes, in particular, a Semrock RE 488
LP for PL measurements and a Semrock FF01-680/SP25 for UPL and non-
linear wave-mixing experiments. The signal is then focused into a spectrom-
eter (Princeton Instruments Acton SP2300) with a rotatable grating turret
equipped with gratings of 150 — 600 ﬁ, and 1200 . The spectrum is de-

1 1
m m
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tected by a CCD camera (Princeton Instruments PIXIS 100). To investigate
the temporal dynamics of the s-like HX, a Hamamatsu Universal Streak Cam-
era with time resolution of approximately 5 ps is used instead of the CCD.
The power of the lasers is measured by a photodiode (Thorlabs S120VC')
and controlled by a power-regulation based on a computer-controlled neutral
density filter wheel (Thorlabs NDC-100C-4). Imaging of the sample inside
the cryostat is achieved by replacing the spectrometer with a CMOS camera
(Hamamatsu ORCA-Flash/.0), allowing for easy sample navigation and laser
focusing. When passing through optical media, the pulsed lasers acquire
chirp. To compensate for this, a prism compressor is used.

The aforementioned devices will be explained in detail in the following

sections.

3.4.1 Streak camera

In order to investigate the temporal dynamics of the emitted signals, the
CCD camera is replaced by a universal streak camera. The emitted photons
are first dispersed in a grating spectrometer and then directed onto a pho-
tocathode, which emits electrons when hit by photons. These electrons are
accelerated and pass through a streak tube, containing a pair of deflection
plates. The AC electric field is varied sinusoidally in synchronisation with
the repetition rate of the laser. Consequently, electrons arriving earlier expe-
rience a smaller electric field strength than those arriving later. This results
in a spatial deflection of the electrons depending on their time of emission.
The electrons are subsequently collected on a phosphor screen at the end of
the streak tube, generating radiation that is recorded by a sCMOS camera

and thereby providing both temporal and spectral information.
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3.4.2 Titanium-sapphire laser

Since its discovery as a vibronic laser material in 1982, titanium-doped sap-
phire (Ti:Sa) has become the workhorse of near-infrared laser spectroscopy.
Owing to its broad absorption peak around 500nm, it can be efficiently
pumped in the green spectral range using high-intensity argon-ion lasers or
frequency-doubled neodymium-doped yttrium aluminum garnet (Nd:YAG)
lasers [216]. Ti:Sa exhibits a broad emission spectrum spanning from 650 nm
to 1100 nm, enabling the generation of laser light in both the red and near-
infrared regions. Through mode-locking, a fixed phase relationship between
the longitudinal cavity modes is established, resulting in the formation of
ultrashort pulses in the time domain. In Ti:Sa lasers, this is most commonly
achieved via Kerr-lens mode locking, where the intensity-dependent refrac-
tive index of the gain medium acts as an ultrafast saturable absorber. This
allows the generation of pulsed laser radiation with typical repetition rates
in the range of 70 MHz to 90 MHz and pulse durations from 10fs to 10 ps.
By incorporating wavelength-selective elements such as birefringent filters or
etalons, the spectral bandwidth can be narrowed, enabling CW laser opera-

tion.

3.4.3 Optical parametric oscillator

An optical parametric oscillator (OPO) uses a nonlinear crystal to convert
the energy of a pump laser into light at different frequencies. In our case, the
high-energy pump wave w,, generated by the Chameleon laser, is directed
into a nonlinear crystal, where it is converted into two lower-energy output
waves, the idler w; and the signal ws. The sum of the energies of the idler

and signal waves is equal to the pump energy:

husy = hw; + hw, (3.1)
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The photons circulate within an optical cavity. For efficient energy transfer,
the waves must conserve momentum and remain in phase over each round

trip, known as the phase-matching condition:
NpWp = NiW; + NgWs (3.2)

Since the refractive index n generally varies with wavelength, fulfilling this
condition is challenging. Here, the birefringent properties of crystals come
into play, as differently polarized beams exhibit different refractive indices.
In principle, this could allow complete conversion of the pump beam into
signal and idler beams, which is never achieved in practice.

The system used in this work, the APE OPO-X fs, employs a technique
known as periodic poling. A periodically poled crystal begins as a bulk
crystal in which alternating regions are poled in opposite directions. This
is achieved by applying a high electric field to selected regions. The stripe
width is precisely controlled, such that the pump beam’s phase is shifted by
180° in one stripe and then reversed in the next, bringing it back into phase
with the signal or idler beam. This creates a quasi-phase-matching condition.
In our system, the crystal’s stripe periodicity is continuously varied, enabling
phase matching over a spectral range of several hundred nanometers.

Additionally, the pump and signal pulses must overlap temporally within
the nonlinear crystal, to obtain optimal conversion efficiency. This is achieved
by introducing a heavy flint glass element into the cavity, allowing indepen-
dent adjustment of the optical path length for each wavelength.

Once the signal beam is generated, an intracavity SHG stage is used
to produce its second-harmonic in an additional nonlinear crystal. Phase
matching in this stage is achieved by adjusting both the temperature and
the rotation of the crystal.
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3.4. Technical implementation

3.4.4 Setup modifications for ultraviolet detection

To reduce surface reflections and enhance the performance of optical elements,
special coatings are applied to their surfaces. Together with the choice of op-
tical material, these coatings define the usable spectral range of each element.
This limitation becomes particularly relevant in the present work when inves-
tigating the SHG signal of sulfur-based TMDCs under resonant excitation of
their AX.

Components through which both the fundamental and second-harmonic
radiation must pass simultaneously are especially critical and, in several cases,
require replacement. The transmissive objective is replaced with a reflecting
objective (Beck Optronics Solutions 5004 ) offering a magnification of 36 and
a numerical aperture of 0.5. The beamsplitter, separating the excitation and
detection paths, is substituted with a D-shaped mirror (Thorlabs PFDO05-
03-P01). For emission filtering, a colored-glass bandpass filter (Thorlabs
FGUV11) is employed.

3.4.5 Controlling chirp with a prism compressor

Due to the uncertainty principle, limiting a signal in time requires it to be
spread in frequency. If all frequency components are in phase, the pulse
is transform-limited. However, when traveling through optical dense me-
dia, the frequency components experience different phase delays due to the
wavelength-dependent refractive index of the medium, resulting in a chirped
pulse. For common substrates used in optical components, such as fused sil-
ica, longer wavelengths travel faster through the medium, leading to positive
group delay dispersion (GDD), also referred to as glass-like chirp. Chirp is
often an unwanted feature, as it broadens the pulse in time and reduces its
peak power. Furthermore, a non-transform-limited pulse can behave in a
complex manner, leaving the pulse structure uncontrolled. However, chirp

can be used to amplify high-intensity laser pulses by chirped pulse amplifi-
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cation [217]. In general, it is important to control the chirp of pulsed laser
sources. This can be achieved using optical elements that introduce negative
GDD, such as chirped mirrors, or setups consisting of dispersive elements
like gratings or prisms.

In this work, we demonstrate that chirp can serve as an interesting tuning
parameter to investigate material properties. Several setups to control the
chirp can be used. Here, we modify a common setup, consisting of four

prisms, which is seen in fig. 3.2.

P2 P3
P1 P4

e g

Figure 3.2: Schematic setup of a four-prism arrangement to control chirp.
The laser travels from left to right through 4 prisms (P1 to P4). The distance
between P1 and P2 is adjusted to control the chirp.

As an ultrafast laser, consisting of a broad range of frequency components,
passes through the first prism (P1), the different frequency components are
dispersed. This causes them to travel different path lengths between P1 and
P2, resulting in different points of incidence on P2. The specific arrangement
of the prisms leads to shorter path lengths for lower-frequency components,
producing positive, glass-like chirp. Two competing processes in P2 are used
to adjust the chirp. The lower-frequency components of the laser pulse travel
a longer distance through the optically dense medium but move faster due
to their lower refractive index. Depending on the optical path length, they
can either gain or lose phase relative to the higher-frequency components.
The optical path length is adjusted by changing the point of incidence on P2,
which is controlled by varying the distance between P1 and P2. Prisms P3
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3.4. Technical implementation

and P4 are used to compensate for dispersion and to spatially recombine the
frequency components. P3 introduces the same amount of chirp as P2.

As it is challenging in practice to construct the setup so that the action
of P1 and P2 is completely reversed by P3 and P4, the arrangement is of-
ten simplified by replacing P3 and P4 with a mirror folding the beam back
through P2 and P1. This modification also reduces the spatial requirements
and the need for expensive components. In this work, the setup is further

reduced to a one-prism arrangement, as shown in fig. 3.3.

Figure 3.3: Schematic setup of a one-prism arrangement to control the chirp.
The direction of beam propagation is indicated by arrows along the red line.
The laser pulse passes through the prism four times, with horizontal and
vertical displacements achieved by two roof mirrors. The different optical
paths of the incoming and outgoing beams make it straightforward to sepa-
rate them for further use.

The physical working principle of the one-prism setup is comparable to
that of the four-prism setup. The laser passes through the prism four times.
First at the apex on the upper side of the prism. Then, after horizontal
displacement by a half mirror, a second time at the back side on the upper
section. Next, after vertical displacement by a second roof mirror, a third
time at the back side on the lower section and finally, after horizontal dis-
placement by the first roof mirror, a fourth time at the apex on the lower

side of the prism. The compensated beam exits at a lower height, allowing
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it to be guided into the setup. The chirp is easily adjusted by changing the
distance between the prism and the first roof mirror.

We use a prism made of highly dispersive material ( Thorlabs AFS-SF1/)
and silver-coated roof mirrors (Thorlabs GRS1015-P01). The maximum dis-
tance between the prism and the roof mirror is 50 cm.

To characterize the setup, we perform autocorrelation measurements of
the MaiTai laser at 726 nm using an industrial autocorrelator (A PE Pulsecheck).
The autocorrelation signals for two representative positions are shown in
fig. 3.4. One should note that the FWHM of the Gaussian autocorrelation
signal is larger than the actual pulse duration A7 by a factor of /2 [218].

First, we determine the transform-limited pulse duration of the laser. The

8
8,000 |i| ar= Ofs? Az =

fs2 279 fs 83 fs

Autocorrelation
intensity (a.u.)

—

300 0 300 -300 0 300
Delay time (fs)

Figure 3.4: Autocorrelation signal of the MaiTai laser at 726 nm for two
different distances between the prism and the roof mirror. The signal on the
left corresponds to a distance of 300 mm, showing a broadened pulse with
8000 fs*> GDD. The signal on the right corresponds to a distance of 140 mm,
showing a transform-limited pulse with 0fs> GDD.

lowest measured value of 83 fs is obtained at a distance of 140 mm between
the roof mirror and the prism. For transform-limited Gaussian-shaped laser
pulses, the time-bandwidth product (TBP), defined as the product of the
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FWHM of the pulse duration A7 and spectral FWHM Av, is constant [218]:

2log 2
™

TBP = AvAT =

= 0.441 (3.3)

We measure the spectral width of the laser in wavelength and convert it to

frequency for a fixed center wavelength A using:

cA)

A=

(3.4)

In our experiment, the measured spectral width of the laser is AXA = 9.7nm at
center wavelength 726 nm, which corresponds to the transform-limited pulse
duration A7 = 83fs, which confirms the specified value of the laser system.
We measure the pulse duration of the laser at various distances between
the prism and the roof mirror. The magnitude of the chirp, referred to group-

delay dispersion (GDD), is calculated using the following formula [219] as:

1 TBP-A7\> /TBP\*
GDD_4log2\l< Av ) _< Av ) ' (3:5)

One can compute that the unit of the GDD is fs?. From the physics of a

prism compressor, as discussed earlier, one can assume that positive GDD
is introduced for shorter distances, while negative GDD occurs at larger
distances.

It can be shown that the GDD varies linearly with the distance between
the prism and the roof mirror [220], which can be seen in fig. 3.5. Our
setup can introduce GDD values ranging from 8000fs? to —13 000 fs®>. The
asymmetry in the achievable GDD range originates from spatial constraints

in the setup.
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0 100 200 300
Distance (mm)

Figure 3.5: GDD of the chirp-control-setup as a function of the distance
between the prism and the first roof mirror. The transform-limited pulse
duration is obtained at 140 mm. GDD is positive for distances below 140 mm
and negative for distances above 140 mm. A linear fit is shown in red.

The chirp-controlling prism arrangement is employed in two parts of this
work: in section 4.1.1, to investigate the influence of chirp on the quantum
interference of SHG signals, and in section 4.2.1, to minimize chirp and obtain
transform-limited pulses for studying the temporal dynamics of HX.

With this fundamental understanding of the optical measurement tech-
niques, and their technical implementations, the key experimental findings

of this work will be presented in the following chapters.
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CHAPTER 4

Experimental results

The conducted experiments in this thesis can be divided into two parts. The
first part addresses the energetic landscape of HXs. We investigate the lifted
degeneracy of the three-level system in WSey using nonlinear spectroscopy
under chirped-laser excitation. Furthermore, we explore HX species in mono-
layers TMDCs, including WSy, MoSs, MoSe; and MoTe,. For this, we employ
linear spectroscopy techniques such as UPL, as well as nonlinear techniques
like SHG and the analysis of the corresponding power-law exponent.

The second part focuses on the temporal dynamics of HX. We use delay-
time-dependent two-laser experiments to determine the lifetime of p-like HX
in WSe, by SFG and FWM. Finally, we study the temporal dynamics of s-like

HX in WSe,, generated by UPL by means of streak camera measurements.
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Chapter 4. Experimental results

4.1 Mapping of high-lying excitonic energy
levels

A characteristic feature of HX in WSe; is the presence of a three-level system,
comprising the ground state, the AX, and the p-like HX [190]. An s-like
HX has also been reported [201, 202]. This chapter examines the physical
consequences of the three-level system and demonstrates that the occurrence

of HX species is a general phenomenon in semiconducting TMDCs.

4.1.1 Chirp-dependent bifurcation of second-harmonic

generation signal

The energy of the p-like HX can be determined by measuring the energetic
position of a dip observed in SHG measurements when excited at half the
energy of the HX. It turns out that the three-level system in monolayer WSe,
is not completely degenerate: The energy separation between the ground
state and the AX, Fi,, is slightly larger than the separation between AX and
HX, E53. We define the energy offset as

AE == E12 - E23 - 2E12 - E13. (41)

In the case of our hBN-encapsulated monolayer WSe,, the offset is 36 meV,
which is comparable to previously reported values [202]. The spectral FWHM
of a Gaussian-shaped 80 fs pulse with a central energy at 1.708 eV is 23 meV,
on the same order of magnitude as the offset. This makes it promising to
investigate effects arising from the reordering of spectral components within
the pulse on the SHG resonance dip.

To ensure that chirping the laser does not induce unwanted effects to
the spectrum, we first conduct control measurements on the well-known non-
linear material BBO. We measure the SHG signal from the BBO crystal at
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4.1. Mapping of high-lying excitonic energy levels

a fixed excitation energy of F.. = 1.708eV and excitation power of 1 mW
(400 cm—?) for different chirp values. The normalized SHG response is
presented in fig. 4.1. As expected for non-resonant SHG, the spectral profile
remains unaffected by chirp. However, the signal-to-noise ratio decreases at
large absolute chirp values, which can be attributed to the reduction in peak
intensity for chirped pulses. The interference fringes observed in the SHG

signal arise from reflections at the surfaces of the thin BBO crystal.

N
o

3.37 342 3.47
SHG emission energy (eV)

Figure 4.1: Chirp-dependent normalized SHG signal from a BBO crys-
tal at a fixed excitation energy of 1.708eV and excitation power of 1 mW
(400 nJ em™2). The SHG response is unaffected by the chirp. The interfer-
ence fringes arise from reflections at the surfaces of the thin BBO crystal.

A measurement with identical experimental parameters is subsequently
performed on a WSey; monolayer, encapsulated in hBN at cryogenic temper-
atures. The chirp-dependent normalized SHG signal at a fixed excitation
energy of Fe. = 1.708¢V and excitation power of 1mW (4001J cm™2) is
shown in fig. 4.2. At 0fs®, the signal exhibits the well-known anticrossing
feature associated with two-photon resonant excitation of E5 [190, 202]. This
anticrossing feature persists for positive chirp values up to 6000 fs>. For neg-

ative chirp values below —3000 fs* a second dip emerges on the high-energy
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side of the spectrum. When the chirp is reduced beyond —7000 fs?, the mid-
dle branch of the signal diminishes in intensity, while the other branches

become dominant.

(‘wuou) Aysusyul OHS

3.37 3.42 3.47
SHG emission energy (eV)

Figure 4.2: Chirp-dependent normalized SHG signal from a WSe; monolayer
at a temperature of 5 K,a fixed excitation energy of 1.708 eV and excitation
power of 1 mW (400 11J cm~2). The SHG response varies with the chirp value.
The well-known anticrossing feature at 0 fs® is clearly visible and remains un-
changed for positive chirp values. For negative chirp values below —3000 fs?,
a second dip occurs on the high-energy side of the spectrum. At values below
—7000 fs?, the middle branch decreases in intensity, while the other branches
dominate the signal.

Clearly, the chirp of the resonant excitation laser field influences the SHG
response of the WSe,; monolayer.

To further examine the influence of chirp on the three-level system, we
perform excitation-energy-dependent measurements of the SHG signal for
various chirp values: The center photon energy of the laser, corresponding to
the y-axis, is varied from 1.687eV to 1.729 eV, while the excitation power is
held constant at 1 mW (400 nJ cm~2). The x-axis corresponds to the detected
photon energy, where a single measurement results in an emission spectrum

plotted against the bottom axis. Measurements are conducted for chirp val-
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4.1. Mapping of high-lying excitonic energy levels

ues of —8000 fs?, —4500 fs?, 0fs?, 4500 fs?, and 8000 fs*>. The resulting data,

normalized to the maximum of the SHG signal, are presented in fig. 4.3. As

, -4,500f32‘ 0 fs2 , 4500fs2I 8,000 fs I

/ SHG
N 1

340 348 340 348 340 3.48 340 3.48 340 3.48
SHG emission energy (eV)

Figure 4.3: Excitation-energy-dependent normalized SHG signal from mono-
layer WSe, for different chirp values of the laser pulse, ranging from —8000 fs?
(left) to 8000 fs® (right). The characteristic anticrossing dip is dependent on
the chirp of the excitation pulse.

expected, all graphs exhibit a standard Gaussian-shaped SHG signal at high
and low excitation-energies, consistent with non-resonant excitation of the
system. At 0fs? chirp, the signal displays the well-known anticrossing feature,
indicating the two-photon resonance of the third state |3). Experimentally,
the number of dips increases with decreasing chirp value. At —4500 fs?, a sec-
ond dip emerges on the high-energy side of the spectrum, while the energy of
the first dip remains constant. This second dip becomes more pronounced at
—8000fs®. In contrast, positive chirp values only slightly modify the signal:
at 4500 fs? a single dip is observed, which is also present at 8000 fs*. Here, the
signal exhibits slight modulation, which could be attributed to a reduction
of peak intensity of the laser pulse.

To further validate these experimental findings, we perform density-matrix
calculations as described in section 2.3. We simulate the SHG signal for differ-
ent central energies of a Gaussian-shaped electric field, incorporating chirp
into the pulse to match experimental conditions. The resulting simulated
data, shown in fig. 4.4, presents the normalized intensity at the SHG sig-
nal energy as a function of the central excitation energy for chirp values of
—8000fs®, —4500fs*, 0fs®, 4500fs®, and 8000fs”. The simulated data show
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Figure 4.4: Simulation of quantum-interference effects in the SHG signal
for various chirped excitation fields using a density-matrix formalism. The
normalized SHG intensity is shown as a function of emitted photon energy
and central excitation energy for chirp values ranging from —8000 fs? (left)
to 8000 fs* (right). For unchirped and positively chirped excitation, only one
anticrossing feature is present, whereas a second interference dip emerges for
a negatively-chirped pulse, in good agreement with the experimental data.

similar features as the experimental results. At 0fs?, the anticrossing feature
is observed, indicating a single Rabi oscillation between the second state |2)
and the third state |3). For negative chirp values of —4500fs?, a second dip
appears, becoming more pronounced at —8000fs®. In contrast, signals at
4500 fs*> and 8000 fs* exhibit only a single dip.

The simulation also shows differences compared with the experiment re-
sults: the energies of the dips are not constant. These energy-shifts could be
attributed to AC-Stark effects of the laser field, which could be reasonable
for high-power excitation of resonances, but seem to be underrepresented in
the experimental results.

Density-matrix simulations in previous studies have shown that a dip in
the SHG signal can be attributed to a Rabi oscillation between states |2) and
|3), with the number of dips corresponding to the number of Rabi oscillations.
This can be achieved by either increasing the temporal pulse width or the
electric field strength [190]. To explain the asymmetry with respect to the
sign of the chirp values, we consider the spectral shape of the electric-field

pulse and compare it with the simplified band structure of the underlying
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three-level system. The corresponding schematic is shown in fig. 4.5.

a b
GDD negative

GDD positive E,

Figure 4.5: Simplified band structure of the three-level system in monolayer
WSe,. a For excitation with a negatively chirped pulse, the second state |2)
is populated during the initial part of the femtosecond pulse, leaving suffi-
cient time to induce two Rabi oscillation between |2) and |3). b In contrast,
in a positively chirped pulse, the low-energy photons arriving first are of in-
sufficient energy to populate |2). Only the later, higher-energy photons can
drive the transition, and the remaining pulse duration permits only a single
Rabi oscillation.

In the schematic, the two Gaussian-shaped electric-field pulses provide a
simplified depiction of chirped laser pulses. The pulse in panel a represents
a negative chirp, where high-energy photons (indicated in green) arrive first
at the material. Lower-energy photons (indicated in red) arrive later. The
high-energy photons are sufficient to populate the second state |2) during
the initial part of the pulse. Due to the lifted degeneracy in the system, the
low-energy photons can then drive Rabi oscillations between |2) and |3). As
the chirp stretches the pulse in time, sufficient time after the high-energy
photons allows for two Rabi oscillations between these states.

A positively-chirped pulse, drawn in panel b exhibits the opposite behav-
ior. Low-energy photons (indicated in red) arrive first at the material, while
high-energy photons (indicated in green) arrive later. The energy of the low-
energy photons is insufficient to populate the second state |2). Only the
later-arriving high-energy photons can drive the transition, leaving a pulse

duration that permits only a single Rabi oscillation.
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This explanation is supported by analyzing the time- and frequency-
dependent polarization, obtained by density-matrix simulation, as shown

in fig. 4.6. The time-dependent polarization for both negative and positive
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Figure 4.6: Analysis of the temporal polarization, calculated for top row
negative chirp and bottom row positive chirp. The time-dependent po-
larization shows complex behavior, with many nodes. The Fourier-filtered
polarization at the SHG frequency shows only two nodes or one node for
negative or positive chirp, respectively. The analysis of the spectral phase
and group delay of the frequency-dependent polarization reveals two jumps
in the spectral phase or two dips in the group delay for negative chirp, indi-
cating two Rabi oscillations. For positive chirp, signatures of only one Rabi
oscillation are visible. The global curvature of the spectral phase results from
the chirped excitation.

chirped laser fields shows a complex oscillatory behavior. The Fourier-filtered

polarization at the SHG frequency reveals two prominent oscillations for neg-
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ative chirps, while positive GDD results only in one oscillation. Comparable
behavior can be seen in the spectral phase and group delay of the SHG signal.
Negative chirp results in two spectral phase jumps and two dips in the group
delay. A positive chirp reveals only one jump and one dip in the group delay.
The spectral phase shows a curvature on larger frequency scales as a result
of the chirped excitation.

In this experiment, we demonstrated that chirp is a powerful tool for
probing the offset of the energetic landscape of HXs in monolayer WSe,.
We perform density-matrix calculations that rationalize our experimental
findings. Further insight is gained by analyzing the simulated polarization,
justifying the assignment of Rabi oscillations, responsible for quantum inter-
ference dips.

A logical follow-up experiment would be the investigation of a negatively
detuned system, where the energy difference between state |1) and state |2)
is smaller than the energy difference between |2) and |3). In such a case, one
expects a second dip in the SHG signal to appear for positive chirp values.
However, materials exhibiting negative offset, such as monolayer MoSe; or

WS,, do not display a split SHG signal, as we demonstrate in section 4.1.2.

4.1.2 High-lying excitons in different semiconducting

transition metal dichalcogenides

As noted earlier, most publications on HX have focused on WSes, with only
limited studies extending to MoSe,. However, the general similarities in the
band structures of monolayer semiconducting TMDCs such as WSy, MoS,,
and MoTe, suggest that their energetic landscapes of HX should be compa-
rable to that of WSe,, making them suitable candidates in the search for
signatures of these states.

In this chapter, we present the results of our investigation of HX in mono-
layers of WSy, MoSy, MoTe,y, and MoSe,. For this, monolayers are mechani-

cally exfoliated from bulk crystals in the 2H phase, bought from HG graphene
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and encapsulated in hBN to enhance optical properties. PL spectra of the
band-edge excitons are provided to characterize the samples. UPL signals,
obtained under resonant excitation of the AX, are presented to probe the
s-like HX. SHG measurements are shown to identify potential anticrossing
features indicative of p-like HX. In addition, the power-law exponent of the
SHG signal is determined, as it is known to be a robust indicator of excitonic
resonances [190].

It should be noted that not all measurements could be performed under
optimal conditions, as the range of accessible excitation wavelengths was

limited by the available laser sources.

MoSe,

First, we investigate the energetic landscape of a monolayer MoSe, at a
temperature of 5 K. The sample is characterized by PL, UPL, and nonlinear
optical measurements, as shown in fig. 4.7. The doping-resolved PL spectrum,
obtained by excitation with a cw laser at 488 nm, an excitation power of
100 nW and integration time of 1s, confirms the AX at 1.646 eV, the negative
trion at 1.616 eV, and the positive trion at 1.621¢eV.

The UPL spectrum, obtained under resonant excitation of the AX with a
cw laser at 1.645 eV, excitation power of 1 mW (400 nJ cm~2) and integration
time of 250 s, reveals an s-like HX at 3.24 eV and a SHG signal of the incident
laser. The small but consistent red shift for PL. and UPL results, compared
to published values, is likely due to sample-specific variations, like strain or
defects. Previous studies have also reported high-lying trions in this material
[181].

In order to investigate the excitation-energy dependence of the SHG close
to excitonic resonances, the sample is excited by a pulsed laser with 80 MHz
repetition rate, 80 fs pulse width and center frequencies ranging from 1.57 eV
to 1.7eV with increments of roughly 2meV. The power is held constant
at 400pW (160 pJ cm™2), each spectrum is integrated for 1s. The obtained
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Figure 4.7: Optical spectroscopy results of monolayer MoSe, at 5 K. a PL
measurements reveal the AX at 1.646 eV, a negative trion at 1.616eV, and a
positive trion at 1.621eV. The applied gate voltage in this dual gated device,
influencing the electrostatic doping of the system, is shown. b The UPL
spectrum shows an s-like HX at 3.24eV. The peak at 3.29¢eV corresponds to
SHG of the laser. ¢ The normalized excitation-energy-dependent SHG signal
shows no anticrossing feature, indicating a negative offset of the three-level
system. d The power-law exponent of the SHG signal indicates the AX at
1.65eV and the p-like HX at 3.35eV. Error bars originate from the fitting
procedure.
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SHG signals show no anticrossing feature, which can be attributed to a larger
energy separation between |2) and |3) than between |1) and |2), resulting in
a negative offset that does not satisfy the resonance condition required for
SHG splitting, confirming already published results [202].

Next, the power-law exponent of the SHG signal is investigated. For
this, the sample is excited with energies ranging from 1.63¢eV to 1.7eV with
increments of roughly 2meV, while the power is varied with ten logarithmic
spaced values between 500 W (200 pJ em™2) and 5mW (2000 1J cem™2) for
1s, each. The resulting power-law exponent shows a non-trivial behavior:
The AX appears as a dip at 1.65eV, consistent with the PL results. An
enhanced exponent is observed near 1.69 eV, exceeding the trivial value of 2,
and crosses 2 at 1.675eV. As discussed in section 2.5, this behavior indicates
the presence of HX level at 3.35€eV, in agreement with the hypothesis of a
negative offset. The offset is calculated as AE = —50meV.

MoTe,

Next, we investigate the optical properties of monolayer MoTes;. PL and
SHG power-law exponent measurements, shown in fig. 4.8 were conducted
at 5 K. PL measurements are performed by exciting the monolayer with
a cw laser at 488 nm at an excitation power of 500 pW for an integration
time of 60s. Following assignments in literature, the measurements reveal a
trion at 1.158eV and the AX at 1.184eV [221]. The emission-energy is at
the edge of the detection range of our spectrometer, resulting in a reduced
signal-to-noise ratio, which could be improved by even longer integration
times. The power-law exponent, obtained from a different sample, indicates
the bleached AX transition at 1.18eV and a dispersive feature, indicating
the p-like HX at 2.38eV. No s-like HX could be observed, due to lacking of
suitable laser radiation. The excitation-energy-dependent SHG signal shows
no anticrossing features. This is conclusive for a negative offset of AE =
—20 meV.
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Figure 4.8: Optical spectroscopy results of monolayer MoTe, at 5K. a The
PL spectrum shows two distinct peaks. The emission at 1.184 eV is attributed
to the AX. A trion is measured at 1.158 eV [221]. b The power-law exponent
of the SHG signal reveals an AX at 1.18eV and an HX energy of 2.38¢eV.

WS,

We now investigate a monolayer of WS, at 5 K. The PL spectrum of the AX,
the UPL spectrum of HX, the power-law exponent of the SHG signal, and
the excitation-energy dependence of the SHG signal are shown in fig. 4.9.

The PL spectrum, obtained under excitation with 488 nm at an excitation
power of 5uW for an integration time of 60s, identifies the AX at 2.06 eV,
along with lower-energy peaks, which we assign to many-body complexes
such as trions. Under resonant excitation of the AX with a cw laser, at
excitation energy of 2.06 eV, excitation power of 16 pW and 60 s integration
time, UPL is observed. In addition to the SHG peak of the laser, a distinct
signal at 4.039eV is measured, which we assign to an s-like HX. A weaker
peak at slightly lower energy could correspond to a high-lying trion. However,
due to the absence of charge-carrier density tuning in this ungated sample,
this assignment remains speculative.

Next, the excitation-energy dependence of the SHG is investigated with
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an OPO, producing laser pulses with 140 fs pulse width at 80 MHz repetition

rate and center excitation photon energies ranging from 2eV to 2.1eV with
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Figure 4.9: Optical spectroscopy results of monolayer WS, at 5 K. a The PL
spectrum shows the AX at 2.06eV and several many-body species at lower
energies. b The UPL spectrum reveals an s-like HX at 4.026eV. A second
peak at slightly lower energy may correspond to a high-lying trion. The
SHG of the laser appears at 4.14eV. ¢ The normalized excitation-energy-

dependent SHG signal shows no anticrossing features.

d The power-law

exponent of the SHG signal displays dips at 2.07eV and 2.04 eV, attributed
to the neutral AX and positive AX™, respectively. A crossing of the trivial
exponent value of two suggests the presence of a p-like HX at 4.26€eV.
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4.1. Mapping of high-lying excitonic energy levels

a spacing of roughly 3meV. The excitation power is kept constant at 2mW
(800 1J cm™2) and spectra are integrated for 30s. No anticrossing features
are measured, indicating that the resonance condition is not satisfied. This
is also supported by the power-law exponent, obtained by analysing the SHG
signals generated by the sample by varying the excitation power from 800 pW
(320 J em™?) to 3.2mW (1270 nJ em~2) and back to 800 pW (320 11J cm™—2)
in four logarithmically spaced steps for 1s at excitation energies ranging
from 1.968 eV to 2.157 ¢V with increments of roughly 3meV. The power-law
exponent shows a non-trivial behavior, exhibiting two dips and one increase
above the value of 2. The dip at 2.07 eV is assigned to the AX. The second dip
at 2.04 eV is assigned to a trion species that has a sufficiently large oscillator
strength due to intrinsic doping of the sample. The increase of the power-law
exponent to a value of almost 3, visible at 2.15 eV, indicates the presence of a
p-like HX at an energy of 4.26 V. The offset of the corresponding three-level
system is calculated as AE = —120meV, confirming a negative offset that

prevents the quantum interference responsible for SHG dips.

M082

Finally, we examine the optical properties of a monolayer MoS, at 5 K which
are summarized in fig. 4.10, including the PL spectrum, the excitation-energy
dependence of the SHG, and the SHG power-law exponent, obtained at 5 K.
Due to the limited tuning range of the available laser sources, no s-like HX
could be accessed by means of resonant upconversion in this sample. PL
measurements are performed, using a cw laser at 488 nm with an excitation
power of 200 pW for an integration time of 10s. The AX is measured at
1.939 eV, with no clear signatures of trions in this ungated sample. The lower-
energy PL emission is consistent with recombination from defect-trapped
excitons, reported in literature [160].

To probe the p-like HX, we investigate the excitation-energy dependence
of the SHG signal with the OPO, producing laser pulses with 140fs pulse
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Figure 4.10: Spectroscopy results of monolayer MoS, at 5 K. a PL spectrum
showing the AX at 1.939¢eV. The lower-energy emission arises from defect-
trapped excitons [160]. b Excitation-energy-dependence of the normalized
SHG signal. A pronounced anticrossing appears at 1.923 eV, indicating a two-
photon resonance with the third state F3. ¢ SHG spectra for three excitation
energies around the anticrossing feature, revealing a dip at 3.846eV. d Power-
law exponent of the SHG signal, showing features consistent with excitonic
resonances at 1.925eV and 3.831¢eV, as discussed in section 2.5.

width at 80 MHz repetition rate and center excitation-photon energies rang-

ing from 1.88¢eV to 1.97eV with increments of roughly 3meV. The excita-
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4.1. Mapping of high-lying excitonic energy levels

tion power is held constant at 2mW (800 pJcm™2), and each spectrum is
integrated for 120s. Remarkably, the resulting spectra, normalized to the
maximum of the SHG signal, exhibits a pronounced anticrossing at 3.846 ¢V.
Analysis of single line spectra for three different center excitation-photon en-
ergies, shows that the dip is at a constant energy and the spectral weigthing
of the two branches depends on the position of the SHG signature. This
characteristics is comparable to the SHG dip observed in WSe, [190, 200,
202].

Finally, the power-law exponent of the SHG signal is investigated. The
sample is excited with energies ranging from 1.89eV to 1.97eV with incre-
ments of roughly 3 meV, while the power is varied with six logarithmic spaced
values between 600 nW (340 11J cm=2) and 2.8 mW (1110 pJ em™2) for 100,
each. In the resulting spectra, the AX manifests as a dip at 1.925 eV, while an
enhanced exponent of approximately 2.8 appears at 1.908eV. The crossing
of the power-law exponent with a value of two at 1.9155€V strongly suggests
the presence of a p-like HX at 3.831eV.

The small difference of HX measured by a dip in the SHG spectrum
and the power-law exponent can be attributed to sample inhomogeniety or
sligthly different experimental conditions. Nevertheless, both measurements
consistently indicate the presence of a p-like HX in monolayer MoS,. The
corresponding three-level system shows a positive offset, determined from the
power-law exponent measurement as: AF = 32meV, a value well within the

range that supports quantum interference effects [201, 202].

Discussion

To provide an overview of the excitonic landscapes in the investigated mate-
rials, fig. 4.11 and table 4.1 summarize the offsets between excitonic levels,
defined as the difference between the measured energies and twice the AX
energy. For reference, data for monolayer WSey [190, 202] and 30° twisted
bilayer WSe,y [201] are included.
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Figure 4.11: Summary of the energetic landscape of HX in different semi-
conducting TMDCs. The measured energies are shown relative to twice the
AX energy of each material, according to AE = 2E,x — E;, where E; corre-
sponds to either the p-like HX (yellow spheres) or the s-like HX (blue spheres).
Data are shown for monolayer WSey, 30° twisted bilayer WSe,, monolayer
MoSs, monolayer MoTey, monolayer WS,, and monolayer MoSes. Samples
exhibiting quantum interference in the SHG signal are highlighted in orange.

A positive offset of the three-level system (ground state, AX, and p-like
HX) is observed in monolayer MoSs, monolayer WSes, and 30° twisted bilayer
WSe,, as indicated by the orange box. Quantum interference in the SHG
signal occurs exclusively in these samples. Materials with negative offset
exhibit no SHG splitting. Whenever UPL measurements reveal an s-like HX,
its energy is consistently lower than twice the AX energy. This may represent
a necessary condition for populating the high-lying state via the upconversion

process.
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4.1. Mapping of high-lying excitonic energy levels

Energy AX Energy s-HX Energy p-HX SHG quantum
(eV) (eV) (eV) interference

WSe, [190, 201] 1.722 3.40 3.425 v
WSe,y 30° [202] 1.725 3.32 3.395

MoS, 1.925 - 3.831 v

MoTes 1.18 - 2.38 X

WS, 2.07 4.039 4.26 X

MoSes 1.646 3.24 3.35 X

Table 4.1: Summary of the energetic landscape of AX, s-like HX and p-like
HX in different TMDCs. The materials for which quantum interference of
the SHG signal occurs are marked.

In summary, we have shown that HX species are a general phenomena in
semiconducting TMDCs. The materials show slightly different relative posi-
tions of the excitonic levels, leading to different offsets of the corresponding
three-level systems, that influences the appearence of quantum interference
effects in the SHG signal. It should be noted that the influence of HX in
WSe, is particularly pronounced compared to other materials. The reason
for this is not fully understood yet. One can speculate that the differences of
the involved elements, leading to variations in spin-orbit coupling strength,
affects the band structure of the material in which HX species are formed.
Further detailed theoretical studies are required to fully understand the un-

derlying mechanism.
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4.2 Temporal dynamics of high-lying excitons

Having established the excitonic landscape of HXs in several semiconduct-
ing TMDCs, we now turn to the investigation of their temporal dynamics
by employing two complementary experimental approaches. First, the char-
acteristic time scales of p-like HX are probed via nonlinear optical mixing
processes. Second, direct streak-camera measurements provide information

on the radiative lifetime of an s-like HX.

4.2.1 Influence of excitonic resonances on optical wave-
mixing experiments

Monolayers of TMDCs are well known for their strong nonlinear optical re-
sponse, arising from their high nonlinear susceptibility. Most previous investi-
gations have been performed in the non-resonant regime, where the response
is dominated by the second-order susceptibility. In this regime, the optical
behavior is governed by parametric processes, as the material’s energy levels
remain unaffected by the laser field [206]. In contrast, here we investigate
nonlinear processes under resonant excitation of the material’s energy lev-
els. Resonant excitation leads to strong coupling between the energy levels,
giving rise to phenomena such as Rabi oscillations and AC-Stark shifts. In
our experiments, two lasers are used. The first is tuned either to the AX
resonance or to the two-photon resonance of the HX, while the second laser
is fixed at an energy of 1.476 eV and serves as a non-resonant probe by pro-
viding a second photon. For clarity, we refer to the first, resonant laser as
the pump and the second, non-resonant laser as the probe, without imposing
restrictions on their power or temporal sequence. Both beams are focused
onto the sample in a collinear geometry and are distinguished in detection by
their spectral signatures. The results presented here are discussed in detail
in Ref. [222].
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4.2. Temporal dynamics of high-lying excitons

We investigate two nonlinear processes, illustrated in fig. 4.12. The first
is SFG, in which the energies of the two photons are combined to produce a

new photon with the sum energy
MSFG = hwpump + hédpmbe. (42)

In this process the signal is influenced by the AX level, as we resonantly
excite it with the pump laser. The second process is FWM, where the energy
of two pump photons is reduced by one probe photon to create a photon with
energy

hwrwym = 2wpump — Pprobe- (4.3)

Here, resonant two-photon excitation of the HX with the pump laser enables

us to investigate the temporal dynamics of the HX by analyzing the FWM

signal.
2 HX -
probe
probe pump l
AX v
A
SFG +
pump pump
v

Figure 4.12: Schematic illustration of two nonlinear processes: SFG (left)
and FWM (right). The two lasers are indicated by light red arrows (pump)
and dark red arrows (probe). The detected signals are shown as a blue arrow
(SFG) and an orange arrow (FWM). The relevant energy levels, AX and HX,
are represented by black horizontal lines.

Under simultaneous excitation of a monolayer WSe, at a cryogenic tem-
perature of 5 K with both lasers, the spectrum shown in fig. 4.13 is obtained.
Several distinct peaks are visible, which can be assigned to specific nonlinear

processes based on their spectral signatures. The incident laser energies are
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hwprobe = 1.476 €V and hwpump = 1.739eV. The peak at 3.478 €V corresponds
to the SHG of the pump laser, while the peak at 2.952 eV arises from the SHG
of the probe laser. The peak at 3.215¢V is attributed to the SFG process, in
which the energies of the two photons are added to produce a photon at the
sum energy. The peak at 2.002€V is assigned to the FWM process, where
the energy of two pump photons is reduced by one probe photon.
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Figure 4.13: Measured spectrum of a monolayer WSey at 5 K under simul-
taneous excitation with a pump laser at 1.739eV (light red) and a probe
laser at 1.476 eV (dark red) with zero time delay. Several distinct peaks are
observed and assigned to nonlinear optical processes, schematically indicated
next to their spectral signatures. 3.478 eV: SHG of the pump, 2.952¢eV: SHG
of the probe, 3.215eV: SFG, 2.002eV: FWM.

To investigate the temporal dynamics of the signal, the time delay be-
tween the peaks of the two laser pulses is adjusted, as defined in fig. 4.14.
The delay time is given by

At = tprobe - tpump7 (44)

where tprope and tpump denote the arrival times of the probe and pump pulses,

respectively. A positive delay time corresponds to the pump pulse arriving
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4.2. Temporal dynamics of high-lying excitons

first, while a negative delay time indicates that the probe pulse arrives first.
The FWHM of the laser pulses is on the order of 130fs to 150 fs, comparable
to the delay times used in the experiment. Consequently, temporal overlap
between portions of the two pulses occurs in most of the cases presented in

this work.

At = tprobe — Lpump

S C QN

h(‘)probe hwpump X
1.476 eV 1.739 eV P
130 fs 140 fs
Monolayer
WSe,

Figure 4.14: Schematic representation of the definition of delay time. The
Gaussian-shaped pump and probe laser pulses are depicted in light red and
dark red, respectively, with their corresponding energies and pulse length
FWHM values. A schematic illustration of the crystal lattice of a monolayer
WSe, is shown on the right side. The delay time is defined as the time
between the peak of the probe laser and the peak of the pump laser, At =
tprobe — tpump- A positive delay time corresponds to the pump laser arriving
first, while a negative delay time corresponds to the probe laser arriving first.

Varying the delay time between the laser pulses gives rise to several phe-
nomena. The SHG signals of the individual lasers are expected to be inde-
pendent of delay time, as only photons from a single laser pulse contribute
to their generation. In contrast, the SFG and FWM signals should exhibit
a clear delay time dependence, since photons from both laser pulses are re-
quired. A straightforward expectation is that the time-dependent SFG and

F'WM signals would reach their maximum intensity when the two pulses are
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temporally overlapping, as the electric field at the sample is then at its high-

est. However, this is not observed experimentally, as shown in fig. 4.15. The
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Figure 4.15: Two-dimensional color plot of the spectra obtained from the
excitation of a monolayer of WSe, at a cryogenic temperature of 5 K, using
a pump laser with an energy of 1.739eV and a probe laser with an energy of
1.476eV. The time delay At is varied from —200 fs to 400 fs with increments
of 20fs. The zero delay time is indicated by the gray dashed line. The delay
corresponding to the maximum SFG intensity, Atsrg, is marked by the blue
dashed line, and the delay corresponding to the maximum FWM intensity,
Atgwy, is marked by the orange dashed line. Both nonlinear signals reach
their maximum at a time later than the temporal overlap of the two laser
pulses.

spectrum reveals that the SHG signal is time-independent, whereas the SFG
and FWM signals exhibit a clear time dependence. Notably, the maximal
intensities of the SFG and FWM signals occur at delay times later than the
temporal overlap of the two laser pulses, i.e., when the probe pulse arrives
at the sample after the pump pulse. This behavior can be explained by the
fact that the SFG and FWM signals depend not only on the instantaneous
electric fields of the two pulses but also on the population dynamics of the

involved energy levels.
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4.2. Temporal dynamics of high-lying excitons

To determine the delay times corresponding to the maximum SFG and
FWM intensities, we perform Gaussian fits to the spectral signatures at each
measured delay time. The resulting peak intensities are plotted as a function

of delay time in fig. 4.16.
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Figure 4.16: Determination of the delay times corresponding to the maximal
intensities of the SFG signal (Atgpg, blue) and the FWM signal (Atgww,
orange). At each delay time, the spectra are fitted with a Gaussian peak.
The resulting maximal intensities (colored spheres) are plotted as a function
of delay time. Gaussian fits to these data (light blue and orange lines) yield
the delay times of maximal intensity. For each wavelength combination, a
reference is obtained by measuring the SFG signal from a BBO crystal (gray
spheres and line). The extracted delay times for this experiment are Atgpg =
120 fs and AtFWM = 80 fs.

By fitting these intensity-delay curves with Gaussian functions, we ex-
tract the delay times of maximal intensity, denoted as Atspg and Atpwu,
respectively. To define a reference time corresponding to perfect temporal
overlap of the two pulses, we measure the SFG signal from a BBO crys-
tal placed outside the cryostat simultaneously with the measurement on the

WSe, monolayer. Since the BBO crystal is not resonantly excited, its SFG
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signal is unaffected by population dynamics. The zero-delay time depends
on the specific wavelength combination used. Therefore, we calibrate it for
each wavelength combination by comparing the SFG signal from the exter-
nal BBO crystal with the SFG signal from a second BBO crystal mounted
inside the cryostat next to the WSe, sample. This BBO is only 100 pm thick,
to obtain phase matching conditions over a broad spectral range and limit
unwanted temporal effects.

To further investigate the influence of excitonic resonances on the non-
linear processes, we vary the energy of the resonant pump laser from 1.71 eV
to 1.765 eV, while keeping the probe laser fixed at 1.476eV. The delay times
of maximal intensity for SFG (Atspg) and FWM (Atpwyr), together with
the PL spectrum of the sample, are plotted as a function of pump laser en-

ergy in fig. 4.17. The pump energy, where the largest delay time of maximal
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Figure 4.17: Pump-energy dependence of the delay times corresponding to
the maximal SFG signal a and FWM signal b. The inset illustrates the
nonlinear processes and the involved energy levels. The PL spectrum is
shown in black. a The delay time of maximal SFG signal, Atspg, is shown as
blue dots, with the blue line serving as a guide to the eye. b The delay time
of maximal FWM signal, Atpw, is shown as orange dots, with the orange
line as a guide to the eye.
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4.2. Temporal dynamics of high-lying excitons

SFG intensity, Atspg = 120fs occurs, coincides with the energy of the AX
obtained from PL measurements. For off-resonant excitation, the delay time
decreases and reaches 0fs when the excitation energy is more than 20 meV
detuned from resonance. No influence of the trion on the delay time is ob-
served. In contrast, the pump-energy dependence of the delay time for the
maximal FWM signal exhibits a more complex behavior. The largest value,
Atpwy = 80fs, occurs at a pump energy of 1.72eV, corresponding to the
two-photon resonance of the HX state at 3.44eV. For pump energies above
1.74 eV, the delay time increases again, which could be attributed to a Stark-
shifted AX state induced by the strong electric field of the pump laser.
Next, we investigate the influence of the pump power of the resonant laser.
The pump power is varied from 1 pW (0.4 pJ cm™2) to 2.5 mW (1000 pJ cm=2)
in logarithmic steps, with the pump laser tuned to the AX resonance at
1.739eV. The resulting delay times of maximal intensity are shown in fig. 4.18
for the SFG signal (a) and the FWM signal (b). As an additional refer-
ence, the pump-power dependence under non-resonant excitation of a WS,
monolayer is also presented. The delay time of the maximal SFG signal,
Atspg, reaches its highest value of 120 fs at the smallest pump power of 1 pW
(0.411J cm~2). With increasing pump power, the delay time decreases and
reaches 0 fs at 2.5 mW (1000 pJ cm~2). The delay time of the maximal FWM
signal, Atpwym Obtained in the same measurement, reaches its maximum of
80fs at 1 pW (0.411J cm™2), decreases with increasing pump power, crosses
0 fs at 400 pW (160 pJ cm~?), and reaches negative values of —40 fs at 2.5 mW
(1000 11J cm~2). For the reference WS, sample, the delay times of both maxi-
mum SFG and maximum FWM signals remain constant at 0 fs for all pump
powers, indicating that the observed effects are resonance-dependent.
Several mechanisms could account for the observed pump-power depen-
dence of the delay times. The reduction of the delay time with increasing
pump power can be explained by a shortening of the state lifetimes due

to higher population densities and, consequently, increased scattering rates.
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Figure 4.18: Pump-power dependence of the delay times corresponding to the
maximal SFG signal and FWM signal. a The SFG signal (blue dots), Atspg
reaches its maximum value of 120 fs under resonant excitation of the AX at
the lowest pump power of 1 uW (0.4 pJ cm™2). The delay time decreases with
increasing pump power, reaching 0fs at 2.5mW (1000 pJ cm™2). b For the
FWM signal (orange dots), Atpwm reaches 80 fs under resonant excitation of
the AX state at 1 pW (0.411J ecm™2), decreases with increasing power, crosses
0fs at 400 pW (160 pJ cm—2), and reaches negative values of —40 fs at 2.5 mW
(1000 pJ cm™2). As a reference, the delay times for non-resonant excitation of
a WSy monolayer (purple dots) remain constant at 0fs for all pump powers.

However, this mechanism alone cannot explain the negative delay times ob-
served in the FWM signal at high pump powers.

To gain further insight, we perform simulations based on the density-
matrix formalism to study the interplay between the electric fields of the
laser pulses and the population dynamics of the involved energy levels. The
toy model used is presented in fig. 2.23. The simulation parameters are
chosen to match the experimental conditions as closely as possible. The
pump laser photon energy is set to 1.739 eV at a power of 1 pW (0.4 nJ cm—2),
resonant with the AX. The probe laser photon energy is set to 1.476eV at a
power of 200 pW (80 nJ ecm~2). The Fourier transform of the time-dependent
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polarization, P(t), yields the frequency-dependent polarization, P(w), which
can be interpreted as the emission spectrum of the material, which is shown
in fig. 4.19, with the intensity plotted on a logarithmic scale to capture peaks
spanning over a wide range. The spectrum exhibits the same distinct features
as observed experimentally in fig. 4.13, corresponding to the SHG of the pump
laser, the SHG of the probe laser, the SFG process, and the FWM process.

= wpump+wprobe
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Figure 4.19: Simulated spectrum of the nonlinear optical processes, obtained
using the model parameters listed in table 2.1. The spectral signatures of
the FWM process (orange), the SHG of the probe beam, the SFG process
(blue), and the SHG of the pump beam are indicated.

In analogy to the experimental procedure, we perform a delay-time scan
by varying the parameter ¢, of the probe field while keeping the center
time of the pump field fixed at ¢,ump = 0fs. Spectra are calculated for de-
lay times ranging from —300fs to 400fs in steps of 10fs. For each delay
time, the spectral contributions of the individual nonlinear processes are in-
tegrated. The resulting intensities for the SFG signal (blue dots) and the
FWM signal (orange dots) are plotted as a function of delay time in fig. 4.20.
The corresponding experimental data are shown in fig. 4.16 for comparison.

For this specific parameter setting, the maximal intensities of both the SFG
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Figure 4.20: Simulated delay-time dependence of the integrated intensities
of the SFG signal (blue) and the FWM signal (orange). For each delay time,
the SFG and FWM intensities are fitted with a Gaussian function. In this
parameter setting, the maximal SF'G intensity occurs at a delay time of 105 fs,
while the maximal FWM intensity occurs at 60 fs.

and FWM signals occur at positive time delays, i.e., larger than 0fs. The
integrated intensity profiles are not symmetric with respect to their max-
ima. This asymmetry arises because the signal is not solely determined by
the convolution of two Gaussian-shaped electric fields, which would yield a
symmetric Gaussian profile, but also by the population dynamics of the in-
volved energy levels, which decay exponentially over time. A similar effect is
expected but not seen in the experiment. To account for the asymmetry in
the simulated data, we employ a bi-Gaussian fitting function, to obtain the
time of maximal signal.

Following the experimental approach, we then investigate the dependence
of the nonlinear signals on the pump-laser energy. The pump energy is varied
from 1.705¢eV to 1.77¢eV at a fixed power of 1 pW (0.4 nJcm™2), chosen to
probe the low-power regime in which the largest delay times were observed

experimentally (fig. 4.18). The probe laser is kept constant at 1.476¢V. The
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resulting delay times of maximal SFG intensity, Atspg (blue dots), and max-
imal FWM intensity, Atpwn (orange dots), as a function of pump energy

are shown in fig. 4.21. The energies of the AX and the two-photon resonance
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Figure 4.21: Simulated delay times of maximal SFG intensity (blue dots)
and maximal FWM intensity (orange dots). Error bars result from the bi-
Gaussian fitting. a The SFG delay time reaches its maximum at the AX
resonance (1.739¢V) and decreases for off-resonant excitation. b The FWM
delay time is maximal at the two-photon resonance of the HX state (3.44¢eV).

of state |3) at energy E3/2 are indicated by black dashed lines. The resonant
enhancement of the SFG signal at the AX energy is clearly visible, as well
as the resonant enhancement of the FWM delay time at the two-photon res-
onance of the HX state. The feature of the FWM signal at slightly higher
energy as the AX can be attributed to a resonance effect of a Stark-shifted en-
ergy level, which can also be seen in the experimental data. For both signals,
the delay time decreases under off-resonant excitation and approaches 0fs.
The maximal simulated delay times are Atspg = 105fs and Atpwy = 95 fs,
in good agreement with the experimental values. Furthermore, these values
are influenced by the lifetimes of the relevant energy levels, which can be

tuned in the simulation to match experimental results, as will be shown in
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fig. 4.24. Overall, the simulated pump-energy dependence exhibits excellent
agreement with the experimental findings, shown in fig. 4.17.

Next, we investigate the influence of the pump power of the resonant
laser. The pump power is simulated from 1pW (0.4pJem™2) to 5mW
(20001J cm™?) in logarithmic steps. For the SFG signal, the pump laser
is tuned to the AX resonance at 1.739¢eV, while for the FWM signal, it is
set to the two-photon resonance of the HX state at 1.72eV. The probe laser
is kept constant at 1.476eV. The simulated SFG and FWM intensities as a
function of delay time and pump power are shown in fig. 4.22. The white
dashed lines indicate the delay times corresponding to the maximal inten-

sities of the SFG and FWM signals, respectively. Both simulated signals
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Figure 4.22: Simulated pump-power dependence of the delay times for a the
SFG signal and b the FWM signal. For the SFG signal, the pump laser is
tuned to the AX resonance at 1.739eV. For the FWM signal, it is tuned to the
two-photon resonance of the HX state at 1.72eV. The probe laser is fixed
at 1.476eV. The white dashed lines indicate the delay times of maximal
intensity for each signal. A clear reduction in delay time with increasing
pump power is observed. At pump powers above 1000 pW (400 nJ cm—2),
additional periodic peaks appear in both SFG and FWM signals, which we
attribute to Rabi oscillations, an effect not observed in the experiment.
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4.2. Temporal dynamics of high-lying excitons

reproduce the general behavior observed in the experiment. The delay time
is maximal at the lowest pump power and decreases with increasing pump
power. In contrast to the experimental results, shown in fig. 4.18, however,
both the SFG and FWM signals cross the 0fs delay at a pump power of
600 tW (240 11J cm~2). At higher powers, both delay times become negative,
reaching values of approximately —50fs. At high pump powers, both signals
exhibit a more complex, finger-like structure, which we attribute to Rabi os-
cillations between the energy levels. These high-power effects are absent in
the experiment. We speculate that this discrepancy originates from higher-
order power effects, such as enhanced exciton-exciton annihilation, which are
not included in the density-matrix simulation.

To gain further insight into the underlying dynamics, we examine the
time evolution of the density-matrix elements, as shown in fig. 4.23. We plot
the populations of the three involved energy levels, pi; (gray), pso (blue),
and ps3 (orange), for a pump power of a 1pW (0.4pJem™2) and b 1mW
(400 pJ cm~—2), at a pump photon energy of 1.739 eV, without a probe pulse.
The pump pulse is centered at Ofs, and the populations are shown as a
function of time. Before the arrival of the pump pulse, the population resides
entirely in the ground state, p;;. Starting at simulation time 0 fs, the ground-
state population decreases as it is transferred to the first and second excited
states, poo and p33 by the simulated field pulse. In the low-power regime this
transfer occurs over a finite time, influenced by the lifetimes of the states.
The maximal population for pss is reached at 105fs, maximal population
for ps3 is reached at 40fs. These times of maximal population in pss and
P33, indicated by black arrows, match perfectly to the delay time of maximal
SFG, Atspg = 105fs and maximal FWM, Atpwy = 40fs for resonant AX
excitation, respectively.

In the high-power regime, the ground-state population is depleted much
more rapidly, and the excited states reach their maximum populations even

before the center of the pump pulse. While the pulse is still present, the
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Figure 4.23: Simulated population dynamics of the three-level system for
a pump power of a 1pW (0.4pJem™2) and b 1mW (400 pJ em=2). The
populations of the ground state pq, first excited state pss, and second excited
state ps3 are shown in gray, blue, and orange, respectively. The pump pulse
is centered at Ofs. Times of maximal population of the excited states are
marked with black arrows. The insets illustrate the proposed Rabi cycle
mechanism.

excited-state populations decrease and then rise again, indicative of Rabi
oscillations between the states. This behavior is known from experiments
and can be observed as a spectral signature in SHG measurements [190].
Due to these oscillations, the maximal populations occur at negative delay
times on the order of —30fs, which in turn can manifest as negative Atgpg
and Atpwy values.

In contrast to the simulation, the experimentally measured Atspg never
reaches negative values. We attribute this discrepancy to the absence in the
model of many-body effects such as exciton-exciton annihilation or scattering
processes, which can substantially increase the decay rate of state |2).

Finally, we explore the influence of the lifetimes of the involved energy
levels on the delay times of maximal SFG and FWM intensities. Figure 4.24

shows the simulated dependence of Atgpg (blue dots, top row) and Atpw
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4.2. Temporal dynamics of high-lying excitons

(orange dots, bottom row) on the lifetimes of the states.
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Figure 4.24: Simulated dependence of the delay times of maximal SFG and
FWM signals on the lifetimes of the states. For the SFG signal, the delay
time is strongly influenced by the lifetime of the second state |2) (top left)
but shows no dependence on the lifetime of the third state |3) (top right).
For the FWM signal, the delay time exhibits only a slight dependence on
the lifetime of state |2) (bottom left) but is highly sensitive to the lifetime of
state |3) (bottom right).

The lifetimes are varied from 50 fs to 350 fs. For the SFG signal, the pump
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energy is set to the AX resonance at 1.739¢V, and for the FWM signal, to
the two-photon resonance of the HX state at 1.72eV, both at a pump power
of 1pW (0.4 pJ cm=2). The probe laser is fixed at 1.476 eV. It is evident that
Atgspg is highly sensitive to the lifetime of state |2), increasing with longer
lifetimes. The experimentally observed maximum of 120fs is reproduced
in the simulation for a lifetime of approximately 200fs, which is in good
agreement with reported values [153, 162, 182-186]. In contrast, Atgspg is
essentially independent of the lifetime of the HX state |3).

For the FWM signal, the situation is reversed. Atpwwm shows a strong
dependence on the lifetime of state |3), reaching the experimental maximum
of 80 fs for a lifetime of about 150 fs. The dependence on the lifetime of state
|2) is comparatively weak.

In summary, we show that the intensity of nonlinear wave-mixing signals
such as SFG and FWM are highly sensitive to the excitonic resonances of
the material. The simulations based on density-matrix formalism reproduce
the experimental findings with high accuracy and provide insights into the
underlying population dynamics, which show Rabi oscillations, responsible
for the delay times required to reach maximal signal intensity. Furthermore,
we demonstrate that the delay times are strongly influenced by the lifetimes
of the involved energy levels, enabling their estimation based on nonlinear
optical measurements.

Finally, we investigate the temporal dynamics of bright s-like HX using
a streak camera setup, adding temporal resolution to the spectrally-resolved
emission measurements. The experiments presented here serve as a proof-
of-concept for future time-resolved studies of HX species in low-dimensional
TMDCs.
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4.2. Temporal dynamics of high-lying excitons

4.2.2 Streak camera measurement on bright high-lying

excitonic species

Instead of using a CCD camera to measure spectrally-resolved emission from
TMDCs, we now employ a streak camera that is synchronized to the exci-
tation laser pulse, thereby adding temporal resolution to the emitted signal.
Measurements of s-like HX conducted so far are performed under cw excita-
tion. This streak camera approach requires a pulsed laser. Consequently, the
exciton density necessary for efficient Auger recombination is only reached
during the laser pulse duration, in the fs range, making the detectable signal
weaker and more challenging to analyze. To our knowledge, no streak camera
data from HX has been recorded in monolayer WSes; to date. It is known
that the s-like HX in naturally 2H-stacked bilayer (2L) WSe, is more than
one order of magnitude brighter than in monolayer WSes [203]. To demon-
strate the feasibility of streak camera measurements on HXs, we perform
experiments on 2L WSes,.

The sample is cooled to 5K and excited with a pulsed laser of energy
1.717eV, resonant to the AX, with a power of 1mW (400 pJ cm=2), repeti-
tion rate of 80 MHz and pulse width of 140fs. The data is collected in the
digital photon counting mode of the streak camera: Here, every pixel of the
two-dimensional sCMOS sensor that exceeds a certain threshold is counted
as a single photon event. To measure long-lasting decays, we use the longest,
coarsest time range of the streak camera. The resulting data, obtained after
17h of integration, is shown in fig. 4.25. A clear, narrow exciton peak is
visible, alongside with phonon replicas at smaller energies. The excitonic
peaks show no time-dependent changes that are captured by the resolution
of this measurement. The main peak is spectrally integrated from 3.192 eV
to 3.205 eV and plotted as a function of time. Fitting the decay with a single
exponential decay yields a lifetime of (65.0 £ 3.7) ps. This lifetime exceeds
lifetimes of bright band-edge excitons by two orders of magnitude [153, 162,
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182-186]. Moreover, a bright excitonic species far above the bandgap is ex-
pected to have a reduced lifetime due to multiple decay channels in this
energy region. The sample emits a weak SHG signal, which is used to esti-
mate the instrument response function of the streak camera. The instrument
response function is determined by Gaussian fitting of this signal, yielding
a FWHM of (20.4 + 1.0) ps. The specified temporal resolution of the streak

camera used is below 5 ps for the finest time range.
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Figure 4.25: a Streak camera image of the s-like HX in natural 2. WSe, at
5 K. The sample is excited resonantly with the AX at 1.717eV with a pulse
length of 140 fs. The spectrally integrated region and the emitted SHG signal
are marked. b Spectrally integrated intensity of the HX (green line) with an
exponential decay fit (red line), yielding a decay time of (65.0 & 3.7) ps. The
gray line shows the SHG signal obtained during the measurement, indicating
the instrument response function.

It is known that different stackings influence the energy of HX, as their
orbital contribution shows strong out-of-plane character [202]. In order to
investigate the effect of twisting on the lifetime of the HX, we measure the s-
like HX in an artificially stacked bilayer WSe, with 3R-stacking. The sample

is cooled to 5K and excited with the same pulsed laser as before, with the
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center photon energy set to 1.693eV, resonant to the AX, with a power
of 400 pW (16011J cm~2), and an integration time of 3h. The streak image
presented in fig. 4.26 shows a narrow peak with a significantly longer lifetime.
An exponential fit of the spectrally integrated data yields a decay time of
(368.2 +4.1) ps.

a —— b 10
. | Intensity (arb.u.) . — HXPL
0 106 = Exponential fit
=E: C
e s 2
8 <
N— B o) |
£ 600 © 05
[ ©
£
(@]
zZ
04- .
T T 0.0 T T T
3.05 3.10 3.15 0 600 1200
Emission energy (eV) Time (ps)

Figure 4.26: a Streak camera image of the s-like HX in a 3R-stacked bilayer
WSe; at 5 K obtained under resonant excitation of the AX with 1.693 eV and
a power of 400 ptW (160 nJ cm~2). The spectrally integrated region is marked.
b Spectrally integrated exciton signal (green line) with an exponential decay
fit (red line), yielding a decay time of (368.2 £ 4.1) ps.

This long lifetime for a bright excitonic species in both 2H and 3R stack-
ings can be explained by their electronic band structure, as illustrated in
fig. 4.27. In natural 2H stacking, the K valleys of the bottom layer are lo-
cated beneath their K’ valleys of the top layer. An exciton formed at the K
point is predominately localized within a single layer, since interlayer elec-
tron hopping requires a change in spin or momentum. These excitons, thus,
have only little interlayer character, leading to faster recombination [203].
In contrast, in 3R stacking the K points are aligned, enabling electrons to

tunnel between layers. This gives the exciton an increased interlayer charac-

101



Chapter 4. Experimental results

ter, reducing the electron-hole wavefunction overlap and, thereby, decreasing
the recombination rate, which results in a longer lifetime. The assignment
of increased interlayer character of HX in 3R-stacked WSe; compared to
the 2H-stacking is supported by previous observations of the dipole moment,
measured under static electric field by my collegue Fabian Buchner. Here,
the dipole moment of HX in 3R-stacked WSe, is found to be 0.6 enm, two
times larger than in 2H-stacked WSes, where the dipole moment of the HX
is measured to be 0.3 enm [203], indicating a stronger separation of electron

and hole in the out-of-plane direction.
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Figure 4.27: a Schematic of excitonic transitions in natural 2H-stacked 2L
WSe,. K points are located above K’ points, making interlayer electron hop-
ping spin-forbidden. The resulting intralayer excitons recombine rapidly. b
In 3R-stacked bilayer WSe,, the K points are aligned, allowing interlayer elec-
tron tunneling and enabling the formation of long-lived interlayer excitons.

The long decay times of HXs in 2. WSe, are remarkable, as lifetimes
of several tens to hundreds of ps are typically associated with dark excitons
in two-dimensional TMDCs [123, 187]. The observed values may be linked
to the unique properties of interlayer HXs, underscoring their potential for

optoelectronic applications and motivating further studies.
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In contrast to the proposed Auger-recombination of excitons at the K
point [201], recent work suggests an alternative generation mechanism for
HX states in multilayer systems [223]: Two excitons, each consisting of one
electron in Q valley and one hole at the I' point, annihilate and populate
a high-lying state at the I' point. In this scenario, the long-lived signal at
the HX energy could be a consequence of a long lifetime and therefore of a
slowly decaying population of the dark QI' excitons, while the high-lying I'-
point exciton itself decays rapidly. In any case, the detection of a long-lived
signal in this energy range is noteworthy. However, further investigations are
required to definitively determine the origin and formation mechanism of the

HX.
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CHAPTER 5

Conclusion and outlook

In this thesis, we investigate the optical properties of low-dimensional semi-
conducting TMDCs. We performed studies using various nonlinear and linear
optical spectroscopy techniques. The main focus of this work lies on the in-
vestigation of excitonic species formed at roughly twice the energy of the
fundamental bandgap, referred to as high-lying excitons. These states form
a dark p-like HX and a bright s-like HX. The p-like HX is accessible via two-
photon excitation and shows a pronounced influence on the SHG spectrum
due to excitonic quantum interference effects [190], which can be rationalized
by a three-level system consisting of the ground state, the AX and the p-like
HX. The bright s-like HX can be excited via UPL processes and shows a pro-
nounced, narrow emission in the ultraviolet spectral range [201, 202]. Both
HX can be efficiently tuned by changing the twist angle in bilayer structures,
or by applying external electric field [181, 202, 203].

This thesis expands the current understanding of HX in several ways.
The mechanism leading to quantum interference in the three-level system is

further understood by investigating the influence of chirped-laser exciation
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on the SHG spectrum in section 4.1.1. We investigate an hBN-encapsulated
monolayer WSe, for different chirp values and find characteristic signatures
in the SHG spectrum, depending on the sign of the chirp: Positive chirp
introduces one dip in the SHG spectrum while negative chirp leads to two
dips. This asymmetry is explained by a small negative detuning between the
involved energy levels. The findings are supported by density-matrix calcu-
lation, showing good agreement with the experimental results. By analysing
the simulated spectra, we rationalize the occurence of dips in the SHG spec-
trum by jumps of the spectral phase, leading to dips in the group delay, which
can be explained by Rabi oscillations in the three-level system, as explained
in section 2.5.2.

Most studies on HX so far focus on monolayer WSes with short investiga-
tions of MoSe,. Given the similarities in band structure of semiconducting
TMDC materials, it is of high interest to investigate other members of this
material class and look for traces of HX. In section 4.1.2 we perform optical
spectroscopy measurements on monolayer MoSe;, MoTey, WSy and MoS,,
all encaspulated in hBN. We identify the AX via PL spectroscopy and try
to investigate the s-like HX via UPL. To investigate the p-like HX, we per-
form SHG measurements and search for anticrossing features, indicating the
presence of a three-level system [190]. Furthermore, we analyze the power-
law exponent of the SHG signal, which shows characteristic signatures at the
energy of the AX and the p-like HX, which is explained in section 2.5.

We find signatures of HX in all investigated materials, which differ slightly
in their energetic position with respect to the AX. To highlight, we find a
pronounced anticrossing of the SHG spectrum obtained from MoS, indicat-
ing that the resonance condition required for quantum interference is fulfilled.
This material shows a positive detuning AE = 32 meV, comparable to values
that are known to allow quantum interference in WSey [190, 202]. Power-
law analysis reveals that all other investigated materials show a negative

detuning, explaining the absence of quantum interference effects in the cor-
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responding three-level system.

The second part of the experimental results provides insights on the tem-
poral dynamics of HX. We use a two-laser pump-probe setup to investigate
the influence of excitonic resonances on the intensity of nonlinear signals like
SFG and FWM in section 4.2.1. We find that under resonant excitation of
the AX a time delay between pump laser and probe laser of At = 120fs is
required to maximize the SFG signal. For two-photon resonant excitation of
the p-like HX the FWM signal is maximal, if the delay time between pump
and probe is At = 80fs. The required time delays depend on the excita-
tion power and wavelength of the resonant excitation laser. Our findings
are supported by density-matrix calculations, showing good agreement with
the experimental results. We attribute the required time delay to Rabi os-
cillations between the states, which shifts their maximal population to times
different from zero. We find that the delay time for maximal nonlinear sig-
nals is dependent on the lifteimes of the involved states, making this method
a tool to determine the lifetime of one- and two-photon allowed states.

Finally, we investigate the temporal dynamics of the bright s-like HX in
natural 2H-stacked bilayer and artificial 3R-stacked bilayer WSe,, as shown
in section 4.2.2. We use a streak camera to directly measure the time-resolved
emission of the s-like HX after upconversion excitation of the AX. We find a
lifetime of (67.4+3.7) ps in the 2H sample and a significantly longer lifetime
of (373.2 £ 4.1) ps in the 3R sample. Both lifetimes are significantly longer
than the lifetime of the AX in monolayer WSey, which is on the order of a
few picoseconds [153, 162, 182-186]. We attribute the long lifetimes to an
interlayer character of the HX in the 2H bilayer [203] which is even more
pronounced in the 3R bilayer, due to the specific stacking order. However,
the formation mechanism of the HX in multilayers is under debate [223] and
requires further investigations.

The investigation of HX, as presented in this thesis opens new questions

and avenues for future research and development. What is the population
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mechanism of the bright s-like HX in monolayers and multilayers? While
the assignment of the s-like HX to the CB+2 at the K point in monolayer
WSe, is rationalized by bandstructure calculations [201, 202], the formation
mechanism in multilayer structures is reported to be different [223]: Dark
excitons are proposed to act as a population reservoir for the HX in samples
with more than two layers, which consequently will form at the I' point.
These different formation paths will result in different time dynamics, that
might be resolved by streak camera masurements of the HX in these samples.

What is the influence of the HX on other excitonic species? We have
shown that the occurrence of HX species is a general phenomenon in semi-
conducting TMDC monolayers. Under resonant excitation of the transition
between the AX and the p-like HX, the states will be strongly coupled via
Rabi oscillations. This dressing of the AX might influence the properties of
the state itself. Does this effect need to be considered in the analysis of res-
onant investigation of band-edge species? This question could be addressed
by investigating the absorption of the AX under strong pumping of the tran-
sition between AX and p-like HX, which is currently done by Lucia Sichert
in our group.

Can we use the three-level system to realize lasing without inversion [224,
225] in TMDC monolayers? Here, light can be amplified without having more
population in the excited state than in the ground state, by making use of
quantum interference effects that cancel absorption effects while keeping the
stimulated emission intact. Investigation of additional tuning paramteres
could lead to control of the quantum interference effect and might allow the
realization of such a laser system in TMDC monolayers.

In summary, the investigation of HXs in low-dimensional semiconductors
is a promising field of research, that can lead to new fundamental insights in
exciton physics but also might open new avenues for applications in nanopho-

tonics and quantum optics.
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APPENDIX A

Sample preparation

In order to fabricate the investigated samples, several techniques where ap-
plied. The toolbox used to cleave monolayers from bulk crystals and con-
sequently assemble the low-dimensional crystals into complex structures, is

presented in this chapter.

A.1 DMechanical exfoliation of layered materi-

als

Several techniques to obtain few-layers of vdW materials are used in the
community. We solely focus on dry-cleaving processes that uses the weak
vdW bindings of the material, using mechanical force to reduce the layer
number. The two main methods, exfoliation on PDMS, following [52], and
exfoliation on SiO,, following [54], are presented.

Bulk crystals of TMDC materials in good quality are commercially avail-

able from H(Q) graphene. HBN crystals are kindly provided by NIMS, Japan,
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graphite flakes are purchased from NGS trading & Consulting GmbH. We
attach SCOTCH tape trademarked by 3M on both sides of the thick bulk
crystal. By tearing the tapes apart, the thickness of the bulk crystal is re-
duced, ensuring that the surface is smooth and clean. This process is repeated
by attaching a Nitto tape (Nitto Denko, SVP 224P) with smaller adhesion
to the crystal, further reducing the thickness of the material.

Next, we place a small piece of polydimethylsiloxan (PDMS) (Gel-Pak,
Gel-film X/) on a microscope slide and attach the crystal on the Nitto tape
to the PDMS. The stack is carefully pressed by a small force, to ensure
good contact between PDMS and crystal. By slowly pealing the tape off
the PDMS with an approximate speed of 10 <%, some parts of the crystal
will stay on the PDMS, as its adhesion can be controlled by the pealing
speed, due to its viscoelastic properties. One has to develop a feeling for the
correct speed. If only small parts of the crystal stay on the PDMS, the speed
has to be increased. If many crystals stay on the PDMS, or the crystals
appear to be rough or broken, the speed has to be reduced. The tape can be
attached to the PDMS and pealed off again, if no monolayer was present. The
crystal is analyzed under an optical light microscope in reflection geometry.
Due to the increasing transparency with decreasing layer number, one can
easily identify monolayers or few-layers by the optical contrast. The PDMS
technique can lead to large TMDC monolayer flakes, with edge lengths on
the order of several tens to hundreds of pm within a short period of time,
making the technique valuable for quick fabrication of simple structures, for
example hBN-encapsulated TMDC monolayers. However, we found that
residual PDMS remains on the flakes, which makes it challenging to fabricate
samples with more than three layers stacked together, as no clean spot is
present.

Therefore, we established a second method to fabricate clean monolayer
flakes. The SiOs-assisted exfoliation technique results in very clean flakes that

can be used for the fabrication of samples with many layers. The technique
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produces smaller TMDC flakes on the order of 10 pum by 10 pm. The yield is
also orders of magnitude smaller than for the PDMS-assisted method. One
of the most time-consuming steps is the cleaning of the SiOy substrates.
After cutting the wafer (Siegert Wafer) into small 1cm? pieces, they are
cleaned in three consecutive baths of acetone, followed by a 1min cleaning
in an ultrasonic bath. Then the procedure is repeated with three baths of
isopropanol and consecutive ultrasonic bath. Residues of the solvents are
removed from the sample with two baths of deionized water. The wafers are
dried with nitrogen. Finally, the wafers are treated with oxygen plasma to
remove any remaining organic residues.

Next, one needs to prepare the bulk crystals on the tape. We found, that
a sticky SCOTCH tape suits best to exfoliate TMDC materials. For hBN
and graphite, the Nitto ELP BT-130FE-SL is suited best. The bulk crystal
needs to be flat and smooth without being broken. The best results are
achieved if the material is thin enough that the crystal appears colorful. The
cut and cleaned SiO, substrates are placed onto a heating plate at 120°C.
The tapes are attached to the hot substrate. They can be pressed with a
small, but isotropic force, to increase the contact. If the crystals appear to
be broken into small pieces, the force should be reduced. Once the substrate
is cooled down, the tapes are peeled off. The speed is not too crucial for this
method. Few-layer crystals remaining on the SiOy substrate can be identified
by analysing the optical contrast, as seen through an optical light microscope.

Once suitable flakes are found, they might need to be combined and trans-
ferred onto a different substrate. The possible techniques will be presented

in the following.

111



Appendix A. Sample preparation

A.2 Transfer of layered materials to different

substrates

In most cases, the substrates used to exfoliate layered materials and sub-
strates used for measurements require different properties. Therefore, it is
necessary to transfer the flakes from one substrate to another. Also, if several
flakes need to be combined, suitable methods need to be implemented. These
methods are highly linked to the technique used to exfoliate the materials.

In order to transfer flakes from PDMS to a silicon substrate, the vis-
coelastic properties of the PDMS is used again. The microscope slide with
the PDMS pointing downwards is placed over the silicon substrate that is
mounted on a rotational heating stage. The PDMS is slowly lowered until it
is in contact with the SiOs, which can be seen by the optical microscope as
a change in optical contrast. Once the sample is perfectly aligned and fully
in contact, the microscope slide is very slowly pulled away. If done right, the
flakes will stay on the target substrate [52]. The sample can be heated up to
60 °C in order to ensure a slow and smooth movement of the contact area due
to thermal expansion. Slow cooling of the sample back to room temperature
is useful to slowly transfer the sample. Once the sample is attached to the
silicon substrate, it can be used for measurements. Additional flakes can be
added for more complex structures, or the flake can be further transferred,
as follows.

In order to transfer flakes from a SiO, substrate to a different target
substrate, we apply the so called hot pick-up method, following [55]. In general
there are no differences whether the sample was exfoliated, transferred, or
grown by chemical methods onto the SiO;. We use the increasing adhesion
of polycarbonate (PC) at elevated temperatures. To ensure easy handling,
precise positioning and reproducible results, the following measures are taken.
We put a cleaned microscope slide on a heating plate at temperatures of

120°C and add a small drop of a mixed two-component PDMS solution
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(Sylgard 184) on the slide. Due to the reduced cure time of PDMS at high
temperatures, a dome-shaped structure evolves. The diameter should be on
the order of 3mm. The height should be 2mm. The size can be controlled
by temperature of the heating plate and amount of PDMS. Next, we create
a 6% solution of PC in chloroform. We put roughly 10 drops of the PC
solution on a microscope slide, attach a second microscope slide on the top
and slide it with respect to the first microscope slide, in order to fabricate a
thin, homogeneous PC film. Next, we cut a circle, slightly larger than the
PDMS dome, out of the PC film and support it on the edges with a Scotch
tape. We put the PC film onto the PDMS dome without breaking the film
or adding any kind of wrinkles. The stack is kept at a constant temperature
of 120°C. We align the stack over the exfoliated flakes and bring them in
contact. If done properly, the flake will stick to the PC. Complex structures
can be fabricated by picking up of consecutive flakes from top to bottom.
Precise planning and alignment is required.

Once the last flake is attached to the PC, the stack is brought into con-
tact with the target substrate. The temperature is increased to 160°C. By
carefully lifting the stack with respect to the substrate, a brown circle, in-
dicating the contact front between PC and PDMS is visible. Once the PC
is completely detached from the PDMS, the PC is melted on the edges of
the contact area with the target substrate by increasing the temperature to
180°C and slowly lifting the microscope slide. Once the sample is trans-
ferred from the PC to the goal substrate, it is cleaned with chloroform and

blow-dried with nitrogen.
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