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Abstract

Two-dimensional semiconductors such as monolayer transition metal dichalco-
genides (TMDCs) evolved to a versatile platform to explore elementary opto-
electronic phenomena. In these systems, excitons with firm light-matter coupling
and spin-valley locking dominate the optical properties. Due to strong Coulomb
forces, TMDCs are a particularly promising system to study the interplay be-
tween excitons, phonons and electrons at previously inaccessible conditions. In
this thesis, exciton diffusion and interactions with a two-dimensional Fermi sea of
free charge carriers are investigated. In carrier density-dependent reflectance spec-
tra of electrically-tuneable hBN-encapsulated TMDC monolayers negatively- and
positively-charged excited state trions are identified. Their binding energies and
oscillator strengths are determined and autoionization is studied, a process which
is typically associated with excited states in atomic systems. Exciton-carrier scat-
tering rates are extracted from voltage-dependent reflectance and luminescence
linewidth broadening and the interplay of exciton-phonon and exciton-carrier scat-
tering is investigated. By analyzing the ground state low-energy recoil flank in
time-resolved luminescence experiment, trion cooling times in monolayer MoSe,
are determined. With increasing temperature and free charge carrier density an
accelerated cooling is observed. Taking advantage of time-resolved microscopy,
exciton propagation is investigated at cryogenic temperatures. Temperature-
dependent diffusion experiments reveal mobile dark excitons and signatures of
non-classical exciton propagation, contradicting the widely-used semiclassical de-
scription of exciton kinetics in TMDCs. In carrier density-dependent diffusion
experiments, mobile trions and the impact of exciton-carrier scattering and trion

formation on the quasiparticle propagation are explored.
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Chapter 1

Introduction

The properties of matter are largely determined by the arrangement and inter-
play of atoms. An atom consists of a positively charged nucleus and is surrounded
by an electron cloud. Ruled by the laws of quantum physics, mostly electronic
interactions give rise to the versatile features of our physical world: they deter-
mine whether a material is gaseous, liquid or solid, whether it reflects or absorbs
light or how it conducts heat and electricity. Electronic interactions can also be
exploited for technological applications. Electrons play a central role in sensors,
computers and energy transmission. Particularly interesting is the interaction be-
tween electrons and light. For example, in a LED (light emitting diode) light of
a certain wavelength is generated by driving a current in a semiconductor p-n
junction. The other way round, in a photodetector or in a solar cell, light is con-
verted into an electric current. In the last decades, the field of opto-electronics
experienced substantial progress. Laser systems, light emitters, sensors, photo-
multipliers and optical storage media have been pushed to the next level. Espe-
cially, because light can be clocked and transmitted on extremely short timescales,
opto-electronic transistors are considered promising for future communication and

computing technologies.

A novel playground to explore opto-electronic phenomena constitute systems
with a limited degree of freedom. Diminishing the system’s size to the nanometer
regime manifests in stunning material properties which can drastically differ from
its bulk form. By the introduction of molecular-beam epitaxy in the end of the
1960’s [1], pristine two-dimensional systems became feasible. Most prominent,
the realization of a two-dimensional electron gas in a metal-oxide-semiconductor
field effect transistor lead to the observation of the quantum Hall effect by Klaus
von Klitzing and co-workers in 1980 [2]. From the perspective of opto-electronics,

gallium arsenide (GaAs) quantum wells established vibrant research activities [3].



In these systems, Coulomb-bound electron-hole pairs, so-called excitons, play a
fundamental role. In principal, these quasiparticles can be generated, manipulated
and detected both, optically and electrically and thus constitute an interesting

interface between optics and electronics [4].

Excitons were already proposed by Yakov Frenkel in 1931 [5] and experimentally
observed for the first time in bulk cuprous oxide by Gross and Karrjew in 1952
[6]. In quantum well systems, two-dimensional excitons exhibit binding energies
on the order of 10 meV, much larger than in respective bulk crystals [7]. It has
been demonstrated that these quasiparticles can be tuned by magnetic [8] and
electric [9] fields, and are able to propagate through the crystal [10] if they are
not localized on donors [11], acceptors [12] or disorder [13]. The ability to move
through a two-dimensional plane renders excitons particularly suitable for infor-
mation and energy transport. However, as excitons are effectively charge-neutral
particles, they can not be efficiently accelerated by electric fields. Interestingly,
in the presence of free charge carriers, excitons can bind to a free electron or hole
resulting in a new composite quasiparticle: the so-called trion [14]. This charged
quasiparticle has been experimentally observed for the first time in a modulation-
doped GaAs quantum well by Kheng et al. in 1993 [15]. Trions were subsequently
shown to propagate through the crystal [16, 17, 18] and indeed, allow for control-
ling their propagation direction by applying an in-plane electric field [19, 20, 21].

Fueled by the lively interest on quantum wells, the search for ever thinner
systems led to the emergence of a new class of two-dimensional materials. In
2004, Konstantin Novoselov and Andre Geim demonstrated the ultimate limit
of a thin-film crystal: the cleavage of an atomically-thin layer of graphite, or
as it is named, graphene [22]. Most outstanding, the electronic properties of
graphene comprise mass-less Dirac Fermions [23], unconventional superconduc-
tivity [24] and the quantum Hall effect at room temperature [25]. In the fol-
lowing years, single layers of van der Waals crystals emerged to a central pillar
in semiconductor research. Next to metallic graphene, other air-stable monolay-
ers have been cleaved, including insulating hexagonal boron nitride (hBN) and
semiconducting transition-metal dichalcogenides (TMDCs) [26]. The emergence
of a direct band gap in TMDC monolayers [27, 28| has sparked intense research
activities due to their possible application in opto-electronic devices [29] and im-
portance in fundamental research [30]. Two-dimensional TMDCs are characterized
by strong spin-orbit and Coulomb interactions [31]. Importantly, the latter results
in tightly-bound excitons, which are valley-polarized 32, 33, 34| and dominate the

opto-electronic properties even at room temperature. Excitons in TMDCs were



demonstrated to be externally tuneable by strain [35], magnetic [36, 37| as well as

electric |38, 39| fields and structuring dielectric surrounding [40].

Monolayer TMDCs particularly allow to study interactions between excitons,
free charge carriers and phonons at previously inaccessible conditions. Insert-
ing excitons in an electron- or hole-doped monolayer, trions with extremely high
binding energies of up to 30 meV can form [41, 42]. This opens the possibility
to study exciton-carrier complexes at elevated temperatures [43] and high carrier
densities, far above the exciton ionization threshold in traditional quantum well
systems [20]. In the high carrier density regime, the exciton-electron interactions
are described by the Fermi polaron, a generalized quasiparticle where the exciton
is dressed by Fermi sea excitations [44, 45, 46]. Furthermore, exotic higher-order
particle states such as charged biexcitons |47, 48, 49, 50, 51, 52| and the emergence
of hexcitons and oxcitons [53] are discussed. Particularly, due to the specific band
structure of tungsten-based TMDCs, long-lived dark excitons and trions emerge,
which allow to study their dynamics and interplay on a nanosecond time scale [54].
Due to strong exciton-phonon interactions [55, 56, 37|, these dark states can be
optically accessed e. g. via dominant phonon side bands [55, 56, 37]. In TMDCs,
phonons play also an important role in spin-valley dynamics [57, 58, 59|, lead to
the formation of cascade effects [60] and intriguing exciton propagation phenom-
ena [61, 62, 63]. Despite this much progress, the understanding of mobile excitons
interacting with free charge carriers remains a challenging task. Particularly in
doped TMDCs, the complex scenario including both, strong exciton-phonon and
exciton-carrier interactions is expected to crucially determine the light-matter

coupling and propagation behavior of excitonic quasiparticles.

In this thesis, the mechanisms of exciton diffusion and interactions with a two-
dimensional Fermi sea are experimentally investigated in monolayer TMDCs. The
first part of the investigations focuses on the identification and exploration of ex-
cited state trions in hBN-encapsulated WSey; monolayers. Although ground state
trions have been intensively investigated [15, 64, 65, 41, 66, 42, 67, 36|, the inter-
action of excited state excitons with a continuously-tuneable two-dimensional gas
of free charge carriers has not been explored so far. In quantum wells, low binding
energies and exciton ionization challenges the investigation of excited states at
finite doping densities [68]. In non-encapsulated TMDCs, inhomogeneities due to
adsorbates and dielectric disorder [69, 70| hampered an unambiguous identifica-
tion of spectral features. Only recently, fingerprints of excited state trions have
been reported in an hBN-encapsulated WS, monolayer with unknown doping den-

sity [71]. However, the microscopic structure and the interaction mechanisms of



excited state excitons in a two-dimensional Fermi sea remain elusive. In this the-
sis, the interaction of excited state excitons with the two-dimensional Fermi sea of
free charge carriers is investigated in hBN-encapsulated WSe, monolayers, which
allow to continuously tune the free electron and hole concentration. Signatures
of positively and negatively-charged excited state trions are identified in an ex-
tended doping-regime up to free carrier densities of 10?2 cm™2. By extrapolating
density-dependent resonance energies, their exact zero-density binding energies
are determined. Interestingly, the experiments indicate that excited state trions
efficiently autoionize, i. e., the excited state trion scatters into the exciton ground
state while exciting an electron. This process is typically observed in atomic sys-
tems such as the doubly-excited H™ ion [72]. Due to the efficient autoionization
process, the lifetime of the investigated states is estimated to be on the order
of only few 10’s of femtoseconds, much shorter than the lifetime of excited state
excitons [73|. Furthermore, a rapid exchange of the oscillator strength from the
excited state exciton to the excited state trion is observed. Signatures of excited

state trions are also identified in luminescence experiments.

The strong exciton-carrier interaction in TMDCs does not only give rise to ex-
cited state trions, but also to strong exciton-carrier scattering which manifests in
the carrier density-dependent exciton linewidth broadening. Understanding and
controlling the scattering of optically-excited excitons with free electrons or holes
is key for the quantitative investigation and manipulation of exciton relaxation,
cooling and transport dynamics. While recent studies report a strong increase
of the exciton linewidth with increasing free carrier density [74, 75|, in a simple
picture the scattering is expected to be hardly affected by the free carrier concen-
tration in a degenerate Fermi sea. Due to Pauli blocking, the scattering is limited
to electrons at the Fermi edge and the electrons inside the Fermi sea do not con-
tribute to the scattering [76]. In a recent many-body approach, this apparent
discrepancy to the experiments is resolved qualitatively by taking into account a
finite dissipation, which effectively suppresses the Pauli blocking effect [45, 46].
In this thesis, exciton-carrier scattering rates are quantitatively determined in
pristine hBN-encapsulated MoSe; and WSey; monolayers from reflectance contrast
and PL spectroscopy. The findings demonstrate that due to the assistance of
temperature-activated phonons, the exciton-carrier scattering rate coefficient in-
creases. Interestingly, the efficiency of the scattering crucially depends on the trion
linewidth. A larger trion linewidth corresponds to a larger dissipation and results

in a stronger exciton-carrier scattering. This mechanism particularly allows to



estimate the intrinsic lower limit of exciton-carrier scattering in two-dimensional

semiconductors by the intrinsic trion linewidth.

In contrast to the exciton, the trion linewidth hardly increases with free car-
rier density. In high-quality samples it is mostly determined by the scattering
with phonons and a pronounced low-energy flank, which is attributed to the elec-
tron recoil effect [77]. While in some early studies on TMDC monolayers the
recoil flank has been experimentally identified [66, 78, 43, 79| and theoretically
investigated [80], in this thesis, a quantitative analysis of photoluminescence ex-
periments on an electrically-tuneable hBN-encapsulated MoSe; monolayer gives
access to non-equilibrium distributions and, most importantly, the trion temper-
ature. In conventional quantum well systems, the quasiparticle temperature is
typically determined by the plasma flank 68|, which is, however, suppressed in
monolayer TMDCs. Thus, the recoil analysis provides an alternative and compa-
rably easy access to the effective quasiparticle temperature. Taking advantage of
time-resolved photoluminescence spectroscopy, the transient recoil flank directly
allows to track relaxation dynamics and provides characteristic cooling times.

Both, the impact of phonons and free carriers on the cooling are investigated.

In the second part of this thesis, exciton propagation in monolayer semiconduc-
tors is investigated, focusing on the impact of phonons and free charge carriers.
Excitons were demonstrated to be mobile [10, 81, 82, 83, 16, 17| and involve dis-
cussions on superfluidity [84, 85|, condensation [86], phonon wind [87]| and ring
formation [88]. Particularly, in TMDCs, the valley-degree of freedom renders exci-
tons promising for the investigation of the valley-Hall effect [89, 90, 91, 92, 93, 94].
Commonly, exciton propagation in TMDCs is described in a semiclassical picture
where the quasiparticle freely moves through the crystal between two scattering
events. In that case, the diffusion coefficient depends only on the free quasipar-
ticle’s properties, such as effective electron and hole masses and scattering times
|4]. Although many studies demonstrated mobile excitons in TMDC monolayers
[95, 96, 61, 97, 98, 99, 100] and their heterostructures [101, 102, 103, 104], the ap-
plicability of the semiclassical picture has not been tested so far. In previous room
temperature experiments, the intrinsic exciton propagation mechanisms were cov-
ered by disorder [96, 61|, non-linear density effects [95, 61], exciton ionization
[105] or the complex interplay of neutral and charged quasiparticles [106]. In this
thesis, the intrinsic mechanisms of exciton propagation are explored by spatio-
temporal experiments in an hBN-encapsulated WSe; monolayer with suppressed
dielectric disorder and flat energy landscapes [105]. Benefiting from long-lived
[54] and thermalized [107, 108] dark states, exciton diffusion at cryogenic temper-



atures and a constant exciton temperature is investigated. By the combination of
temperature-dependent diffusion experiments and independently-determined ex-
citon scattering rates, a highly unusual non-classical exciton propagation behavior
is observed which can neither be explained by hopping nor by semiclassical trans-
port. The experimental results are discussed with respect to the Mott-Ioffe-Regel
criterion and a first-order perturbation theory [109] approaching the impact of the

exciton’s wave-like nature on its propagation.

In order to investigate the influence of free charge carriers on the exciton trans-
port, diffusion experiments on electrically-tuneable monolayer structures are per-
formed. In many experiments it has been demonstrated that trions are able to
propagate thorough the crystal [16, 17, 18, 20, 106|. Particularly, due to their ef-
fective charge, these quasiparticles are suitable for directed currents driven by in-
plane electric fields, as previously demonstrated in quantum well systems |19, 21|
and more recently in TMDCs [110, 111]. However, the mechanisms governing
quasiparticle propagation in the presence of additional free charge carriers remains
an open question. While strong exciton-carrier scattering [45, 46| is expected to
lead to a drastic decrease of the diffusion, spatio-optical experiments at finite
charge carrier densities indicate comparably high trion mobilities [106, 99]. In
order to elucidate the mechanisms that govern exciton propagation in the pres-
ence of free charge carriers, in this work, the diffusion of dark excitons in an
electrically-tuneable hBN-encapsulated WSe, monolayer is studied as a function
of free electron and hole concentration. By continuously increasing the Fermi
energy, a non-monotonic dependence of the diffusion is observed, demonstrating
distinct propagation regimes of exciton-carrier scattering and quasiparticle forma-
tion. The findings reveal the competing mechanisms of increasing exciton-electron
scattering and the role of trions, which are largely unaffected by the scattering
with other electrons [45, 112]. Finally, in temperature-dependent experiments,

free trion diffusion even at the lowest studied temperature of T = 5 K is observed.

This thesis is structured as following. In chapter 2, an introduction to the opto-
electronic properties of TMDC monolayers is given. In chapter 3, the experimental
techniques relevant for this thesis are described. The main experimental results
are presented and discussed in chapter 4 and chapter 5. In chapter 4, the inter-
actions of excitons immersed in a two-dimensional Fermi sea of charge carriers
are explored. Based on these findings, in chapter 5, the investigations of exciton
propagation in monolayer TMDCs are presented. In chapter 6, the main results

are summarized, followed by an outlook to possible future research activities.



Chapter 2

Fundamentals: excitons in two-

dimensional semiconductors

In this chapter an overview of the research field of semiconductor optics on
monolayer structures is given. Highlighting major experimental discoveries and
theoretical frameworks, the subsequent sections give an overview of the funda-
mentals decisive for the discussion of the main experimental results presented in
chapter 4 and 5. To start with, the crystal and band structure of monolayer
TMDCs as well as a Wannier-Mott exciton model is introduced, describing the
major optical properties in this material system. Subsequently, exciton-electron
interactions as well as trions and Fermi polarons are introduced. Specific ex-
citon states, trion configurations and recombination pathways are discussed for
monolayer WSe,. The chapter is concluded with an overview of carrier transport
regimes and recently proposed quantum corrections on the semiclassical exciton

propagation in two-dimensional semiconductors.

2.1 Semiconducting monolayer transition metal

dichalcogenides

Transition metal dichalcogenides (TMDCs) have attracted intense research ac-
tivities. Particularly focusing on opto-electronic properties, many intriguing phe-
nomena have been investigated with a broad range of possible applications includ-
ing light emitters, photodetectors and opto-valleytronic devices [29, 113, 114, 115].
Although opto-electronic properties of TMDC bulk crystals have been explored
already in the 1960s and 1970s [116, 117, 118, 119, 120], the emergence of graphene

[22, 121 and the upcoming progress in fabrication of monolayer van der Waals



crystals was the starting point of a new chapter in the investigation of TMDCs
[26]. Strong covalent bonds in the in-plane direction and weak interlayer van der
Waals forces allow the separation of atomically-thin layers from bulk crystals by
micro-mechanical cleavage (commonly referred to as exfoliation) [122, 123]. A typ-
ical monolayer crystal structure of the TMDC family of the form MX, is shown in
Fig.2.1(a). Here, M denotes the transition metal molybdenum (Mo) or tungsten
(W) and X the chalcogene atoms which can be e. g. sulfur (S), selenide (Se) or
tellurium (Te). A monolayer consists of a layer of transition metal atoms which is
sandwiched between two laterally shifted layers of chalcogene atoms. The result-
ing hexagonal honeycomb lattice is characterized by the threefold D3, symmetry
point group [119]. The lattice constant ranges between 3.1 and 3.3 A[118]. As
demonstrated in 2010 by Splendiani et al. [27] and Mak et al. [28] this class of van
der Waals crystals is a direct band-gap semiconductor in the monolayer limit with
up to 20% absorption at the energetically lowest exciton resonance. The latter is
in particular relevant for technological applications where devices with fast and
efficient light emission are desired |115, 124, 29|. In Fig.2.1(b) a typical TMDC
band structure is presented along the high symmetry points of the first Brillouin
zone shown in Fig.2.1(c). The direct band gap occurs at the finite momentum
K and the energetically equivalent K’ valley and is in the visible to near-infrared
spectral range [28, 31]. Valence band electrons at K and K’ mostly stem from
hybridized transition metal dg2_,2 + d,, orbitals and respective conduction band
electrons from d,» orbitals |27, 125, 126].

In TMDCs, optical transitions are spin- and valley-selective. Due to strong spin-
orbit coupling, stemming from the heavy transition metal atoms, the energetically
lowest conduction and valence bands are spin-split. From the broken inversion
symmetry of the crystal it follows that K and K’ valleys are not equivalent. Time-
reversal symmetry and Kramer’s theorem demands E_y1/2(k) = Ee_1/2(—k)
(with energy E and spin states s = +1/2 and s = —1/2). Importantly, the
optically-allowed transitions are o+ polarized at K and o— polarized at K’ [127].
Optical excitation of a monolayer TMDC with o+ polarized light lifts up an
electron to the conduction band with spin s = +1/2 and valley index 7 = +1
leaving behind a hole with spin s = —1/2 and 7 = —1 [128, 129]. The resulting
spin- and valley-selective band occupation is termed as spin-valley locking |32, 33,
34]. The latter renders TMDC monolayers a promising platform for information
transport based on the valley degree of freedom. In this context often the term
valleytronics is used, in close analogy to spintronics [130, 131]. While the valence
band splitting at K and K’ is on the order of 0.1 to 0.4 eV [132, 33, 133, 134,
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Figure 2.1: (a) Schematic illustration of the monolayer TMDC crystal structure
with transition metal atoms (W/Mo) and chalcogene atoms (S/Se/Te). A cross-
section of the unit cell is indicated in red. (b) Band structure of monolayer WSe,
reproduced from Ref. [126] along the high symmetry points of the first Brillouin
zone indicated in (c¢). At K, the energetically lowest conduction and valence bands
are spin-split. The corresponding electron spin is indicated by red and blue color.
The valence band splitting Ay p is indicated. (d) Schematic illustration of the
lowest energy o+ and o— polarized optical transitions in monolayer WX, and
MoX, with positive and negative conduction band splitting Acp at K and K'.
The valence band splitting is omitted. The bands are colored according to the
electron spin in red and blue for s = +1/2 and s = —1/2, respectively.

the conduction band splitting is only on the order of few to 10’s of meV and can
be either negative or positive, depending on the specific choice of the transition
metal atom. As illustrated in Fig.2.1(d), in monolayer MoXs, the lowest energy
optically-allowed transition involves the lower spin-split conduction band, whereas
in monolayer WX, the upper conduction band is involved [135, 136, 126]. As a
direct consequence, in monolayer WX, the lowest energy transition is dark, i. e.,
a dipole-forbidden transition [126, 54, 137, 138, 139, 140, 141].



2.2 Excitons — Coulomb-bound electron-hole pairs

Optical properties of many semiconductors are governed by Coulomb-bound
electron-hole pairs, so-called excitons [142]. An exciton is a charge-neutral quasi-
particle which possesses the ability to carry information and energy without trans-
porting net electric charge. This elementary excitation has been studied in many
materials, first of all in semiconductors and insulators [4]. Excitons can be created
by optically exciting an electron from the valence band into the conduction band,
which then binds to the remaining vacancy, i. e., the hole, in the valence band.
Typically, ground state exciton binding energies range between a few 10’s of meV
in inorganic bulk crystals such as cuprous oxide [143] or quantum well systems [7],

and up to few eV in organic crystals [144].

In monolayer TMDCs, exciton binding energies as large as several hundreds of
meV have been observed [31]. These high values are traced back to the reduced
dielectric screening which results in strong Coulomb interactions in the monolayer
[145]. Consequently, excitons in TMDCs are tightly-bound and largely inert from
thermal fluctuations even at room temperature [146]. Excitons in TMDCs are
commonly described in a Wannier-Mott like picture [145, 31|, implicating spatial
extent of many lattice atoms and the possibility of free propagation through the
crystal [147]. Herein, excitons are described by a modified hydrogen atom reduced
to a two-dimensional plane [145]. The constituting electron and hole bind to

hydrogen-like states (n = 1,2,3,...) with binding energies [4]

4
e
E" Hx

= . 2.1
b 2h2e2e2(n — 1/2)2 (2.1)

Here, e denotes the elementary charge, h the reduced Planck’s constant and px =
memy/(me + my,) the reduced exciton mass with m, and my, being the effective
electron and hole masses. ¢y is the vacuum permittivity. The dielectric constant
e accounts for the dielectric screening of the Coulomb interaction. As illustrated
in Figure 2.2 (a), for a monolayer the electric field lines of the exciton extend into
the surrounding, which, in general, exhibits a different dielectric constant than
the monolayer, i. e., €5, 7# ey- In this case, € in Equation 2.1 is not a constant
and the potential deviates from the classical Coulomb potential V(r) oc 1/(er) (r
is the spatial coordinate). It is instead replaced by a thin-film Coulomb potential
[148, 149, 145, 150, 151]

62 T€surr T €surr
= — H I { : ) 2.2
Vi) 8607“0[ 0( To ) 0( To )] (22)

10



Here, Hy and Yj denote the Struve and Neumann functions and rg is the screening
length, i. e., the characteristic length scale where the potential deviates from the

classical Coulomb potential.

Solving the Schrodinger equation with the thin-film Coulomb potential given
by Equation 2.2, a modified relation of Equation 2.1 can be derived, consistent
with experimentally determined binding energies [145, 4, 152, 153]. As the latter
crucially depends on €y, controlling and structuring the dielectric constant of
the surrounding opens the possibility to tune the exciton’s binding energy [40, 154,
155]. On the other hand, this also implies that in a bare monolayer excitons are
affected by unintentional inhomogeneities due to surface adsorbates with varying
dielectric constant [69]. To suppress such disorder effects, the monolayers are
typically encapsulated in atomically-flat layers of hexagonal boron nitride (hBN)
[156, 157, 158, 69, 105]. Due to a low dielectric constant [159] and transparency
in the visible and near-infrared regime [160, 161], the influence of hBN on the

intrinsic monolayer properties is considered to be otherwise negligible.

In Fig.2.2(b), the 1s and 2s exciton radial probability is plotted as function of
electron-hole separation for a hBN-encapsulated monolayer WS, considering the
thin-film potential in Equation 2.2 with a screening length ro = 4 nm and €4, =
4.5. As initially confirmed in magneto-optic experiments, the exciton ground
state exhibits a root-mean-square radius of ~ 2.5 nm corresponding to a Bohr
radius of &~ 1 nm [150, 151], which is much larger than the inter-atomic distance,
cf. Fig.2.2(c). Recent angle-resolved photoemission spectroscopy measurements,
presented in Fig. 2.2(d), directly show that the optical excitations are localized in

momentum space [162], supporting the Wannier-Mott-like exciton picture.

The dynamical properties of the exciton are described by its total momentum
kx = k. + k;, and translational mass my = m, + my,, with the effective electron
and hole masses m, and my, respectively. The kinetic energy of the exciton is

given by [4]

(2.3)
In a semiconductor with free particle band gap F, the exciton dispersion reads
EY = E;, — E}' + Eyy. (2.4)

The exciton energy EY% is reduced with respect to the free particle band gap by
the exciton binding energy E}'. In Fig. 2.2(e), the exciton dispersion with ground
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Figure 2.2: (a) Schematic cross-section of an exciton with electric field lines in
a monolayer semiconductor embedded in a surrounding with dielectric constant
€surr.- (D) Radial probability of the 1s and 2s exciton in monolayer WS, as function
of electron-hole separation. Reprinted figure with permission from Ref. [150].
Copyright (2022) by the American Physical Society. (¢) Schematic representation
of the 1s exciton with Bohr radius ap 15 from (b). (d) Direct measurement of the
exciton wave function in k-space in a monolayer WSes on hBN by angle-resolved
photoemission spectroscopy. From Ref. [162]. Reprinted with permission from
AAAS. (e) Two-particle dispersion with bound exciton states (n =1s, 2s, ...) and
free electrons and holes (n = 00). The free particle band gap E,, optical band gap
and ground state exciton binding energy Ej s are indicated.

state 1s and excited states 2s, 3s,... is schematically illustrated. In absorption or
reflectance spectroscopy, ground state excitons gives rise to a peak at an energy
E¥(kx ~ 0). The latter is often called the optical band gap. Also absorption peaks
corresponding to higher-order exciton states can be observed [145, 152, 163, 153].
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Due to their weaker oscillator strength (f™ oc (n — 1/2)73 [164]) their absorption

strongly decreases with increasing quantum number.

2.3 Trions and Fermi polarons

In previous section the intrinsic optical excitations in a neutral semiconductor
are introduced. Adding free charge carriers to the system, e. g. by electrically
contacting the sample, exciton-carrier interactions result in significant changes in
the optical properties of the material. In monolayer semiconductors, this scenario
is typically approached by considering an exciton in a two-dimensional Fermi gas,
i. e., a non-interacting two-dimensional electron (2DEG) or hole gas (2DHG).
The ground state of the Fermi gas is called the Fermi sea. Here, electrons or holes
occupy the conduction or valence band up to the Fermi energy. The interaction of
excitons with free charge carriers leads to the formation of trions [41, 66, 42, 165,
67, 166], Fermi polarons |44, 45, 167, 168, 169, 170, 46] including dark state trions
[37, 56, 171, 172] as well as higher order many-particle complexes such as charged
biexcitons [47, 48, 49, 50, 51, 52|. In the following section, the basics of exciton-
carrier interactions are outlined focusing on the low carrier density regime. Here,

the spectroscopic observables are mainly described by trions and Fermi polarons.

In a simplified model, an exciton can bind to an electron and forms a trion,
a three-particle complex in analogy to the H™ [72]| ion. Depending whether an
electron or a hole is considered, it is treated as a negatively or positively charged
quasiparticle. While trions have been proposed already 1958 by Lampert et al.
[14], their experimental observation in two-dimensional quantum wells such as
CdTe [15], GaAs [64] and ZnSe [65] is dated back only to the 1990s. In cleaved
monolayer semiconductors trions were first observed in 2013 [41, 66, 42]. In TMDC
monolayers, experimentally observed trion binding energies are on the order of
10 to 30 meV [41, 66, 48, 50|, much larger than in quantum well systems, with
binding energies on the order of only few meV [15, 64, 65]. In TMDCs, this opens
the possibility to study trions and their interaction and propagation mechanisms
also at elevated temperatures [43] and charge carrier densities of several 102 cm™2
|41, 173]. By contrast, in quantum well systems, typically at carrier densities of

~ 10M em™2 excitons ionize [20].

Similar to an exciton, a trion can be described in an effective mass approach.
Its kinetics are described by the momentum k; =k y+k,. and translational mass
mp = mx+m, [4]. Trions can be optically injected in a semiconductor by exciting

a Coulomb-bound electron-hole pair, i. e., an exciton, which simultaneously binds
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Figure 2.3: (a) Schematic band structure of monolayer WSe, with electron dop-
ing in the lowest spin-split conduction band at K and K’. Er denotes the Fermi
energy. Red and blue lines indicate electron spin states. (b) Exciton-trion energy
separation as function of Fermi energy in the trion picture. The trion energy is
lowered by the binding energy E; ;. With increasing Fermi energy the exciton-
trion energy separation increases linearly with 2/3FEp.

an additional free carrier which already resides in the material. As the constitut-
ing optically-excited exciton exhibits negligible momentum ky = Kypoton = 0 (in
the light cone), the momentum of the trion is approximately given by the elec-
tron momentum, i. e., kr =~ k.. Considering free charge carriers in a parabolic
band structure, illustrated for TMDC monolayers in Fig.2.3(a), an increase of
the Fermi energy Er (which scales linearly with the free carrier density in a
two-dimensional parabolic dispersion [174]) leads to the occupation of higher mo-
mentum states. Taking into account energy and momentum conservation, yields

EEm™ ~ m/mpE¥™ and the energy to optically create a trion is given by [173]
E;pt = EX - Eb,T - (1 - me/mT)Efm (25)

with exciton energy Ex and trion biding energy Ej,r. The exciton and trion
transition energies are schematically illustrated in Fig. 2.3(b) as function of Fermi
energy taking into account E¥" ~ Ep. At zero doping (Er = 0), the trion is
lowered with respect to the exciton energy by the constant trion binding energy
Ey . The latter depends on the Coulomb interaction, effective electron and hole
masses as well as spin- and valley indices. Similar to the excitons, the trion binding
energy can be obtained from solving the Schréodinger equation [165, 166, 109, 67,
175, 168.

The presence of free charge carriers does not only result in the formation of

trions, but also in modifications of the exciton. Due to screening of the exciton
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binding energy, band gap renormalization [173] and face-space filling effects due
to Pauli blocking, the exciton exhibits a pronounced blueshift [173]. In extended
many-body approaches these phenomena are well captured resembling experimen-
tally observed resonance energies, linewidth broadening and oscillator strengths,
see e. g. Ref. [112].
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Figure 2.4: (a) Schematic illustration of an exciton represented in the electronic
band structure interacting with a Fermi sea excitation. The exciton is generated
by optically exciting an electron from the valence band into the conduction band
which binds to the hole in the valence band. Similarly, the Fermi sea electron-hole
pair corresponds to an electron which is excited out of the Fermi sea leaving behind
a vacancy, i. e., the Fermi or conduction band hole. (b) Schematic illustration of
the repulsive Fermi polaron (RP). Electrons are displaced from their equilibrium
positions (empty circles). The RP is described by a linear combination of an
exciton, an exciton scattering with one Fermi sea excitation and higher order
contributions. (c) Illustration of the attractive Fermi polaron (AP). It corresponds
to an exciton which binds to the Fermi sea excitations and is described by a linear
combination of an exciton, an exciton which binds to one Fermi sea excitation (a
tetron) and higher order contributions [176].

A many-body approach motivated from recent experiments with ultracold Fermi
gases [177, 178, 179, 180, 181] describes the exciton-electron problem in monolayer
semiconductors in the Fermi polaron or exciton polaron picture (sometimes also
termed as exciton-Fermi-polaron) [44, 45, 167, 182, 168, 109, 170, 46, 183]. Dif-
ferent to a conventional polaron, which describes the interaction of an electron
with a cloud of phonons, the Fermi polaron takes into account the correlation of
an exciton with a cloud of Fermions, i. e., a gas of electrons or holes. Herein, the
exciton interacts with excited Fermi sea electron-hole pairs (which are e. g. ex-
cited by the optically-generated exciton), schematically illustrated in Fig.2.4(a).

The interaction is described by a linear combination of an exciton, an exciton
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dressed with one Fermi sea excitation, an exciton dressed with two Fermi sea
excitations, etc. [183]. By this, the interplay of an exciton with many electrons
is taken into account, particularly relevant in the case of a much larger carrier
compared to exciton density. The Fermi polaron results in two branches in the
absorption spectrum: the repulsive (RP) and attractive (AP) Fermi polaron. The
repulsive and attractive exciton-electron interactions are schematically illustrated
in Fig. 2.4(b) and (c), respectively. The repulsive branch corresponds to the renor-
malized exciton state, whereas the attractive branch corresponds to a bound state,
similar to a trion [168]. It is noteworthy, that the repulsive polaron does not be-
come a new particle when interacting with the electrons. Light-matter coupling,
exciton binding energies or the wavefunction is only slightly modified in the pres-
ence of electrons. This is in stark contrast to the attractive Fermi polaron, which

constitutes a new quasiparticle with qualitatively different properties.
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Figure 2.5: (a) Schematic illustration of attractive (AP) and repulsive (RP) Fermi
polaron energies as function of Fermi energy Er. The energy separation between
RP and AP is approximately given by E, 1+ 3/2Fr. (b) Probability density |®|?
of the relative exciton-electron motion in the attractive Fermi polaron and trion
wave function |¥|? representing the probability density of the extra electron with
respect to its distance to the hole, reproduced from Ref. [169] with the permission
of AIP Publishing. The trion Bohr radius is set to apr = 4ap x. Grey area
indicates region where ® diverges and the description becomes inapplicable. The
spatial extent of the trion is schematically illustrated in a hydrogen-like picture
indicating the trion Bohr radius ap r

In addition to the trion, the attractive Fermi polaron takes into account the
interaction with the collective Fermi sea, i. e., multiple Fermi sea excitations. In
its simplest form, it can be understand as an exciton which binds to one Fermi

sea excitation, resulting in an effective four-particle state which consists of two
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electrons and two holes, one in the valence band and the other in the conduction
band, the so-called conduction band or Fermi hole. This effectively charge-neutral
quasiparticle has been introduced already in 2001 and is called a tetron [184]. In
comparison to the trion, the additional Fermi sea hole leads to a further con-
tribution in the attractive Fermi polaron binding energy, which increases with
Fermi energy. In the limit of small carrier concentrations, the binding energy is
equal to the bare trion binding energy, i. e., the Fermi hole becomes negligible.
In Fig.2.5(a), the qualitative energy dependence of the repulsive and attractive
Fermi polaron is presented. While the repulsive polaron is lifted up in energy,
the attractive Fermi polaron is lowered with respect to the bare exciton transi-
tion energy. The splitting of the two branches approximately scales linearly with
the Fermi energy Erp — Eap = Eyr + 3/2EFp |45, 46| considering m. ~ m,, in
monolayer TMDCs [126].

At high carrier densities, the binding to more than one Fermi sea excitation
leads to an additional increase of the attractive Fermi polaron binding energy.
Furthermore, the interaction with more than one distinguishable Fermi sea exci-
tations can result in qualitatively new features in the absorption spectrum. For
example, by electrically doping WSe; monolayers, the lower conduction band val-
leys at K and K’ are occupied. At higher densities also the upper conduction
band valleys fill up with electrons. Therefore, the exciton interacts with up to
four distinguishable Fermi seas, each with a different spin and valley index. As
discussed in Ref. [53], in this configuration an exciton can bind to two or three dis-
tinguishable Fermi sea excitations. The corresponding quasiparticles are termed

as hexcitons or oxcitons.

Importantly, in the low carrier density regime, the Fermi polaron turns out to
be equivalent to the trion picture. For the ground state, both models predict
similar energy dependencies, linewidth broadenings and oscillator strengths [45,
112|. Therefore, in this thesis the terms “trion” and “attractive Fermi polaron” are
used equivalently in the weak interaction regime. The applicability of the trion
and Fermi polaron is further limited to the case where the exciton binding energy

Ep, 1 is much larger than the trion binding energy Ej 7, i. e., [109]
Eyx > Eyr > Ep. (2.6)

The condition is fulfilled in monolayer TMDCs with ground state exciton binding
energies in the range of several 100’s of meV and trion binding energies of several

-2

10’s of meV considering free carrier densities 5 10'? cm™2. The majority of the

experiments in this thesis are performed in this density regime.
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It should be noted that the constituting electrons and holes within a trion or
Fermi polaron are distinguishable, i. e., the two electrons in a negatively-charged
trion are not “equal”. Particularly, the electron-hole separation within the excitonic
core is much smaller compared to the distance to the extra Fermi sea electron,
i. e., apx < agr. In Fig. 2.5(b), the probability density of the relative exciton-
electron motion ¢ in the trion picture using a variational approach and a simplified
short-range model in the Fermi polaron picture is presented with apr = 4ap x. In
both pictures, the additional electron is bound similar to an electron in a hydrogen

atom where the nucleus is replaced by an exciton.

2.4 Excitons and trions in monolayer WSe,

Having outlined the general concept of excitons and trions, in this section the
specific exciton dispersion of monolayer WSe, is discussed, focusing on the most
important low-energy exciton and trion states. The choice for a tungsten-based
TMDC monolayer is motivated by the inverted conduction band splitting (Acp >
0) at K/K’, where the optically-accessible transition lies energetically above the
spin-forbidden transition. In the scope of this thesis, the major advantage of this
configuration are long-lived dark exciton reservoirs [54] which allow for diffusion
experiments of thermalized states [107, 108]. In Fig. 2.6, the schematic exciton
dispersion of hBN-encapsulated monolayer WSes is presented along I'-K focusing
on the energetic minima where the excitations accumulate after relaxation (for an
ab initio approach see Ref. [185]). For all excitonic states, the hole is considered
to be located in the energetically lowest valence band K valley in the underlying
electronic band structure. At zero momentum ky = I' the dispersion exhibits two
minima which are separated by ~ 40 meV mimicking the spin-split conduction
band. The corresponding exciton states are called intra-valley K-K excitons, i. e.,
the constituting hole and electron are at K. There are two possible configurations:
if the electron is located in the upper spin-split conduction band, the X° exciton
forms. If the electron is in the lower spin-split conduction band, the D° exciton
forms. Next to K-K excitons, the dispersion is characterized by further minima
at higher momenta, where the constituting electron is located at A or K’. In
the case that the electron is in the lower spin-split conduction band at K’, the

corresponding state is called the inter-valley I° exciton.

The characteristic properties of the introduced exciton states are mostly gov-
erned by their momentum and spin configuration. Due to equal electron and hole

spin, the intra-valley DY exciton transition is spin-forbidden whereas transitions
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Figure 2.6: (a) Schematic low energy exciton dispersion as function of exciton
momentum kx in the direction of I'-K in a hBN-encapsulated monolayer WSe,
following Ref. [185]. The constituting hole (empty state in the valence band) is set
to the K valley. The labels (K-K), (K-A) and (K-K”) correspond to the constituting
hole and electron valley configuration of the respective exciton states. Arrows
indicate underlying electron and hole spin. X°, DY and I° denote corresponding
emission peaks in photoluminescence spectroscopy. The notation is adapted from
Ref. [186]. The energy separation between intra-valley D° and inter-valley I,
excitons is indicated by Axxk.

at K-A and K-K’ are momentum-forbidden. The only low-energy dipole-allowed
transition occurs for the upper K-K state, i. e., the intra-valley X° exciton. Exci-
tons with a dipole-forbidden or dipole-allowed transition are called dark or bright
excitons, respectively. While the properties and interplay of the individual states
have been intensively studied [137, 187, 188, 189, 37, 107], their exact energetic
alignment is part of an ongoing debate. Following recent interpretations based on
photoluminescence spectroscopy, the I° exciton at K-K’ lies Axg: ~ 9 meV above
the D ground state [37, 186], a consequence of the short-range electron-hole ex-
change interaction [190, 191, 192]. The heavier and three times degenerate K-A
excitons are expected to be located energetically closer to the bright X° exciton at
K-K [193, 194]. Fingerprints of K-A excitons have been observed in transient PL
[107|, strain-induced propagation dynamics [195] and in direct time- and angle-

resolved photoemission spectroscopy experiments [196].

Inserting free charge carriers into the monolayer results in multiple bound trion
(attractive Fermi polaron) states. For simplicity, only trion ground states in the
effective mass approximation are considered [166]. The discussion is further re-
stricted to the K and K’ valley, i. e., neglecting trions with electrons or holes

located at the A-valley. In Fig.2.7, the low energy trion configurations in mono-
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Figure 2.7: Schematic illustration of ground state trions with an excitonic core
at K-K in the low-energy monolayer WSe,; band structure. Solid and dashed lines
indicate electron spin states. Filled blue circles denote conduction band electrons
and empty red circles denote hole states in the valence band. (a,b) and (c,d,e)
show positively and negatively-charged trion configurations considering doping in
the energetically lowest valence and conduction band, respectively. Bright and
dark trion states are denoted by X* and D* and indicated by yellow and blue
colors, respectively. X and X, denote the bright singlet and triplet trion.

layer WSe, are schematically represented in the electronic band structure. Fig. 2.7
(a) and (b) show configurations of positively charged trions where the holes are
located in the K and K’ valence band valleys. As outlined in section 2.3, the tri-
on/attractive Fermi polaron is described by an excitonic core which additionally
binds to a free carrier/a Fermi sea excitation. Depending on the excitonic core,
the configurations are termed as bright (X*) or dark (D) trions, respectively. It
should be noted that no trions involving indirect I° (K-K’) excitons are observed in
photoluminescence. Due to exchange scattering between indirect I excitons and
free charge carriers which reside in the bottom-most K valley, I excitons efficiently
relax to DY [186] (see also Fig.2.11(c)). Negatively charged trion configurations
are presented in Fig. 2.7 (c-e) considering electron doping in the lowest spin-split
conduction band at K and K’. The bright singlet trion X and triplet trion X,
involve the bright excitonic core at K-K and either an electron with opposite or
equal spin at K and K’, respectively. The two configurations split in energy due

to short-range electron-electron exchange interaction [191, 36, 197|. In analogy to
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the D* trion, the D~ trion forms due to the interaction of a D° exciton with an

electron at K.

2.5 Scattering and recombination pathways

As presented in previous section, tungsten-based TMDC monolayers such as
WSe, exhibit extended excitonic landscapes with the prospect of a complex in-
terplay of excitonic quasiparticles. In the following, the basics of exciton and
trion scattering as well as selected recombination mechanisms are introduced.
Fig. 2.8(a) schematically depicts exciton scattering channels in a semiconductor:
intrinsic scattering with lattice vibrations, i. e., phonons (I'ypen), scattering with
other excitons (T'x), free carrier scattering (I'car) and defect scattering at lat-
tice vacancies or add-atoms (T'gefecs). The total scattering rate that an exciton

experiences is given by [4]
I'= thon + I-‘carr +I'x + Fdefect (27)

The exciton scattering rate translates to the scattering time 7, = A/I' and is

directly related to the spectroscopic linewidth broadening.

In this work, all experiments are performed at low exciton densities where the
probability to scatter with other excitons I'yx is negligible and thus, is not fur-
ther considered. Most relevant in this thesis is the scattering with phonons and
free charge carriers. First, the scenario of exciton scattering in an undoped semi-
conductor with I'c,,r = 0 is discussed. As demonstrated in many two-dimensional
semiconductors with sufficiently low defect scattering [198, 199, 200, 201, 202, 203,
204] and at low temperatures, the exciton scattering is governed by low-energy
acoustic phonons and the homogeneous exciton linewidth approximately increases
linearly with temperature, i. e., Tpnon = 7T [205]. Here, v is the material-
characteristic strength of the electron-phonon coupling. In TMDCs, the latter is
found to be on the order of several 10’s of ueV /K [206, 207, 208, 209, 203, 156, 73|,
much stronger than in quantum wells, with values of only a few peV /K [200, 201,
202]. At elevated temperatures the scattering with high-energy phonons becomes
dominant, leading to a super-linear increase of the scattering rate. Approximately,
in this regime the exciton linewidth is described by the Debye-Einstein relation
[199]

1—‘*

exp(E*/kgT) — 1 (2:8)

thon(T) = FO + ’}/T +
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Figure 2.8: (a) Schematic illustration of exciton scattering mechanisms involving
phonons, defects, other excitons and free charge carriers. (b) Schematic illustra-
tion of the exciton dispersion in tungsten-based TMDCs with indicated exciton-
phonon scattering channels of the X° exciton at low temperatures. The intra-valley
scattering is determined by the emission and absorption of acoustic phonons. The
inter-valley scattering is predominantly determined by the emission of A- and K-
phonons. At elevated temperatures also the absorption of temperature-activated
acoustic A-phonons contribute to the inter-valley scattering (cyan dashed line).
The lower panel shows the calculated phonon dispersion along I'-K adapted from
Ref. [37]. (c¢) Experimentally determined X° exciton linewidth broadening as
function of temperature determined from reflectance contrast measurements of
hBN-encapsulated monolayer WS,. The figure is reproduced from Ref. [73]. The
data is compared to the calculated exciton linewidth taking into account radiative
dephasing and phonon scattering indicated in (b). Due to hBN-encapsulation, de-
fect scattering and contributions from inhomogeneous broadening are considered
to be small and are thus neglected.

with E* being an effective average energy of the high-energy phonon modes and
['* is the strength of the coupling. I'y is a phenomenological parameter and is
often attributed to scattering with defects or radiative dephasing. For example,
in case of the bright X° exciton in TMDCs, a radiative decay time on the order
of 200 fs [210, 211] yields a constant radiative linewidth broadening on the order
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of 2 meV. Depending on the local field effect, the radiative decay and thus the
broadening can be tuned e. g. by the thickness of the surrounding hBN-layers
[212]. By contrast, dark excitons exhibit a decay time on the order of several 100’s
of picoseconds [54], corresponding to a negligible radiative broadening in the peV
range. It should be noted that the Debye-Einstein relation is a simplified approach
where the scattering with, in general, multiple acoustic and optical high-energy

phonon modes is estimated by a single effective phonon with energy E*.

For a quantitative understanding of exciton-phonon scattering in TMDCs, it is
necessary to consider the complex multi-valley exciton dispersion, introduced in
previous section. Following Ref. |73], low temperature phonon scattering of the
bright X° exciton is divided into intra- and inter-valley scattering. In the case of
intra-valley scattering, low-energy zone-center acoustic phonons are absorbed or
emitted. In the case of inter-valley scattering, the exciton scatters between indi-
vidual exciton states by the assistance of a high-momentum phonon, as illustrated
in the upper panel of Fig.2.8(b). At low temperatures, inter-valley scattering is
mediated by the emission of high-momentum K- or A-phonons with energies on
the order of 10 to 30 meV. For comparison, in the lower panel of Fig.2.8(c),
the phonon dispersion along I'-K is presented, comprising longitudinal, traversal
and out-of-plane (z-) polarized acoustic and optical phonon modes. By emitting a
phonon with momentum k,non = Akx, the X% exciton can scatter into lower-laying
exciton states separated by a finite momentum Aky. At elevated temperatures,
also the absorption of thermally-activated phonons can contribute to inter-valley

scattering.

In Fig.2.8(c), the experimentally measured X° exciton linewidth, determined
from reflectance contrast measurements of hBN-encapsulated WSes monolayer, is
compared to a calculation based on the material-realistic multi-valley band struc-
ture [73]. The exciton linewidth is determined by several contributions. It is
determined by a constant, temperature-independent radiative broadening on the
order of 2.5 meV and a temperature-dependent contribution stemming from the
absorption and emission of phonons. Approaching zero temperature, the absorp-
tion vanishes, as no thermally-activated phonons are available. Only the emis-
sion of K- and A-phonons determines the exciton-phonon scattering (X° excitons
at K-K scatter into K-K’ and K-A states) and results in a nearly temperature-
independent scattering rate on the order of 4 meV. The temperature dependence
is mainly determined by the absorption of acoustic phonons. At low temperatures,

it results in an approximately linearly increasing contribution to the exciton scat-
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tering rate on the order of ~ 25 peV /K. At elevated temperatures (T g 100 K),

the absorption of acoustic A-phonons leads to a (weak) super-linear increase.
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Figure 2.9: (a) Schematic illustration of phonon-assisted recombination of mo-
mentum dark excitons involving a virtual state in the light-cone. The emission
energy is reduced by the phonon energy. (b) Schematic illustration of in-plane po-
larized X° exciton emission and out-of-plane polarized D° exciton emission. The
emission intensity of the DY exciton is most strongest in x/y direction. In typical
experiments, light is collected which emits in perpendicular direction to the sam-
ple surface. However, due to an objective with large numerical aperture NA o
sinf (blue shaded area), stray light of the DY exciton can be observed.

As outlined in previous section, the majority of all exciton states are outside the
light-cone and are thus momentum dark. The possibility of phonon-assisted inter-
valley scattering turns out to be particularly crucial for the optical investigation
of K-A or K-K’ excitons. Momentum-dark excitons can become optically active
by transferring their momentum to e. g. defects, other excitons, free carriers or
phonons. Fig.2.9(a) schematically illustrates the recombination of an exciton by
transferring its momentum to a phonon (by creating a phonon) involving a virtual
state at the light cone. In this case, the detected emission energy is lowered by
the phonon energy, i. e., Epsp ~ Ex — Eppon. Consequently, in photoluminescence
spectroscopy a discrete low energy peak occurs, termed as phonon side band [4].
In the case that the recombination is assisted by two, three or more phonons, the
phonon side band energy is reduced by 2FEyon, 3Ephon, ---, resulting in a progression
of equally-spaced phonon side bands which decrease in intensity [4]. In principal,
also the combination of phonon modes with different energies is possible. In
tungsten-based monolayer TMDCs, particularly long-lived ground state excitons,

i. e., intra-valley D excitons and D¥ trions as well as inter-valley momentum-

24



forbidden 1° excitons give rise to phonon side bands, dominating the low-energy

photoluminescence spectrum [213, 37].

As outlined in section 2.4, the recombination of the D° exciton ad K-K is spin-
forbidden (in in-plane polarization) due to equal electron and hole spin. However,
it exhibits a finite transition matrix element in out-of-plane polarization [139].
Considering the specific orbital configuration in tungsten-based TMDCs, it can
be shown that the D state splits into two branches due to spin-orbit-induced spin
mixing in the valence band. While one of the branches is optically inactive, the
other one exhibits an out-of-plane polarized dipole-allowed transition. Despite
of only a small expected oscillator strength, this mechanism gives rise to finite
photoluminescence of the D? exciton [139]. Different to the X° emission, which is
in-plane polarized and predominantly emits perpendicular to the sample surface
in z-direction, the D° exciton emission is strongest in the direction parallel to the
sample surface, i. e., in x/y direction, cf. Fig.2.9(b). In the experiment, the emit-
ted light is typically collected in z-direction and thus is most sensitive to in-plane
polarized emissions. Using an objective with a large numerical aperture (NA),
out-of-plane polarized light can be detected. In the lower panel of Fig. 2.9(b), the
dashed lines indicate the maximum angle # which an objective with NA = nxsinf
detects. Due to the dipole-like radiation of the DY emission, it exhibits a finite
contribution in z-direction. Therefore, using large NA objectives (in this work NA

= 0.7) allows to simultaneously detect the X° emission and stray light of D°.

Furthermore, the intra-valley DY exciton can recombine via the assistance of the
zero-momentum optical I's-phonon mode. The I's mode exhibits a polarization
vector which is denoted by in-plane and out of phase vibration of the chalcogene
atoms and results in an in-plane polarized phonon-assisted emission [56]. Thus,
although the direct D° recombination is out-of-plane polarized, its phonon side

band is in-plane polarized.

In doped semiconductors, next to phonons, the scattering with free charge carri-
ers needs to be taken into account. As outlined in previous sections, the presence
of free electrons or holes can lead to the formation of bound trions or attrac-
tive Fermi polarons. However, excitons can also interact with electrons without
forming a bound state. Particularly, the exciton-electron scattering manifests in
the exciton /repulsive Fermi polaron linewidth. It should be noted, that due to
comparably low trion oscillator strengths, the radiative broadening of the trion
is negligible at low carrier densities. In Fig.2.10 (a), the qualitative dependence
of the exciton non-radiative linewidth broadening is plotted as function of Fermi

energy at cryogenic temperatures [45, 46, 112]. At zero doping the linewidth is
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determined by the scattering with phonons, defects or radiative broadening. With
increasing density, the carrier-induced linewidth broadening is found to approx-
imately linearly increase with the free electron or hole concentration. In stark
contrast, the trion linewidth hardly depends on the free carrier concentration and

only slowly increases at elevated carrier densities.
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Figure 2.10: (a) Qualitative dependence of exciton/repulsive Fermi polaron
(X/RP) and trion/attractive Fermi polaron (T/AP) non-radiative linewidth as
function of free carrier density at cryogenic temperatures. (b) Qualitative depen-
dence of the X/RP and T /AP non-radiative linewidth as function of temperature

where the trion-phonon scattering is dominated by linear acoustic phonons (T
< 50 K).

The carrier-induced exciton linewidth comprises two major contributions: the
scattering into a bound trion state and exciton-electron scattering where the ex-
citon remains an exciton after the interaction. Both processes approximately
linearly increase with the doping density and thus lead to an increase of the ex-
citon linewidth. In the case of trions, the up-scattering to an excitonic state is
suppressed due to large trion binding energies, i. e., at cryogenic temperatures
and trion binding energy in the range of several 10’s of meV the thermal energy
of the trion is insufficient to ionize. Furthermore, trion-electron scattering is less
efficient compared to exciton-electron scattering due to a larger trion mass. In an
estimation based on energy and momentum conservation, the final kinetic energy
EX kin' of an exciton with mass mx = m. + my, after scattering with an electron

in rest with mass m., is given by

2mxme
Exiinw =11——— | Exxin 2.9
Xk ( m3 + mg) ok (2:9)

with the initial kinetic energy of the exciton Fx yin. In the limiting case of mx =

Me, it follows that Ex y, = 0, i. e., the total energy is transferred to the electron.

26



In the case of mx > m,, almost no energy is transferred, i. e., Ex yin & EX kin-
Consequently, replacing the exciton by the heavier trion, less energy is transferred
and the scattering is less efficient. In the particular case of TMDCs with myx ~
2m, and mp ~ 3m,, the final exciton kinetic energy is Ex yi,’ = 0.2E% in, Whereas

for the trion it is By = 0.4 57 kin.

The suppressed trion-electron scattering can also be understand with respect to
its effective charge. Tt is much less likely that an electron comes into the vicinity of
a charged trion, as it gets repelled by long-range Coulomb interaction. Differently,
the long-range Coulomb interaction between an effectively charge-neutral exciton
and an electron is suppressed so that an electron can come comparably close to
the exciton. Being close enough to the exciton, the electron strongly scatters with

the exciton due to short-range Coulomb interaction.

While the carrier-induced trion linewidth broadening is negligible at low carrier
densities, the trion linewidth is mostly governed by the interactions with phonons.
As trion-phonon scattering roots in the coupling of the underlying electrons and
holes to the phonons, the larger number of constituting particles in a trion results
in a stronger trion-phonon coupling than in the case of excitons. As discussed
above, the phonon coupling manifests in the temperature-dependent linewidth
broadening (at low carrier densities the radiative broadening of the trion is neg-
ligible due to weak trion oscillator strengths). As schematically illustrated in
Fig.2.10 (b), the low-temperature linewidth increase oc 4T is stronger for the

trion compared to the exciton [214].

Next to the symmetric broadening, the trion linewidth exhibits an additional
low-energy flank attributed to the recombination of high-momentum trions. Simi-
lar to the phonon-assisted recombination of excitons, trions can recombine electron-
assisted. Particularly, a high-momentum trion outside the light-cone can recom-
bine by transferring its momentum to the remaining electron. This process results
in a low-energy flank as the recombination energy is reduced by the energy trans-
ferred to the electron. This effect is called the electron recoil effect [77] and will

be discussed in detail in chapter 4.

The electron-assisted recombination plays a particularly important role for dark
states. In an electron-doped monolayer WSe,, an exciton in the inter-valley K-K’
state (I°) can make a fast transition to the energetically favorable intra-valley spin-
forbidden K-K exciton (DY) due to exchange interaction [186], c¢f. Fig.2.11 (a).
By contrast, in a neutral semiconductor the transition between ground state K-K

and K-K’ excitons is strongly suppressed as a spin-flip is required. Particularly,
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Figure 2.11: (a) Schematic illustration of the electronic band structure of mono-
layer WSe, indicating the inter-valley K-K’ exciton state (I°) consisting of an
empty valence band state (hole) at K and an electron at the bottom K’ valley.
In the presence of electron doping in the lower K valley, the indirect K-K’ exci-
ton can scatter into the energetically favorable intra-valley K-K state (D) due to
efficient exchange interaction. (b) Schematic illustration of the electron-assisted
recombination process of dark D~ trions consisting of an empty electron in the
valence band at K, a conduction band electron at K and the other one at K’.
Fulfilling energy and momentum conservation, the indirect excitonic component
can recombine leaving behind an electron at the upper conduction band at K’
(inter-valley spin-conserving transition). The energy of the transition is reduced
by the conduction band energy splitting Acp compared to the direct transition
of the D~ trion.

the formation of I* trions, i. e., trions consisting of an K-K’ inter-valley excitonic

core and an electron/hole at K are not observed 213, 37|.

Another peculiar electron-assisted recombination pathway gives rise to the D
emission, a replica of the D™ trion. The latter is composed of an intra-valley
excitonic core at K-K and an electron at K’. One possibility to recombine is that
the intra-valley excitonic core recombines in out-of-plane polarization (similar to
the DY exciton). This recombination path gives rise to the D~ emission peak.
Alternatively, the indirect component (the hole at K and the electron at K’)
recombines resulting in the D emission. In order to fulfill energy and momentum
conservation the electron at K scatters to the upper K’ valley [215, 216, 186], cf.
Fig.2.11 (d). Consequently, the emission energy of the D5 is reduced compared to
the D™ emission by the energy splitting of the conduction band Agp. This allows
to estimate the conduction band splitting from photoluminescence experiments.
In hBN-encapsulated monolayer WSe, the splitting is found to be ~ 15 meV

[186], consistent with an alternative analysis based on relative energy separations
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between X%, D° and I° and their estimated binding energies (taking into account

effective masses and electron-hole exchange interaction) [186].

As the discussed phonon- and electron-assisted recombination processes are
comparably inefficient, dark states exhibit lifetimes on the order of nanoseconds
[54], much larger than directly recombining bright excitons. As a direct conse-
quence, dark states allow for the investigation of exciton and trion dynamics on
sufficiently long time scales. Importantly, it has been shown that the relaxation
dynamics in monolayer TMDCs occur on much faster time scales [217, 218]. In
particular, within the first picoseconds the excitons are intra-valley thermalized
and can be approached by Boltzmann statistics, i. e., they are described by an
effective exciton temperature. Within a few 10’s of picoseconds the excitons cool
down to lattice temperature [107, 108]. Consequently, dark excitons are at lattice
temperature during the majority of their lifetime [107]. This opens the possibil-
ity to explore exciton dynamics at a well-defined, constant exciton temperature.
Dark excitons allow for the investigation of Auger-recombination [219], brighten-
ing mechanisms [220], exciton to trion conversion [221], or to study propagation
phenomena which are going to be introduced from a more general perspective in

the next section.

2.6 Exciton propagation

In this section the fundamentals of exciton propagation are introduced. In
this context, the diffusion coefficient D plays an important role. The diffusion
coefficient is defined as a measure of the random motion of particles in space
driven by their distribution gradient and gives access to their intrinsic ability to
move. For example, exciting excitons by a focused laser, the larger concentration
within the excitation area drives an effective exciton drift towards the area outside
the excitation area where no excitons reside. In a simplified picture, the described

scenario is approached by Fick’s second law of thermodynamics

on(x,t)

_ o2
e DV<n(x,t), (2.10)

with the exciton distribution density n(x,t), second spatial derivative V2, spatial
coordinates x and time ¢t. The generalized differential equation describing exciton
propagation in the presence of Auger-like recombination and external forces is

presented in section 3.6.
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For charged particles, the diffusion coefficient is directly connected to the mo-

bility 4 by the Einstein-Smoluchowski relation

_ gD

= 2.11
T (2.11)

Ju

with charge ¢, Boltzmann constant kg and temperature 7. In order to compare
exciton dynamics determined from optical experiments to transport experiments,
the mobility of an effectively charge-neutral exciton is often estimated by setting

q = e in Equation 2.11, with e being the elementary charge.

In two-dimensional TMDCs excitons exhibit strong binding energies rather typi-
cal for Frenkel-like excitons but are characterized by a wave function which spreads
over many lattice atoms, a hallmark of Wannier-Mott like excitons (see also sec-
tion 2.2). The propagation of Frenkel-like excitons is often characterized by local-
ization and inter-site hopping [5, 222|, whereas the spatial dynamics of Wannier-
Mott-like excitons are often described in a band-like picture where the exciton
freely moves between individual scattering events [223|. For an overview, the two

conceptually opposing transport regimes are briefly outlined in the next section.

2.6.1 Hopping and band-like propagation

Various electronic coupling mechanisms enable excitons to move in a crystal by
a finite microscopic increment resulting in a macroscopic, cascade-like long-range
energy transport. The underlying mechanisms can be very different and largely
depend on the individual material properties [224]. In many materials carriers are
locally trapped e. g. on a molecule or defect site in a crystal. Due to high energy
barriers, carriers reside on individual sites most of the time. Only occasional tran-
sitions termed as hopping contribute to an effective energy transport. Fig.2.12(a)
schematically illustrates hopping of excitons between neighboring sites separated
by a distance d. The coupling between two sites is often mediated by Forster
resonance energy transfer (FRET) [225], i. e., dipole-dipole electromagnetic inter-
action, Dexter coupling [226|, where the carrier tunnels from one site to another
or by phonons. Hopping-like transport has been observed most prominent in or-
ganic materials such as 3D metal halide perovskites [227] or colloidal quantum
dot materials [228]. A similar transport behavior can be observed in inorganic
semiconductors. Particularly, in low-dimensional systems with high defect densi-
ties and interface roughness scattering, carriers often localize [10]. Defect-assisted

localization has been observed e. g. for excitons in many quantum well systems
[10, 81, 82, 83].
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Figure 2.12: (a) Schematic illustration of exciton propagation in the regime of
hopping. Excitons occasionally hop from one site to another. The transition rate
depends on the inter-site distance d. (b) Qualitative dependence of the exciton
diffusion coefficient as function of temperature if the propagation is mediated by
hopping. The diffusion coefficient increases with temperature, i. e., 0D/9T > 0.
(c) Schematic illustration of semiclassical band-like diffusion. The exciton ballis-
tically propagates between two scattering events. The average length between two
scattering events is defined as the mean free path l,,e,. (d) Qualitative dependence
of the semiclassical diffusion coefficient as function of temperature if the propaga-
tion is limited by scattering with temperature-activated phonons. The diffusion
coefficient remains constant or decreases with temperature, i. e., 9D/0T < 0.

By contrast, at elevated temperatures in most metals and inorganic semicon-
ductors but also in some single molecule organic crystals [229], carrier transport
is described in a semiclassical band-like (wave-like) picture. Herein, the particle
freely propagates through the crystal between individual scattering events [224].
In Fig.2.12(b), semiclassical exciton transport is schematically illustrated. The
kinetics are characterized by a series of segments, where the particle ballistically
moves in space on a length scale defined as the mean free path [, between two

scattering events. The semiclassical diffusion coefficient is given by

 kgT
=2

D,. X T (2.12)
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Here, my is the exciton mass, 7, = A/I is the scattering time and kgT is the

thermal energy of the excitons.

While both, hopping and semiclassical free propagation leads to an effective
energy transport, their dynamics are governed by an opposing temperature de-
pendence [230]. In the case of localized states, the diffusion coefficient increases
with temperature as qualitatively presented in Fig.2.12(c). While at low temper-
atures the carriers hardly propagate, with increasing thermal activation energy it
becomes more and more likely to overcome the energy barrier between neighboring
sites and the diffusion coefficient increases. Depending on the specific properties of
the underlying material system, various quantitative models have been derived to
describe temperature-dependent hopping, e. g. presented in Refs. [231, 232, 233].
By contrast, in the semiclassical picture the diffusion coefficient is constant or
decreases with temperature. Considering that the scattering time at cryogenic
temperatures is determined by linear acoustic phonons, the scattering time in-
versely scales with temperature 7, oc 7! (see also section 2.5) and the diffusion
coefficient in Equation 2.12 becomes temperature-independent. At higher tem-
peratures (T > 50 K), the additional scattering with high-energy phonons leads
to a decrease of the diffusion coefficient. In this regime, experimentally observed
diffusion coefficients scale with D(T) oc Tu(T) oc T~""! with n reaching values of
up to 3 [230]. The qualitative temperature dependence of the diffusion coefficient

in the semiclassical picture is presented in Fig. 2.12(d).

2.6.2 Weak localization and quantum interference

This section provides an intermediate propagation regime where the full quan-
tum nature of the exciton is taken into account. The excitons are considered to
freely propagate, but different to the above presented semiclassical picture, their
wave-like behavior is explicitly taken into account. Due to constructive interfer-
ence of the particle’s wave function in space, the exciton effectively localizes. This
effect is called weak localization [234, 235, 236, 237, 238, 88, 239| and is a precursor
of strong Anderson localization [240, 241]. Following Ref. [109], the prerequisites

for this transport phenomenon is outlined for excitons in two-dimensional TMDCs.

In the semiclassical picture the exciton is considered to be a point-like particle

and the mean free path [n¢, exceeds the de Broglie wavelength Agg, 1. e.,
lp > AdB- (2.13)
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Figure 2.13: (a) Schematic illustration of constructive interference of clockwise
and anti-clockwise propagating exciton wave packets. The arrows indicate propa-
gation between two quasielastic scattering events. The strength of the interference
is governed by the phase relaxation time 74, i. e., the time after the interference is
broken. 7, < 7, is the scattering time. (b) Qualitative temperature-dependence
of the diffusion coefficient considering a first order quantum correction of the semi-
classical diffusion coefficient D.o;r = D — 0D. Dy is the semiclassical diffusion
coefficient determined by the scattering with phonons and dD is the correction
due to the wave-like nature of the exciton.

However, for excitons in monolayer TMDCs, Equation 2.13 is not strictly fulfilled.
Recent experiments demonstrate mean free paths comparable to the exciton radius
and the de Broglie wavelength [61]. In a first approximation, the impact of the
wave-like nature of the exciton on its propagation is approximated by considering
interference of the exciton’s de Broglie waves in closed trajectories. If the inter-
ference of forward and backward traveling waves is constructive, a standing wave
builds up. Thus, the exciton spends more time in the loop and effectively localizes.
The scenario is schematically depicted in Fig.2.13(a). The diffusion coefficient is
reduced compared to its semiclassical value Dg. given by Equation 2.12. The in-
terference depends on the phonon scattering time 7, and phase relaxation time
T4 > 7. The phase relaxation time is the time after clockwise and anti-clockwise
waves are out of phase. Importantly, it is not the dephasing time after (reso-
nant) excitation which is typically given by the scattering time 7,. In a first-order

perturbation theory the corrected diffusion coeflicient is given by [109]

h
Dcorr = Dsc — 0D = Dsc - 9 In (E) . (214)

T™mx Ts

At low temperatures, the exciton-phonon interaction is determined by quasi-

elastic acoustic phonons and the effective potential field created by the phonons
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is almost static. Particularly in monolayer TMDCs, the mean exciton velocity
between two scattering events is much larger than that of the phonons. While
the exciton reaches a mean speed of ~ 40 km/s (Umfp = lmfp/7s) [61], the phonons
travel with a velocity of 3.3 km/s [242]. In this case, 74 is basically limited by
the energy uncertainty de(7,) X 7, ~ hi/2. Here, d¢(7,) denotes the exciton energy
variation determined by the exciton-phonon scattering while propagating in the
loop. It means that the phase is lost if the energy uncertainty over time 7, is

similar to i/(27,). The phase relaxation time is given by [109]

T = (%) " (2.15)

with 7y being a constant related to the strength of the exciton-phonon coupling.
Considering that the scattering time inversely scales with temperature in the case
of acoustic phonon scattering (see section 2.5) the correction term JD increases
with temperature oc In(7"/3). Despite both, the phase relaxation and scattering
time decrease, their ratio and therefore the correction becomes larger with in-
creasing temperature. Taking into account inelastic scattering with high-energy
phonon modes at higher temperatures, the phase relaxation time reduces and
the weak localization effect is hampered [243|. In Fig.2.13(b), the qualitative
temperature-dependent of the corrected diffusion coefficient D, is presented as
function of temperature. The quantum correction is strongest at cryogenic tem-
peratures where quasielastic scattering with acoustic phonons dominate [243]. In-
terestingly, it exhibits a qualitatively different temperature dependence compared
to the semi-classical diffusion. At cryogenic temperatures T < 50 K, the semi-
classical diffusion coefficient is constant, while the corrected diffusion coefficient

decreases with temperature.

In the presence of free charge carriers the quantum correction is expected to
become negligible, as the exciton-electron scattering is highly inelastic. Due to the
twice as high exciton mass compared to the free charge carrier mass, the exciton
transfers the majority of its kinetic energy to the electron (see also Equation 2.9).
Only at elevated temperatures and low electron densities quantum corrections on

the exciton transport may be relevant [243].

Having outlined the prerequisites for quantum interference effects on exciton
propagation, the pertinent question is whether these phenomena can be exper-
imentally accessed. Electrically-tuneable hBN-encapsulated monolayer TMDCs
fulfill all necessary conditions to study these effects. As outlined in this chapter,
monolayer TMDCs
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e are characterized tightly-bound excitons with strong light-matter coupling
e exhibit strong exciton-phonon and exciton-electron interactions

e comprise long-lived dark exciton and trion reservoirs which allow for the
investigation of quasiparticle propagation in a thermalized system cooled

down to lattice temperature

Following the current state of research, the main scope of this work is the experi-
mental investigation of exciton-carrier interactions and their propagation dynam-
ics which will be presented in chapter 4 and 5. In the subsequent chapter 3, the

required experimental methods are introduced.
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Chapter 3

Experimental methods: sample fabri-

cation and time-resolved microscopy

In this chapter the experimental methods are described. First, a brief overview
of the sample fabrication as well as an introduction to the spectroscopy setup
is given, focusing on reflectance contrast and photoluminescence spectroscopy.
Subsequently, a description of spatio-temporal monitoring of exciton diffusion is
presented. The chapter is concluded by a basic characterization of the investigated

electrically-tuneable TMDC structures.

3.1 Micro-mechanical exfoliation of van der Waals

crystals

In this work, monolayer semiconductors are investigated which are embedded
in heterostructures consisting of several thin layers of van der Waals crystals.
The considered structures comprise single sheets of conductive few layer graphene
(FLG), insulating hexagonal boron nitride (hBN) and semiconducting monolayer
WSey as well as monolayer MoSe,. In a typical sample structure, a monolayer
WSe, or MoSe, flake is sandwiched between two thin layers of hBN placed on
a SiO./Si substrate (dsio, = 290 nm). The graphite layers serve as electrical
contacting. Electrically-tuneable samples are introduced in section 3.8. The in-
dividual layers are mechanically exfoliated from high-quality bulk crystals and
subsequently stamped on top of each other, either by an all-dry visco-elastic
polydimethylsiloxan-mediated (PDMS) stamping process or a polycarbonate (PC)
pick-up transfer. The chemically synthesized WSe;, MoSe, and graphite bulk

crystals have been commercially purchased from HQ)Graphene. In case of hBN,

37



artificially grown crystals by Takashi Taniguchi and Kenji Watanabe from the
National Institute of Materials Science in Tsukuba (Japan) are employed. The

exfoliation and assembly was performed by Jonas David Ziegler.

The majority of the investigated structures are fabricated by a PDMS-mediated
stamping process following Ref. [244]. In a first step, (atomically) thin layers are
cleaved and exfoliated by pulling off an adhesive tape (Nitto Denko Corporation)
from the considered bulk crystals. The individual layers are then transferred to
visco-elastic PDMS from which they are subsequently stamped on top of each
other on a cleaned and preheated 70°C SiO,/Si substrate. Between each transfer
step, the structure is annealed to 150°C for 1 to 3 hours. The stamping procedure

is schematically illustrated in Fig. 3.1 (a). Alternatively, the individual layers are
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Figure 3.1: Step by step illustration of the exfoliation and transfer procedure in
the (a) PDMS-mediated stamping transfer and (b) PC pick-up transfer. The pro-
cess is depicted for a structure consisting of two layers. (c¢) Schematic cross-section
of a hBN-encapsulated WSe, monolayer on a SiO,/Si substrate. (d) Micrograph
of an hBN-encapsulated WSey monolayer on SiO5/Si. The monolayer flake is in-
dicated by the area surrounded by red dashed lines.

picked up by a PC-coated PDMS stamp at a temperature of 125°C following a
slightly modified approach presented in Ref. [245]. The advantage of this method
is that only the first layer gets in contact with the PC whereas all following layers
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are directly picked up by the previous layers. Therefore, adsorbates between the
individual layers are reduced. The complete stack, consisting of the multi-layer
structure and the PC stamp is then released on the SiO,/Si substrate. In a last
step, the PC stamp is melted at 175°C and dissolved in chloroform. A schematic
step-by-step illustration of the pick-up method is depicted in Fig.3.1 (b). Fig. 3.1
(c) shows a schematic sample cross-section. In Fig.3.1 (d), a micrograph of a

hBN-encapsulated monolayer WSe, structure on a SiO,/Si substrate is presented.

3.2 Spectroscopy setup

In this section, the spectroscopy setup is introduced. Fig. 3.2 shows a schematic
overview of the setup which is structured in three units. The excitation sources
on the left, the microscope with the sample in the center and the detection unit
consisting of an imaging spectrometer with a CCD and a streak camera as de-
tectors on the right. The sample is optically excited either by a broad-band
quartz-tungsten halogen (QTH) lamp for reflectance measurements, a continuous
wave (CW) diode-pumped solid state (DPST) laser with a wavelength of 532 nm
for steady-state photoluminescence measurements, or a pulsed 140 fs Ti:Sapphire
laser with a repetition rate of 80 MHz and continuously tuneable wavelength range
for time-resolved measurements. In the microscope, the incident light is focused
by a 60x objective (NA= 0.7) to a spot diameter of approximately 1 ym on the
sample (in case of the QTH lamp the spot diameter is 2 um). The sample is fixed
in a continuous-flow microscope cryostat mounted on a z-y micrometer stage.
During measurements, the sample is cooled down by liquid Helium to a nominal
heat sink temperature of 4.2 K. The temperature at the sample is continuously
adjusted up to room temperature by a built-in electric heater. The majority of the
experiments discussed in this thesis are performed at temperatures between 5 and
50 K. After passing neutral density and spectral band pass filters, the reflected
or emitted light is guided to the spectrometer. For spectral detection, the light is
focused by a lens on a 300 gr/mm or 1200 gr/mm grating. For spatial imaging,
the grating is replaced by a mirror. The light is finally detected by a Peltier-
cooled CCD camera or a Hamamatsu streak camera. The latter is triggered by

the oscillations of the Ti:Sapphire laser.

In the following sections the individual measurement procedures are presented
in detail. In particular, an overview of reflectance and photoluminescence spec-
troscopy is given followed by the description of spatio-temporal measurements of

exciton diffusion.
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Figure 3.2: Schematic illustration of the spectroscopy setup. The excitation
beam from a QTH lamp, CW laser or pulsed Ti:Sa laser is focused on the sample,
which is fixed in the microscope cryostat mounted on a x-y stage. The reflected
and /or emitted light is guided to the spectrometer and imaged by a CCD camera
or a streak camera detector, which is synchronized by the oscillations of the Ti:Sa
laser.

3.3 Reflectance spectroscopy

For the optical characterization of the investigated monolayer structures in-
cluding the determination of exciton resonance energies, linewidths and oscillator
strengths, reflectance experiments are performed. The sample structure is illu-
minated by a broad-band QTH lamp focused on a spot with full-width at half-
maximum (FWHM) of ~ 2 um. The total incident power is set to few 100’s of
nW. At this power the linear response of the system is probed and non-linear
density effects are excluded. The reflected light is dispersed by a grating and
subsequently detected by the CCD camera. The integration time is set to 0.3
to 1.8 seconds per frame. In order to increase the signal-to-noise ratio, 100 in-
dividual frames are averaged for a single spectrum. Fig.3.3 (a) shows a typical
as-measured reflectance spectrum R, of a hBN-encapsulated WSey; monolayer on
a Si0,/Si substrate (Si/SiOy/hBN/WSe,/hBN) in the energy range of the X° ex-
citon at a nominal heat sink temperature of T = 5 K. While the overall shape is
determined by multi-layer interference effects, the spectrum exhibits pronounced
features around the exciton ground state (1s) at 1.72 eV and excited state (2s) at
1.86 eV. For comparison, a reference spectrum R, on a nearby position without
the monolayer (Si/SiO,/hBN) is recorded. In contrast to the spectrum with the
monolayer, it does not show any excitonic features. In Fig. 3.3 (b), the reflectance
contrast R. = (Rs — Ryet)/(Rret — BG) is plotted, with BG being the background
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signal obtained while blocking the QTH lamp. In Fig.3.3 (c), the derivative of
the reflectance contrast OR./OF is presented.
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Figure 3.3: (a) Reflectance spectra Ry of hBN-encapsulated WSe, monolayer
on SiOs/Si and the reference spectrum R, without the monolayer on a nearby
position with only one layer hBN on SiO,/Si. The spectra are plotted in a typical
energy range of the ground state 1s and excited state 2s, 3s, ... X" exciton at T
=5 K. (b) Reflectance contrast spectra calculated from the spectra presented in
(a). (c) Derivative OR./OF of the reflectance contrast spectrum shown in (b).

For a quantitative extraction of resonance energies, linewidths and oscillator
strengths, the recorded reflectance contrast spectra are fitted by a transfer matrix
model parameterized by individual Lorentzians for each resonance. The transfer
matrix model is required as the sample structure consists of several layers with
different refractive indices which lead to multi-layer interference between absorbed
(A), transmitted (T) and reflected (R) light. In general, the interference results
in modified spectral features, including variations in the resonance energies and
linewidth broadening. To incorporate these effects, the reflectivity is modeled by a
transfer matrix model based on a customized MATLAB (Mathworks) script which
was developed by Steve Byrnes [246] and implemented by Jonas Zipfel [247]. The
general approach is briefly outlined along the lines of Refs. [246] and [247].

Considering a multi-layer system which consists of N individual layers j, the
forward traveling light amplitude v; and backward traveling amplitude w; at each

layer boundary is calculated by

Uj =M, Vj+1
wj W41
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with the transfer matrix M;. Considering unpolarized light perpendicular to the
sample structure (zero angle approximation), the transfer matrix for a boundary

between two adjacent layers j and j + 1 reads [246|

. 2n;
—id; i/
M= € © 0 1 nyngn | T
J 0 i L Bt 1 2n; '

njtn;41

Here, n; and nj;; denote the individual refractive indices of two neighboring layers
j and j+ 1. 0; is the relative phase collected while propagating through the layer.
Note that ¢ is the imaginary unit and not an index. ¢; depends on the individual
layer thickness d; as well as wavelength A and is determined by d; = 27n;d; /.
For the semi-infinite first layer o, = 0 is considered. For the last semi-infinite
layer 7 = N no matrix is required. The total matrix of the structure is given by

multiplying the individual matrices
Mo = My X My X Mg X ... X My_;. (3.1)

the total reflected light is given by

1 tio
Ttot 0

Here it is assumed that the initial amplitude v; = 1 and that no light is coming
from the last layer. The total reflectance of the multi-layer stack is given by
R = |ryi|?. The total transmittance T is proportional to [t]?. For an exact
expression of T, the Poynting vector needs to be calculated, as e. g. demonstrated
in Ref. [246].

In order to match the experimental spectra, the modeled reflectivity R with
complex refractive indices from literature is adjusted by fitting the individual
layer thicknesses d;. The dielectric function of the monolayer ey, = n%y, is ap-

proximated by

_ Ji
EML _EOO+;E2()\)—E'Z—ZEFIC

consisting of Lorentzians in the range of optical transitions with e. g. exciton
resonances k = 1s, 2s, ..., the background dielectric constant of the monolayer e,
as well as resonance energies Fy, dephasing I'y, (corresponding to the non-radiative

linewidth) and oscillator strength fi being free fit parameters.
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The presented transfer matrix approach enables the accurate determination of
resonance energies, non-radiative linewidths and oscillator-strengths and gives an
estimate of the layer thicknesses d; of the investigated structures. By fitting the
measured reflectance contrast spectrum of a sample structure with known layer
configuration, the extracted layer thicknesses agree with an accuracy of approxi-
mately 5 to 10 nm with layer thicknesses determined from atomic force microscopy
(AFM) measurements. Furthermore, the model allows to calculate the absorption
A =1— R —T, which is particularly relevant for the estimation of the optically-
injected electron-hole pair density in photoluminescence experiments, discussed in

the next section.

3.4 Photoluminescence spectroscopy

For continuous wave (CW) photoluminescence (PL) measurements, the sample
is excited by a CW laser at a wavelength of 532 nm (2.331 eV). Similar to the
reflectance measurements, the emitted PL is guided to the spectrometer where the
light is dispersed and imaged on the CCD camera. To separate the emitted PL
from the reflected and scattered laser light, a 550 nm long-pass filter is inserted in
the optical path between microscope and spectrometer. For an individual spec-
trum, the integration time is set to a value between 10 to 400 seconds. The PL
spectrum is obtained by subtracting the background signal with the laser source

switched off from the sample spectrum.

The excitation power is adjusted by continuously-tuneable neutral density filters
and determined by a wavelength-sensitive power meter. In this thesis, excitation

powers range between 1 nW and 10 4W. The power density p is approximated by

p = Po/(mrig) (3.2)

with total (measured) power Py and effective excitation spot radius 7.

In the approximation in Equation 3.2 a cylindrical excitation profile is assumed.
It particularly neglects the radial density dependence of the actual excitation pro-
file of the focused laser, which exhibits a density maximum in the spot center
and a decreasing density with increasing distance to the center. Depending on
the definition of the effective radius, the actual density can be under- or overesti-
mated. In literature, different definitions of r.¢ are considered. In Fig. 3.4, three
conventions rooting on a two-dimensional Gaussian density profile are compared.

For example, setting the effective radius to the standard deviation r.g = o would
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result in an effective power density which is twice as high as the actual power
density at the peak maximum. Also setting r.g = FWHM overestimates the max-
imum peak density by a factor of ~ 1.5. A more realistic approximation yields
the definition of the Gaussian beam waist, yielding an effective density half of the
maximum peak density. In this work, the effective radius is chosen such that the

effective density is equal to the maximum density at the spot center

rer = FWHM/(21/In(2)). (3.3)

Evaluating Equation 3.2 and Equation 3.3, an excitation power of 1 uW corre-
sponds to a peak power density of 90 W/cm?, taking into account an experimen-

tally determined laser spot diameter of FWHM = 1 um.
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Figure 3.4: (a) Comparison of different definitions of the effective radius reg
in a two-dimensional Gaussian function: the width w, the standard deviation
o and the beam waist wqg,. The second row of the table shows the Gaussian
distribution function n(r) = n(y/xz? + y?) represented by the different definitions
of the effective radius. The profiles are normalized to [[ n(y/a? + y?)dzdy = Ny.
In the third row, effective densities neg/nmax in the cylindrical approximation
new = No/(mr?;) are summarized. np,, = n(z = 0,y = 0) is the maximum
density in the peak center. In the fourth row, reg is compared to the FWHM. (b)
Mlustration of a two-dimensional (GGaussian cross-section indicating the different
definitions of r.g. Dashed squares are cross-sections of the cylindrical profiles with
radius e normalized to neg X TrZ = Np.

Alternatively, the CW laser is replaced by a 140 fs pulsed Ti:sapphire laser
with a repetition rate of fi, = 80 MHz. For most experiments on monolayer
WSe, structures, the wavelength is tuned into resonance with the X° exciton at

Epn = 1.722 eV. In analogy to Equation 3.2, the peak energy density per pulse is
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given by Po/(frepmr2g), with reg = FWHM/(24/In(2)). The corresponding peak

electron-hole pair density per pulse is approximated by

Poa* 4In(2)Poar*

pr— pr— 3 3-4
frep’rrrgfprh frepWFWHMzEph ( )

Neh

with effective absorption a*. As outlined in previous section, the energy-dependent
absorption A(F) is estimated from reflectance contrast measurements. Impor-
tantly, for the estimation in Equation 3.4, it is relevant to evaluate the absorption
at the excitation energy E,,. For example, at the ground state XY exciton reso-
nance in hBN-encapsulated monolayer WSe,, the absorption at the peak maximum
can be as high as 60%, while exciting the sample 30 meV above, the absorption is

only on the order of a few percent. The effective absorption is calculated by

_ JA(E)L(E)dE
[ L(E)E

*

(0%

(3.5)

with the excitation profile L(E), i. e., the spectral function of the laser. Notably,
Equation 3.5 explicitly takes into account the spectral overlap of the excitation
profile with the absorption A(FE).

For the measurements on monolayer WSe, structures presented in chapter 5,
an effective absorption at the X° exciton of 30% is considered. Consequently,
an excitation power of Py = 1 uW corresponds to a peak energy density of 1.1
pd /em? and a peak electron-hole pair density of 1.2x 102 em ™2 per pulse (the spot
diameter is set to FWHM = 1 um). For the measurements on MoSes structures
presented in section 4.3, the excitation wavelength is tuned to 1.663 eV (slightly
above the X° resonance at 1.642 eV) with an estimated effective absorption of 2%.

Consequently, an excitation power of 1 yW corresponds to n., = 8.3 x 101% cm 2.

3.5 Asymmetric lineshape analysis

For the analysis of PL spectra, symmetric as well as asymmetric fit functions
are applied. In the case of neutral excitons such as the bright X° and the dark
D emission, dephasing mechanisms such as radiative broadening, scattering with
phonons and electrons result in a symmetric, homogeneous broadening which man-
ifests in a Lorentzian emission profile. Inhomogeneities determined by e. g. local
fluctuations of dielectric disorder or strain manifest in a Gaussian emission profile.
To account for both, homogeneous and inhomogeneous broadening, a convolution

of a Gaussian and a Lorentzian, i. e., a Voigt profile is applied.
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Next to symmetric emission profiles, also asymmetric peaks are investigated.
Particularly in this work, exciton phonon side bands and trions are fitted by a high-
or low-energy exponential function convoluted with a Lorentzian profile. In case
of phonon side bands, excitons with a finite center-of-mass momentum recombine
via the assistance of high-energy phonons. Considering Boltzmann-distributed
states, the phonon side band profile exhibits a high-energy flank. In case of high-
momentum trions, the excitonic core radiatively recombines by transferring the
momentum to the remaining electron (electron recoil effect) and the emission
energy is reduced by the energy transferred to the electron. For Boltzmann-

distributed trions the emission profile is characterized by a low-energy flank.

Consequently, the emission profiles of phonon side bands and trions are modeled
by a convolution of an asymmetric exponential function, resembling Boltzmann-
distributed high-energy states, and a symmetric Lorentzian, taking into account
the symmetric broadening due to radiative dephasing and scattering. In case of a

high-energy flank, the fit function is given by

PL(FE) = Lorentz(E) ® Exponential(F) x O(E — Ej) (3.6)
2A r E— Ej
- . E-E .
T A(E — Eo)? + 172 oo ( €* ) o 2 (3.7

with amplitude A, center energy Ej, symmetric linewidth I and €* being a constant
related to the asymmetry (for exciton phonon side bands it is €* = kgT'). O(E —
Ey) is the Heaviside function and ® indicates the convolution. The function can be
easily adjusted to the case of a low-energy flank by replacing £ — —FE. Evaluating

the convolution yields the following fit function

inf
PL(E) = / Lorentz(£) x Exponential(F — &) x O(F — & — Ey)d¢  (3.8)

inf

B E—-Ey 24 I E_ g B EO
N /_inf T AC— B (6—> d (3.9)

The integral in equation 3.9 is evaluated numerically at each iteration step during
the fit procedure. The latter is performed in an automatized MATLAB (Math-

works) script written by Jonas Zipfel. Compared to a simple Lorentzian or Gaus-

sian function, the presented convolution fit exhibits only one additional free fit
parameter ¢ (note that £ is the integration variable due to the convolution and is
not an additional fit parameter). Alternatively, the Lorentzian function entering

in equation 3.9 can be replaced by a Voigt profile (which is equivalent to convo-
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luting Equation 3.6 with an additional Gaussian function), relevant in the case of

significant contributions of inhomogeneous broadening.

3.6 Time-resolved microscopy and diffusion

In this section, the procedure of time-resolved measurements is presented, con-
sidered for spectrally and spatially resolved studies. As an excitation source, the
pulsed Ti:sapphire laser is applied, providing 140 femtosecond excitation pulses

at a repetition rate of 80 MHz.

As in the above described CW PL experiments, the excitation laser is focused on
the sample to a spot diameter of FWHM = 1 um. The reflected and scattered laser
light is blocked by a tuneable edge-pass filter and the excitonic emissions are guided
to the spectrometer where the signal is either dispersed by a grating for spectral
resolution, or reflected by a mirror for spatially-resolved diffusion experiments.
Time-resolved detection is achieved by a streak camera which is synchronized
to the excitation laser frequency. The principle of operation of a streak camera
is briefly outlined as follows. First, incoming photons hit a photoscreen and are
converted into electrons. Subsequently, the electrons are accelerated by a constant
electric field. For a better signal to noise ratio, the amount of electrons is increased
by a multi channel plate. In order to obtain time-resolution, the electrons are
deflected by a time-dependent sinusoidal vertical electric field which matches the
repetition rate of the Ti:sapphire excitation laser. As the electric field increases
with time, earlier arriving electrons get less deflected than later arriving electrons.
The electrons then hit a phosphor screen. Electrons which hit at the top and
bottom correspond to earlier and later times. Finally, the phosphor screen is

imaged by a C-MOS camera.

For spatially-resolved measurements, the light arriving in the spectrometer is
reflected by the mirror and guided towards the streak camera detector. A slit
before the streak camera collects the horizontal cross-section of the emitted PL.
A lens is used to control the magnification, which is set to 7.2 pixel/um on the C-
MOS camera picture. In this configuration, the horizontal axis images the width
of the emission cross-section and the vertical axis corresponds to its temporal

evolution.

The time-resolved evolution of the PL cross section allows for direct monitoring
of exciton propagation [61, 105]. As outlined in section 2.6, diffusive processes
are described by Fick’s second law of thermodynamics. For excitons in a real

system, however, the evolution of the distribution density is more complex. The
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Figure 3.5: (a) Spatial mapping of the bright X° energy and (b) intra-valley
dark exciton D° emission linewidth of a hBN-encapsulated WSe, monolayer in the
area where diffusion measurements are performed. The excitation spot (dashed
line) and the horizontal cross-section (solid line) considered for spatially-resolved
measurements are schematically indicated. (¢) Horizontal, normalized PL cross-
section of dark exciton emissions in hBN-encapsulated monolayer WSe, as function
of time, following pulsed excitation with a 140 fs Ti:sapphire laser at t = 5 K.
The data is normalized at each time to the intensity maximum. The broadening
is indicated by dashed lines (same data as in Fig. 5.2). (d) Normalized PL profiles
at t = 0 and t = 0.4 ns extracted from (c). The data is fitted by Gaussians.
(e) PL spot broadening as function of time represented by o. The PL profile
linearly broadens as function of time with respect to the initial spot size o< og.
The diffusion coefficient D is determined from the slope divided by a factor of two.

generalized differential equation describing spatial exciton dynamics is given by
[61, 62, 63, 248]
on

% DV’n — ; — Ran® — aV(fn). (3.10)

It contains four terms. The first term corresponds to Fick’s second law and de-
scribes the spatial broadening due to the distribution gradient V?n which linearly
scales with the diffusion coefficient D (see also Equation 2.10 in section 2.6). The
second term takes into account a finite exciton lifetime 7. The third term con-
siders Auger-like processes which scale with n? [61]. R4 is the Auger coefficient.

The last term introduces a force f which additionally acts on the excitons. « is a
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constant which typically depends on the temperature and diffusion coefficient D.
The force can be external, e. g. due to a gradient, or induced by exciton interac-
tions, e. g. due to exciton-exciton repulsion, particularly relevant for inter-layer
excitons [249, 250, 104].

Different to interlayer excitons in heterostructures, where the constituting elec-
trons and holes reside in different layers, in monolayer semiconductors exciton-
exciton as well as trion-trion repulsion is negligible. Although trions are effectively
charged particles, the Coulombic interaction between trions are not expected to
contribute to a repulsion detectable in spatio-optical diffusion experiments. Trions
are formed out of free charge carriers which are thermalized and evenly distributed

in space and thus don’t contribute to an additional drift.

In order to exclude external forces due to gradients, the diffusion experiments
are performed at a sample position with flat energy landscapes. In Fig.3.5 (a),
the relative X° exciton energy fluctuation of a hBN-encapsulated monolayer WSe,

is presented within a 3 x 3 pum?

sample area where the majority of the diffusion
measurements presented in section 5.1 are performed. The resonance energy shift
of < 0.5 meV/um indicates sufficiently flat energy landscapes with respect to
thermal energies on the order of kgT Z 0.5 meV and expected exciton diffusion
lengths on a sub p-meter length scale. This is further confirmed by narrow emis-

sion linewidths of the D° exciton on the order of ~ 1.1 meV, cf. Fig.3.5 (b).

Evaluating Equation 3.10 in the absence of Auger-recombination, an initial
Gaussian exciton distribution oc exp(—7?/(202)) with radius oy broadens with
61, 224]

o? = 2Dt. (3.11)

Here, D is the diffusion coefficient. Taking further into account a finite exciton
lifetime 7, the diffusion length is given by lgg = v2D7. Exemplary, in Fig. 3.5 (c)
and (d), the temporal evolution of the emission cross-section of dark excitons in
hBN-encapsulated monolayer WSe; at T = 5 K is presented. For a quantitative
analysis, individual time intervals of At = 20 ps are fitted by Gaussian functions

f(x) o< exp(—2%/(20%)). The corresponding area o< o

is plotted as function of
time in Fig. 3.5 (e). Consistent with Equation 3.11, the distribution area increases
linearly with time. The data is modeled by a line fit from which the diffusion

coefficient is extracted by dividing the slope by a factor of two.

In Fig. 3.6(a), the spatial broadening of the emission cross-section, represented

by the effective diffusion coefficient D.g, is presented as function of the optically
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Figure 3.6: (a) Effective diffusion coefficient as function of injected electron-
hole pair density collecting dark exciton emissions in a neutral, hBN-encapsulated
WSe, monolayer. The sample is excited resonantly at the X° exciton. The lattice
temperature is T = 5 K. (b) PL lifetimes 7py, obtained from fitting dark exciton
transients by mono-exponential fits within the first 200 ps. The linear regime
where D = const. and 7p;, = const. is indicated for pump densities < 8 x 10'°
cm™ 2.

injected electron-hole pair density (by varying the excitation power). At low den-
sities < 8 x 10'° ¢m~2, the spatial broadening is constant whereas at elevated
densities it rapidly increases. An analogous dependence is observed in the corre-
sponding PL transients. At low carrier densities, the transients are characterized
by a mono-exponential decay, whereas at elevated carrier densities a hyperbolic,
non-exponential decay is observed. In Fig.3.6(b), the extracted PL decay time
is presented as function of the injected electron-hole pair density. At densities
< 8 x 10 ¢m~2 the decay time is constant, whereas at elevated densities it de-
creases. The observed behavior at elevated densities is attributed to Auger-like
recombination of the excitons, studied e. g. in Refs. [61] and [219]. In this
thesis, all experiments (apart from the measurements presented in Fig.3.6) are

2 ensuring that contributions from

performed at pump densities < 6 x 10*° cm™
non-linear density effects are excluded. Importantly, in this density regime the
spatial broadening is determined by diffusive processes and D.g is equal to the

diffusion coefficient D in Equation 3.10.

3.7 Filtering of dark exciton emissions

Focusing on long-lived dark exciton reservoirs, their emissions are separated

from bright excitons by spectral filtering, i. e., using adjustable band-pass filters,
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or by temporal filtering, i. e., evaluating e. g. the diffusion coefficient at longer

time scales.
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Figure 3.7: (a) Time-integrated PL spectrum of a hBN-encapsulated monolayer
WSe, in the n-doped regime at T = 5 K under resonant excitation of the X°
exciton at 1.722 eV. The spectrum shows several emission lines below the filtered
X? emission (not shown) indicated by their common interpretations following Refs.
[37, 186] (see also section 5.2). (b) Initial PL spectrum at ¢ = 0. (c¢) Time-
integrated PL spectrum for ¢ > 0.3 ns. (d) Normalized PL transients of spectrally
filtered emissions indicated in (a). The transients of the dark state emissions
exhibit a 1/e decay time of 0.45 ns. (e) Energy-integrated PL transient of the
spectrum shown in (a) yielding a 1/e decay time of 0.45 ps for ¢ > 0.3 ns. (f)
Spatial broadening of the PL cross-section collecting only Dy and Dy emissions.
By fitting the data, a diffusion coefficient of 0.5 cm?/s is determined. (g) Spatial
broadening of the PL cross-section collecting all PLL emissions energetically below
XY yielding a diffusion coefficient of 0.5 cm?/s for ¢ > 0.3 ns.

51



In this work, temporal filtering is especially applied in the case of doping-
dependent diffusion experiments, where the dark state emissions shift in energy
with increasing free carrier concentration and thus spectral filtering becomes chal-
lenging. In Fig. 3.7, diffusion measurements applying both spectral and temporal
filtering are presented. In Fig.3.7 (a), a typical time-integrated WSes monolayer
spectrum in the n-doped regime is shown. The spectrum is characterized by sev-
eral emission lines, i. e., the bright trion doublet X /X5, charged biexcitons DX,
as well as dark trion emissions D~ /Dy and their phonon side bands Dy . While
the bright states dominate the initial spectrum at time ¢ = 0, the emission is dom-
inated by dark states at longer time scales, c¢f. Fig.3.7 (b) and (c). Bright state
emissions exhibit short lifetimes of only a few 10’s of picoseconds, whereas dark
state emissions are characterized by much longer decay times of several hundred
picoseconds, cf. Fig.3.7 (d). As illustrated in Fig. 3.7 (e-g), also the spatial long-
term dynamics are dominated by dark excitons. Particularly, the propagation
dynamics observed for the spectrally-filtered dark exciton emissions (Fig.3.7 (f))
are equal to the long-term propagation dynamics of the total energy-integrated
emission at ¢ > 0.3 ns, cf. Fig.3.7 (g).

3.8 Electrically-tuneable monolayer TMDC struc-

tures

Having described time-resolved spectroscopy and diffusion experiments, in this
section, the fabrication and basic properties of the investigated electrically-tuneable
TMDC structures are introduced. In order to study exciton-carrier interactions,
electrically-contacted samples where the free carrier concentration can be var-
ied are considered. Continuous tuneability of free electron or hole densities are
achieved by integrating the monolayer in a plate capacitor. An out-of-plane field
is applied between the contacted monolayer and a few layer graphene (FLG) flake
which is separated by an insulating hBN layer. Applying a gate voltage V results
in the accumulation of free carriers in the monolayer. In this geometry, the hBN
layer acts as both, gate dielectric and encapsulating material to suppress disorder.
As illustrated in Fig.3.8 (a), the hBN/TMDC/hBN heterostructure introduced
in section 3.1 is extended to an electrically-tuneable structure. The monolayer
is contacted by two graphene contacts. Both contacts are equivalently used for
doping. A list of all investigated structures and corresponding hBN thicknesses is
presented in Fig. 3.8(b).
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Figure 3.8: (a) Schematic cross-section of an electrically-tuneable hBN-
encapsulated monolayer WSe, structure. (b) Overview of investigated WSe, and
MoSe; structures with hBN thicknesses estimated from reflectance contrast (RC)
spectra or atomic force microscopy (AFM) measurements. AFM measurements
were performed by Kaigiang Lin. All samples allow for electrical control of the free
carrier density in the monolayer but only sample WSe, E is an hBN-encapsulated
structure without contacts. Sample WSe, F is listed for completeness although
the hBN thickness was not determined. (c¢) Micrographs illustrating the individual
stamping steps during the fabrication of a monolayer transistor. The structure
exhibits charge-tuneable monolayer areas with a size of several 10’s of ym?. (d)
Extended view with gold contacts and device structure in the center. (e) SiOq/Si
wafer with connected device structure fixed in a 20 pin chip carrier.

The electrically-tuneable TMDC structures are fabricated by subsequently stamp-
ing individually exfoliated layers on a SiOs/Si substrate with pre-patterned gold
contacts as depicted for a WSe, structure in Fig. 3.8 (c). First, the bottom-hBN
layer is placed between the contacts followed by two thin FLG layers touching
two gold contacts. The thin FLG contacts are aligned in parallel with a distance

of 5 to 20 um. Subsequently, the monolayer is stamped followed by a large top-
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hBN layer covering the full monolayer area. In the last step, the top-FLG layer is
stamped on top of the structure. The latter is connected to one of the remaining

gold contacts. An extended view of the structure is presented in Fig. 3.8 (d).

For electrical control, the substrate is fixed with conductive silver lacquer in a
20 pin chip carrier where each pre-patterned gold contact is connected to one or
two pins by aluminum wires, cf. Fig.3.8 (e). The chip carrier is pressed to the
cryostat cold finger by two screws. Thermal contact is provided by a conductive
brass connection. In comparison to a sample which is directly fixed at the cold
finger, the sample on the chip carrier exhibits a slightly worse thermal contact to
the heat sink of the cryostat. However, differences in spectroscopic observables
are hardly resolvable. In this work, the most sensitive spectroscopic observable
of the actual (quasiparticle) temperature are the asymmetric emission flanks of
trions and phonon side bands. In a sample on a chip carrier at a nominal heat
sink temperature of T = 5 K, the trion temperature (by fitting the trion flank)
after cooling (¢t < 50 ps) is estimated to be in the range of ~ 10 K. For more

details see section 4.3.

The sample is electrically controlled by a Keithley source measure unit. It pro-
vides a source voltage and simultaneously measures the current and/or resistance
between two or more contacts. In a properly working device, the hBN layer com-
pletely isolates the gate contact from the sample, i. e., applying a voltage does
not result in any currents. Typical resistances between monolayer and FL.G gates

are in the range of several 100’s of G{2.

In a typical structure, gate voltages of up to 0.3 V/nm hBN thickness can be
applied before irreversible damage on the sample occur. Tt should be noted that
multiple cooling cycles to liquid Helium temperatures can deteriorate the contacts
between the aluminum bonds and the pre-patterned gold structure. In this case,
the resistance of the aluminum bonds increase to a few k2 (still in contact) to the

G range (no more contact) and the aluminum bonds need to be replaced.

Applying a gate voltage between the monolayer and the FLG flake leads to
electrical doping of the monolayer. Successful injection of free charge carriers
is evidenced in reflectance and photoluminescence spectroscopy by the voltage-
dependent energy shift of the bright X° exciton and the emergence of the trions/
attractive Fermi polarons X and X7, X;. Note that due to the specific band
structure of monolayer WSes and electron-electron exchange interaction, the n-
side comprises two trion peaks [36, 166, 251]. Fig.3.9 (a) shows the reflectance
contrast derivative of an electrically-tuneable monolayer WSe, structure at T =5

K as function of energy applying a gate voltage between the grounded monolayer
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and the top-FLG flake between —1.5 and +2 V. Fig. 3.9 (b) shows the subsequent
reflectance contrast derivative sweeping back from +2 V to —1.5 V exhibiting only
a weak hysteresis. Positive and negative gate voltages correspond to n- and p-
doping, respectively. At voltages between —0.2 and 0.3 V the system approaches
charge-neutrality with an estimated free carrier density < 2x 10 cm™2. It should
be noted that the observation of a charge-neutral regime which expands over a
finite interval of gate voltages is a typical observation [49, 252]. In a perfect
semiconductor without impurities and assuming T = 0 K, an energy larger than
the band gap F, is required to insert an electron into the conduction band. Thus,
a finite voltage above a certain threshold value oc E,/e is required for doping.
In real systems, the doping onset is further determined by the interplay of the
relative band alignment of the monolayer and the graphene, shallow impurities and

Schottky barriers, lading to varying doping onsets between individual samples.
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Figure 3.9: (a) Reflectance contrast as function of gate voltage in the energy
range of the bright X exciton in an electrically-tuneable monolayer WSe, (sample
C) from —1.5t0 2.0 V and (b) backwards from 2.0 to —1.5 V. Dashed lines indicate
the effective doping onset. (c) Relative X° — X* energy shift AFExr obtained from
an extended gate voltage sweep. The doping onset (zero-doping) is indicated by
dashed lines. Right axis corresponds to the estimated electron doping density
evaluating Equation 3.13.

In a first approximation, the free charge carrier density is estimated by a simple

capacitor model
(3.12)

with gate voltage V', vacuum permittivity €y, dielectric constant of the hBN layer
engn, hBN thickness d and elementary charge e. Considering an ideal structure
with a d = 10 nm hBN spacer and e gy = 3.76 [159], a gate voltage of 1 V corre-
sponds to an injected charge carrier density of approximately 2 x 102 cm 2. How-

ever, in a real structure imperfections due to Schottky barriers, donor/acceptor-
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doping caused by structural defects, or photo-doping leads to a non-linear scaling
between applied voltage and free carrier density. This motivates for a carrier den-
sity scaling based on spectroscopic observables. At low doping, in both, the trion
and Fermi polaron approach, resonance energies, linewidth broadening and oscil-
lator strength scale approximately linearly with the free carrier density. Here, the
effective free carrier density is estimated by the relative exciton-trion transition
energy separation AFExr. Among all carrier-density dependent observables, it is
the most reliable and exhibits a well-known relation to the doping density. For
a two-dimensional monolayer with parabolic electron dispersion and degenerate
spin-states (doping at the lowest K and K’ valleys) the carrier density is given by
[174]

Me,n
mh?

Nen = AEp (3.13)

with electron or hole mass m,y, elementary charge e and Planck constant h.
At low carrier densities, the Fermi energy shift AFEr is set equal to the relative

exciton-trion shift AFExr, yielding

Mep

= (3.14)

Ne,n ~ AEXT

As outlined in section 2.3, depending on whether the Fermi polaron (AExr ~
3/2EF) or the trion model (AExr ~ 2/3FEr) is considered, this estimation may
leads to a constant error of up to 50%. In consideration of the two models, the
choice of AExr ~ Er seems appropriate, particularly, as in a recent many-body
approach, quantitatively describing experimental observables, the scaling factor

indeed is equal to unity [112].

In Fig.3.9 (c), the relative exciton-trion energy separation AExr = Ex —
Ex+— Ey, =+ is plotted as function of gate voltage. The exciton and trion resonance
energies are obtained by fitting the data by a parameterized transfer matrix model
(see section 3.3). The trion binding energy Ej,r corresponds to the extrapolated

zero-doping energy separation

Byr+ = Ex(—02V) — Ex+(~0.2V) = 19.4meV (3.15)
Eyq- = Ex(03V) = Ex-(0.3V) = 34.6 meV (3.16)
Eyq- = Ex(03V) — Ex_(0.3V) = 27.8meV (3.17)
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Considering an electron and hole mass of m, = 0.4 mg and my;, = 0.36 my [126],

the scaling of the free carrier density in monolayer WSe, is

ne/AExt ~ n./AExr = 1.7 x 10" cm ™2 /meV (3.18)
nn/AEx7 =~ n, /AExr = 1.5 x 10" em™2 /meV. (3.19)

Consequently, in Fig.3.9 (c), an increase of the gate voltage of 1 V corresponds
to an injected electron density of n. &~ 2 x 10" cm™2/V. This value is in good
agreement with the approximated charge carrier density obtained from the capac-
itor model in Equation 3.12; i. e., n./V = 1 — 3 x 102 cm~2/V, considering a
hBN thickness of 7— 19 nm, cf. Figure 3.8 (b), sample C. Considering an electron
and hole mass of m, = 0.56 mg and m;, = 0.6 mg [126] in monolayer MoSe,, the

scaling of the free carrier density is

ne/AExr ~ n./AExr = 2.7 x 10" cm™? /meV (3.20)
nn/AExr ~ nj, /AExr = 2.5 x 10" em™2 /meV. (3.21)

It should be noted that the considered electron mass in monolayer MoSe, is may
be underestimated by up to a factor of two as indicated by recent experiments
[253].

Equation 3.13 is only valid for doping of the lowest conduction or valence band
at K and K’. In the case that also the upper spin-split conduction band is occupied
by electrons, the number of relevant valleys increases from 2 to 4 and the right
side of Equation 3.13 needs to be multiplied by an additional factor of 2 (assuming
equal masses for upper and lower conduction band valleys). In hBN-encapsulated
WSey; and MoSe, monolayers, the conduction band splitting is on the order of
~ 15 meV [186] and ~ 30 meV [254], respectively. Therefore doping of the upper
spin-split valleys becomes only relevant at electron densities larger than 2.5 x 10'2
cm~? and 7 x 10'? cm™2, respectively (not investigated in this thesis). In case
of hole doping, the valence band splitting is on the order of 100 meV [126]| and
thus irrelevant for electro-static doping. It should be noted, that in the case of
elevated free charge carrier densities 2 10'? em™2, the assumption AExr =~ Ep
and thus Equation 3.14 does not hold anymore and the carrier density given by

Equation 3.12 should be considered.
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Chapter 4

Exciton immteractions in a

two-dimensional Fermi sea

In this and the following chapter, the main experimental results are presented.
This chapter focuses on exciton interactions in a two-dimensional gas of charge
carriers and is structured in three sections. In the first section, a two-particle
excitation termed as excited state trion is identified and explored in carrier density-
dependent reflectance contrast and photoluminescence spectroscopy of WSe, mono-
layers. In the second section, the mechanisms of exciton-electron scattering are
studied by analyzing the non-radiative exciton and trion linewidth broadening as
function of free carrier density and different temperatures. In the third section,
an electron-assisted radiative recombination process for trions, termed as elec-
tron recoil effect, is demonstrated in monolayer MoSes. This process is studied in
time-resolved photoluminescence experiments giving access to the effective trion

temperature and phonon- and free carrier-assisted cooling dynamics.

The contents presented in section 4.1 have been reported in a peer-reviewed
publication “K. Wagner et al., Phys. Rev. Lett., 125(26), 267401, 2020" [255]. The
investigations presented in section 4.3 are performed with Jonas Zipfel (equally
contributing) published as “J. Zipfel and K. Wagner et al., Phys. Rev. B, 105,
075311, 2022" [251]. Figures are reprinted with permission. Copyright (2022)
by the American Physical Society. The investigations presented in section 4.2
are part of an yet unpublished work (Ref. [256], under review) with theoretical
support from Mikhail M. Glazov and Zakhar A. Iakovlev from the loffe Institute

in Saint Petersburg.
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4.1 Dressing of excited state excitons by free charge
carriers

In this section, the dressing of excited excitons with a two-dimensional Fermi
sea of free charge carriers in a monolayer semiconductor is investigated. By car-
rier density-dependent reflectance contrast and photoluminescence spectroscopy in
electrically-tuneable hBN-encapsulated WSe; monolayers, positively- and negatively-
charged excited state trions are identified and their interaction mechanisms are

explored.

It should be noted that fingerprints of excted state trions have been recently
reported in an unintentionally n-doped WSy monolayer [71| and parallel to this
work, further studies on the topic of excited state trions have been published
[74, 183, 75].

4.1.1 Identification of excited state trions in electircally-tuneable

WSe; monolayers

In Fig. 4.1 (a), the reflectance contrast derivative OR./JOF of a hBN-encapsulated
monolayer WSe, is presented in the energy range of 1s and 2s excitons as function
of gate voltage. The free carrier concentration reaches a value of up ~ 2 x 10!
cm~2. The temperature is set to T = 5 K. In Fig. 4.1 (b), selected spectra are

presented in a waterfall plot.

At charge neutrality (0V), the spectrum exhibits a strong feature at 1.72 eV
corresponding to the ground state XY, exciton. At 1.85 and 1.88 eV excited state
excitons X5, and X3, emerge. By applying a finite positive or negative gate voltage
and thus inserting free electrons or holes, additional resonances energetically below
the 1s exciton appear: the X7, trion doublet and the X{, trion. The trion doublet
in the n-doped side is associated to the two non-degenerate bright trion config-
urations, characteristic for tungsten-based TMDCs [36, 166, 251]. The observed
ground state resonances are in well agreement with previous reports [41, 66]. In-
terestingly, similar features appear for excited states. Both, for n- and p-doping,
low energy features labeled by X, and X, emerge. These features are attributed
to excited state trions, i. e., an exciton state dressed with a free charge carrier
or, in the language of Fermi polarons, dressed by a Fermi sea excitation. It is
excluded that the observed states stem from 2p excitons (which roughly fall in the
same spectral range [258, 259, 129, 260]) due to a pronounced doping dependence

of the observed features.
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Figure 4.1: (a) Reflectance contrast derivative as function of gate voltage in
the range of the ground state (1s) and excited state (2s, 3s) X° exciton in hBN-
encapsulated monolayer WSey at T =5 K. A gate voltage of 1 V corresponds to
a free carrier density of ~ 10" cm™2. (b) Individual reflectance contrast spectra
corresponding to (a) with exemplary fits for 0 and +1.4 V.

The signatures of excited state trions are observed in three samples, i. e., WSes
A - C and different sample positions. For direct comparison, in Fig.4.2 four
different measurements are presented, including the data shown in Fig.4.1. All
measurements are characterized by a similar appearance of the 1s and 2s reso-
nances. In two of the data sets no 3s resonances are resolvable. Most importantly,
the emergence of the excited state trions X3 are observed in all measurements.
Particularly, the findings are robust with respect to varying gate voltage to free
carrier density scaling and linewidth broadening, which is e. g. slightly larger in

sample B compared to sample A and C.

In Fig.4.3(a), the energies determined from fitting individual reflectance con-
trast spectra by a parameterized multi-Lorentzian transfer matrix model are sum-
marized as function of free carrier density n. Exemplary fits are shown in Fig. 4.1(b)
and in the lower panels in Fig.4.2. The carrier density is obtained from setting

the exciton-trion energy separation equal to the Fermi energy (see section 3.8).
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Figure 4.2: Comparison of measured reflectance contrast derivative as function
of gate voltage in the range of the ground state (1s) and excited state (2s, 3s) X°
exciton in hBN-encapsulated monolayer WSey. The lower panels show individual
reflectance contrast spectra with exemplary fits. Panel (a) corresponds to the
measurement presented in Fig.4.1. In (b), a measurement on the same sample
but on a different position is presented. (c) and (d) correspond to measurements
on sample B and C, respectively. The the regime of excited state resonances, the
data is corrected by subtracting a baseline with a tilt.

Similar to previous reports, the ground state exciton energy exhibits a blueshift
with increasing carrier density and is typically associated with renormalization of
the band gap and screening of the exciton binding energy [173]. The ground state

trion energies are characterized by only a weak energy dependence. In the low

62



carrier density regime the trions slightly shift towards lower energies and their en-
ergy is mostly determined by the carrier-density dependent exciton-trion energy
separation. A similar behavior is observed for the excited states. The exciton
energy is characterized by a strong blueshift and the trion energies exhibit only a
weak carrier density dependence. In Fig.4.3(b), the exciton-trion energy separa-
tions Ay, = EY¥ — E¥, and Ay, = E¥ — F%, are plotted as function of carrier
density. The energy separations increase linearly with free carrier density for 1s
(which is determined by the definition of the carrier density, i. e., A;; = AEFR)

and 2s states.

Despite the overall similarity, there are two main differences between 1s and
2s states. First, the extrapolated zero-doping energy separation corresponding
to the excited state trion binding energy is 14.1 and 18.6 meV for p- and n-
type states, respectively, and thus smaller than the ground state binding energies,
which are found to be 19.4 meV at the p-doped side and 27.9 and 34.7 meV for
the two spin-split trion resonances at the n-doped side. Note, that the splitting
of the negatively-charged 2s trion is may not resolved due to a larger linewidth
broadening. Both, for 1s and 2s states the binding energies are larger at electron
doping. The overall smaller values for excited state trions are consistent with
their interpretation. Most strikingly, the 2s trion and 2s exciton binding energies
are on a same order of magnitude. Similar to the estimation of the 1s exciton
binding energy in Refs. |69, 261|, the 2s exciton binding energy can be estimated
by Ep% = 0.3 x (E¥ — E¥) = 0.3 x (1.86 ¢V —1.72 ¢V) = 40 meV (the scaling
factor of 0.3 is obtained from Ref. [151] and includes dielectric screening effects
due to the hBN-encapsulation). It follows that E}% ~ 2Ep%, i. e., the 2s exciton
binding energy is only twice as large as the 2s trion binding energies. This finding
is in stark contrast to the conventional picture where the extra electron of the

trion is much weaker bound than the excitonic core.

Second, the energy separation between trion and exciton increases almost twice
as much with free carrier density for 2s compared to 1s states, i. e., Ags/n >
Ajs/n. The increasing energy separation can be e. g. approached in the Fermi
polaron model [183]. Here, the energy separation is mostly determined by the
binding energy of the exciton with the Fermi sea excitations. Due to the larger
spatial extent of excited state excitons, the interaction with the Fermi sea is
stronger. Consequently, by increasing the Fermi energy the energy separation

increases stronger for excited states compared to the ground state.

Next, the efficiency of the investigated light-matter coupling, given by the oscil-

lator strength, is discussed. In Fig. 4.4(a), the oscillator strength extracted from
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Figure 4.3: (a) Resonance energies as function of gate voltage for 1s and 2s states
extracted from fitting data shown in Fig.4.1. (b) Energy separation between trion
and exciton resonances A, and A, as function of free carrier density. Triangles,
squares and circles correspond to different measurements on different samples and
positions.

Fig. 4.1 are presented as function of free carrier density. Both, 1s and 2s exciton
oscillator strength decrease with increasing carrier density. Simultaneously, the
trions gain oscillator strength with increasing carrier concentration. In the case
of the 1s state, the sum of exciton and trion oscillator strength remains initially
constant and only decreases slowly with increasing carrier density, whereas, in case
of 2s states, it decreases more rapidly. Similarly, while the 1s oscillator strength
is only slowly exchanged, i. e., ground state exciton and trion oscillator strengths
are approximately similar at carrier densities as high as 2 x 102 cm =2, cf. Fig. 4.4
(b), for the 2s states the exchange occurs at almost an order of magnitude lower
free carrier densities densities at about 3 x 10! ecm™. Interestingly, at carrier
densities above 8 x 10'* cm™2, the 2s state is fully dominated by the trion while
the ground state is still governed by the exciton, i. e., 1s excitons coexist with 2s

trions.

In a simple picture, the trion oscillator strength can be understand as the proba-
bility that an exciton binds an additional electron. In the weak interaction regime,
it scales approximately linearly with the free electron density and the area in the
vicinity of the exciton where the electron is bound, i. e., the area within the

trion radius a%, [169]. Particularly, the probability that an exciton forms to a
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Figure 4.4: Extracted oscillator strength from Fig. 4.1 as function of carrier den-
sity for 1s (a) and 2s (b) states. In (c) the ground state oscillator strengths are
shown in an extended carrier density range. In case of the n-type 1s trion, the
oscillator strengths includes both spin-split resonances, i. e, the data refers to the
total oscillator strength of the trion doublet. The oscillator strength is normal-
ized to the 1s exciton at charge neutrality. The total 1s and 2s oscillator strength
corresponds to the sum of the respective exciton and trion oscillator strengths.

trion is larger in case of a larger spatial extent. The observed faster oscillator
strength exchange of excited states is thus consistent with their experimentally-
observed 2 to 3 three times larger root-mean-square radii compared to ground
states |151, 150, 183].

In Fig. 4.5(a), the non-radiative linewidths of the 1s and 2s resonances extracted
from Fig.4.1 are summarized as function of free carrier concentration. At zero
doping, the non-radiative 1s exciton linewidth is on the order of 2.5 meV. It
is mostly governed by phonon absorption and the scattering towards lower-laying
dark states, cf. Figure 2.8 in section 2.5. Interestingly, the non-radiative linewidth
of the 2s exciton at zero-doping is in a similar range although excited state ex-
citons can additionally scatter into ground states. However, due to their larger
spatial extent and therefore smaller size in k-space, the interaction of 2s excitons
with phonons is less efficient and the scattering is even slightly reduced compared
to 1s excitons |73]. In Fig.4.5(b), the linewidth broadening is presented for sam-
ple B. By contrast, here, at zero doping, the 2s exciton linewidth is about 7 meV
[69], this can

be understand due to a larger degree of dielectric disorder in this sample. The

larger than the 1s exciton linewidth. As demonstrated in Ref.

2s exciton state is much more sensitive to variations in the dielectric surround-

65



ing, manifesting in a pronounced additional inhomogeneous broadening ~gisorder
of the 2s exciton resonance. This observation is consistent with an overall larger
linewidth broadening of all resonances in sample B. In particular, the 1s exciton
linewidth at n = 0 is 5 meV und about twice as large as in sample A with about
2.5 meV. In sample A, the almost equal linewidths of 1s and 2s excitons at n = 0

indicate suppressed dielectric disorder.
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Figure 4.5: (a) Non-radiative linewidth broadening as function of carrier density
extracted from the data in Fig.4.1 (sample A). The data is determined by a pa-
rameterized multi-Lorentzian transfer matrix model fit, cf. section 3.3. (b) Same
data obtained in sample B. 77 indicate the additional 2s trion linewidth broad-
ening due to autoionization. 7Ygisorder 1S the dielectric disorder-induced linewidth
of the neutral 2s exciton. In sample A, Ygisorder 1S negligible due to suppressed
dielectric disorder. (c) Schematic illustration of the autoionization process in an
energy level diagram. The excitonic core within the 2s trion makes a transition
to the 1s exciton state while leaving behind a free electron which is excited.

With increasing carrier density, first of all, the excitons are characterized by a
strongly increasing linewidth broadening. The increase of the exciton linewidth is
mostly determined by the increasing scattering with free carriers and the scattering
into trion states. In Fig.4.5 (a), the carrier-induced 1s exciton broadening is 0.5
meV /(10" em™2) and 2 meV /(10! ¢cm™2) for the 2s exciton. The larger linewidth
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increase of the excited state exciton is consistent with its larger Bohr radius and
therefore a stronger interaction with the Fermi gas. Differently, the trions hardly
broaden with increasing carrier density. In Fig.4.5 (a), the carrier-induced non-
radiative linewidth broadening of the 1s trion is on the order of a few meV and
increases with free hole density only about 0.05 meV/(10'! ¢cm™2). In case of
electron doping, the trion shows no linewidth increase at all. Furthermore, the 1s
trion linewidth is slightly larger compared to the 1s exciton at charge neutrality
due to stronger phonon interactions, i. e., the trion consists of one more particle
compared to the exciton which contributes to the phonon scattering [214|. Most
remarkably, the 2s trion exhibits a non-radiative linewidth as high as 14 meV in
sample A and 23 meV in sample B. Despite different absolute values, in both
samples the 2s trion broadening is v ~ 10 meV larger compared to the 2s exciton
broadening at charge neutrality. As the relative broadening is observed equally
in both samples, its origin is not connected to dielectric disorder effects. Similar
to neutral excited state excitons, due to the larger spatial extent and therefore
smaller size in k-space, the 2s trion-phonon scattering efficiency is expected to be
rather weaker compared to the 1s trion and 7 is unlikely to stem from enhanced

phonon interactions.

The huge additional broadening indicates a scattering channel for excited states
in the presence of free charge carriers. As ~7 hardly depends on the free carrier
density, it is related to an intra-excitonic scattering process. In analogy to the
doubly-excited H™ ion [72], the observed non-radiative broadening is attributed

to autoionization

!/

(28 4+ €7 ) bouna — ls+e .

In this process, an excited 2s exciton which binds to a free charge carrier (an
excited state trion) can scatter to the 1s ground state by simultaneously exciting
the bound electron, cf. schematic illustration in Fig. 4.5 (c¢). This process can also

be understand as an intra-excitonic Auger-scattering.

Similar to the doubly-excited H™ ion [72|, the 2s trion is characterized by an
excited excitonic core (2s exciton), which interacts with free charge carriers re-
sulting in a bound three-particle state, the 2s trion, cf. schematic illustration in
Fig.4.1. It means, that the excited state trion is an excited state exciton dressed
by an additional, weakly bound electron or hole, i. e., both electrons are only

weakly bound, i. e., both electrons are “excited”.
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The coupling of the 2s state to the Fermi gas can be e. g. approached within
the Fermi polaron formalism [44, 45, 262, 184, 263|, where the exciton-electron
interaction is described in a short-range potential. In the following, this approach
is outlined, focusing on the intra-excitonic transitions, i. e., the autoionization
process. The model is derived by Marina M. Semina, Zakhar A. Takovlev and
Mikhail M. Glazov from the loffe Institute in Saint Petersburg [255].

The exciton is described by its Green’s function at negligible damping (interac-

tions with phonons, defects or other excitons are neglected)

1

h2k2 )
e—L; — T

Gj(G, k?) = (41)

with translational mass mx = m. + m;, and energy E;. The subscripts j = 1s, 2s
denote the corresponding quantum state, e. g. ground state 1s and first excited
state 2s. The Green’s function is directly related to the absorption spectrum
x —ImGx(€,0). G;i(e,0) represent the repulsive (trion) and attractive (exciton)

polaron resonances. The energy-dependent scattering amplitudes are
Tije. k) = Vi (4.2)
h2p2
+ ;Vu ;(1 —nyp)G) (6 — 5 k- p) T (e, k).

€

with the matrix elements V;; corresponding to the scattering from state j to ¢
(j,i = 18, 28) and D = p.x/(27h?). u x = m-t +my' is the reduced electron-
exciton mass. In Equation 4.2 it is assumed that |V;;| D < 1. Considering only
the coupling between ground and first excited state and negligible Pauli blocking,

i. e, (1 —np) =~ 1 the scattering amplitude T, reads

Ty = (14 SoT%) | Voo + Vial'S1_ (4.3)
1 — ViS5
with Sy = > Ga(e,p). The excited state trion resonances are at
e = Fy, — Ep% (1 +itang), (4.4)
with the 2s resonance energy Fs¢ and excited state trion binding energy
E%. ~ B exp 1 oS ¢ (4.5)
b,T b,X D‘/22 Y *
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with phase ¢. Interestingly, the 2s trion resonance exhibits a finite imaginary
part, which originates from a finite 2s to 1s coupling (Vi3). The phase can be

approximated by

Via|?
~ T .
ST

(4.6)

In this approach it is assumed that ¢ should not exceed 7/2 otherwise the 2s trion
binding energy becomes negative (see Equation 4.5), requiring |Vas|? > 2 x [V %
As a direct consequence, depending on the values of the matrix elements, the 2s
trion state may be present or not. Most importantly, as the resonance energy
exhibits an imaginary part, the 2s trion is intrinsically damped, i. e., it exhibits

an additional broadening which is given by
vy = Ey% tan ¢. (4.7)

This broadening is a direct consequence of the autoionization process, i. e., the
scattering of the 2s state into the 1s ground state in the presence of free charge
carriers. It should be emphasized that in the Green’s function in Equation 4.1
explicitly no damping is considered (which would be otherwise introduced by a
finite imaginary part in the denominator). It means, that ;. is indeed an intrinsic
broadening which only originates from the finite 2s to 1s coupling. This additional
linewidth broadening depends on the 2s trion binding energy EfST and the phase
¢ which is basically given by the ratio of the matrix elements V55 and Vi5. Both,
the binding energy and the matrix elements are free parameters in this theory.
According to Equation 4.5, it is crucial that |Vas| is much larger than |Vi;| in order
that the 2s trion is a bound state with a positive binding energy. In other words,
it means that 2s trions form only in the case that the interaction of the 2s state
are much stronger than the interactions of the 1s state. This is consistent with the
experimental observations: the stronger relative exciton-trion energy separation
Ass and almost an order of magnitude faster oscillator strength exchange of the
excited states and the about four times steeper linewidth increase of the 2s exciton
compared to the 1s exciton indicate overall stronger interactions for the 2s state.
Evaluating Equation 4.5, Equation 4.6, Equation 4.7 and the ground state binding

energy E,% = Ey% exp[1/(DVi1)], the following values for the matrix elements are
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found:

Vi = 110eV/A° (4.8)
Vip = 906V /A” (4.9)
Vas = 240V /A%, (4.10)

considering Ey% = 180 meV , Ey% = 30 meV, Ej% = 40 meV, Ep% = 20 meV,
v; = 10 meV, mx = 0.76my and m, = 0.36my. Consistently, the determined
excited state matrix element V55 is more than twice as large as the matrix element
of the ground state Vi;. This finding is particularly in agreement with the larger
spatial extent of excited states, observed in magneto-optic experiments [151, 261,
150]. As expected, the inter-state coupling matrix element Vjy is very efficient
and comparable with Vi;. It should be noted, however, that the observed values
also indicate the limit of the presented model, i. e., |V;;| D reaching unity (cf.
Equation 4.2).

4.1.2 Excited state trions in emission spectroscopy

In this section, signatures of excited state trions in photoluminescence are re-
vealed. In this type of experiments, the sample is typically excited by photons
with an energy above band gap. While the system relaxes towards lower energies,
it emits light at certain energies, indicating a finite population of states associated
with these transition energies. In principle, also high-energy states with a finite
light-matter coupling such as excited state excitons can be observed in photolumi-
nescence due to e. g. transient emission (“hot” PL), reabsorption or up-conversion
[264].

Exciting the WSe; monolayer by a CW laser at an energy of 2.331 €V, in
Fig.4.6(a) and (b), the collected PL intensity is presented as function of energy
and gate voltage in the range of ground state and excited state excitons. At
charge neutrality, the 1s state is dominated by the neutral exciton X° at 1.722 eV
and dark exciton emission D°. The spectrum is cropped towards lower energies
by a edge-pass filter (dark state emissions will be discussed in chapter 5). With
increasing gate voltage, X7, trions emerge [41, 66, 265, 36, 166, 266]. At higher
energies the spectrum is characterized by excited state emissions including X9,
and XY, resonances. Due to more than an order of magnitude weaker radiative
coupling [73|, the 2s exciton emission is much less intense compared to the 1s
emission, i. e., Ipy(1s) ~ 30/py(2s). While the neutral excited exciton features

immediately vanish with increasing carrier density, emerging features of excited
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Figure 4.6: (a) Photoluminescence intensity as function of energy and gate volt-
age in the range of the ground state (1s) and excited state (2s, 3s) X° exciton
in hBN-encapsulated monolayer WSe; at T = 5 K. (b) Selected, individual PL
spectra from (a). (c¢) Comparison of resonance energies extracted from PL and
and reflectance contrast spectra.

state trions are observed for both 2s and 3s states on the p-doped side. Similar to
the reflectance measurements, the excited state trions are characterized by a large
linewidth broadening on the order of > 10 meV, governed by the autoionization
process, introduced in previous section. A carrier-mediated 2s — 1s scattering
rate on the order of 10 meV corresponds to an autoionization time of ~ 30 fs
(AEAt = h/2), which is much shorter compared to the neutral 2s exciton non-
radiative dephasing time of ~ 130 fs [73]. This is also consistent with the observed
lower intensity of the excited state trion emissions compared to the excited state
excitons. In the n-doped side no features of excited state trions are observed.
Different to monolayer MoSe, [74, 75|, no n-type excited state trions have been

observed in PL. Also in another report about excited state trions in monolayer
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WSe,, no n-type excited state trions are observed [183]. The exact mechanism of

this electron-hole asymmetry is yet unclear.

In Figure 4.6(c), the emission energies are summarized and compared with the
resonance energies from reflectance measurements. Particularly, the ground state
exciton and trion emission energy closely follow the resonance energies from re-
flectance contrast. Also for the excited sate exciton, the extracted energies from
PL and reflectance measurements closely match each other. Only for the excited
state trion a small Stokes shift is observed. Note that at higher carrier densities
an increasing Stokes shift is observed also for ground state trions (not investigated
in this work) |44, 183].

To conclude with, the experimental observations demonstrate the existence
of meta-stable negatively and positively-charged excited state trions. Impor-
tantly, excited state trions are characterized by autoionization, which manifests
in an additional linewidth broadening of about 10 meV. Furthermore, excited
states are characterized by overall stronger exciton-carrier interactions compared
to the ground state, evidenced in the energy dependence, oscillator strength and

linewidth broadening of excited state excitons and trions.

4.2 Exciton-carrier scattering in the presence of fi-
nite dissipation

In this section, the already mentioned exciton-carrier scattering will be inves-
tigated in more detail. In Fig.4.7(a) the reflectance contrast spectra of p-doped
hBN-encapsulated monolayer WSe, is presented at two temperatures T = 5 K and
T = 30 K. In both measurements the doping is fixed to an equal value of ~ 2 x 10'2
cm 2. The spectrum is presented in the energy range of the ground state trion X
and exciton X°. Due to the higher temperature, at T = 30 K the trion is slightly
shifted towards lower energies. In Fig.4.7(b), the reflectance contrast derivative
OR./OFE of the two temperatures is compared at the trion resonance X*. While
the general lineshape is similar for both temperatures, the trion exhibits a slightly
broader linewidth at T = 30 K compared to the trion at T = 5 K. The broad-
ening is qualitatively illustrated by dashed lines. The increase of the linewidth
mostly stems from temperature-activated scattering with linear acoustic phonons.
As demonstrated in Ref. [214], the trion-phonon scattering in hBN-encapsulated
monolayer WSes, is on the order of ~ 70 ueV /K. Thus, a temperature increase
of AT = 25 K should result in a broadening of ~ 2 meV. Note that potential

contributions from the electron recoil effect may lead to an additional increase of
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the trion linewidth with increasing temperature. This effect will be discussed in

detail in section 4.3.
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Figure 4.7: (a) Reflectance contrast spectrum R, of a p-doped hBN-encapsulated
monolayer WSe, at a temperature of 5 and 30 K in the energy range of the ground
state exciton X° and trion X*. The doping density is equal in both measurements
and on the order of 2x10'? cm™2. (b) Comparison of reflectance contrast derivative
OR./OF of the spectra presented in (a) in the energy range of the trion XT.
For better comparison, the two curves are relatively shifted in energy. Dashed
lines qualitatively illustrate the broadening of the resonances. The grey shading
illustrates the difference of the broadening between 5 and 30 K. Note that the
illustrated broadening serves only as a qualitative illustration, as the derivatives
of the spectra are shown. (¢) Same data as in (b) in the energy range of the X°
exciton.

While the trion linewidth is predominantly determined by phonon scattering,
it is hardly affected by free carrier scattering, cf. Fig.4.5. Differently, as demon-
strated in previous section and other reports [252, 74, 75|, the exciton linewidth
strongly increases with free charge carrier density. Consistently, in Fig.4.7(a),
the exciton exhibits a much larger linewidth compared to the trion. The exci-
ton broadening also increases with temperature, cf. Fig.4.7(c). Interestingly, it

broadens stronger than the trion linewidth, cf. grey shading in Fig.4.7(b) and (c).
In Fig. 4.8(a), the non-radiative X° exciton linewidth I'x at T = 5 K and T = 30

K is presented as function of carrier density, represented by the relative exciton-

trion separation AExr &~ Erp x n. Correspondingly, the lower panel shows the
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determined trion linewidths I'y. The linewidths are obtained by fitting the exciton
and positively- as well as negatively-charged trion resonances in voltage-dependent
reflectance contrast spectra in the n- and p-doped regime with a parameterized
transfer matrix model. As discussed above, the trion linewidth hardly depends
on the electron or hole concentration in this density regime. It is about 5 and
8 meV at 5 and 30 K, respectively. The difference of =~ 3 meV between the two
temperatures can be well explained by temperature-activated phonon-scattering
[214]. By contrast, the exciton linewidth strongly increases with carrier density.
Focusing on the p-doped side at T = 5 K, the exciton linewidth increases from
about 4.5 meV at zero doping to about 15 meV at a relative exciton-trion energy
separation of AEyr = 10 meV. At T = 30 K, the exciton linewidth increases
much stronger. It increases from about 7 meV to about 20 meV at AExr = 10
meV. Thus, at a temperature of 30 K the exciton linewidth is about 10 meV larger
compared to 5 K at a free carrier concentration corresponding to AEx7 = 10 meV.
Furthermore, for both temperatures the exciton linewidth broadening depends on
whether electrons or holes are doped. As indicated by dashed lines, the carrier-
induced linewidth broadening is weaker for electron doping. At T = 30 K and
AFExr = 10 meV, the exciton linewidth in the n-doped side is up to 25% smaller
than in the p-doped side. By contrast, the trion linewidth does not depend on

whether the system is electron- or hole-doped.

The observed differences in the exciton linewidth broadening indicate that the
exciton-carrier scattering is crucially determined by a temperature-activated pro-
cess. In the following, an analytical expression for the exciton linewidth is pre-
sented which roots on exciton-carrier interactions in the presence of an addi-
tional dissipation channel. The approach is based on a Fermi polaron formalism
[169, 251|, derived by Zakhar A. Iakovlev and Mikhail M. Glazov from the Ioffe
Institute in Saint Petersburg. Similar to the model presented in section 4.1, the
interaction of the exciton with the Fermi gas is calculated by the excitonic Green’s

function

1
g 7k = 212
x(e, k) € — Syl k) — L2k

(4.11)

+i6/2’

2mx

with energy ¢, exciton wavevector k- and, different from Equation 4.1, with a finite
dissipation d. Yx(e, k) is the self energy describing the exciton interaction with
the Fermi sea. The self energy is a k and e-dependent potential mimicking the
effect of the free electrons on the propagation of the exciton. The carrier-induced

broadening of the individual resonances is given by I' = —2ImXx (¢,0). For low
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Figure 4.8: (a) Experimentally-determined non-radiative linewidth broadening
I'x of the X° exciton (top panel) and 'y of trions X* (lower panel) as function
of the relative exciton-trion separation AExr ~ EFr «xn at T =5 K and T = 30
K in hBN-encapsulated monolayer WSey. (b) Calculated non-radiative exciton
linewidth as function of Fermi energy considering a finite dissipation § = I'p. I'p
is set to the value determined in the experiment, i. e., in the lower panels in (a).

carrier densities, i. e., Er — 0, the trion and exciton linewidths are given by [256]

mr ™
I's=0+F
X Pmx n?[5/(2Ey.1)] + 72/4

Iy = 4. (4.13)

(4.12)

with exciton and trion masses mx = m., + my, , mr = mx + m, as well as trion
biding energy Ej . In Equation 4.12, it is considered that 0 < Ejpr and that the

Fermi sea is degenerate.

Consistent with the experimental observation, the linewidth broadening of the
trion is constant, i. e., it does not depend on the Fermi energy. In particular, it
is given by the dissipation ¢, which is typically dominated by the scattering with
phonons in monolayer TMDCs [214]. Generally, § is determined by all scattering
process apart from the scattering with electrons, e. g. also the scattering with

defects or other excitons, cf. Fig.4.9(a). In this case the dissipation is given by
0= thon + I_‘defect + 1—‘X- (414)

By contrast, the exciton linewidth, which is directly related to the exciton-carrier

scattering rate, linearly increases with Fermi energy, i. e., I'x o« EFr. Importantly,
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also 'y crucially depends on a finite dissipation. At 06 = 0 both, constant and
carrier-induced scattering vanish in Equation 4.12. Thus, the dissipation ¢ is
necessary for finite exciton-carrier scattering. The significance of the dissipation
0 can be understand by considering a degenerate Fermi sea where e. g. the
conduction band is occupied up to the Fermi energy Er > kgT. In the case of no
dissipation, the exciton-carrier scattering is limited to electrons at the Fermi edge.
Electrons inside the Fermi sea do not contribute to the scattering due to Pauli-
blocking, i. e., there is no free final state inside the Fermi sea where the electron
can scatter into. Consequently, increasing the free carrier concentration does not
result in an enhanced exciton-carrier scattering and the exciton-carrier scattering
is negligible. In the case of a finite dissipation, also electrons inside the Fermi
sea contribute to the scattering. The dissipation effectively relaxes energy and
momentum conservation and provides a free state where the electron can scatter
into, cf. Fig.4.9(b).

In Fig. 4.8(b), the theoretically expected exciton and trion linewidth broadening
is presented as function of Fermi energy Er ~ AFExr considering Equation 4.12
for T =5 and T = 30 K. 9§ is set to the trion linewidth observed in the experi-
ment. Note that the temperature dependence in Equation 4.12 enters only through
the trion linewidth. The model closely follows the experimental observation. In
both, theory and experiment the carrier-induced exciton scattering rate increases
stronger at T = 30 K in comparison to T = 5 K. The analytic approach also de-
scribes the slightly different slopes observed for n- and p-doping. Due to a higher
binding energy of n-type trions, Equation 4.12 predicts a weaker increase in the
presence of electrons compared to holes. The difference of exciton-electron and
exciton-hole scattering is also consistent with an approximately 10% larger hole
mass compared to the electron mass in monolayer WSe, [126], i. e., an exciton is
stronger affected by the scattering with the heavier hole compared to the lighter

electron (see also Equation 2.9 in section 2.5).

From Equation 4.12 it particularly follows that the exciton scattering is deter-
mined by the dissipation and thus by the trion linewidth. To test this, multiple
measurements on different samples and positions are performed with slightly differ-
ent trion linewidths I'r. In Fig.4.9(c), the extracted slope of the exciton linewidth,
i. e., the carrier-induced exciton scattering rate coefficient I'x /AExr o< I'x/n is
plotted as function of the trion linewidth normalized to the trion binding energy
I'r/Eyr. Each data point corresponds to a voltage-dependent reflectance con-
trast measurement at T = 5 K, i. e., each value corresponds to the slope of the

carrier-induced exciton linewidth broadening obtained from multiple individually
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Figure 4.9: (a) Schematic illustration of exciton scattering channels in a semi-
conductor. The exciton-carrier scattering rate ['c,,, crucially depends on a finite
dissipation 0, determined by e. g. scattering with phonons, defects or other
excitons. (d) Illustration of electron band occupation at finite Fermi energies
Er > kgT. Only with additional dissipation ¢ carriers inside the Fermi sea con-
tribute to exciton-carrier scattering. (c) Exciton scattering rate I'y /AExr as
function of I'r/Ey 1 at T = 5 K. I'x /A Ex 7 is determined from linearly fitting car-
rier density-dependent reflectance contrast spectra in the free carrier density range
AExr é 6 meV. Blue lines correspond to Equation 5.4 assuming EFr = AFExr
and EF = 1.3AEXT.

fitted reflectance contrast spectra. The carrier-induced scattering rate coefficient
increases with increasing dissipation (trion linewidth). In the best samples, with
trion linewidths as small as 2.7 meV, carrier-induced scattering rate coefficients of
0.7 are observed, corresponding to a linewidth broadening of 0.4 meV /(10" ¢cm™2).
For a quantitative comparison, Equation 4.12 is plotted in Fig.4.9(c). The exper-
iment is best described by a scaling factor of 1.3 between Er and AExr (In the
Fermi polaron picture the scaling factor is ~ 1.5, in the bare trion picture it is
~ 0.7).
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Figure 4.10: Experimentally determined exciton-carrier scattering rates
I'x /AExr as function of I'r/ Ej, 7. The data is determined from voltage-dependent
linewidth analysis of multiple reflectance contrast (RC) and PL measurements on
monolayer WSe, and MoSe,, including bright 1s and 2s X° excitons as well as
dark excitons DY. All data points correspond to measurements at T = 5 K except
the two indicated measurements at T = 30 K. The blue shading is a guide to the
eye.

For an extended overview, in Fig. 4.10 experimentally-determined carrier-induced
scattering rate coefficients I'y /AExr are summarized as a function of I'r/Ey r,
including reflectance contrast as well as PL. measurements of the bright exciton
ground and first excited state of WSey and MoSe; monolayer structures. Par-
ticularly, Fig.4.10 includes the data presented in Fig.4.9(c). Moreover, voltage-
dependent PL linewidth broadenings of dark excitons (D°) in monolayer WSe,
are included. Similar to Fig. 4.9(c), the carrier-induced scattering rate coefficient
increases with increasing trion linewidth. The largest values of ~ 3.5 corresponds
to excited state excitons with a slope of ~ 2.5 meV /(10" ¢m~2) and are almost
an order of magnitude larger compared to the smallest values obtained for ground
states. Interestingly, the observed trend qualitatively follows Equation 4.12 al-
though the above presented model is limited to 0 < Epr, i. e, I'v/Epr < 1.
While for a quantitative description the distinct structure of the exciton should
be considered, e. g., different interaction matrix elements for ground and ex-
cited states, the presented investigation demonstrates the general dependence of

exciton-carrier scattering, which is crucially determined by the trion linewidth and
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trion binding energy. As a practical consequence, reducing the trion linewidth,
leads to a reduction of exciton-carrier scattering. Particularly, the findings pro-
vide a lower limit for the exciton-carrier scattering rate in doped two-dimensional
semiconductors. In an ideal sample, the trion scattering rate is limited by the
scattering with phonons. Considering a trion binding energy of 20 meV and a
temperature-activated scattering rate due to acoustic phonon scattering of ~ 50
peV /K, the minimum exciton-carrier scattering rate coefficient is ~ 0.2 at T =5
K. In p-doped WSey; monolayers this corresponds to a carrier-induced linewidth
of 0.13 meV/(10" ¢m™2). Tt means that for n, ~ 2 x 10! ¢m™? the exciton-
carrier scattering becomes comparable with the exciton-phonon scattering and
the carrier-induced exciton linewidth reaches 1 meV only at a hole density of

np ~ 8 x 10 ecm™2.

4.3 Electron recoil effect and carrier-induced cool-
ing dynamics

As outlined in section 2.3, trions can be created by optically exciting an electron-
hole pair, which simultaneously binds to a resident free hole or electron. The other
way around, the excitonic core within the trion can recombine radiatively leaving
behind a free charge carrier. By transferring its center-of-mass momentum to
the remaining free carrier, trions can recombine at finite momenta. This stands
in stark contrast to the bare exciton, which is only optically accessible at small
momentum, i. e., radiative exciton recombination is only possible within the light-
cone. In optical spectroscopy, the free carrier-assisted recombination of finite-
momentum trions manifests in a characteristic asymmetric low-energy flank in
luminescence. The so-called electron recoil effect has been studied in 2D quantum
wells [267, 268] and more recently observed in TMDCs [66]. While the asymmetric
emission profile has been identified in several systems, including monolayer MoSe,
[66, 78], MoSy [43] and WSey [79], the effect has been exclusively addressed in
steady-state experiments so far. In the following, the electron recoil effect is
explored in time-resolved photoluminescence experiments giving direct access to

relaxation and cooling dynamics in an electrically-tuneable MoSe; monolayer.

4.3.1 Electron recoil in monolayer MoSe,

The electron recoil effect is studied in an electrically-tuneable hBN-encapsulated

monolayer MoSe,, which is characterized by narrow exciton linewidths of < 2
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meV across large areas of many pm?. For excitation, the pulsed 140 fs, 80 MHz
Ti:Sapphire laser is tuned to an excitation energy of 1.657 eV slightly above the
X? resonance. The injected electron-hole pair density is set to 4 x 10" cm™2.

In Fig.4.11(a) and (b) the PL intensity as function of energy and gate voltage is
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Figure 4.11: (a) Photoluminescence spectra of monolayer MoSe; at T = 5 K
in the n- and p-doped as well as intrinsic regime of the ground state exciton X°
and trions X*. (b) PL intensity as function of energy and gate-voltage. Dashed
lines correspond to spectra shown in (b). A voltage of £1 V corresponds to a
change of the free carrier density of 1.6 x 10! cm~2 and 2.9 x 10" ¢cm~2 in the p-
and n-doped regime, respectively. (c¢) Schematic illustration of the electron recoil
effect.

presented in the range of the ground state exciton X° at 1.642 eV at a temperature
of T = 5 K. While the neutrality regime is characterized by a single exciton
resonance, at finite doping the trion or attractive Fermi polaron resonance appears
[66, 252, 269|. For p- and n-type trions the respective binding energies are 25 and
27 meV. Interestingly, the trion emission profiles exhibit pronounced low energy
flanks [267|, whereas the exciton is characterized by a symmetric emission line

shape.

The low energy flank of the trion emission is a direct consequence of energy and
momentum conservation during radiative recombination [268, 267]. Fig.4.11(c)
schematically illustrates the recombination of a trion with finite momentum. Dur-

ing the recombination of an electron-hole pair within the trion, i. e., the ex-
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citonic core, the trion momentum ki is transferred to the remaining electron
(vertical dashed line). Considering that the kinetic energy of the recoiled electron
i8 Fein) = h’k%/(2m.) the detected trion emission energy is Et + Er kin) —
FEe(iin.). Here, Er is the trion resonance energy at zero momentum and Erkin) =
h*k2./(2mt) is the trion’s kinetic energy with mt = my +m,. There are two main
consequences. First, trions with kr > ck can radiatively recombine by transferring
their momentum to the remaining electron, i. e., trions can recombine radiatively
outside the light-cone. Second, a trion with higher kinetic energy emits a pho-
ton at lower energies. Considering that high energy states are less occupied then
low energy states, the emission lineshape is characterized by a low-energy flank

observable in emission experiments [267].

For a quantitative approach a derivation of an analytic expression describing the
asymmetric emission lineshape is given. The calculation is performed by Marina
M. Semina and Mikhail M. Glazov form the IToffe Institute [251]. Following Ref.
[267|, in the trion picture the recombination rate is given by a modified version of

Fermi’s golden rule

2m
W”(UJ) = f E fk’MT’Opt<k)’2(5(hw + Ee(kin.) — ET — ET(kin.))' (415)
k

Here, the delta function ensures energy conservation and fy is the distribution

function in the Boltzmann approximation

h2k?
_ _ _ 4.1
Je=Nexp ( 2mTkBT*) (4.16)

with effective trion temperature 7 and normalization constant N. The transition

matrix element is given by [267, 169
M (k) =91?7«/@0(07;0)6_”“”(m”m”dp- (4.17)

with the trion envelope function ¢(p1, p2). p1,2 are the relative coordinates of the

electrons with respect to the hole. The PL spectrum is calculated by

fw — Er m,
Ipr, o W (w) o exp <k—7MT:; )
B X

2

2 . , Et’r‘ _ FLW
IO o | PR

81



The PL intensity is determined by two contributions: an exponential term re-
sembling the Boltzmann distribution and the transition matrix element. To es-
timate the latter, a trion envelope wavefunction of the following form is used
[257, 165, 166]

o(pr,p2) = €PNy palex e (4.19)

with ax and ap being effective exciton and trion Bohr radii. Assuming low carrier
densities with the Fermi energy being smaller than the trion binding energy and
the thermal energy of the trion gas, i. e., h*N./m. < Eyr, kgT., Equation 4.17

is evaluated

Mtr,opt(k) — mr
Varax /8 + 2arak [(ar + ax)

2 2
a7 ax
4.2
X ([1 i a%kQ(mx/mT)Z]g/Q +[1 + ag(kz(mX/mT)Q]S/Z) ) ( 0)

and plotted in Fig.4.12 as function of the kinetic excess energy of the trion for
material-realistic parameters. It exhibits a strong energy dependence which origi-
nates from the wavefunction overlap of the trion and free electron. For higher ki-
netic energies the overlap and thus the transition matrix element becomes rapidly

smaller as schematically illustrated in the top panels of Fig. 4.12.

The above presented approach roots in the trion picture, namely a three-body
problem. A similar result can be derived in the Fermi polaron picture [251].
Herein, the recombination is approached by considering the exciton being a rigid

dipole interacting with Fermi sea excitations.

In close analogy to the trion approach, the recombination of a high momentum
polaron results in a low energy emission flank. While the exciton recombines, the
Fermi sea gets excited and the excess momentum is absorbed. Notably, in the
Fermi polaron picture, both, the repulsive and attractive branch exhibit a low en-
ergy flank. However, for the repulsive branch, its influence on the emission shape
is expected to be negligible at low carrier densities. The reason for this difference
can be explained by the competition of two distinct recombination processes: first,
the direct radiative recombination where the Fermi sea remains in an unperturbed
state, and second, the indirect carrier-induced recombination where the Fermi sea
is excited. Only in the case of small oscillator strengths, which is in the regime
of Er < kgT* (T* is the trion temperature), the carrier-induced recombination
becomes dominant and results in a low energy tail. By contrast, for a large oscil-

lator strength, the indirect recombination becomes negligible and the emission is
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Figure 4.12: Dependence of the transition matrix element M on the kinetic
energy considering a trion and Fermi Polaron wavefunction or an exponential
approximation. The trion radius is ar = 3ax and the obtained binding energy
is Ep 7 = 17 meV. For the Fermi polaron the binding energy is set to E, 1 = 25
meV. In the exponential approximation ¢; = 7 meV. Boxes in the top panel show
schematic illustration of the trion/Fermi polaron and free-electron wavefunction
overlap at high and low kinetic energies.

dominated by a symmetric profile. At low carrier densities, the repulsive Fermi
polaron branch is characterized by a large oscillator strength and thus, the emis-
sion shape is symmetric. Differently, the attractive branch exhibits only a small
oscillator strength and the emission is dominated by a low energy tail. For com-
parison, the transition matrix element in the Fermi polaron approach is plotted
in Fig. 4.12(c) (for more details on the calculation refer to Ref. [251]). It closely
follows the transition matrix element derived in the trion picture. Particularly, at

low kinetic energies, the two functions coincide.

Having derived the transition matrix elements, Equation 4.18 can be evalu-
ated. For simplicity, the transition matrix element is approximated by an ex-
ponential function [267]. Particularly, in the low energy regime the exponential
approximation well agrees with both presented approaches, cf. solid purple line
in Fig.4.12(¢). The PL spectrum simplifies to

Ipp = Ip(€) @ exp(e/€")O(—e), (4.21)
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with the convolution symbol ® and € = hw — Ep. The first term Iy(e) is a
Lorentzian and corresponds to the symmetric linewidth broadening I' represent-
ing the dephasing, e. g. due to phonons. The second term is an exponential
function resulting in a low-energy flank which originates from the carrier-assisted
recombination assuming Boltzmann-distributed states. € is given by [267]:

1 1 1 me

— = — ) 4.22
& g + kgT* mx ( )

Here, the first term accounts for the kinetic energy dependence of the light-matter
coupling strength which is calculated from the dipole matrix element. Typically,
the constant €; is roughly on a similar order of magnitude as the trion binding
energy. The second term resembles the trion distribution in the Boltzmann ap-

proximation and depends on the effective trion temperature 7.

Focusing again on the experiment, in Fig.4.13 (a), temperature-dependent PL
spectra are presented in the range of the positively-charged trion. The free carrier
density is set to 1 x 10* ¢m~2. Temperature-induced doping effects are compen-
sated by manually adjusting the gate voltage at each temperature. The carrier
density fluctuation determined by the relative exciton-trion energy shift remains
below 6 x 10'% em™2, ¢f. Fig.4.13(b). The emission lineshape is governed by
the characteristic low-energy flank. With increasing lattice temperature, the low-
energy tail becomes broader indicating an increased trion temperature. For a
quantitative analysis, the data is fitted by Equation 4.21. To take realistic ex-
perimental conditions better into account, the described profiles are extended by
additionally considering inhomogeneous broadening. Equation 4.21 is convoluted
by a Gaussian profile with a fixed inhomogeneous broadening I'jypom = 1 meV. Free
fit parameters are the amplitude, resonance energy Er, symmetric broadening I"
and €*. The fitted values, represented by kp/€*, are summarized in Fig.4.13(c)
as function of inverse lattice temperature. Approximating 7™ = Tj.ice, the slope
of the line fit yields a mass ratio m,/myx = 0.44, consistent with similar elec-
tron and hole masses determined in ab initio calculations [126]. Moreover, the
temperature-dependent recoil analysis gives access to the light-matter coupling
strength €;, which is determined to be 7 meV. As illustrated in Fig.4.12, the

latter value is reasonable considering a trion binding energy of 25 meV.

4.3.2 Trion cooling dynamics

In order to gain access to time-resolved trion cooling dynamics, the emission

is detected by a streak camera detector. In Fig.4.14(a), PL spectra of the pos-
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Figure 4.13: PL spectra of the trion/Fermi polaron X* as function of energy for
selected temperatures in hBN-encapsulated monolayer MoSe,;. The free carrier
density is tuned to 1 x 10" em~2 for all temperatures. Saturated lines correspond
to the convolution fit presented in Equation 4.21. (b) Carrier density fluctuation
in the measurement presented in (a) obtained by the relative exciton-trion sep-
aration. (c) Extracted low energy exponent kp/e* as function of inverse lattice
temperature T~! for T> 15 K. Red triangles and dots correspond to measurements
on two different sample positions. Solid line is a line fit considering Equation 4.22.
The slope is my,/myx = 0.44. For comparison, open circles correspond to data ob-
tained from time-resolved measurements at t = 50 ps.

itively charged trion are presented for selected time intervals extracted from the
2D streak camera image plotted in Figure 4.14(b). The low-energy recoil flank
decreases with increasing time. Only in the very first spectrum indiations of
non-equilibrium distributions can be resolved. At later times, the flank is well
described by a Boltzmann distribution with an effective trion temperature. The
evolution of the recoil flank directly gives access to the transient trion temper-
ature. Fitting each PL spectrum with the fit function given by Equation 4.21
(fixing mp/mx = 0.44 and €; = 7 meV), in Fig. 4.14(c), the effective trion tem-
perature T™ is plotted as function of time. The measurement is repeated for
several lattice temperatures. Independently from the lattice temperature, each

curve is characterized by an initial excess temperature of about 20 K, which then
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Figure 4.14: (a) PL spectra of the trion/Fermi polaron X* as function of energy
at selected time intervals at T = 5 K lattice temperature after near-resonant
excitation of the X° exciton at 1.663 eV in hBN-encapsulated monolayer MoSes.
The estimated injected electron-hole pair density is 4.5 x 10 em™2. The free
carrier density is tuned to &~ 7 x 101° em™2. (b) PL intensity as function of energy
and time. Dashed line and dots corresponds to the extracted center energy Er
and low energy exponent Er—4e*, respectively. (c) Transient trion temperature for
selected lattice temperatures. Solid lines correspond to mono-exponential fits. (d)
1/e cooling and rise times obtained from (c) and (e), respectively. (e) Normalized
XT PL transients at selected lattice temperatures. Solid line corresponds to an
exponential rise-decay model convoluted by the instrumental response function
(Atmin = 4 ps) indicated by the grey area.

decreases towards lattice temperature. The transient temperature is fitted by a
mono-exponential fit. Fig.4.14(d) shows the corresponding 1/e cooling times. At
T = 5 K, the cooling times are in the range of 10 — 15 ps. With increasing tem-
perature, the cooling becomes accelerated, reaching values of down to 5 ps at 50
K. For all measurements, the trion gas reaches lattice temperature after 50 ps.
Note that the trion resonance exhibits a shift towards the low energy side within
the first picoseconds. The energy shift is equally determined for the neutral exci-
ton and is a typical observation related to the interplay of band gap and exciton

renormalization at elevated pump densities [270, 271, 272].
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Different to previous studies on exciton and trion dynamics in TMDCs, the
recoil flank directly shows the energy distribution of the trions. This result is
particularly interesting as it demonstrates that trions are thermalized within the
first picoseconds, i. e., they can be approximated by Boltzmann-statistics. Most
importantly, the analysis gives access to the trion temperature and cooling times.
Typically, in quantum well systems carrier temperatures are determined by analyz-
ing the plasma flank [68]. However, in TMDCs the latter is strongly suppressed.
Therefore, the recoil analysis provides a novel and comparably easy tool (as it
does not involve any pump-probe-like techniques) to determine the quasiparticle

temperature.

The observed cooling times are on a similar order of magnitude as relaxation
dynamics observed in other time-resolved studies on TMDC monolayers [107, 212].
At low temperatures and small doping Er < kgT™, the cooling is dominated by
the interaction with acoustic phonons and can be e. g. approximated via the
deformation potential mechanism. Herein, the cooling time inversely scales with
the trion mass and underlying carrier-phonon interactions. As the mechanism is
expected to be similar for trions and excitons, the observed cooling times should
approximately apply for excitons as well. However, due to less constituting par-
ticles and a lower total mass and therefore a weaker phonon coupling, exciton
cooling is expected to be rather slower compared to trion cooling. From the same
argument it follows that also free carrier cooling occurs on longer time scales. In
pump-probe experiments on monolayer MoSe, electron cooling times are found to
be on the order of 70 ps at T = 5 K [273], thus still in the same order of magnitude

but longer compared to the observed trion cooling times of 10 to 15 ps.

The decrease of the cooling time with increasing temperature is related to the
thermal activation of phonons. Within the first 10’s of K only acoustic phonons
contribute to the cooling. At higher temperatures more efficient high-energy
phonons contribute and the cooling becomes much faster. As demonstrated in
Refs. [203, 273|, at T = 100 K, the cooling time is expected to be an order of
magnitude faster compared to T = 5 K and is mostly governed by optical zone-

edge phonons.

For comparison, in Fig.4.14(e) the PL transients of the trion are presented.
They are characterized by a short increase in the range of 10 ps and a subsequent
decrease with a decay time on the order of 30 ps. A priori it is not clear whether
the rise time belongs to the relaxation or recombination processes. For excitons in
monolayer MoSes, it has been shown that the rise time corresponds to the radiative
lifetime at T = 5 K [212]. Here, the rise time correlates with the determined

87



cooling time. The extracted 1/e PL rise times obtained from a bi-exponential
approach o< (Tgecay — Trise) €XP(—t/Taecay) — €xXp(—1t/Trise)] [78] are plotted in
Fig.4.14(d). The rise time closely follows the cooling time indicating that it is
governed by the relaxation and cooling of the trion gas. It should be noted that
in case of the trion, the rise time cannot be interpreted as radiative recombination
time due to only a small trion oscillator strength, much smaller than that of the

exciton (see e. g. data shown in Fig. 4.4).

So far, the investigations focus on the low carrier density regime where exciton-
electron scattering is comparably weak. In order to explore the influence of free
charge carriers on the trion cooling, a larger gate voltage is applied. In Fig. 4.15(a),
trion PL spectra are presented at three distinct carrier densities. With increasing
carrier density, the center energy shifts towards lower energies and the pronounced
asymmetric profile at low densities (black curve) becomes a more and more sym-
metric profile (red curve). The latter can be explained by two effects. First, the
symmetric linewidth, which is associated with the scattering rate, slightly increases
with carrier density. Second, the trion/attractive polaron gains oscillator strength
and the direct recombination increasingly dominates and the carrier-assisted re-

combination becomes comparably weaker.

To investigate the influence of the free carriers on the cooling dynamics, time-
resolved PL measurements are preformed at T = 5 K as function of the free
carrier density. As for the temperature-dependent dynamics, time-resolved profiles
are analyzed by the fit based on Equation 4.21. In Fig.4.15(b), the extracted
transient trion excess temperature is plotted for a series of carrier densities from
5 x 10 to 1.9 x 10" cm~2. The corresponding 1/e cooling times are summarized
in Fig.4.15(c). Similar to the temperature-dependent measurements, the excess
temperature is about 20 K and independent from the carrier density. However, the
cooling gets increasingly faster with increasing carrier density. While in the low
carrier density regime < 3 x 10 ¢cm~2 the cooling is nearly constant, it drastically
decreases at elevated densities. At 2 x 10'2 cm™2 the cooling time accelerates to
5 ps. The carrier-mediated cooling rate is estimated to be 0.042 cm?/s. It means
that the contribution to the cooling time from carrier scattering is =~ 200 ps at
1 x 10 em™2, justifying that in this regime the cooling is dominated by phonon
interactions and the carrier-scattering only dominates at elevated densities. For
comparison, in Fig.4.15(d), the PL rise times, extracted from Figure 4.15(c), are
plotted. As in the temperature-dependent study, the PL rise time closely follows
the cooling time, further justifying the interpretation of the PL rise time being

associated with the cooling time.
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Figure 4.15: (a) PL spectra of the trion/Fermi polaron X* as function of en-
ergy at selected free carrier densities at T = 5 K. Excitation energy and injected
electron-hole pair density are the same as for the measurements presented in Fig-
ure 4.14. (b) Transient trion excess temperature for selected free carrier densities
at a fixed temperature of T = 5 K. Solid lines corresponds to mono-exponential
fits. (c) 1/e cooling and rise times obtained from (c) and (e), respectively. (d)
Normalized X PL transients for selected free carrier densities. Solid lines corre-
spond to exponential rise-decay fits.

Having investigated exciton-carrier interactions in TMDC monolayers including
scattering and recombination mechanisms as well as first dynamical properties, in
the next chapter, the propagation dynamics of excitons and trions are explored.
The investigations particularly focus on the influence of phonons and free charge
carriers, studied in temperature- and carrier density dependent diffusion experi-

ments.
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Chapter 5

Exciton propagation in two-dimensional
semiconductors - impact of phonons

and free carriers

In this chapter, the intrinsic mechanisms of exciton propagation in monolayer
TMDCs are explored. The chapter is structured in two sections. In section 5.1,
the diffusion of neutral dark excitons at cryogenic temperatures is studied. In
section 5.2, the additional influence of exciton-carrier interactions on the exciton
propagation is investigated in an electrically-tuneable monolayer. The contents
presented in section 5.1 have been published in “K. Wagner et al., Phys. Rev. Lett.
127(7), 076801, 2021" [274]. Figures are reprinted with permission. Copyright
(2022) by the American Physical Society. The contents presented in section 5.2
are part of an yet unbublished article (Ref. [256], under review).

5.1 Non-classical exciton diffusion

Commonly, in monolayer TMDCs exciton propagation is described in a semi-
classical picture, where the exciton propagates ballistically between two scattering
events [106, 97, 105, 275, 276, 61|. In the semiclassical picture the diffusion coef-
ficient is given by

kgT™*,
D=-2"T (5.1)

mx

mx = me + my denotes the exciton mass, kgT™ is the thermal exciton energy
with exciton temperature 7™ and 7, is the scattering time between two scattering

events. In order to test Equation 5.1 experimentally, independent access to the
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diffusion coefficient as well as exciton temperature, scattering time and exciton

mass is required.

In the following two subsections, the intrinsic mechanisms of exciton propa-
gation and the applicability of the semiclassical model in two-dimensional semi-
conductors is investigated by time-resolved microscopy of dark excitons in WSe,
monolayers. In contrast to bright excitons, which only exhibit short lifetimes on
a sub-picosecond time scale [277], ground state dark excitons are characterized by
long lifetimes of several 100’s of picoseconds [54]. As demonstrated in previous
chapter and in other studies [107, 108| excitons quickly thermalize and cool down
to lattice temperature after a few 10’s of picoseconds. Thus, dark excitons ex-
hibit a constant temperature during the majority of their lifetime, important for a
quantitative comparison of their propagation behavior with Equation 5.1. More-
over, hBN-encapsulated monolayers with suppressed long-range disorder [69, 105]
provide flat energy landscapes on a micrometer length scale, necessary to access

the intrinsic exciton diffusion coefficient.

5.1.1 Mobile dark excitons in monolayer WSe,

The photoluminescence spectrum of hBN-encapsulated monolayer WSes at cryo-
genic temperatures exhibits multiple peaks, originating from bright and dark exci-
ton reservoirs. Fig.5.1(a) schematically illustrates the low-energy exciton disper-
sion in monolayer WSe, relevant for the interpretation of luminescence spectra. It
includes the bright X° and spin-dark DY excitons at K-K as well as momentum-
dark excitons 1° at K-K’. After resonantly pumping the X° exciton, the system
relaxes to the ground state K-K and K-K’ states [54, 107]. The D° exciton
emits either in out-of-plane polarization [139], or phonon-assisted as indicated
in Fig.5.1(a) by red and blue arrows. In Fig.5.1(b), a characteristic PL spectrum
of a hBN-encapsulated monolayer WSe, at T = 5 K is presented. At an emission
energy of 1.722 €V the short-lived bright X° exciton emits. At lower energies the
spectrum is dominated by dark state emissions. As the measurements are per-
formed with a large objective aperture (NA = 0.7) the D° emission line dominates
the spectrum 45 meV below XY [278]. The same exciton reservoir emits also via
the assistance of homo-polar T's phonons, indicated by the DY, peak [213]. K-K’
excitons emit via I° as well as I%, and I%, by the assistance of zone-edge K1
and K3 phonons [37]. Emissions at lower energies are attributed to higher-order
phonon side bands. Suppressed features of the bright negatively-charged trion
doublet X7 and X; indicate only very low intrinsic electron doping in the sample

on the order of < 2x10' em~2. As the recombination of dark states mostly occurs
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via second order processes, or in the case of the D, via a weak oscillator strength
in out-of-plane polarization, they exhibit comparably long lifetimes manifesting
in 1/e PL decay times of 0.5 and 0.8 ns for K-K’ and K-K excitons, cf. inset
of Fig.5.1(b). As shown in Refs. [107, 108|, the excitons quickly cool down to
lattice temperature within the first 50 ps allowing to monitor thermalized exciton

diffusion at sufficiently long time scales.
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Figure 5.1: (a) Schematic illustration of the low-energy exciton dispersion in
monolayer WSe, with characteristic phonon-assisted recombination pathways of
dark K-K and K-K’ excitons. (b) Typical PL spectrum of hBN-encapsulated
monolayer WSe, at T = 5 K in the energy range of dark exciton emissions D° and
I° and their phonon side bands after resonant excitation of the X° exciton at an
optically-injected exciton density of 6 x 10'® em=2. The X° exciton is spectrally-
cropped by a long-pass filter (grey area). The individual peaks are labeled accord-
ing to their current interpretation adapted from Ref. [186]. (c¢) PL transients of
the DY and 1%, emission.

For the investigation of dark exciton propagation the monolayer is excited res-

onantly at the X° exciton. The optically-injected exciton density is tuned to the
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linear regime to 6 x 10'° cm™2 where non-linear density effects such as Auger-
recombination are negligible, cf. section 3.6. By applying sharp spectral short-
and long-pass filters, the diffusion coefficient of individual emission peaks is inves-
tigated: the D° and its phonon side band DY, the I%, emission and all phonon
side band emission below 1%, (energy-integrated). The spectrally-filtered emis-
sion peaks are shown in Fig. 5.2 (a). For spatial monitoring, the central emission
cross-section of the emission is monitored by a streak camera. In Fig.5.2(b), a
representative normalized streak camera image is presented. The vertical axes
corresponds to the spatial coordinate and the horizontal axis to the temporal evo-
lution. As schematically illustrated by the black dashed line, the normalized cross
section broadens with time. In Fig.5.2(c), the mean-squared-displacement o2 ex-
tracted from fitting temporal cuts in Fig. 5.2(b) by Gaussians is plotted as function
of time. As expected for diffusive behavior, the mean-squared-displacement in-
creases linearly with time [224]. The diffusion coefficient D is extracted by dividing
the slope by a factor of 2. For all emissions, the measured diffusion coefficient is
approximately equal. The average diffusion coefficient, determined from the indi-
vidual slopes, is 2.4 + 0.5 ¢cm?/s corresponding to a diffusion length on the order
of 0.5 um. The approximately equal diffusion coefficients for emissions stemming
from K-K and K-K’ excitons is reasonable considering equal properties at K and

K’ valleys (apart from the spin and valley indey).

In order to quantitatively compare the measured diffusion coefficients to Equa-
tion 5.1, the exciton temperature 7™ and scattering time 75 needs to be deter-
mined. In the following, 75 and the effective exciton temperature T is estimated
from temperature-dependent linewidth analysis [199, 73] of the investigated dark
exciton emissions. The exciton scattering time typically manifests in the sym-
metric (non-radiative) linewidth broadening I" oc 1/75 [73|. The effective exciton
temperature can be e. g. determined by the low-energy recoil flank, as demon-
strated in section 4.3 for trions, or in the case of excitons, by the high-energy flank
of the phonon side bands [4, 279, 280, 194, 281].

In Fig.5.3(a) and (b), PL spectra are presented in the energy range of phonon
side bands DY, and 1%, as well as in the range of the out-of-plane polarized D°
emission for selected temperatures between 5 and 50 K. In order to quantitatively
extract the linewidth, the D° emission is fitted by a symmetric Voigt profile.
Considering thermalized states, the phonon side bands are fitted by a convolution

of a Boltzmann distribution and a Voigt profile
IpL(E) xexp[(E — Ey)/(kgT*)|O(E — Ey) @ In(E,T). (5.2)
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Figure 5.2: (a) Spectrally-cropped emission peaks in hBN-encapsulated mono-
layer WSey at T = 5 K. (b) Normalized 2D streak camera image showing the
temporal broadening of the spatial emission cross-section. For this data set the
emission of all phonon side bands below 1%, are collected, cf. lowest panel in (a).
Dashed line qualitatively illustrates the broadening with time. (c¢) Spatial broad-
ening of the emission cross-section represented by the mean squared displacement
as function of time for the individual emission lines highlighted in (a) after reso-
nant excitation of X°. The estimated injected electron-hole pair density is 6 x 10'°
cm™2. The average diffusion coefficient of all four measurements is 2.440.5 cm?/s.

Here, Ej is the center emission energy and ® denotes the convolution. Similar
to the approximation of the low energy tail of the trion presented in section 4.3,
the high-energy flank gives access the effective temperature 7™ of the exciton gas.
The symmetric profile Iy(E,T) is the Voigt profile and accounts for the symmetric
linewidth broadening I'.

As demonstrated in Fig. 5.3(a), Equation 5.2 fits the data very well. In Fig. 5.3(c),
the symmetric broadening obtained from DY as well as D%; and 1%, phonon side
bands are summarized. The symmetric linewidth broadening is nearly identical for
all emissions. At T = 5 K it reaches values as small as 1 meV increasing to a value
of 3 meV at T = 50 K. Due to the vanishing oscillator strength and therefore
negligible radiative broadening of dark excitons, the remaining linewidth at T =5
K is attributed to inhomogeneities. In order to estimate the pure homogeneous

contribution, the data is deconvoluted by an inhomogeneous broadening of 0.9
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Figure 5.3: (a) PL spectra in the range of D%; and 1%, emissions as function of
energy at different lattice temperatures. The experimental parameters are kept the
same as in Figure 5.2, i. e., resonant X° excitation and an optically-injected exciton
density of 6 x 10'° cm~2. The data is fitted by asymmetric peak fits corresponding
to Equation 5.2. (b) Same data for the D? emission. Here, the spectra are fitted
by symmetric Voigt profiles. (¢) From (a) and (b) obtained symmetric linewidth
broadening as function of temperature. The data is deconvoluted by I'j,, = 0.9
meV. (d) High-energy exponent determined from the asymmetric fits presented in
(a) as function of lattice temperature. The right axis corresponds to the estimated
exciton temperature setting the high-energy exponent equal to kgT™.

meV. The determined temperature-activated linewidth broadening is 53 peV /K
and is attributed to the scattering with linear acoustic phonons [205, 4, 73|. Im-
portantly, the obtained scattering rate agrees with direct measurements of the

homogeneous exciton broadening in four-wave mixing experiments [206].

In Fig. 5.3(d), the extracted exciton temperate T™ is plotted as function of lat-
tice temperature. It closely follows the lattice temperature confirming that the

excitons are thermalized and cooled down. Only at temperatures < 10 K, the
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exciton temperature is slightly higher than the lattice temperature. For a di-
rect comparison to the effective trion temperature determined by the recoil flank
in section 4.3, a hBN-encapsulated WSey spectrum at a temperature of T = 5
K is presented with both, exciton and trion emissions. The spectrum is fitted
by a multi-peak model including a symmetric profile for the D° emission, asym-
metric profiles with a high-energy flank for exciton phonon side bands (X-PSBs)
and asymmetric profiles with low-energy flanks for trions. Most importantly, the
spectrum is well fitted by considering an equal exciton and trion temperature
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Figure 5.4: (a) Weakly n-doped PL spectrum of hBN-encapsulated monolayer
WSe, at a nominal heat sink temperature of T = 5 K after CW excitation at an
energy of 2.331 eV and a laser power of 0.5 uW. The data is fitted by a multi-peak
model including a symmetric Voigt profiles for D° and the weak emission closely
below D°, asymmetric profiles with a high-energy Boltzmann flank according to
Equation 5.2 for D%, 1%, 1%, and I°, and asymmetric profiles with low-energy
recoil flank for trions X7 /X5 according to Equation 4.21. The exciton and trion
temperature is fixed to T¥ pgg = 17 = 12 K. Following parameters are consid-
ered for the recoil flank: €' = 7 meV (same value as used in section 4.3) and
me/mx = 0.5. The inhomogeneous broadening is fixed to 0.6 meV. Center ener-
gies, symmetric linewidths (I'p, = I'x_psps and FX; = FX;) and amplitudes are
free fit parameters. The colored areas qualitatively illustrate the profiles of trions,
excitons and exciton phonon side bands.

Having determined the exciton temperature and scattering rate, the semiclas-
sical diffusion coefficient given by Equation 5.1 is evaluated. Considering 7™ =
Tattice; the measured broadening coefficient of I'/T = h/(7,T) = 53 peV/K and
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mx = 0.75 mg [126], a diffusion coefficient of 2.5 ¢cm?/s is obtained. This value
is in well in agreement with the experimentally observed value of 2.4 4+ 0.5 cm?/s
at T= 5 K. It particularly highlights efficient exciton propagation which is only
intrinsically limited by the scattering with linear acoustic phonons. As in the in-
vestigated temperature regime the scattering rate linearly scales with temperature
I' < T, the diffusion coefficient D = kgTh/(I'my) is particularly temperature-
independent, motivating further time-resolved measurements of the exciton diffu-

sion coefficient at temperatures T > 5 K.

5.1.2 Evidence of non-classical exciton propagation

In Fig. 5.5(a), the normalized spatial broadening of the PL cross-section is pre-
sented for a series of temperatures between 5 and 50 K. In Fig. 5.5(b), correspond-
ing relative mean-squared-displacements Ac? are shown. For a better signal-to-
noise ratio, the accumulated signal of all phonon side bands below I%, is evaluated.
The excitation conditions are kept the same as before, i. e., resonant X" excitation
at an optically-injected exciton density of 6 x 10!° cm~2. The extracted diffusion
coefficients are summarized in Fig.5.5(c) (blue/red data points). At low tem-
peratures the diffusion coefficient is close to the previously observed value of 2.5
cm?/s. With increasing temperature the diffusion coefficient decreases. Already
during the first 30 K the diffusivity reduces to a value below 1 ¢cm?/s. Surprisingly,
the observed diffusivity does not remain constant as expected in the semiclassical
model, nor it increases, as it would be expected in a disordered system, i. e., for

hopping-like propagation [222] or defect-assisted scattering [10, 83].

In order to exclude any doping-related effects, in Fig.5.5 (d), the observed
exciton diffusion coefficient is presented at 5 and 40 K while slightly varying the
free carrier density. At both studied temperatures the diffusion coefficient reaches
its maximum at zero doping. With increasing doping, the diffusion coefficient
decreases due to increasing exciton-carrier scattering (for more details on exciton
diffusion in the presence of free charge carriers see section 5.2). Most importantly,
at charge neutrality the diffusion coefficient is < 2 ¢m?/s at T = 40 K and thus
indeed smaller than ~ 3 cm?/s at T = 5 K. The measurements demonstrate, that
the observed temperature-induced decrease of the diffusion is robust with respect

to small doping variations.
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Figure 5.5: (a) Normalized streak camera images showing spatial broadening of
the dark exciton emission cross-section at selected temperatures. The emission is
spectrally cropped such that only dark exciton emissions below 1%, contribute to
the signal. (b) Mean squared displacement as function of time extracted from (a).
(c) Exciton diffusion coefficient as function of lattice temperature determined from
(b). For comparison, the expected diffusion coefficient in the semiclassical model
with exciton scattering rates obtained from Figure 5.3 is shown (orange data). (d)
Exciton diffusion as function of free carrier density at 5 and 40 K measured in an
electrically-tuneable sample.

The decreasing exciton diffusion coefficient with increasing temperature is ob-
served in multiple measurements on different samples. In Fig.5.6 (a), the ex-
tracted diffusion coefficients from two samples (including the data in Fig. 5.5(c))

are summarized as function of temperature. Despite variations in the absolute

99



numbers, all measurements exhibit a decrease of the diffusivity in the considered
temperature range. In Fig.5.6(b), the measurements at T = 5 and T = 50 K
are summarized in two histograms. Consistent with the measurements discussed
in Fig.5.5 (c), the average diffusion coefficient is Dy = 2.4 + 0.5 cm?/s and
Dsox = 0.84 4+ 0.6 cm?/s.

0.84+0.6 24+£05

cm?/s cm?/s

6 T T T T T T T T T T 10 T ll T T _ ]
R (a% o WSe, E o (b) N =22
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S 4t . + (neutrality A 4
e + regime) 2 2
g 3l % 1 3o
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Temperature (K) Diffusion (cm?/s)

Figure 5.6: (a) Exciton diffusion coefficient as function of temperature for multi-
ple measurements on two samples (WSes E and the electrically-tuneable structure
WSe, F at charge neutrality). Each data point corresponds to a time-resolved
measurement. The values of up to 5 cm?/s at 5 K are observed in a measurement
with larger pump power and thus contains contributions from Auger-like recom-
bination [61]|. (b) Statistics on diffusion measurements. The measured diffusion
coefficient at 5 K averaged over 22 individual measurements is 2.4 & 0.5 cm?/s.
At 50 K, an average value of 0.84 & 0.6 cm?/s is found evaluating 14 individual
measurements.

This observation strongly contrasts the common semiclassical model where the
diffusion coefficient is expected to be constant in this temperature regime. For
direct comparison, in Fig.5.5(c), the semiclassical diffusion coefficient is plotted
by considering scattering rates from Fig. 5.3 and evaluating Equation 5.1 (orange
data points). The decreasing diffusion coefficient within the first 30 K can neither
be explained by nonequilibrium effects in the initial relaxation, as the diffusion
is analyzed on much longer time scales, nor by density-dependent nonlinearities
such as bimolecular processes [61, 282] or phonon-wind effects [63, 283] as the
experiments are performed at low excitation powers in the linear density regime.
Most importantly, any additional temperature-induced scattering channel would
manifest in additional spectral broadening. This behavior is not observed and can
thus be exclude [73].
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Also in a multi-valley approach based on the material-realistic WSe, band struc-
ture, the diffusion coefficient is not expected to decrease within the first 30 K.
Although, the possibility of temperature-activated scattering into heavier K-A ex-
citons can lead to a decrease of the temperature-dependent diffusivity (depending
on the exact energy separation between K-K and K-A excitons), this effect is
expected to occur only at temperatures higher than 30 K. In this scenario the
diffusion decreases due to the larger mass of K-A excitons [126, 194]. This pro-
cess would not be observable in the temperature-dependent linewidth broadening.
However, in this scenario the absorption of higher-energy A phonons are required

which become populated only at elevated temperatures.

The semiclassical picture comes to its limit when its general assumption breaks
down: that the exciton mean free path becomes similar or smaller than the
spatial extent of the exciton wave packet. This condition is called the Mott-
Toffe-Regel criterion [284]. For a direct comparison, in Fig.5.7(a), the ratio of
the semiclassical mean free path I, = +/2D7, and the de Broglie wavelength
Nag = V2rh(mxkpT)~/? is plotted as function of temperature. The absolute
value of the de Broglie wavelength is plotted in the inset. The ratio decreases
with increasing temperature from 0.5 to a value smaller than 0.1. It means, while
at T =5 K the die Broglie wavelength and the mean free path are still on a sim-
ilar order of magnitude, with increasing temperature the de Broglie wavelength
becomes up to 10 times larger than the mean free path. For illustrative purposes,
in Fig.5.7(b), exciton propagation is schematically depicted in the semiclassical
picture (top panel) where the length between two scattering events is much larger
than the spatial extent o< A\yp of the exciton. In the bottom panel the same sce-
nario is depicted in the case where the Mott-Toffe-Regel criterion is violated. The
exciton wave packet by far exceeds the length of an individual segment between

two scattering events.

In a recent theoretical work, the effect of the wave-like nature on the exciton
transport is approached for monolayer TMDCs [109]. In Fig.5.7(c), a first order
quantum correction to the semiclassical exciton diffusion is presented [109]. For
the calculation an exciton mass of 0.76 my [126] and a sound velocity of 3.3
km /s [242] is considered. As outlined in subsection 2.6.2, the wave-like nature of
the exciton is taken into account by considering closed exciton trajectories where
a constructive interference of the clockwise and counter-clockwise propagating
exciton wave occurs. Due to the constructive interference, the exciton spends
effectively more time in the loop, resulting in weak localization of the exciton
[234, 235, 236, 237, 238, 88, 239|. The key parameter in this approach is the phase
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Figure 5.7: (a) Agp/lme, and the mean free path as function of temperature.
Dashed line corresponds to the semiclassical expectation considering Equation 5.1.
Open circles are obtained from the independently measured scattering rate 7, and
diffusion coefficient Dyyeas considering liyg, = v/2Dmeas. Ts- (b) Calculated diffusion
coefficient considering 1% order quantum corrections according to Ref. [109]. (c)
Schematic illustration of exciton propagation in the semiclassical picture. (d)
Schematic illustration of exciton propagation in the case where the de Broglie
wavelength is larger than the mean free path and interference effects need to be
taken into account.

relaxation time 7, which governs the constructive interference, i. e., 74 is the time
after which the constructive interference breaks down. It can be shown that the
interplay of the energy loss rate and momentum scattering rate leads to an effective
enhancement of the weak localization effect with increasing temperature, and thus
to a decrease of the diffusion coefficient. Importantly, this process occurs due to
the wave-like nature of the exciton and does not manifest in the temperature-

dependent exciton linewidth.

The qualitative behavior of the first order quantum correction indeed resembles
the experimental observation. In particular it demonstrates that at very low tem-
peratures, e. g. at T = 5 K, the quantum nature leads to only minor deviations
and the propagation is reasonably well described by the semiclassical model (jus-
tifying the analysis presented in subsection 5.1.1). With increasing temperature,
interference effects become more dominant and the correction to the semiclassical
diffusion increase (considering low temperatures where the scattering is dominated

by linear acoustic phonons). However, the presented perturbative approach can
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not quantitatively explain the experimental observation. It underestimates the
effect by almost an order of magnitude. A full quantitative understanding of the

observed non-classical propagation behavior, thus, remains an open question.

5.2 Exciton diffusion in the presence of free charge

carriers

The investigations in previous section demonstrate that low temperature exci-
ton diffusion in charge-neutral TMDCs is crucially determined by the scattering
with phonons. In doped semiconductors, the scattering with free charge carriers
is expected to additionally influence the propagation behavior. Importantly, in
the presence of free electrons or holes excitons form to trions, which are expected
to similarly propagate through the two-dimensional crystal [16, 106]. In this sec-
tion, the propagation of both, excitons and trions in a continuously-tuneable two-

dimensional Fermi sea of free charge carriers is explored.

5.2.1 Gate-tuneable exciton diffusion in monolayer W Se,

The investigations focus on dark sates in electrically-tuneable hBN-encapsulated
monolayer WSey. In Fig.5.8(a), a characteristic PL spectrum of the studied sam-
ple is presented in the energy range below the resonantly excited X° exciton at
1.722 eV as a function of gate voltage. The temperature is set to T = 5 K. The
neutrality regime at ~ 0.7 V is characterized by K-K and K-K’ emissions. As
outlined in subsection 5.1.1, the dominant emission peaks are the D° and I° zero
phonon lines and the associated phonon side bands D and 1%, [278, 188, 187, 37|.
By increasing or decreasing the gate voltage, free holes or electrons are injected,
respectively. The doping results in the formation of bright trions X* as well as
dark trions D* and associated phonon side bands, dominated by Df; and Dy,
[37]. On the n-doped side, additionally the electron side band Dy of the dark
trion D~ emerge, where the inter-valley K-K’ electron-hole pair recombines and
the electron at K is excited to the upper spin-split conduction band at K’ [186]
(see also Figure 2.11(b) in section 2.5). Furthermore, the n-doped side exhibits
two bright trion emissions X; and X, , which stem from the two possible trion
configurations involving the bright K-K exciton in the spin-split conduction band
[36, 166]. Ground state K-K and K-K’ states are characterized by comparably
weak light-matter coupling manifesting in 1/e PL lifetimes of up to 1 ns. By ap-

plying spectral filters and evaluating the spatial behaviour on longer time scales
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Figure 5.8: (a) PL intensity as function of emission energy and gate voltage in
the energy range below the X° exciton at 1.722 eV in hBN-encapsulated monolayer
WSe, at T = 5 K. The sample is excited resonantly at the X° exciton at 1.722 eV
with an estimated injected electron-hole pair density of 4.5 x 10! cm™2. A gate
voltage of 1 V corresponds to a free carrier density of 3 x 10'* cm=2. Individual
peaks are labeled according their current interpretation [186]. Spectral regions of
dark exciton and trion emissions are marked by dashed rectangles. (b-d) Spectral
cuts at —0.5, 0.7 and 1.8 V in the n-doped, neutrality, and p-doped regime, re-
spectively.

(see also section 3.7), only dark state emissions which are highlighted in Fig. 5.8(a)

by dashed rectangles are investigated.

In Fig.5.9, the main observations of the diffusion experiment are presented.
In Fig.5.9(a), the relative mean-squared-displacement Ac? as function of time is
plotted for several fixed gate voltages in the weakly p-doped regime. The linear
increase of Ao? hallmarks diffusive propagation [224]. In Fig. 5.9(b), the extracted
diffusion coefficients obtained from the slope of Ac?(t) for n- and p-doping are
summarized. The free carrier density is obtained from setting the relative exciton-
trion separation equal to the Fermi energy. At charge-neutrality a diffusion co-
efficient of 2.7 cm?/s is observed, consistent with the previous findings presented
in section 5.1. With increasing free carrier density the diffusivity drastically de-
creases to a value of ~ 1 cm?/s. Surprisingly, further increasing the free carrier
density leads to a reversed behavior. The propagation is accelerated up to 1.5
cm?/s at a free carrier density of 1.5 x 10" em™2. Then the diffusion coefficient
remains comparably high and only slowly decreases towards 0.5 cm?/s at 6 x 101!

cm~2. A similar dependence is observed in the n-doped regime.
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Figure 5.9: (a) Spatial broadening of the emission distribution Ac? as function of
time for selected gate voltages in the p-doped regime. Only emissions highlighted
in Fig.5.8(a) are considered. (b) Summarized exciton diffusion coefficients as
function of free carrier density in the n- and p-doped regime. Solid lines are
guides to the eye.

As demonstrated in section 5.1, the spatial propagation of neutral dark excitons
is governed by the scattering with linear acoustic phonons and can be described
in the semiclassical model at least at T = 5 K. Only at elevated temperatures
non-classical effects need to be taken into account. The semiclassical diffusion

coefficient is given by (equivalent to Equation 5.1)

_ kgT™h
 I'm

D (5.3)

with quasiparticle temperature 7™, quasiparticle mass m and scattering rate I' =
h/7s. In Equation 5.3, the charge carrier-dependence mainly enters via I'. In the
simplest scenario the scattering rate is given by exciton-carrier and exciton-phonon

scattering
I'= thon + Learr- (54)

Due to similar propagation behavior at electron- and hole-doping, the follow-
ing discussion focuses on the hole-doped side. As demonstrated in section 4.2
and subsection 5.1.1, the free carrier and phonon scattering rates manifest in the
non-radiative voltage- and temperature-dependent exciton linewidth broadening
[45, 46, 112]. In Fig.5.10(a), the fitted symmetric linewidth of the D° exciton and

DT trion are presented as function of temperature. Similar to the analysis pre-
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sented in Fig. 5.3, the data is deconvoluted by I'ijphom = 1.8 meV such that the ex-

trapolated zero-temperature value vanishes, cf. Fig.5.10(b). The phonon-assisted
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Figure 5.10: (a) D° and DT linewidth as function of lattice temperature in the
neutrality and p-doped regime. Filled red circles correspond to the symmetric
width fitting the trion emission by the recoil lineshape given by Equation 4.21.
For comparison, open circles show the extracted FWHM fitting the emission by
a symmetric Voigt profile. Solid lines correspond to convoluted line fits shown
in (b) considering Iippom. (b) Deconvoluted D° and DT linewidth. (c¢) D° and
Dt linewidth as function of free carrier density at T = 5 K. (d) Deconvoluted
linewidth considering Tiyhom indicated in (¢). At zero doping the linewidth is set

to the temperature-activated phonon-scattering rate I'ypon = 0.25 meV (evaluating
50 peV/K at T =5 K).

scattering rates are I'x /K = 50 peV/K and I'x /K = 95 peV /K for the exciton
and trion, respectively. The temperature-dependent scattering rate coefficient of
the trion is slightly higher than that of the exciton, consistent with a theoretically
expected larger trion-phonon scattering [214]. In Fig.5.10(c) and (d), total and
deconvoluted exciton and trion linewidths are presented as function of free charge
carrier density determined from voltage-dependent PL measurements. In agree-
ment with the data presented in section 4.2 and other reports [45, 285], the trion

linewidth is constant while the exciton linewidth linearly increases with free car-
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rier density yielding a density-dependent scattering rate coefficient of I'x /n = 0.7
meV /(10 ¢cm™2).
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Figure 5.11: (a) Ilustration of the carrier density-dependent PL spectrum pre-
sented in Fig.5.8 in the energy range of D and D' emissions. Exciton and
trion emissions are colored in blue and red, respectively. (b) Diffusion coefficient
as function of free carrier density (exp. data is reproduced from in Fig.5.9).
Solid line corresponds to the semiclassical exciton diffusion coefficient consid-
ering exciton-electron scattering rates presented in Fig.5.10. (c) PL intensity
ratio ay =D%/(D°+D™) and ar =D*/(D°+D™") determined from fitting voltage-
dependent PL spectra shown in (a). (d) Calculated diffusion coefficient considering
composite diffusion D = axDx + arDr and setting the exciton-trion population
ratio equal to the PL ratio shown in (c). (e) Schematic illustration of exciton
propagation in the regime of (I) exciton-carrier scattering and (II) quasiparticle
formation.

Having quantified the scattering rates, the observed non-monotonic propagation
behavior can be explained. Considering the exciton scattering rate determined
from DY and an exciton mass of my = 0.76my, the calculated exciton diffusion
coefficient is plotted as function of free hole density in Fig. 5.11(b) (solid blue line).

The calculation agrees with the initially observed strong decrease. However, at
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elevated carrier densities the strong exciton-carrier scattering predicts a much

lower diffusion coefficient as determined in the experiment.

While at charge neutrality, the spectrum is dominated by neutral exciton emis-
sions, within the first 10'* cm™2 trion emissions emerge and the neutral exciton
emissions quench, as illustrated by the carrier-density dependent PL spectrum in
Fig.5.11(a). To quantify this, in Fig.5.11(c), the relative exciton and trion PL
ratios ax =D?/(D%+D") = 1—ar are plotted. Considering that trions are charac-
terized by a nearly carrier-independent linewidth broadening and thus effectively
scatter much lass then excitons, their propagation is expected to hardly depend
on the free carrier density. In Fig.5.11(d), the calculated composite diffusion of

excitons and trions is presented given by
D = axDX + aTDT. (55)

Here, the individual contributions Dy and Dp are determined by Equation 5.3
with myx = m.+m;, and my = mx +my. The exciton-phonon and exciton-carrier
scattering rates are fixed to the values obtained from PL linewidth analysis, pre-
sented in Fig.5.10. For the trion a weak carrier-induced scattering rate of 0.05
meV /(10" ¢m~2) is considered, consistent with the experimentally determined
trion linewidht broadening. All parameters entering in Equation 5.5 are summa-
rized in Table 5.1.

Temperature set in experiment
Exciton mass My =M.+ m, 0.76 m, Ref. [126]
Trion mass my= My +m, 1.16 m, Ref. [126]
Exciton [,/ T 50 peV/K Temp.-dep. DO linewidth*
scattering rates I'y/n 0.7 meV/(10"cm-?) \olt.-dep. D° linewidth**
Tl /T 95 peV/K Temp.-dep. D* linewidth
scattering rates I'+/n 0.05 meV/(10cm2)  \olt.-dep. X* linewidth***

Table 5.1: Table with summarized parameters considered for modeling composite
exciton-trion diffusion presented in Figure 5.11 and Figure 5.12. (*consistent with
four-wave mixing experiments [206]. **consistent with Ref. [74]. **for better reli-
ability the bright trion linewidth is considered consistent with voltage-dependent
linewidth broadening of the DT linewidth in PL, see also section 4.2)
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The presented calculation closely resembles the experimental observations with-
out any free fit parameters. It demonstrates the cross-over of neutral excitons to an
interacting exciton-carrier mixture. In Fig.5.11(d), the propagation is schemati-
cally illustrated within these two distinct regimes. While in the initial low density
regime the exciton scatters with free carriers, leading to a drastic decrease of
the diffusivity, the attractive exciton-carrier interaction leads to the formation of
“protected” states, namely trions or attractive Fermi polarons, which are hardly
affected by the increasing carrier concentration (quasiparticle regime). This mech-
anism facilitates efficient propagation even at elevated carrier densities of up to
10'2 ¢cm~2 with mobilities as high as 3 x 10% cm?/(Vs).
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Figure 5.12: (a) Top panel: different scenarios of population ratios ar =
nr/(ny + nx) = 1 — ax as function of free carrier density. Bottom panel: cal-
culated average diffusion coefficients D = ax Dx + ap Dy considering population
ratios shown in the top panel. The scenario where no trions form and the diffusion
coefficient is determined by only exciton-carrier (and exciton-phonon) scattering
is plotted by a dashed black line. (b) Dr/Dx as function of free carrier density.
Above the dashed line the trion diffusion coefficient is larger than the exciton
diffusion coefficient.

It should be noted that the above presented model essentially roots on the
exciton-trion population ratio. In general, the experimental determination of rel-
ative populations is a challenging problem. The curve shown in Fig.5.11(d) is
based on the exciton-trion population ratio estimated from PL ratios, i. e., from
Fig.5.11(c).

DT are assumed. This is supported by similar PL lifetimes and nearly constant

By this, equal light-matter interaction strengths for both, D° and
total PL intensities, i. e., Ipg + Ip. ~ const. The assumption also approximately
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agrees with the scenario where each free electron binds to a trion, as long as
the optically-injected electron-hole pair density is larger than the carrier density,
i. e, np = Nearr fOr Nearr < nepp. In this case, the transition should occur at
a free carrier density similar to the injected electron-hole pair density, i. e., at
Nearr & Nep, = 4.5 X 10'° em™2. For a comparison, in Fig.5.12 (a), the diffusion as
function of free carrier density is calculated for several modeled population ratios.
Independent from the specific choice of the underlying exciton-trion population
ratio, the diffusion coefficient strongly decreases in the initial low carrier density
regime. At elevated carrier densities the diffusion coefficient remains comparably
high and decreases only slowly. In almost all scenarios, in the intermediate regime
a non-monotonic dependence of the diffusion coefficient is observed. Ounly at very

low pump densities the non-monotonic behavior vanishes.

The investigations demonstrate that at elevated carrier densities trion propa-
gation is much more efficient than exciton propagation. In order to illustrate the
crucial role of trion formation for the transport, in Fig.5.12(b), the ratio Dr/Dx
is plotted as function of free charge carrier density. It strongly increases with
free carrier concentration. Already at a carrier density o 3 x 10'° cm~2 the trion
diffusion coefficient is larger than that of the excitons. At a carrier density of 10'2

cm 2, the trion diffusion coefficient is almost an order of magnitude larger.

5.2.2 Free trion propagation

In the above presented discussion trion propagation is described in analogy to
exciton propagation. Particularly, it is assumed that both, excitons and trions
can be described by the semiclassical diffusion equation considering respective
masses and scattering rates. As demonstrated for neutral excitons in section 5.1,
at elevated temperatures the wave-like nature of the propagating wave packet
can lead to pronounced deviations to the semiclassical model. In the following,
temperature-dependent trion diffusion experiments are performed. The free car-

rier density is tuned to 4 &1 x 10 cm™2

in the p-doped regime. Thus, for an
injected electron-hole pair density of 4.5 x 10!° cm~2 it is assumed that all excitons
bind to trions. In Fig.5.13 the measured temperature-dependent trion diffusion
coefficient is presented. The diffusion coefficient remains largely constant. The
average diffusivity is found to be in the order of 1 cm?/s, consistent with the semi-
classical model represented by Equation 5.3. It is illustrated by the red dashed
line considering the trion scattering rate of I'/T = 95 ueV/K, determined from
temperature-dependent trion linewidth broadening, and a trion mass of my = 1.16

mo.
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Figure 5.13: (a) Diffusion coefficient as function of temperature collecting emis-
sions of dark trions DT and corresponding phonon side bands. The free carrier
density is set to 4 & 1 x 10" em~2. Dashed line corresponds to the semiclassical
expectation considering a trion scattering rate of I'r/T = 95 peV /K obtained
from Figure 5.10.

The observation demonstrates freely propagating trions which are well described
by the semiclassical model. Particularly, the experiment does not show any sub-
stantial increase which would indicate hopping-like transport, nor it decreases
within the first 30 K, as found for excitons. Thus, no indications for non-classical
propagation behavior are found. Importantly, this finding is consistent with the
above presented discussion of non-classical propagation of excitons at charge-
neutrality which only scatter quasielastically with phonons. In the case of exciton-
electron or trion-electron scattering, however, the scattering is highly inelastic.
Due to comparably masses of excitons/trions and free carriers, energy and mo-
mentum conservation requires that the majority of the kinetic energy of the exci-
ton/trion is transferred to the free carrier. At each trion-electron scattering event
the phase of the trion wave packet is destroyed. Therefore, the formation of con-
structively interfering closed trajectories is suppressed compared to the case of

only phonon scattering [243].

To conclude, in this chapter the mechanisms of exciton propagation in mono-
layer semiconductors in the presence of phonons and free charge carriers are inves-
tigated. First of all, the measurements demonstrate efficient quasiparticle propa-
gation at cryogenic temperatures. At T = 5 K, the exciton diffusion can be well
described in the semiclassical picture, revealing that the diffusion is only limited

by the scattering with acoustic phonons. At elevated temperatures, an uncon-
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ventional non-classical propagation behavior is observed, which is attributed to
the wave-like nature of the exciton. Inserting free charge carriers to the system,
no signatures of non-classical propagation are observed. Instead, the trions freely
propagate through the two-dimensional crystal at all studied temperatures. While
on the one hand, exciton-carrier scattering leads to a strong decrease of the exciton
diffusion coefficient, on the other hand, the formation of trions enables efficient
propagation even at free carrier densities on the order of 10'? ecm™2. In this density
regime, the diffusion of trions is almost an order of magnitude larger compared to

excitons.
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Chapter 6

Summary and outlook

In the present work, the diffusion of excitons and their interaction with a two-
dimensional Fermi sea of free charge carriers is explored. The experiments are
performed on electrically-tuneable MoSes; and WSe,; monolayers, taking advantage
of reflectance and luminescence spectroscopy as well as time-resolved microscopy.
The investigations reveal intriguing many-body interactions of optically-excited
quasiparticles in a continuously tuneable, two-dimensional free carrier gas. The
results include the identification and characterization of excited state trions and
the quantitative determination and description of exciton-carrier scattering. In
addition, by the electron recoil effect, the effective trion temperature is accessed
and relaxation and cooling dynamics are studied. Based on these findings, the
propagation mechanisms of the optical quasiparticles are investigated revealing
signatures of non-classical exciton diffusion and a non-monotonic dependence of

the diffusion coefficient on the free carrier density.

The main results of this work are discussed in chapter 4 and chapter 5. Chap-
ter 4 begins with the investigations of exciton-carrier interaction in electrically-
tuneable hBN-encapsulated WSe,; monolayers. By means of reflectance contrast
spectroscopy at liquid helium temperature, in section 4.1, the resonance energies,
linewidth broadening and oscillator strength of ground and excited state excitons
are determined. The experimental observations reveal meta-stable excited sate
trions which are formed out of excited-state excitons attractively interacting with
the Fermi sea of free charge carriers. Excited state trions are characterized by
huge binding energies of 15 — 20 meV and autoionization, an efficient recombi-
nation pathway which manifests in an additional density-independent linewidth
broadening of =~ 10 meV. Excited state trions are also observed in photolumines-
cence experiments. A theoretical model based on the Fermi polaron formalism

qualitatively describes the experimental observations.
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Subsequently, in section 4.2, exciton-carrier scattering is investigated by a quan-
titative linewidth analysis of exciton and trion resonances in temperature- and
voltage-dependent reflectance contrast and PL spectroscopy of electrically-tuneable
hBN-encapsulated WSe,; and MoSe; monolayers. By increasing the temperature
an increasing exciton linewidth broadening is observed. Furthermore, the exciton
linewidth increases stronger with free carrier density in the case of a larger trion
linewidth. Supported by an analytical model, the investigation demonstrates the
crucial role of a finite dissipation on the carrier-induced exciton scattering rate:
only in the presence of an additional dissipation, e. g. due to phonons, exci-
tons efficiently scatter with electrons or holes also at elevated densities where the
Fermi sea is degenerate. This is further supported by an extended study including
multiple measurements on several sample structures and different measurement
positions. The investigation provides a lower limit for the exciton-carrier scatter-
ing in two-dimensional semiconductors, which is basically determined by the trion
linewidth.

In section 4.3, the relaxation and cooling dynamics of the exciton-carrier gas
after excitation is investigated by the electron recoil effect. Employing electrically-
tuneable hBN-encapsulated monolayer MoSe,, the characteristic low energy flank
of the ground state trion emission is analyzed at cryogenic temperatures between
5 and 50 K. Performing steady-state and time-resolved experiments allows to
directly access the transient temperature of the trion gas. Immediately after
excitation, the trion temperature exceeds the lattice temperature by at least 20
K. Subsequently, the trions cool down to lattice temperature. At low carrier
densities, the 1/e cooling time is on the order of 15 ps and is dominated by the
scattering with phonons. With both, increasing temperature and increasing free
carrier density an accelerated cooling is observed. In all studied scenarios the trion

gas cools down to lattice temperature after 50 ps.

Having discussed basic exciton-electron interactions, in chapter 5, exciton prop-
agation mechanisms in two-dimensional TMDCs are investigated. By time- and
spatially-resolved experiments on hBN-encapsulated WSe, monolayers, the diffu-
sion of long-lived and thermalized dark excitons is explored at cryogenic tempera-
tures. Despite being dark, these ground state excitons emit via phonon side bands
or via a weak oscillator strength in out-of-plane polarization, characterized by PL
lifetimes of up to 1 ns. At charge-neutrality, efficient exciton diffusion is observed,
reaching values of up to 3 cm?/s at a lattice temperature of T = 5 K. In combi-
nation with exciton scattering rates, determined from temperature-dependent PL

linewidth analysis, this finding reveals intrinsically limited propagation, which is
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governed by the scattering with linear acoustic phonons. Increasing the tempera-
ture, however, leads to a decrease of the diffusivity far below the onset of higher
energy phonon modes. This observation can neither be explained by hopping nor
by semiclassical free propagation. Considering that the exciton’s de Broglie wave-
length exceeds the mean free path, it follows that the semiclassical picture is not
applicable in this temperature regime. Based on a recently proposed model cal-
culation for TMDCs, the experiment is discussed in terms of the wave-like nature
of the exciton. However, a first-order perturbation theory explains the observed
unusual propagation behavior only qualitatively and underestimates the effect by

an order of magnitude.

In order to investigate the impact of free charge carriers on the exciton prop-
agation, the diffusion coefficient of the dark excitons is measured as a function
of free charge carrier density. Increasing the electron or hole concentration up to
~ 1x 10™ ¢cm~2 leads to a decrease of the mobility, governed by enhanced exciton-
carrier scattering. Remarkably, further increasing the carrier density results in an
increase of the mobility, which then only slowly decreases over a wide range of
carrier densities of up to 102 cm~2. The latter finding can be well described
by attractive exciton-carrier interactions, leading to bound trion states which are
largely unaffected from carrier scattering. Finally, temperature-independent trion
diffusion is observed, demonstrating free trion propagation with effective mobili-
ties of up to 3x 10 ¢cm?/(Vs). In particular, this finding implements that trions are
not localized in hBN-encapsulated TMDC monolayers even at the lowest studied

temperature at T =5 K.

The presented studies constitute a solid contribution to the basic understand-
ing of exciton-carrier interactions and quasiparticle propagation in electrically-
tuneable two-dimensional semiconductors. The observed signatures of excited
state trions in section 4.1 motivate for further studies in the regime of strong
exciton-carrier interactions. At elevated carrier densities additional features in
the absorption spectrum emerge which have been assigned to exotic high-density
states, such as hexcitons and oxcitons [53|. There are also entirely unexplored low
energy features in voltage-dependent emission spectra (see e. g. Ref. [49]). If the
average distance between individual electrons becomes equal or smaller than the
exciton Bohr radius, i. e., n > 1/(ma} y), the picture of a rigid exciton interacting
with the Fermi sea breaks down. In monolayer TMDCs, for ground state excitons
this regime starts at free carrier densities of ~ 10'® cm~2. For 2s excited states it
is expected to occur already an order of magnitude below, i. e., at experimentally

accessible free carrier concentrations nea, ~ 102 cm™2. In this regime the interac-
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tion of the optically-excited electron with the Fermi sea becomes comparably with
respect to the interaction with the hole in the conduction band. The consequences
of this coupling regime on the optical and transport properties constitutes an open

research field.

The investigated exciton-carrier scattering mechanisms in section 4.2 motivate
for further magneto-optic experiments where the individual contributions from ex-
citon scattering with spin up and spin down electrons or the scattering into trion
states can be separated. By applying a magnetic field, the valleys of the electronic
band structure at K and K’ shift in energy and the doping of charge carriers with
a fixed valley and spin quantum number becomes feasible [252|. For example, ap-
plying polarization-resolved voltage-dependent reflectance contrast spectroscopy
at finite magnetic fields in monolayer MoSe,, the scattering of K-K excitons with
electrons at K (intra-valley exciton-electron scattering) can be studied in the ab-
sence of trion formation (as the bright exciton at K only forms to a trion with

electrons at K’).

The demonstrated analysis of the low-energy trion recoil flank in section 4.3 or
the high energy shoulder of exciton phonon side bands in section 5.1 constitutes a
powerful access to the quasiparticle temperature. The analysis of low- and high-
energy flanks can be applied to other emissions as well. While the investigations in
this work focus on the bright trion in monolayer MoSe,, the analysis is applicable
for dark trions as well. Particularly, the dark trions D* in monolayer WSe, exhibit
a similar low-energy shoulder than the investigated bright trions. Furthermore, the
electronic side band of the dark trion D™, i. e., the D emission, is characterized by
an even more pronounced low energy flank. Different to the conventional electron
recoil effect, where the electron only compensates a comparably small intra-valley
momentum, here, the electron makes a transition across the whole Brillouin zone.
In principal, the recoil effect is not limited to trions. For example in the case of
neutral or charged biexcitons, also asymmetric emission profiles are expected. In
analogy to the electron recoil effect, the exciton recoil effect could give access to
the underlying biexciton distribution and, for thermalized states, the biexciton

temperature.

Regarding the observed highly-mobile dark excitons in hBN-encapsulated mono-
layer WSe,, a versatile platform for the investigation of intrinsic exciton transport
properties in monolayer semiconductors has been established. Subsequently fol-
lowed studies have demonstrated that dark exciton propagation exhibits peculiar
strain dependence [108, 286], non-linear phenomena [108, 287| and can be guided

by quasi-1D channels [288]. Spin-valley lifetimes on the order of several nanosec-
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onds [189] render dark excitons promising for the investigation of spin-transport
with possible spin diffusion lengths of several micrometer. The observed non-
classical propagation behavior challenges the widely-used semiclassical diffusion
model and requires further theoretical and experimental investigations. For ex-
ample, diffusion experiments in the presence of an external magnetic field would
elucidate the weak localization effect on the exciton propagation. From a more
general perspective, the observed non-classical exciton diffusion motivates to in-
vestigate other two-dimensional materials where the Mott-Ioffe-Regel criterion is

violated such as two-dimensional hybrid perovskites [204].

The demonstration of freely propagating trions in section 5.2 is particularly en-
couraging for the deterministic control of electrically-driven and optically-detected
trion currents, as demonstrated in Refs. [111, 110|. Furthermore, trions are suit-
able for the investigation of the valley-Hall effect. So far, the valley-Hall effect
has been studied in TMDCs for excitons driven by temperature gradients and/or
chemical potentials [90], as well as exciton-polaritons in a channel-like geometry
[91]. However, the external control of a directed trion current by applying an
in-plane electric field would allow for the deterministic, ambipolar investigation of
the valley-Hall effect in a well-defined, thermalized system. Furthermore, the pre-
sented diffusion experiments are important for theoretical considerations of Fermi
polaron [289] and, more general, biexciton propagation. As both, excitons and tri-
ons efficiently propagate, also bound exciton-exciton or exciton-trion pairs, i. e.,
neutral and charged biexcitons are expected to propagate. Due to their observed
lifetime of about 100 ps, particularly charged biexcitons in monolayer WS, and
WSey are highly promising for diffusion experiments by means of time-resolved

microscopy.
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