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Abstract

In this thesis, we investigate the optical properties of excitonic quasiparticles in different transi-
tion metal dichalcogenides (TMDCs). These novel two-dimensional (2D) semiconductor mate-
rials exhibit remarkable mechanical, optical and electronic properties and feature an additional
valley degree of freedom. Due to their atomically thin nature, excitons form as quasiparticles
with high binding energies in monolayers (ML) and bilayers (BL) of MoSes; and MoTe;. We
combine photoluminescence (PL), pump probe (PP) and 2D coherent spectroscopy (2DCS) to
reveal and quantify valley polarization properties and the interaction of phonons with exciton,
trion and biexciton.

ML TMDCs are direct semiconductors, whereas BLs in most TMDCs are indirect and less
studied. We perform 2DCS measurements of the BL. MoSe; and find a dephasing time for elec-
trons of 20 fs and a scattering of holes of 400 fs, forming an indirect exciton in MoSes. Moreover,
we observe an intra-layer biexciton signature. The BL of MoTe,, which is yet little investigated
in literature, shows a bright emission like the ML. We perform a comprehensive spectroscopic
study of ML and BLL MoTe, and analyze the lineshape of temperature-dependent PL spectra,
comparing ML and BL. The small difference in lineshape can be traced to symmetry and well
width, confirming a direct excitonic transition in the BL, unlike in other TMDCs. We further
disentangle the homogenous and inhomogeneous parts of the PL linewidth. The inhomogeneous
linewidth predicts an inter- and intra-layer trion in the BL separated by 2.2 meV. In general,
the trion state in the BL is confirmed by the mass-action law. We deduce a connection between
the homogenous linewidth broadening and the phonon-limited mobility, considering acousti-
cal as well as optical phonons. This results in a high acoustical phonon limited mobility of
6000 cm?/Vs (2000 cm?/Vs) and 4300 ¢cm?/Vs for the ML exciton (trion) and BL exciton. The
optical phonon limited mobility at room temperature is found to be 300 cm?/Vs and 150 cm? /Vs
in ML and BL which are the highest values found so far for TMDCs.

Exciton and trion resonances in TMDCs allow for optical manipulation of the valley degree
of freedom. We find that resonant excitation of the exciton in PP results in a high negative po-
larization degree of —65 % which is lost within 1 ps due to electron-hole exchange interactions
and bandgap renormalization in MoTe,. The trion is less influenced by these effects resulting in
a polarization of 95 % immediately after excitation, depolarizing within 3 ps. Both depolariza-
tion timescales are consistent with the fast decay of excitons and trions due to defect-assisted
recombination. During the trion formation time of 1.5-2.5 ps, we measure a polarization of
about 30 % in ML MoTe,. These are the first observations of valley polarization in MoTes.
Off-resonant excitation results in a non-zero polarization of the PL when exciting higher ex-
citonic states. Phonon assisted cascade processes conserve spin and valley, where the electron

transfer is dominated by spin- (valley-) conserving scattering at low (high) temperatures.
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Zusammenfassung

In dieser Arbeit studieren wir die optischen Eigenschaften exzitonischer Quasiteilchen in Uber-
gangsmetall-Dichalcogeniden (TMDCs). Dieser zweidimensionale (2D) Halbleiter hat bemer-
kenswerte mechanische, optische und elektronische Eigenschaften, sowie einen weiteren Valley-
Freiheitsgrad. TMDCs sind nur einige Atomlagen dick, und ihre Quasiteilchen weisen hohe
Bindungsenergien in Mono- (ML) und Bilagen (BL) auf. Durch die Kombination von Photolu-
mineszenz (PL), Pump-Probe (PP) und 2D kohérenter Spektroskopie (2DCS) untersuchen und
quantifizieren wir die Wechselwirkung von Phononen mit Exzitonen, Trionen und Biexzitonen.

ML TMDCs sind direkte Halbleiter, wohingegen BL in den meisten TMDCs indirekt und
wenig untersucht sind. Wir fithren 2DCS Messungen am MoSe; BL durch und untersuchen
den Transfer von direktem zu indirektem Exziton, wobei das Elektron innerhalb von 20 fs
dephasiert und das Loch innerhalb von 400 fs. Auflerdem beobachten wir Anzeichen von Biex-
zitonen. MoTe, BL wurde bisher wenig untersucht und zeigt eine strake Lumineszenz ahnlich
zum ML. Wir fithren eine umfassende spektroskopische Studie an ML und BL MoTe, durch
und analysieren temperaturabhéngige PL-Linienformen von ML und BL. Wir begriinden kleine
Verédnderungen der BL. Linienbreite im Vergleich zum ML durch Veranderungen in der Symme-
trie und Schichtdicke. Dies bestétigt eine direkte Bandliicke in MoTey BL, welche in anderen
TMDCs nicht beobachtet wird. Die PL Linienbreite wird in den homogenen und den inhomo-
genen Anteil zerlegt. Durch die Analyse des inhomogenen Anteils erwarten wir zwei 2.2 meV
energetisch von einander entfernte Trionen: Inter- und Intralagentrionen. Der Trionenzustand
an sich wird durch das Massenwirkungsgesetz bestétigt. Homogene Linienbreite und Mobilitéat
héngen zusammen, wobei wir die Einfliisse akustischer und optischer Phononen betrachten. Wir
bestimmen hohe, durch akustische Phononen begrenzte, Mobilitdten von 6000 (2000) cm?/Vs
und 4300 ¢cm?/Vs fiir das Exziton (Trion) der ML und BL. Die durch optische Phononen limi-
tierten Mobilitdten bei Raumtemperatur liegen bei 300 cm?/Vs und 150 ¢cm?/Vs fiir ML und
BL. Dies sind die hochsten gemessenen Mobilitaten in TMDCs.

Der Valley-Freiheitsgrad der Quasiteilchen kann optisch manipuliert werden. Eine resonante
Anregung der Exzitonen in PP erzeugt eine Polarisation von -65 %, welche in 1 ps durch
Elektron-Loch-Wechselwirkung und Bandliickenrenormierung depolarisiert. Die Trionen sind
weniger von diesen Mechanismen betroffen und zeigen eine Polarisation von 95 % direkt nach
der Anregung, welche in 3 ps depolarisiert. Defektassoziierte Rekombination zeigt vergleichbare
Zeitskalen. Wahrend der Trionformation messen wir etwa 30 % Polarisation in MoTe, ML.
Dies sind die ersten Polarisationsmessungen an MoTe;. Wir messen ebenfalls eine Polarisation,
wenn wir hohere exzitonische Zustande anregen. Deren Valley- und Spinzustdnde werden durch
phononische Kaskadenprozesse bis in den Grundzustand erhalten, wobei Spin (Valley) bei tiefen

(hohen) Temperaturen erhalten wird.






"'A lot of people experience the world with the same incredulity as when a magician
suddenly pulls a rabbit out of a hat which has just been shown to them empty. In
the case of the rabbit, we know the magician has tricked us. What we would like to
know is just how he did it. But when it comes to the world it’s somewhat different.
We know that the world is not all sleight of hand and deception because here we
are in it, we are part of it. Actually, we are the white rabbit being pulled out of
the hat. The only difference between us and the white rabbit is that the rabbit
does not realize it is taking part in a magic trick. Unlike us. We feel we are part of

something mysterious and we would like to know how it all works."

-Jostein Gaarder- Sophie’s World: A Novel About the History of Philosophy
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1 Introduction

In 1931, the Russian scientist Yakov Ilich Frenkel discovered the exciton as "excitation waves"
in a crystal [42]. Since then, many properties of this quasiparticle have been investigated and
it is well known that an exciton is a Coulomb bound electron-hole pair localized in a crys-
tal [31]. Later in 1958, Murray A. Lampert theoretically proposed the trion and biexciton as
"effective-mass-particle complexes', composed of electrons and holes in addition to the exciton
[86]. Properties of excitons, trions, and biexcitons have been intensively investigated in many
materials, in particular in quantum wells [29, 40, 103, 132, 136, 163, 152]. Excitons are impor-
tant from an application point of view as their emission enables a deep understanding of the
underlying material properties. We use the information contained in the excitonic emission to
investigate the properties of two-dimensional transition metal dichalcogenides (TMDCs).
TMDCs are a novel two-dimensional material class supporting excitons with high binding
energies [99, 100, 101, 137, 159, 162, 164]. The material in its monolayer (ML) limit has only
a few atom layer thickness (~0.5 nm) and shows binding energies in the range of hundreds of
meV for excitons and tens of meV the trions and biexcitons. Most TMDCs emit in the visible
spectral range, showing a direct bandgap in the ML limit, and an additional degree of freedom
called valley polarization due to the direct excitonic transition emerging at the K/K’ points of
the Brillouin zone, rather than at the I point. They are promising materials to build opto- and
valley-tronic devices. By stacking MLs, one can even extend the possibilities for application as
in this case the bandgap energy can be adjusted by the twist angle. Most TMDCs MLs have
been extensively studied in the recent literature, but it is necessary to understand more-layer
systems in particular bilayers of TMDCs. Molybdenum ditelluride (MoTeq) [43, 75, 89, 134,
141, 193] extends the energy range of the TMDCs to the technologically important near-infrared
region, promising novel device applications. In particular its infrared bandgap energy makes
MoTe, difficult to study, many laboratories are not equipped for time-resolved experiments in
the infrared spectral range. Our group is specialized in time-resolved optical spectroscopy in
the infrared, in particular on technologically relevant semiconductor materials. The technical
equipment and general expertise contribute well to tackle the yet little studied MoTe,. There

are several open questions which we will explore and answer in the cause of this thesis.

An understanding of TMDC bilayers is a necessary step in the investigation of stacked MLs
(homo- and heterostructures). To the best of our knowledge, ultrafast coherent dynamics of the
bilayer have not been studied in TMDCs. As reference sample we use the MoSey BL with its
indirect excitonic transition and ask: which ultrafast dynamics and dephasing processes
are observable on the BL TMDCs?

From the literature it is known that the BL of the infrared MoTe; shows a bright emission [89,
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134]. Theoretical calculations have not been able to unambiguously predict its band alignment

200, 82]. So we ask: Does the BL of MoTe, feature a direct excitonic transition?

By assuming a direct excitonic transition in the BL of MoTes, it is evident to ask whether
one or more trion state exists. The only trion observed in BL so far is in the W-based TMDCs
[67]. Refs. [89, 134, 43] observe an additional peak in the BL MoTes, the nature of which has
not yet been definitively established, so: Is there a trion in BL MoTe;?

Excitons and trions are the carrier of information in opto-electronics. Materials with high
mobility are needed for the applications in devices. Theoretical publications predict high mo-
bility values for MoTe, of 3000 — 10000 cm? V~! s7! [60, 204] which would be the highest
mobility in the TMDCs. We clarify experimentally: Do exciton and trion mobilities in

MoTe, approach the theoretical limit?

In addition to the degree of freedom based on excitons and trions in opto-electronics, TMDCs
show the so-called valley degree of freedom. Valley is coupled to spin and carries information, as
one can selectively excite individual valleys by circularly polarized light. Molybdenum disulfide
(MoSz) shows a high polarization degree [100, 173|, a reduced value is found in molybdenum
diselenide (MoSey) [74, 173] and predictions for MoTe, are even lower [8], though for MoTe, an
experimental observation of valley polarization is still needed. Is there a measurable valley

polarization degree in MoTe;?

By changing the excitation energy from resonant to off-resonant excitation we excite higher
excitonic states [11, 28, 104] even beyond the electronic bandgap which have as far as we know
not been invetigated in literature. So the question rises: Can we measure a polarization

of higher excitonic states?

It is known that the valley polarization is lost within several picoseconds in common TMDCs
[159]. Except for a radiative excitonic decay time of 3 ps [134], timescales of exciton and
trion depolarization and depopulation have to the best of our knowledge not been studied in
MoTey, so: Which processes determine the decay dynamics of excitons and trions in
MoTe,?

All in all, this thesis will answer these questions (and some more) and, thus, deliver a deeper
understanding of TMDCs exciton, trion, biexciton, phonon interaction and dynamics. We
start with a brief introduction of TMDCs in chapter 2 followed by an analysis of temperature-
dependent photoluminescence spectra, band parameters and transport properties in chapter 3
and 4. In chapter 5 we extend the analysis to polarization-degree-resolved measurements by
off-resonant excitation. By performing pump probe measurements in chapter 6, we investigate
the resonant degree of polarization and the fast decay processes. In chapter 7 we close with
ultrafast coherent spectroscopy measurements of MoSe, ML and BL. Finally, we summarize

our results in chapter 8.



2 A brief overview about concepts and

methods

In this chapter we briefly introduce properties of semiconductors in general, transition metal
dichalcogenides in particular and the measurement techniques to investigate this class of mate-
rials optically. In the first section, we introduce the Hamilton formalism for electrons moving in
a semiconductor under the influence of its periodic lattice potential. Furthermore, the energy
band structure, bandgap and localization of quasiparticles will be deduced and the concept of
exciton, trion, biexciton and phonon quasiparticles is introduced. We combine exciton- and
trion-photon coupling and extract first statements on exciton-phonon coupling. As this thesis
focusses on transition metal dichalcogenides, all defined concepts are applied to our class of
material.

In the second section, we introduce the particular material properties of transition metal
dichalcogenides. We investigate the inversion symmetry breaking/restoring of transition metal
dichalcogenides depending on the number of layers. Inversion symmetry has a significant in-
fluence on the possibility to define this material optically. Binary selection rules for the high
symmetry points of the Brillouin zone are established. Due to a pronounced spin-orbit coupling
in transition metal dichalcogenides, the selection rule in momentum space is coupled to spin at
the high symmetry points. Finally, the character of quasiparticle transitions is clarified theoret-
ically, i.e. direct or indirect transition as a function of layer number. Especially molybdenum
ditelluride shows an ambivalent behavior.

The last section deals with the fabrication and optical characteristics of the samples. Mea-
surement techniques for the investigation of quasiparticles in transition metal dichalcogenides
are introduced, namely photoluminescence, two-color pump probe, and two-dimensional coher-
ent spectroscopy which yield complementary information on carrier dynamics and energy level
structure. Especially position and polarization control due to the small size of the samples and

the binary selection rule are important to establish.



2 A brief overview about concepts and methods

2.1 The Quasiparticle Zoo

In this section we clarify the definition of a semiconductor in general and introduce the lat-
tice, energy bands and localization of quasiparticles. Then we extract basic properties of the
quasiparticles like group velocity, effective mass and wave vector. For the general description
of semiconductors, we follow Ref. [7] and Ref. [31]. As this thesis focusses on some of the
remarkable properties of transition metal dichalcogenides (TMDCs), in this introduction, we
directly apply the general assumptions to the special case of TMDCs. By combining this gen-
eral introduction with a summary of the current research we, thus, introduce TMDCs in the
context of classical semiconductors.

In principle semiconductors discussed in this thesis are solids with a crystalline structure,
that means an arrangement of the molecules in a lattice. The lattice is a periodic array of
points in space. Each semiconductor can be categorized through their lattice structure in three
dimensions. In this thesis, we concentrate on the hexagonal honeycomb (2H) lattice of TMDCs,
where the lattice constants (the magnitudes of the axis of the primitive unit cell @, b, and 0) a

and b are equal and differ from c. The lattice constants for MoTe, and MoSe, are collected in

Tab. 2.1.
: =

5 a\ Table 2.1: Lattice constants for TMDCs [138].
¢ a, A ¢ A
MoTe, 3.5 139
MoSes 3.3 13.0

Fig. 2.1: Sketch of the hexagonal lattice.
TMDCs are layered semiconductors consisting of transition metals (Molybdenum (Mo),

Tungsten (W)) and chalcogenide atoms (Sulfur (S), Selenide (Se), Telluride (Te)) arranged
in atom layers. One layer of transition metal atoms is sandwiched between two layers of chalco-
genide atoms covalently bonded to each other as illustrated in Fig. 2.2. Each transition metal
has six nearest chalcogenide neighbors and each chalcogenide atom has three nearest transition
metal atoms forming p-d hybridized transition metal-chalcogenide bonds [6]. We call one of
these structures a monolayer (ML). By adding a second one we get a so-called bilayer (BL)
consisting of two ML bound by van der Waals interactions. Stacking more and more layers
together, we obtain a three-dimensional bulk crystal in the large number of layer limit. The
bond between the layers is mechanically not very strong, thus, one can simply isolate single
layers, as discussed in section 2.3.1.

Electrons can move in these lattices and their movement is described by the Schrodinger
equation Hy(r) = E(r), where the Hamiltonian is H = Hy + V(r) = =2 + V(r) and

2m

V (r) is a periodic potential with respect to the periodicity of the crystal structure. Plane wave

e*" wave functions solve the unperturbed (i.e. the free electron) Schrédinger equation with
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Chalcogen
Transition metal + ML

Chalcogen
— BL

Fig. 2.2: Sketch of TMDC monolayer and bilayer.

h2E2
2m

the crystal atoms, we can extend the solution in terms of perturbation theory. Therefore, we

an unperturbed energy eigenvalue of Fy = To accommodate the potential formed by
assume that the wave function is a Fourier series approximation to periodic boundary conditions
Y(r) = C(k)e™™ . Now, let G (Gy) be the reciprocal lattice vector (constant) which is the Fourier
transformation of the lattice vector (constant) and assume that each wavevector k only couples

to those other wavevectors k' that differ by reciprocal wave vector GG, such that
Yr(r) =>_ Ck— G)e = — ey, (1). (2.1)
€]

That means the movement of an electron in a lattice can be described by a plane wave and
a periodic function factor uy(r), as introduced in the Bloch theorem and )y (r) is the Bloch

function. The resulting Schrodinger equation reads: (HO +>a VGeiG") Yr(r) = E*y(r), where

h2k2
2m )

the (zero order) energy eigenvalue is (Ef =

B, — l?k "Q3|2
b= Ey Vot ) o

el (2.2)
G 0 __Zag ¢

The solution has a degeneracy at Ef = Eg_G satisfying the Bragg condition for electrons
k-(Go/2) = |Go/2|*. This results in plane waves with wavevector k = G/2 forming periodically
as a function of the crystal structure. The space spanned by these planes in wavevector space is

called Brillouin zones. The first Brillouin zone (BZ) of a hexagonal lattice as found in TMDCs

Fig. 2.3: Sketch of the hexagonal three dimensional Brillouin zone (BZ) and projection to two dimensional
BZ, with high symmetry points I', K, A, and M.
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6] is shown in Fig. 2.3. We indicate the high symmetry points which are the most relevant
for TMDCs layers, as investigated in section 2.2. The edges of the BZ must follow the Bragg
condition. Therefore, the degeneracy in equation 2.2 has to be investigated in detail at the BZ

boundary, where Ef = E5~%° and we obtain

1 2 1/2
EF =V, + 5 (E{; — EiGo 4 {(Eg — Ef%) + 4|VG0|2} ) = Vo + 2|Vg,|.

The two energy eigenvalue solutions are always separated in energy by at least 2|V, | creating a
separation of energy bands. For intermediate energy, no electrons are allowed, thus, forming a
forbidden energy gap or bandgap at the degeneracy points 1/2 G (i.e. one half of the reciprocal
lattice constant) defining the boundaries of the Brillouin zone. The associated bandgap has a
bandgap energy E, = 2|V, |. The magnitude of the bandgap is material characteristic for each
semiconductor and depends on certain environmental factors, like temperature and excitation
intensity. We name the band energetically above or below the bandgap conduction band (CB)
or valence band (VB), respectively. In addition to temperature and excitation intensity, the
bandgap of TMDCs depends mainly on the number of layers, and the atomic weight of the
chalcogenide atom. Exemplarily, the optical bandgap shrinks from 1.90eV in MoS, [101, 162]
and 1.55eV in MoSey [171] in the visible range down to 1.10eV in MoTe, [141] in the near
infrared at room temperature. Fig. 2.4 shows electronic band structure calculations of ML
MoTe; (a), BL MoTe, (b). The bandgap energy decreases with increasing atomic weight and

increasing number of layers.

,-\
)&
I~

S 1w
,7:/

Band Energy (eV

i

—_
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r M K I

O = N B =
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Fig. 2.4: Electronic band structure calculations of MoTey (a+b). Reprinted (Fig.1) with permission from
[134] Copyright (2019) by the American Physical Society.

So far, we consider the electron as a moving particle in a periodic potential of atom cores,
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weakly bound to each other. Now, we assume electrons to be tightly bound to the positive
particles. By exciting electrons to the CB, i.e. increasing their energies by at least the bandgap
energy, empty electron states called holes form in the VB. The holes thereby have wavevectors
ky, = —k, . We can think of these electrons and holes as localized particles where their wave
functions can be described as a linear superposition of Bloch functions (time dependent eq. 2.1)

for various k = kg + Ak peaked at ky. The localized wave function is then
\Ilnko(r7 t) = /dsAk anAk¢nk<r7 t)

where n is the band index. We expand the energy eigenvalue F,; and the periodic function

factor u,; of the Bloch function in Ak:

¢nk — eikrunk(T)efi(Enk)/h t

= ei(k0+Ak)T(unkO(T) + AEV gy tnk, + ...)e_i(E”kO+Akv’“0Enk+“')/h’ t

= MU (r)e” " Fnk) M ey | —iAR(V gy Engy /Bt — 1) | + ..
N—————

constant in Ak =vg

where we only consider the leading order in the periodic factor function. We call v, the group
velocity. Considering the equation above we can think of v, as the velocity of the motion of the
envelope of the wave packet of localized states. It describes rather the transport of mass, than
motions of particles charge and energy. In the following we want to semiclassical investigate

the attributed mass analogous to classical mechanics:

d 1d 1 d dE . .
Let: avg = ﬁ%(vkE”k) = ﬁvk <thnk> and assume: i F -v and F is k-independent
' 1 1 . d
then: d—tvg = ﬁF Vivg = ﬁF ViViE,.. By comparing this to F' = m%v we get

PE\"
m* _ h2
where m™* is a mass equivalent term of the wave packet which we call the effective mass of
electrons or holes. This simple trick allows us two treat the electrons and holes moving along the
energy bands as fermionic quasi-particles with a quasi-mass and a quasi-velocity analogous to

the particles in classical mechanics. This eases the handling of a complex quantum mechanical

many-body problem.

As mentioned earlier electrons and holes are tightly bound. The binding force in this case
are Coulomb interactions. A Coulomb bound electron hole pair complex is a bosonic (integer
spin) quasiparticle called exciton. More complex bound structures including either an extra

electron or hole are called trion. Two bound pairs of electron and hole are called biexciton. In
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the following subsections we want to give an overview over the quasiparticle nature of excitons,

trions and biexcitons and summarize previous investigations in TMDCs.

2.1.1 Exciton

Excitation appears as two plane waves, one for the CB electron and one for the VB hole. An
exciton X is formed if the exited electron hole pair (e-/h pair) is localized due to Coulomb
processes. Analogous to the hydrogen model, excitons have a Bohr radius ap x and a Rydberg

energy Ry which is linked to their binding energy by

h2
apx = ueig =2 nm
X
et (2.3)
Ry = = 509 meV
€2,~h?
sc

where esc = €€, = eo(e”q)l/Q = 16.9-¢ [130, 169] is the dielectric constant in the semiconduc-
tor and the exciton reduced mass is puy' = m ' +m; ' = (1/0.644+1/0.65)-1/(9.109-103! kg),
where m} and mj, are the electron and hole effective masses [128]. We directly calculate the
Bohr radius and the Rydberg energy for the TMDC MoTe;. The calculated numbers are
a good approximation as exciton binding energies from 200 — 600 meV have been found in
TMDCs [127, 193]. Therefore, TMDCs have large exciton binding energies and small Bohr
radii compared to other semiconducting materials exhibiting binding energies of only several
meV [96, 113]. Thus, the excitons are strongly coupled in TMDCs. The Hamiltonian of an

exciton reads as Hamiltonian of an electron and a hole bound by the Coulomb potential:

2 2 2
€
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Electron hole pairs with angular momentum (0, +1) are excitons where the hole and the
electron have the same spin, thus, allowing radiative recombination. These pairs can undergo
interband processes called electron-hole exchange interactions (e-/h exchange) . The principle
of e-/h exchange is sketched in Fig. 2.5: a CB electron returns to the VB and a VB electron
is excited to the CB via the emission and reabsorption of a virtual photon p (Fig. 2.5 b).
Electron hole exchange interactions play an important role in exciton physics as excitons couple
strongly to photons. We have measured a timescale for exciton e-/h interactions of less than
one picosecond [159]. Theoretical investigations predict e-/h exchange timescales of 13 fs [199]
being at least one order of magnitude faster than the lifetime of an exciton in TMDCs of
several ps. How important these e-/h exchange interactions are in the case of TMDCs will be
investigated in chapter 5 and 6.

On the other hand, dark excitons do not couple to photons (i.e. they do not emit light)
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Fig. 2.5: (a) Sketch of electron hole exchange interactions. (b) Sketch of electron hole interactions in
Feynman diagram by the exchange of a virtual photon p. Both diagrams are equivalent.

and thus do not exchange e-/h pairs. This results in an energy separation of bright and dark
excitons. Usually bright excitons exhibit a higher energy than dark excitons. There are two
classes of TMDCs, molybdenum based and tungsten based TMDCs, distinguishable by their
bright dark exciton (Epyight — Eaark) splitting. The first one features a negative splitting and
the second one a positive [93, 209]. A detailed investigation will follow in section 2.2.
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Fig. 2.6: Absorbance spectrum of excitons (A, B) in ML of MoSes at 30 K.

Excitons can be created by the absorption of a photon p with center of mass momentum @),
forming an exciton with the same center of mass momentum @ = k. + k;, = @, where k. (k)

is the wave vector of the electron (hole). The photon absorption rate of the exciton is

A(Qprwp) =27 N, |0, LP Y- [ (uilr = 0)[* 6 (Ey + Ev, + Qp/2Mx — w,) (2.4)
where wj, is the photon energy, NN, is the photon number linked to the laser intensity, (2, is the
exciton-photon coupling, L? is the size of the sample over space dimension D (in principle this
is the volume over which the exciton has a well-defined momentum), v; is the relative motion

of the exciton, and the last term is a set of delta functions. The delta functions are peaked
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at w, equals to all possible bound exciton energies £, + E,, + Qg/ 2M, ~ E, + E,,, where
E, is the bandgap energy and E,, = —Rx/(i + 1)? possible Rydberg state binding energy (cf.
eq. 2.3). The equation above indicates that one should measure clear peaked spectra at the
energy of an exciton. Experimentally we do not observe delta peaks, we observe broad peaks
where the linewidth originates inter alia from exciton lifetime broadening. One can investigate
linewidth broadening I' mechanisms by replacing E,, via E,, + iI' in eq. 2.4. An example
absorption spectrum for ML TMCD MoSe, is shown in Fig. 2.6. It is obvious that the peaks of
the excitons (labeled A and B) are not only lifetime broadened. There are a number of other
mechanisms. In chapter 3 and 4, this thesis clarifies which processes broaden the linewidth.
The absorbed energy is directly proportional to the laser intensity. Note, there is a critical
value, the Mott transition, directly linked to the particle properties by n = N,(ax/L)". If the
Mott transitions is smaller than one, we form bound e-/h states, for a Mott transition larger
than one there are dense, overlapping particle functions. In this regime, we do not observe
individual e-/h pairs, but rather we found an electron hole plasma. Thus, it is important to
choose a laser intensity below the Mott density to assure a measurement of exciton properties

and dynamics.

2.1.2 Trion

Trions are made of one exciton plus one extra charge, either an electron or a hole. Due to the
odd number of fermionic components, trions are fermions allowing spin values of +1/2 or +3/2
which must be considered in the description of a trion. In contrast to the bosonic excitons, the
trion is a fermionic particle and the energy of a trionic gas spreads out when the trion density
increases. In this thesis, we consider trions consisting of two electrons and one hole, due to
the reason that the bulk material (cf. section 2.3.1) is slightly negatively doped for MoTes and
MoSe; samples. In TMDCs, however, both types of trions can be investigated. We can assume
that the electrons have the same or opposite spin resulting in odd orbital functions or odd for
S =1 and even for S = 0 orbital functions, respectively. Thus, the ground state trion is made
from two electrons with opposite spin. The mass of the trion is mp = 2m} +mj,. The Hamilton
of the trion reads like an exciton Hamilton plus Coulomb interactions with the extra electron
/

€ 2 2 2
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The energy eigenvalue of the Schrodinger equation is then Er = K?/2mp + Eg, where E¢ ~
E%,.q is the trion binding energy, and K is the center of mass momentum. Similar to the
excitonic binding energy, the binding energy of trions in TMDCs is significantly larger than in
other semiconductor materials. Binding energies for the trion in order of tens of meV have been
found [12, 23, 56, 89, 193]. Therefore, trions can be investigated independently of the exciton

due large separation in energy to the exciton, i.e. the trion emission/absorption is not within

10
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the exciton linewidth. This renders TMDCs an ideal class of materials for studying trions, as

will be done in this thesis.

Modeling the trion being an exciton with an extra charge, we assume to have an electron
with momentum k. and an exciton with center of mass motion ) x so that the trion momentum
is p = Bxke — B.Qp. Compared to excitons trions have a poor coupling to photons, i.e. the
trion absorption spectrum does not consist of a "bound" trion absorption, rather, it stems from

many-body effects between photo-created excitons and free carriers and can be calculated by:

k2 ko + Q)
Sr = Nl L2 S 6l = 000 3 (o 4 5e) = (B + B+ 5a 2 ) (23
&i € e

wp + 2’:36 is the initial energy and is the energy of the photon plus the energy of the electron.

The trion fulfills w, + % = kg + E¢, + 2%’22;7% As the electron can have a momentum
between k., = 0 and k. = kp assuming a Fermi sea with Fermi vector kr. So the absorbed
energy can range between E, + F¢ and E, + E¢ — k%./2m,. That means by increasing the Fermi
wave vector (for example by doping) the low energy side of the trion will spread out. At finite
temperature the sharp low energy edge can be broadened by thermal excitation. This leads to
an asymmetric line shape of trions at higher temperature [30]. At low temperatures the number

of trions scales with the electron density.

2.1.3 Biexciton

Biexcitons are made of two excitons, being bosonic particles. Unlike excitons biexcitons also
have a spin state as trions, to be considered because the wave functions contain both a spin part
and an orbital part. The two electrons and holes can have the same or the opposite spin. Mostly
we understand the biexcitons as two interacting bright exciton states. The biexciton binding
energy is much smaller than the exciton binding energy as the attraction of two opposite charged
particle has to be considered. The binding energy and the center energy of the biexciton have
been under discussion. We found that [166] the biexcitons have a binding energy depending
on the configuration of the electrons and holes at the high symmetry points K and K’. The
lowest bright biexciton is located energetically in between the exciton and the trion emission.
Moreover, biexcitons have a small coupling to photons compared to excitons. The Hamiltonian
of the biexciton is the Hamiltonian of two excitons and the interactions of their respective

electrons and holes:

2
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The probability of forming a biexciton increases with the number of excitons.

11
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2.1.4 Phonon

Previous investigations in this thesis have been made without inducing movement of the lattice
atoms. This is reasonable as in a stable crystal each atom has an equilibrium position. If an
atom receives (for any reason) kinetic energy the atom starts to vibrate around its equilibrium
position. As there are forces between the atoms, the movement is global in the lattice called
lattice vibrations. This is as thinking of particles linked by springs as sketched below and after
a certain time particles start to move simultaneously. One can solve the equation of motion of
such a system: First, we assume one particle per unit cell, then the mode frequency (i.e. the

frequency of the normal modes of vibration) is given by

Ao\ 1/2 M o)
wy = (M) sin(ga/2), SVVONMNG

where o is the force constant, M is the mass of the atom, a is the separation between the atoms,
and ¢ is the wave vector specified by the boundary conditions of the lattice: ¢ = 2rn/Na. N is

the number of atoms in the chain, thus, the number of normal modes.

Definition 1. A phonon is a quasiparticle characterized by the energy hw, and a group velocity
vb = Vywy. The evolution of the phonon frequency dependent on the wavevector is known as

phonon dispersion.

Phonon modes parallel to the axis are called longitudinal and phonons perpendicular to the

axis are named transversal. For two atoms per unit cell the wave factor is given by

*2 1/2 Ma Mb o o
LA S P 4M sin?(ga/2) OWMMVNOVWW MO
T M M, M, ’ —

where M*~t = M1 + M, ! Thus, the branches in the lattice vibration spectrum split to the
+ and the — sign in the equation above. The minus sign is attributed to the acoustic branch
w, and the plus sign is linked to the optical branch w;r. For three-dimensional crystal struc-
tures and/or more atoms per unit cell, the equation of motion can only be solved by numerical
calculations. The number of solutions and, therefore, the number of phonon bands, can be
calculated by the number of unit cells N and the number of atoms per unit cell R to be: dNR
in d dimensions.

In TMDCs ML and bulk, the phonon dispersion has been investigated in first principle density
functional theory calculation and Raman experiments [6, 48]. In Fig. 2.7 (a) an example phonon
dispersion for ML MoTes is shown along prominent symmetry points sketched in Fig. 2.3 [48].
The ML TMDC has nine phonon branches. There are three acoustical phonon modes: the out
of plane (ZA), the transversal (TA), and the longitudinal acoustic (LA) phonon mode. The
acoustical phonon (A) mode represents modes where the atoms vibrate in phase as shown in

Fig. 2.7 (a). In contrast, for optical phonons (O) the atoms vibrate out of phase, yielding lager

12
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Fig. 2.7: (a) Phonon dispersion relation of ML MoTes along high symmetry point of the Brillouin zone.
(b) Raman spectra of ML, BL, and trilayer (TL) showing small intensity peaks (w;) and typical
MoTe; Raman modes and the for normalization used Silicon mode. Reprinted (Figdb, Figla) with
permission from [48] Copyright (2019) by the American Physical Society.

energies than the A phonons. The next two branches are non-polar TO and LO modes (E;,),
followed by the transversal (TO, Ajy) and the longitudinal (LO, Ej,) optical phonon mode.
The homopolar LO mode (Ej,) is even higher in energy. [69].

Fig. 2.7 (b) show first order Raman modes, namely in-plane E2lg, out of plane A;,, and
additionally in the BL and trilayer (TL) the E1, and Bj, modes [48]. These peaks correspond
to optical I point phonons. In Raman experiments mostly optical phonons can be investigated.

Acoustical phonons change the broadening of Raman peaks.

Exciton Phonon interactions

In this subsection we investigate the interactions of excitons with phonons. We follow Refs. [10,
69]. As investigated in chapter 2.1.1, excitons with momentum Q(k) = k. + kj, are created by
photons of center of mass momentum (),. The exciton then interacts with a phonon ¢ and
arrives at a final state )’(k"). The phonon processes which can be included are acoustical and
optical phonons. The scattering from one Bloch state |k) to another Bloch state |k') can be

described by the transition/scattering rate

Wk, k') = —Z|M7 ()P [N'(E') + 1] N(E)-
a.k' (2.6)
[N, 6(E' — E — AE)0p g+ (Ny+ 1) - 0(E' — E+ AE) 01— ,

where |M(q)| is the matrix element for scattering with j either acoustical or optical phonons
and is equivalent to the number of the phonon branch. The ¢ functions ensure the conservation

of energy and momentum, and N and N’ are the exciton populations for the state |k) and |k’)

13



2 A brief overview about concepts and methods

having energies E, E'. For excited states we assume that |k) = 0 and [N'(E’) + 1] N(E) = 1.
N, ~ kgT/hvsq = kT /hw, is the number of phonons for equipartition, where vg is the sound
velocity, being material specific. We set ¢ to be the phonon in-plane wavevector.

The matrix element can be described by M7 = (k + |6V, ;(r)|k), where 6V ; is the change in
the effective periodic lattice potential along the vibrational phonon mode and is directly linked

to the so called deformation potential D, for electrons.

Definition 2. A deformation potential describes how the carriers interact with the local changes

in the crystal potential sourced by lattice vibrations.

Therefore, it is obvious that the phonons influence the physical properties of the quasiparticles
(like excitons and trions). It is one of the major topics of this thesis to quantify how phonons
couple to excitons and trions. So, it is necessary to examine a couple of important properties
of TMDCs unlikely for most of the other semiconducting materials. The secret of the TMDCs

lie in their symmetry as investigated in the next section.

14



2.2 The secrets of transition metal dichalcogenides

2.2 The secrets of transition metal dichalcogenides

In this section, we investigate the special symmetry of TMDCs and link this to spin-orbit
coupling, optical selection rules and a direct/indirect transition of ML and BL MoTey. The
ML is characterized by the absence of inversion symmetry [189] and a large spin-orbit coupling.
This is complemented by an excitonic transition coupled to ot-polarized light at the K point
and spin up electron and hole pair [82, 101, 141, 162, 171]. Consequently, valley and spin
are coupled for ML TMDCs [189]. In the BL, inversion symmetry is restored and, therefore,
the spin and the valley are no longer good quantum numbers. The Bulk form is generally
indirect in TMDCs and undergo a transition from indirect to direct semiconductor in the ML
limit. In most TMDCs the BL exhibits an indirect bandgap. Due to its high luminescence
brightness, the type of the optical bandgap in BL MoTe, is under discussion [89, 134]. This has
important implications for MoTe, as an active medium of light emitting devices, as the photon
yield favor the BL over the ML and their carrier mobility is in comparable range. MoTe,
emitting in a technologically relevant wavelength in the near infrared [56, 141] seems to be
a promising candidate for opto-electronic devices, with applications ranging from short-range

telecommunications to medical imaging.

2.2.1 Inversion symmetry breaking

z z
ML BL
X X
A
y y
AI
X X

Fig. 2.8: ML and BL inversion symmetry breaking and restoring in the TMDCs MX5. M (blue dot) denotes
the transition metal, X (violet dot) the chalcogenide atoms. In case of the ML, the magenta plane
pictures the inversion-symmetry-restored hypothetical second chalcogenide atomlayer.

As mentioned in the previous section, the lattice structure of monolayer TMDCs MX, con-
sist of one atomlayer of transition metal (M) atoms sandwiched between two atomlayers of
chalcogenides (X). A schematic of the atomic structure of the ML is displayed in Fig. 2.8, we
only show one atom of M (blue dot) and two atomlayers of X (violet dot). Inversion symmetry
requires a symmetry center with coordinates (i, i,,17,) which is in case of ML TMDCs the M

atom. Fach point of the lattice is mirrored at the inversion center such that each point in
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the lattice (i, + x,i, + v, i, + z) has an inversion point (i, — z,i, — y,i, — 2). In Fig. 2.8 we
construct a inversion symmetric atomlayer (magenta rectangle) to the upper atomlayer (upper
blue rectangle). The lower blue rectangle represents the atomic lattice structure of TMDCs.
By comparing the real lattice structure to a hypothetic inversion symmetry restored lattice it
is obvious that the inversion symmetry in the ML is broken [189]. Instead, the ML shows a
mirror symmetry in z direction.

The heavy M atoms in first approximation have d orbitals that means an angular momentum
1=2. The d orbitals hybridize into m; = 0,£1, £2 represented by d2,d,, & dy.,dyy & dy2_ 2,

respectively. In ML due to the mirror symmetry only d? and d,, & d,2_,2 are permitted [189].

Yy
Therefore, the valence (VB) and conduction band (CB) wave functions at the high symmetry
point K read [189]

bos) = |d2), |6]s) = jé

where 7 is the valley index +1 for K or K’ valley. The Hamiltonian has the form

(ldu2—y2) 407 |day)) ,

A
Hy = at(tky0, + kyoy) + -0 (2.7)

where a is the lattice constant, ¢ is the nearest neighbor hopping energy, A is the bandgap
energy, and o, . denote the Pauli matrices. The values for a, ¢, and A can be estimated in
band structure calculations. The Hamiltonian is comparable to the ML graphene Hamiltonian
[191]. In contrast to graphene, ML TMDCs show strong spin-orbit coupling which will be
discussed in detail in the next subsection.

By adding a second monolayer, a BL is formed. Depending on the space group of the TMDC,
a special alignment of the layers is expected. In our case we are dealing with a 2H structure
MX, indicating the presence of two atoms per unit cell. Naturally forming BL, i.e. exfoliated
BL, typically exhibits AA’ stacking. The stacking sequence is sketched in Fig. 2.8 and implies
that the M atom of layer one is stacked over the X atom of layer two [55]. In contrast to the
ML, the BL inversion center is located between the two layers. Thus, the inversion symmetry
is restored in the BL.

2.2.2 Spin-orbit coupling and dark and bright quasiparticles

In this subsection, we introduce spin-orbit coupling resulting in a splitting of valence and
conduction band in ML and BL TMDCs. Moreover, we introduce the excitonic transitions A
and B and dark and bright excitons.

An electron has both orbital L and spin S angular momentum, interacting through their

magnetic moments and, thus, influencing the energy of the electron, so that the spin-orbit
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Fig. 2.9: Schematic of conduction and valence band splitting for Mo- and W- based TMDCs in electron-
hole picture. Spin up (down) bands sketched by solid (dashed) curves. X4 and Xp denotes the
optically bright exciton states.

coupling (SOC) gives a contribution to the Hamiltonian [7, 93]
Hsoo = AL -8, (2.8)

where A characterizes the strength of the SOC. As mentioned in section 2.2.1, in TMDCs the
transition metal atom (M) is heavy, so the SOC can be large. Including the M orbitals d2, d,,,
dy2_,2, nearest neighbor M-M hoping, and on-site spin-orbit interactions of the M atoms results
in a large valence band spin splitting at the K point of Ayp = 2X [93]. For MoTe, a large
valence band splitting of 215 meV [93] to 275meV [127, 134] is expected in theory. The values
are larger compared to other Mo-based TMDCs and smaller than in the W-based TMDCs due
to the higher mass of the W atom [93, 127].

The splitting of the conduction band is underestimated in this approach. One has to include
interactions of the M d,,, d,. and the chalcogenide atom (X) p, and p, orbitals by a second
order perturbed Hamiltonian such that the wave function of the conduction band reads |¢7) =
% |dy. +i7d,.) and a first order perturbed effect from the X p, and p, orbitals [189]. The
former is dominating for the heavier W atoms, the latter especially has to be considered for the
Mo-based TMDCs [93]. Moreover, intra-valley short range e-/h Coulomb exchange interactions
within the exciton have to be included to find an estimate for the splitting of the dark and bright
excitons [39]. This result in an opposite dark bright splitting for W- and Mo-based TMDCs as
sketched in Fig. 2.9. In W-based TMDCs the lowest exciton state is dark [39, 93]. For Mo-based
compounds, the lowest excitonic transition is bright [39, 93]. All in all, the conduction band
splitting together with the Coulomb interaction results in a splitting Acp = 34 meV [39] up to
58 meV [134] in ML MoTe,. These are the highest values for the conduction band splitting in
the TMDC family [39].

We can attribute the optically bright transitions to the X, exciton being the 1s exciton
transition, where electron and hole have the same spin. In case of MoXy the bright transition

is the energetically favorable one unlike for most semiconductors [31], and it is sketched in
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Fig. 2.9. This makes the excitons exceptionally stable and resistant to dephasing. In WX, the
dark exciton is the lowest in energy instead of the bright X4 exciton. Therefore, dark states
have more influence especially on non-radiative scattering channels in WXy than in MoXs,. The
Xp exciton is the energetically next higher bright optical transition having the opposite spin
of electrons and holes compared to the X4 exciton. The center energies of both the A exciton
and the B exciton for MoTe, are found to be (1.09540.005) eV and (1.345+0.005) eV at room

temperature by absorbance measurements [141].

The giant SOC together with the absence of inversion symmetry allows a strong coupling

between spin and valley [189], described in the following section.

2.2.3 Optical selection rules

In this section, we follow Refs. [189, 191, 192, 194] to link valley to the circular polarization.
As introduced in chapter 2.1 electron wave functions can be described by Bloch functions. Now
we assume a wave packet of these Bloch functions carrying an orbital magnetic momentum m
which arises from self-rotations of the electron wave packets [191] such that

e

m(k) = ~5n

where uy, is the periodic function (cf. eq. 2.1), Hy is the Bloch Hamiltonian defined in eq. 2.7,
and FEJ, is the band energy (cf. eq. 2.2). For a two dimensional system the magnetic momentum
is perpendicular to the plane m(k) 2, and we set m(k) to be identical for the upper and lower

band. Thus, in the vicinity of the K point, the magnetic moment reads

2a*t2Arm?

4a’t?k? + A?’ (2.10)

m(k)z =
where 7, A, a, t defined in eq. 2.7, and m} is the effective electron mass. As seen in the
equations above m(k) is valley dependent. Let P27 (k) = —ih (u; x|V, |ux ;) be the inter-band

matrix element for a band ¢ so from eq. 2.9 it follows

m(k) = —i— (2.11)
By assuming
Pi(k)|* = [PSPVE £iplPYVEP (2.12)
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the degree of circular polarization can be described by [194]

PR — [P (k)
1) = B WET P (k)P
m(k)z 1 4a®t*Arm:?

~ W — oF Aa21212 L A2’
eq. 2?1/: 2.12 :uB(k> 6(1.\5./10 eh 4a?t2k + A

(2.13)

where pupg = eh/(2m?) is the Bohr magneton.

The K /K’ valleys can be selectively addressed by controlling the photon angular momentum
i.e. the helicity of the excitation light [194]. Left (07) corresponds to |P_(k)|? and right (o)
corresponds to [Py (k)|? circularly polarized light exciting the lowest bright exciton (A exciton)
in the K’ and the K valley, respectively. The connection of the degree of polarization with
the inter-band matrix element results from the normalized oscillator strength for left and right
circular polarized light [72, 198]. By directly investigating inter-band transitions at the K point

n(+£K) = —7, where 7 = £1, thus, we can specifically optically address each valley.

Connecting valley and spin

In the band structure of ML TMDCs shown in Fig. 2.4, the valence and conduction bands are
curved such that the lowest optical transition is located at the edge of the BZ K/K', sketched
in Fig. 2.3. As mentioned above, TMDCs have a strong spin-orbit coupling originating from
the M d orbitals. This interatomic contribution has to be investigated in the Hamiltonian by
combining eq. 2.7 and eq. 2.8 to

o, —1

A
H = Hy+ H' = at (tky0, + kyo,) + 50z~ AT

S,, (2.14)

where s, is the spin quantum number up 1 or down |. Time reversal symmetry Ei(k) = E|(—k)
implements that the spin splitting in different valleys K and K’ is opposite in the ML TMDCs
[189, 192]. The resulting bands and spin splitting of the K and K’ (often denoted "-K") valleys
are shown in Fig. 2.10. We can include SOC into the valley-helicity of light dependence by
replacing the energy gap A in eq. 2.10 and 2.13 by A’ = A — 75.\, where 2\ is the valence
band splitting making the band-gap spin dependent. Thus, the valley selection rule becomes
spin dependent. This has several implications: (i) Spin and valley are locked at the band edges,
so spin can be selected by the valley selection rules. As shown in Fig. 2.10 right-circular (o)
polarized light can address the K valley and either spin up electrons for the lowest optical
transition or spin down electrons for the next higher CB state and vice versa for left circular
(07) polarized light. (ii) Inter-valley scattering (e.g. from K to K’) requires a simultaneous
spin flip. This makes both spin and valley robust and useable in valleytronic applications.
The recombination of electrons and holes only takes place when the selection rules are fulfilled,

that means e-/h pairs have to have same spin and valley to recombine. (iii) Valley and spin
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Fig. 2.10: Schematic of conduction and valence-band and spin splitting ML (violet) and BL (gray) TMDCs
due to time reversal symmetry. Spin up (down) bands sketched by solid (dashed) curves. The
arrows indicating excitation with right circular polarized light (o)

define the polarization of the emitted photon. (iv) Holes have longer spin and valley lifetimes,
therefore, the electrons depolarize (i.e. electrons are equally distributed to the valleys) first
and combine with the still spin and valley polarized holes and emit photons with oppositely
polarized light.

In contrast, in BL TMDCs, the restored inversion symmetry implies a time symmetry Ey (k) =
Ei(—Fk). Thus, the spin splitting is not opposite in different valleys as shown in Fig. 2.10.
Therefore, valley and spin are not locked, spin is not a good quantum number, and K and K’
valley are degenerate. Consequently, selective excitation in one particular valley is not possible
[192]. Thus, we do not expect to measure a polarization in BL TMDCs. Note, there are several
possibilities to break the inversion symmetry in BL for example by electrically controlled tuning
[190] or AB stacking [192] layering M over M atoms.

2.2.4 Direct and Indirect optical transitions in ML and BL

We call a semiconductor direct if its electrons and holes reside in valleys at the same point in
the Brillouin zone, sketched in Fig. 2.11 (a) as black arrow for the example of MoSes. In detail,
the CB minima and VB maxima are at the same point in k-space (K) provided that k, — k. ~ 0
[37]. An indirect quasiparticle is characterized by electron and hole being in different valleys
shown in Fig. 2.11 (b) for example the hole in the K and the electron in the A valley. Thus,
indirect quasiparticles can only radiatively decay with assistance of e.g. a phonon [37].

In their bulk form, TMDCs are indirect semiconductors, while a TMDC ML features a
direct lowest optical excitonic transition at the K or K’ point of the Brillouin zone [82, 101,
141, 162, 171]. Most TMDCs undergo a transformation from an indirect centrosymmetric
transition at the I' point to a direct non-centrosymmetric transition at the K point of the
hexagonal Brillouin zone in the ML limit. This has been confirmed for MoS; and MoSe,
(82, 101, 162, 171] due to strong distinctions in photon yield in photoluminescence experiments,
band structure calculations [55, 82, 135] and ARPES measurements [65, 205]. For the MoS, and

MoSe; compounds only minimal luminescence is observed from BLs [87, 172], unless strain is
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2.2 The secrets of transition metal dichalcogenides

(b)

direct

Fig. 2.11: Direct (a) and indirect (b) bandgap (violet arrow) exemplary illustrated for MoSes.

applied [32]. It is established that for these materials the unstrained BL has an indirect bandgap
with the valence band maximum located at the T'yp or the Ky p point [82, 101, 162, 171],
the latter especially in MoSe;. The conduction band minima are located at the Agp valley
sometimes also called QQ¢p. The ML has a direct bandgap in the Ky g and K¢p valleys. Early
density functional studies found that ML MoX, show less quantum confinement compared to
the bulk, instead their electronic structures are dominated by surface states near the Fermi
level [90].

MoTe, is an exception. An additional feature peculiar to MoTe, is the large luminescence
yield obtained from a BL of MoTe, sheets [89, 134]. The evidence for a indirect/direct bandgap
in case of BL MoTe, is controversial. There are hints of an indirect bandgap in band structure
calculations [82, 200], but the majority of the experimental evidence [43, 89, 134] suggest that
this is not the case.

To better understand this feature and the mismatch between experiment and theory in the
BL MoTe,, we investigate the band structure calculations in more detail. We refer to the really
nice review article from the group of Prof. Xiadong Xu [92]. The band structure calculations for
the BL strongly depend on the calculation parameters like lattice constant, interlayer distance
[90], and interlayer hopping. The variation in band structure is significant for the visible TMDC
material, such that the lowest optical transition can be attributed either to I'vz to Acp, I'vg
to K¢op, or Kyg to Agg. The latter is not observed in MoS,. Additionally, a Kyg to Kcp
direct transition is observed in MoSey. However, there are a few statements that can be made:
(1) The energies of the Ky g and K¢p do not change much as they are dominated by metal d
orbitals that remain identical for different compounds. (2) The energy of the I'y g is raised and
that of Agp is lowered as both have admixtures of X p, orbitals. This is a consequence of the
interlayer hopping, i.e. the band extrema split with increasing layer number. Interlayer hoping
is allowed (forbidden) between the VB (CB) states. (3) The I'y g, Ky p splitting decreases with
increasing weight of the chalcogenide atom from 500 meV in MoS,, to 100 meV in MoSe; to
~ 0meV in MoTe; [50, 65, 205]. This allows a direct emission in the BL MoTe,. To clarify the
mismatch from theory to experiment, we investigate the photoluminescence lineshape of ML
and BL MoTe, in chapters 3 and 4.
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2 A brief overview about concepts and methods

In this section, we have clarified that inversion symmetry breaking leads to an optical selection
rule where the helicity of the light selects the valley (K or K’). The strong SOC in TMDCs
due to the heavy transition metal atoms leads to a coupling of valley and spin. That makes
the polarization of the quasiparticles stable to dephasing resulting in a stable polarization in
photoluminescence spectroscopy for the lowest optical transition. The question arises whether
higher exitonic states show a polarization as well. The BL does conserve inversion symmetry;
thus, valley and spin are not coupled, and we expect to see no measurable polarization. In
addition, we summarize the discussion of a direct transition in BL. MoTes, finding that there is
no clear conclusion for MoTey. To investigate the open questions, we perform further optical
experiments. The setups and methods used in this thesis will be investigated in the next

chapter.
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2.3 How to investigate quasiparticles experimentally

2.3 How to investigate quasiparticles experimentally

In this section we introduce the fabrication and pre characteristics of the samples and measure-
ment techniques, namely Photoluminescence, Two Color Pump Probe, and Two Dimensional
Coherent Spectroscopy to investigate quasiparticles in TMDCs. We specify the aspects of po-
sition and polarization control of the Photoluminescence setup and adapt this to the other

measurement methods.

2.3.1 Preparing a sample

In this thesis, we investigate mechanically exfoliated mono and bi-layers of bulk MoSe; and
MoTe,. The bulk material is ordered from the commercial provider 2D Semiconductors [150].
The company synthesize the bulk crystals using the flux zone technique ensuring a good atomic
structuring, thus, low impurities and defect concentration (10° to 10'°cm~2). This allows
experiments on un-encapsulated samples. Moreover, the bulk crystal is slightly negatively
doped, enabling the formation of negatively charged trions. The bulk crystal grows in the 2H
semiconducting phase composed of 2D-layers that are weakly hold together by van der Waals
interactions [6] and can be easily exfoliated into 2D layers. Mechanical exfoliation has been
previously performed to produce graphite ML and more-layer [114] and was adapted to TMDCs
in 2010 [101, 162]. There, a sticky tape (scotch tape or mobile phone protective film) is pressed
on to the 3D bulk material, carefully removed and pressed multiple times on the substrate. The
resulting flake landscape is characterized by an optical microscope at different magnification

and mono- and few-layer flakes are identified by their optical contrast.

Fig. 2.12: (a+b) Optical microscope image of MoTe; ML and BL flake 1 at different magnifications on
Si04/8Si substrate. (c) Atomic force microscopy image of ML and BL edge. 1 and 2 denotes the
scan area. (d) Sample height according to atomic force measurement.

For our investigations, we use MoTe, flakes mechanically exfoliated from a bulk sample onto a
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SiOy = 80 nm/Si substrate by Robert Schneider from the group of Prof. Dr. Rudolf Bratschitsch
from the Westfilische Wilhelms-Universitdt Minster at Minster. The identification of ML and
BL is achieved by optical contrast and atomic force microscopy. Optical microscope image of
the flake used in our experiments are shown in Fig. 2.12 (a+b). The investigated flake exhibits a
lateral extension of about 120 ym and mainly consists of largely bulk material which is thinning
at one edge down to a ML. The ML and the BL parts of the flake are marked in the figure. In
addition to optical contrast measurements, the thickness of the layers is quantified by atomic
force microscopy measurements presented in Fig. 2.12 (¢). The thickness (Fig. 2.12 (d)) of one
layer is estimated by two cuts at different ML-BL edge positions to be 0.66 nm and 0.79 nm,
respectively. The change of thickness along the edge elucidates the need of position control of
the laserspot on ML and BL as introduced in the experimental section. A second MoTe, ML
flake is produced under the same exfoliation conditions shown in Fig. 2.13 (a). The second ML
has a lateral extension of 10 ym x 50 ym comparable to that of flake 1. For both flakes we
chose SiO,/Si substrate as all experiments performed on these flakes are in reflection geometry.

The MoSe; ML and BL are produced in Prof. Dr. Xiaoqin (Elaine) Li‘s research group at
the University of Texas at Austin by using mechanical exfoliation by Marshall Campbell and
Matthew Staab on Polydimethylsiloxane, respectively. Then both flakes are transferred to the
same sapphire substrate by Kha Tran to ensure measurements within the same cooling process

in transmission geometry displayed in Fig. 2.13 (c+d).

€} (b)
MOTEZ ML/

Flake 2 ML

S|02/S| 50 pm Sapphire

Fig. 2.13: (a) Optical microscope image of ML (flake 2) MoTes on SiO3/Si. (b+4c) Microcopy image of ML
(flake 3) and BL (flake 4) MoSey on sapphire.

All flakes investigated in this thesis are directly connected to the bulk material. We also
investigated a set of isolated ML MoTe, flakes and found that they show no measurable emis-
sion. We assume that flakes which are connected to the bulk material are separated from the
substrate, thus, dielectric screening effects of the substrate are significantly reduced compared
to isolated flakes. This assumption is supported by position control measurements on different
points of the ML-BL edge (cf. next chapter). An enhanced dielectric screening leads to a blue

shift of the excitonic and trionic emission and a reduced ratio of trion to exciton intensity [91].
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2.3 How to investigate quasiparticles experimentally

2.3.2 Step one: Photoluminescence spectroscopy

Photoluminescence spectroscopy is a linear optical method analyzing optical transitions in
semiconductors. Mainly due to absorption of photons with energies higher than the bandgap
an electron promotes from the VB to the CB resulting in the creation of a hole in the VB (cf.
section 2.1). The excited electron decays either non-radiatively, i.e. by scattering to a triplet
state of lower lying energy or quenching trough the ground state, or radiatively by emitting
a photon of a characteristic energy. The resulting emission of a photon can be detected by
a spectrometer. The emitted light contains information of the inner state of the sample, like
carrier population and type, broadening mechanisms, bandgap energy, defect and impurity
scattering, making the photoluminescence spectroscopy a rather simple but effective primal

measurement method.

Cryostat

Spectrometer

7\{)4==
N2 ==

White light s

attenuator

Ti:Sa/

HeNe/
Diode Laser

Fig. 2.14: Experimental photoluminescence setup. MO: microscope objective; CCD: charge-coupled device
sensor; A/i, i=2,4 : polarization retarder plate, P: polarizer

In our PL experiment (cf. Fig. 2.14), we excite particles either with a T%:Sapphire Mira HP
pumped by a Verdi V-18 from Coherent operating between 1.124 eV (1000 nm) and 1.797 eV
(690 nm), a helium-neon laser at 1.960 eV (633 nm), or laser diodes at 1.907 eV (650 nm)
and 1.850 eV (670 nm). The laser light is directed to a 50x NIR-micro objective (Mitutoyo,
R79005809A, 0.5 NA) focusing the beam on the sample with a spot size of ~ 6 um. The
sample is kept in a helium-flow cryostat in vacuum (~ 10~%mbar). We control the position
of the sample due to micrometer screws in x,y, and z direction. The resulting emission is
coupled into the same MO confocal geometry and guided to the spectrometer passing a filter to
strip the pump beam and excise laser reflection. We detect the emission by a Horiba iHR550

spectrometer connected to a nitrogen-cooled Horiba IGA detector from Jobin Yvon GmbH.
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2 A brief overview about concepts and methods

As you can see in the sketch of the setup in Fig. 2.14, we can control various parameters like
excitation power, sample temperature, excitation energy, pulsed or continuous wave excitation,
and polarization to investigate the nature and behavior of quasiparticles. The results are
discussed in the next chapters. Note, the control of the polarization optics will be discussed in

the next subsection separately.

The need of controlling the position

Based on the results of the atomic force microscopy measurements, where it is found that
the thickness of the layer changes slightly with the position on the sample and the restricted
lateral extension of the flake, a precise positioning of the sample is necessary. Therefore,
we develop a camera feedback piezo-fine-alignment LabVIEW control program which scans
and adjusts the position of the laser spot on the sample. To realize this in experiment, we
extend the classical PL setup (cf. Fig. 2.14) by mounting the microscope objective (MO)
on a TRITOR 102 Piezoelement from Piezosystem Jena, and adding a white light source
(illumination of the sample), and a monochrome camera Chameleon 1.3 from FLIR. The control
program facilitates, firstly, manual positioning in the pym range with direct camera feedback
and, secondly, saving chosen positions and using this for automatic positioning on the sample.
Details on the LabVIEW control program can be found in the BSc-thesis of my student Matthias
Kunz [84].

intensity, arb.u.

1125 1150 11756 1200 1.225 1250 1.275 1.300

emission energy, eV

Fig. 2.15: Photoluminescence of Flake 1 dependent on the position of the laser spot (black circle) on the
flake.

As we measure the emission from ML flake 1 for different positions we clearly see changes
along the ML edge, as illustrated in Fig. 2.15. The main ML emission is characterized by

exciton (Xy/r) and trion (7)) resonances. By moving along the long axis of the flake, we
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clearly observe a change of the exciton and trion emission in intensity, bandwidth, and center
energy. For measurement positions exhibiting overlap with the BL we see a contribution of the
BL exitonic emission. For measurements on the top witch is broken off from the rest of the
flake we see a clear drop in trion to exciton intensity ratio from 0.66 to 0.30 and a blue shift in
center energy of about 5 meV attributed to increased screening of the substrate [91] bringing
up the question of substrate supported and suspended ML flake which will be investigated in

chapter 5. Besides, the bulk and few-layers do not show a significant emission.

Polarization control

(b) M2 P N4 Sample
PR3 Ry}

Ssa e b Ssa

Fig. 2.16: (a) Poincaré sphere. The axes denote the Stokes parameters. (b) Sketch of polarization optics
and Stokes parameter.

As introduced in section 2.2, the direct excitonic formation in TMDC is restricted by optical
selection rules of the K and the K’ point of the hexagonal Brillouin zone, controllable by
the helicity of the circularly polarized light. Left or right circularly polarized light can be
transformed from arbitrarily polarized light by inserting a set of polarization optics (A/4, P,
A/2) in our setup, as seen in Fig. 2.14. The polarization of the electromagnetic radiation can be
described in terms of the so called Stokes vectors on a Poincaré sphere illustrated in Fig. 2.16 (a)

in spherical coordinates:
So=1

S1 = 1Ip cos(2¢) cos(2x) (2.15)
Sy = Ip sin(2¢) cos(2x) '

Ss = Ip sin(2y),

where I is the total intensity of the electromagnetic wave, 0 < p < 1 the degree of polarization,
and ¢ and x are the spherical coordinates visualized in Fig. 2.16 (a). The Stokes coordinates

mathematically describe the polarization of the light, for example linear («<» / ), 45° linear
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()N, circular (O / O©), and arbitrarily (A) polarized light can be expressed by

1 a
+1 0 0 b

< = ; = ; O/ 0= (A=
T el VYA Il ESPRSE) C
0 +1 d

We use linear film polarizers LPNIR050 (510-800 nm) and LPVISC050 (650-2000 nm) from
Thorlabs consisting of prolate ellipsoid nanoparticles embedded in sodium-silicate glass. They
offer superior performance compared to conventional polymer-based polarizers, like significantly
higher damage threshold and a dramatically better extinction ratio [47]. Note, still better
polarization quality can be obtained using Glan-Taylor prism, however, the experimental signal-
to-noise ratio does not require this further improvement. The extinction ratio describes the
ratio of maximum transmission of linearly polarized signals for a aligned polarizer axis to the
minimum transmission signal of a 90°rotated polarizer [47]. Polarizers can be mathematically
described in terms of Miiller matrices M; (the four-dimensional equivalent of the Jones matrices)
and applied to a Stokes vector by Sy = My(M;S;) for final (Sf) and initial (.S;) Stokes vectors.

The Miller matrix for a horizontal linear polarizer is

1100
11100
P, ==
200 000
0000

We can rotate these matrices in each lab system by the angle © towards the fast axis via
Ps = R(©)P,R71(©), where R(©) is the rotation matrix.

Retarders change the polarization of the transmitted light, by inducing a phase shift between
orthogonal states of polarization. The most common retarders are A/2 to rotate a linear
polarization and A/4 to change the polarization from linear to circular polarization and vice
versa. We use achromatic retarder plates from the company Bernhard Halle in two different
wavelength regimes: 460-680 nm and 600-1200 nm. The achromatic retarders are zero-order
double plates made from two distinguish materials, Quartz and MgFs, with different material
dispersion resulting in a nearly constant phase shift over the whole spectral range. Between
the two plates is an air-gap producing a low group delay dispersion of 37 fs* for the A/4 and
61 fs? for the \/2 retarder, perfectly working for ultrashort laser pulses as we use in our pump

probe measurement [51]. Retarder plates can be described as well in terms of Miiller matrices
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2.3 How to investigate quasiparticles experimentally

and can be rotated analogous to the polarizers:

10 0 0 10 0
01 0 0 1 0

A2y = ;N4 =

/2 00 — /4 00 1
00 0 —1 00 —1 0

The polarization optics are included in the beam guidance as presented in Fig. 2.16 (b). Starting

with arbitrarily polarized light g@ = A. The light reaching the sample is described by

S:i = R(§>/\/4hR_1(§> R(@)PhR_1<@) A/ 2verticatty S’; = M4iss Pu A/2 S’;

10 0 1100\/1 0 00)/a
o1 o1t 100||lo 0o o 1|]b
“loo -1 of2]looo0o0|flo 0o 1 o0|]|c
00 0 —1 0000/\0 100
a+b 1
1 0 o
ol o |T|o|7°
—(a+0b) —1

assuming A/2, = A/2perticary, © = 0°, and § = 135°. Thus, we excite the sample with left
circular polarized light. By comparing this to the valley selection rules (cf. section 2.2.3)
we excite carriers in the K’ valley. We keep the orientation of the polarization optics of the
excitation beam constant for the complete measurement. If we need to change the retarders
and polarizers (due to a change in wavelength) we choose the same orientation of the optics.
The sample emits light of a certain polarization Sy, = (04,04,0.,04)" in Fig. 2.16 (b).
For simplicity we assume to have arbitrarily polarized light and interpret the results in the
end of this section. The light passes a second \/4 retarder rotatable between two possible
adjustments: (i) &, = 135° having the same orientation as the \/4 plate in the excitation beam
and (ii) £ = 45° having the opposite orientation as the A/4 plate in the excitation beam.
Afterwards, the light passes a second linear polarizer in horizontal linear polarized orientation

(same orientation as in the excitation beam path). We calculate the two cases in the following:

(i) same §sa = M 4135 Py Ssa

110 0)y(1 0 0O Oq 04+ 0y
1t 1t oof]o 0o 0 1||la]| 1|owto
2o 00 0|]lo 0o 10|]|el| 2| o0

0000/l -1 0 0)\oy 0
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(17) opposite §sa = N4y Py S.
1100 1 00 O Oq Ogq — 04
B 1 1100 0 00 -1 op | 1 Ogq — 04
210 0 0 0[O0 1 0 P 2 0
000O0O/\O1O0 O 04 0

Both results in horizontal linear polarization considering only the components in the circular
polarized component of the emitted light. Assuming now the sample emits light of the same cir-
cular polarization as we excite with, that means emission from the K’ valley S = (1,0,0,—1)%,
thus,

(ii) opposite : Sy, =

1t

—_
o O O O
SO O = =

So polarized light of the same polarization will be suppressed completely (maximized) using
the same (opposite) retarder orientations and vice versa for light emitted from the K valley.
As we are interested in a polarization transfer process we call the intensity of the light excited
and emitted from the same valley Ik and excited and emitted from different valley gk .
So Ik (Ixkr) is correlated with excitation retarder A/4;35 and detected with (i) /445 ((i)
A/4135). Starting from this assumption we can calculate the degree of polarization by

Irr — Ik

polarization = ———— . 2.16
I + Tige ( )
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2.3.3 Step two - Two Color Pump Probe Spectroscopy

In the following, we explain the principles of our pump probe method with heterodyne balanced
detection and investigate the polarization of each beam to address the K or the K’ valley of the
hexagonal Brillouin zone. Thereby, we follow Refs. [71, 76, 77, 116]. The setup is presented in

Fig. 2.17. In principle, pump probe spectroscopy uses two ultrashort light pulses. In our case

N /| /)
a A /]
P ﬁ/ !
N /4 !
Rep. rate |
MHz
74.5 MHz & 1
Difference :
| Frequency I \
|| Balance
N2P A4 1 Diff MHz Detection
- -1f - -\ ||
Laser I o
[~ -
PP delay ”

MHz PC/DAQ card

Fig. 2.17: Experimental Two Color Pump Probe setup.

we use two white light Toptica FemtoFiber Pro SCIR-systems, generating a supercontinuum in
the NIR/IR that can individually be tuned in wavelength by amplitude masks in the Fourier
plane of a pulse shaper. The temporal pulse length is estimated to be 180 fs by autocorrelation
measurements. The pump pulse as the first pulse perturbs the sample at time zero. The
probe pulse, the second pulse, reaches the perturbed sample and probes it delayed by 7 with
respect to the pump pulse. One can set the pump probe delay 7 by an optical delay line. We
choose a collinear geometry of our pulses. To make the pulses distinguishable we set frequency
markers by shifting the original laser frequency with an acoustic optical modulator (AOM).
After interaction with the sample the probe beam is interfered with the unshifted reference
beam to distinguish the pulses. The experimental method is described in greater detail in
Ref. [76]. We acquire data by switching the pump on and off and getting a signal on our Ziirich
Instruments lock in ZI HF2LI S,,, S,¢s. The differential reflection signal (dR/R) and phase
signal (d¢/¢) is then

lnlOdj
10 R

() + i‘if

(r)=In +i (¢l (r) — ¢ . (2.17)
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The delay between pump and probe 7 can be tuned to measure dynamics of the perturbed
system. The heterodyne detection enables the simultaneous tracking of both amplitude and
phase which has previously not been used in the study of 2D systems. We note that a camera
feedback white light adjusting tool and low temperature capability is also included in this pump

probe setup. The details on these components can be found in the PL section.

Helicity of the light in pump probe measurements

Stimulated emission Bleaching Exc. State Absorption
N K N K N K N K
1) (©f 1) (o | 1) (0] 2) (1]
1) (1 ) (1 A R VR (U A VRS
1) o | N0y 0) (1 IVER(URERN
7110y (0] 0) (O] 0) (O] | 7 [10) (0]

In this section, we follow Ref. [112]. For a better understanding of the processes we illustrate
them in terms of the Feynman diagrams above. The time increases from the bottom to the top
of each diagram and the arrows indicate the pulses. First, we discuss the stimulated emission.
In pump probe spectroscopy we have two beams: pump and probe. Quantum mechanically
the pump acts twice (illustrated by the first two arrows in the diagram). The first pump pulse
creates a microscopic polarization by occupying one state from |0) to |1) and the second pump
pulse creates a population at the sample, (0| to (1|. As both steps (pump pulse one and two)
originate from the same laser beam, the two pump pulses reach the sample nearly at the same
time, so we cannot distinguish which step acts first. This is shown by the two stimulated
emission diagrams above where the two steps result in the same population. In both cases the
pump pulse results in a populated excited state |1) (1]. For a delay 7 ~ 0 between pump and
probe we assume to observe no population decay. After the delay 7, the probe pulse stimulates
the excited state back to the ground state. The last arrow in each diagram indicates the emitted
light pulse. As this emission is stimulated by the probe it has the same frequency and, thus, can
interfere with the reference beam as explained before. Increasing the time delay, the population
of the exited state starts to decay, and we can probe the evolution of the population decay. In
addition to stimulated emission, there are two other main processes observed in pump probe.
These are ground state bleaching and excited state absorption, as sketched above. Ground
state bleaching describes particles that are in the ground state after the pump pulse. The
probe pulse then interacts linearly with the sample and we get absorption at the sample. In
excited state absorption one creates a first excited state polarization and population by the
pump and the probe pulse induces a second excited state absorption. For all different types
of pump probe processes, we assume to populate the same valley (K valley) in ML, TMDCs
due to the same helicity of the light, namely left circularly polarized light (0~) for pump and
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probe introduced in section 2.2.3. We adjust the polarization using the same polarizers and
retarders as discussed in the previous section. By changing the helicity of the pump beam to
right circularly polarized light (07) we pump the K’ and probe the K valley. We sketch this
for zero-time delay and a delay 7 > 0 for the probe (K) valley.

N K, 7=0 N K,7>0

1) (o] | (1) w0 |
2110y (o] 2]y (1

0) (0] |10y (o]

0) (0] (]

Choosing opposite circular polarization results in an absorption-like process of the excited
state for the K valley at zero delay induced by the probe. As the pump populates the opposite
valley, we cannot observe the other processes. After a certain time 7 > 0 the K valley is
populated by a certain probability 0 < x < 1 due to valley exchange interaction and we measure
stimulated emission and excited state absorption from the K valley. The exact mechanisms
involved in the valley exchange interactions will be investigated in chapter 6. We assume a
uniform occupancy for the two valleys after a characteristic interaction-time. Consequently,
we can measure a valley polarization equivalent to a preferred population of one valley as a
function of the pump probe delay. We denote that, the resulting differential reflection for pump
and probe beam have the same (opposite) helicity dR/ R (dR/R:) and thus investigate the

signal from the same (opposite) valley. The resulting valley polarization is calculated by

dR/Roo — dR/ Ry

: 2.18
dR/R. + dR/R. (2.18)

valley polarization =

2.3.4 Step three - Two Dimensional Coherent Spectroscopy in Austin

In this section, we briefly present two-dimensional coherent spectroscopy (2DCS), the corre-
sponding setup is shown in Fig. 2.18. We follow thereby the thesis of Dr. Galan Moddy [110]
and Ref. [18]. This approach is implemented in Prof. Dr. Xiaogin Li‘s lab at the University of
Texas at Austin where I spent four months in a research exchange program funded by the GRK
1558. In contrast to the other setups in this thesis, this setup is limited in energy to visible
light in the emission range of the titan sapphire laser (Ti:Sa). The mode-locked Ti:Sa produces
53 fs pules with a repetition rate of 76 MHz and a center wavelength of 750 nm (1.65 ¢V). The
light is guided through the JILA-Monster [18] producing four phase stable beams with tunable
delays. Three of them with wavevectors ki, ks, and k3 are focused in a typical four wave mixing
(FWM) box geometry on the sample with a spot size of 30 um, interacting with the sample and
creating the FWM signal kg = —kq1 + ko + k3. The pulses are interfered with the reference beam
(the fourth beam from the JILA Monster) to extract the FWM amplitude that is subsequently

detected using a spectrometer. The signal is Fourier transformed to the time-domain, positive
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Fig. 2.18: Two Dimensional Coherent Spectroscopy setup in the group of Prof. Dr. Elaine Li at the
University of Texas at Austin from Ref. [110].

Time
>

Fig. 2.19: Sketch of the four wave mixing time ordering of the three exciting pulses ki, ko, and ks with
time-delays t1, t2, and t3 between the pulses.

time terms are isolated and back transformed into the energy-domain.

The time ordering and time delays of the FWM geometry are sketched in Fig. 2.19. To do
so, we either scan the time delay t; between the first and the second pulse or t, between the
second and the third pules. Thereby, we reproduce a 2D excitation spectrum of the signal
either S(hwyy, ta, hws) keeping the delay between the second and the third pulse ¢5 constant
or S(ty, hw, hwg) keeping the delay between the first and the second pulse t; constant. In
the first case, we measure an excitation energy (Awy;) vs. emission energy (fw;3) map where we
can extract homogenous line width. These are directly linked to dephasing rates for MoSe,. In
the second configuration we measure the zero quantum energy (hw;s) vs. the emission energy

(hws) to determine population decay rates. The results are presented in chapter 7.
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3 Exciton-phonon coupling in mono- and
bilayer MoTe»

We study the temperature- and power-dependent photoluminescence of monolayer and bilayer
molybdenum ditelluride in the temperature range between 5 K and room temperature. In
this chapter, we aim to investigate the exciton-phonon coupling in molybdenum ditelluride for
monolayer and bilayer to extract key parameters like line broadening and temperature shifts
of emission lines of excitons and trions. We disentangle the effects of interactions of excitons
with acoustic and optical phonons and show that molybdenum ditelluride excitons have an
exceptionally small coupling with acoustical phonons. This observation, together with the
large luminescence yield which can be obtained from the bilayer, puts forward molybdenum
ditelluride as a robust and bright light source in the near-infrared spectral range. The scaling
of luminescence energy and linewidth of the molybdenum ditelluride bilayer differs from the
observations in the monolayer by effects that can be traced to symmetry and well width. This
suggests a similar band alignment of mono- and bilayer, in contrast to other transition metal
dichalcogenides. Moreover, we confirm the existence of an optically active trion state in the
bilayer emission, by assuming an electron capture process from a low density two-dimensional

free electron gas.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

3.1 Laser light on - Here comes the ML and BL emission

In this section we give an overview about the analysis of PL spectra of ML and BL MoTes,
identify peaks and confirm the existence of a trion emission in the BL. MoTe, for the first time.

We study the temperature- and power-dependent PL of ML BL MoTey;. Details on the
measurement method and sample preparation are described in section 2.3. Exemplary emission
spectra at 10 K and 10 uW excitation power of ML (violet squares) and BL (gray circles)
MoTey, recorded under the same experimental conditions, are presented in Figure 3.1. ML and
BL lineshape and linewidth are extremely well resolved and directly comparable. The ML and
BL luminescence can be decomposed into a set of Voigt functions. These are shown exemplary

for the sharp emission peaks as shaded areas in Fig. 3.1. A Voigt function is defined by:
Definition 3. A Voigt function is the convolution (®) of a Gaussian function and a Lorentzian

function V(z) = (G ® L)(x). The fit function

—¢2

dt

V( ) A 2In2 I'y /OO e
r)=A —+ =

T T8 Jooe (Vn2 Lot 4 (VA In3 522 — )2
depends on the parameters: area A, center of the profile x¢o, Gaussian linewidth I'q, and
Lorentzian linewidth U'. The full with at half mazimum (FWHM) of the Voigt profile is given

by T = 0.5346 I'f, +/0.2166 T Iz + el [34].
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Fig. 3.1: Normalized PL spectra of ML (violet squares) and BL (gray circles) MoTes at 10K fitted by sums
of Voigt functions (solid dark violet and gray lines). The solid areas indicate the respective Voigtian

components of the main peaks. Light violet and gray lines represent the raw data including the
defect emission of ML and BL MoTe,.

Thus, the Voigt fit provides information about energy position (z¢), integrated area of emis-

sion (A), and linewidth (Gaussian and Lorentzian) for each peak. These spectral characteristics

36



3.1 Laser light on - Here comes the ML and BL emission

provide quasiparticle (introduced in section 2.1) properties which will be analyzed in the fol-
lowing. There are three main peaks for both ML and BLL MoTes, measured on flake 1. The
highest energetic one is identified by its emission energy as A exciton emission of the ML X9,
at 1.190eV and the BL X%, at 1.155¢V, consistent with previous studies [56, 89, 134, 75].
The position in energy of the second peak corresponds to the trion peak X7, at 1.165¢eV as
observed in Ref. [75] at low temperature. The emission of the MoTe, BL, also shows a second
peak at 1.135¢eV. This peak has been observed previously in literature and is attributed to the
trion transition [89, 64], though a final proof in MoTe, is still lacking. In WS, [208] and WSe,
[67] the BL trion has been confirmed through gate dependent PL measurements. Thus, the
assumption of a charged particle in the BL emission is reasonable. A detailed investigation of
power- and temperature-dependent measurements will confirm the quasiparticle nature of this
peak in section 3.1.2. Finally, there is a broad bulky peak at low energy fitted by a set of three
(ML) or two (BL) Voigtians. We ascribe this as defect-related emission due to scattering with
particles and power dependent measurements underline the non-quasiparticle nature evaluated

in the following section.

3.1.1 Defect peak analysis
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Fig. 3.2: ML (violet) and BL (gray) exciton (closed symbol) and defect (open symbols) emission energy
(a) and integrated area of emission (b) versus excitation intensity. ML and BL excitation energy
are linearly fitted. The dotted lines in (b) are the best possible linear approximation of the defect
emission intensity. Note: The ML emission area (b) is offset above the BL for better illustration.

We perform a set of power dependent PL. measurements varying the excitation power from
1 uW to 64 uW at a constant temperature of 10 K and a spot size of 6 um. We calculate the
excitation intensity as laser power divided by spot area. As can be seen by the linearly rising

excitonic emission area, the power is low enough to avoid thermal heating effects of the sample.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

We choose an excitation energy of 1.797¢eV to obtain a reasonably good signal-to-noise ratio
up to room temperature [193]. The integrated area of emission or briefly emission area and
the emission energy position are extracted for all peaks. In case of the defect peak we estimate
the emission area from the sum over the area of the single Voigt peaks. The emission energy is
attributed to the energy at maximal intensity. The results are presented in direct comparison
to the exciton trends in Fig. 3.2 (a+b) for ML and BL MoTes.

The emission energy of the exciton in (a) stays constant over the hole excitation intensity
range, as expected for quasiparticles under low power excitation below the Mott transition
(introduced in chapter 2.1.1) and at low temperature [29, 60, 120, 44]. The defect emission
energy increases with increasing excitation power indicating more than one scattering process
with distinguishable saturation threshold unlikely for single particle emission. Moreover, the
PL emission area (cf. Fig. 3.2 (b)) of the defect does not rise linearly with excitation intensity
in contrast to the quasiparticle emission (closed symbols) [60, 120, 44]. As the defect shows no

quasiparticle behavior, we will not include this peak in the following analysis.

3.1.2 Presence of a trion in the BL
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Fig. 3.3: Excitation-intensity-dependent trion binding energy Epg;nq of ML (violet squares) and BL (gray
circles) MoTe; fitted by constant functions (solid lines).

As the power dependent emission energy and emission intensity show a clear linear behavior
for quasiparticles, we confirm the quasiparticle nature of the second BL peak by analyzing
ML and BL exciton and trion emission in direct comparison. Therefore, we extract the trion
binding energy Epinq (Fig. 3.1), by subtracting the trion emission energy from the exciton
emission energy, of (24.9 + 0.5) meV and (19.1 £ 0.5) meV for ML and BL, respectively. The
ML trion binding energy is comparable with previous measurements particularly confirmed in

gate voltage dependent PL measurements [89, 134, 193]. By compare the trion binding energy
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3.1 Laser light on - Here comes the ML and BL emission
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Fig. 3.4: (a) Excitation intensity dependent quasiparticle emission area of ML (violet squares) and BL (gray
circles) fitted by a linear function (solid lines). (b) Exciton to trion intensity ratio of ML and BL
as a function of excitation density n at 24 K. (¢) Temperature-dependence of ML and BL exciton
to trion ratio. The data in (b+c) are fitted simultaneously by eq. 3.1.

of MoTey to other TMDCs we except that the binding energy gets smaller with increasing
atomic weight of the chalcogen atom. Binding energies of MoSy and MoSe, are estimated to
be 26 meV and 21 meV [12]. Our trion binding energy is somewhere in between. By taking
substrate effect into account and assuming a less substrate coupling higher binding energy for
MoS, and MoSe; are expected [23]. This underlines the assumption of a less supported ML
and BL flake from section 2.3.1. The BL trion binding energy is 1 — 2meV larger compared
to previous publications [89, 134]. The lower binding energy of the bilayer is an effect of the
increased screening of the e-h interaction towards increasing thickness as previously established
for semiconductor quantum wells [152]. By tuning the excitation intensity as seen in Fig. 3.3,
we confirm the trion binding energy values by constant fits, this being the first evidence for the

trionic nature of the second BL peak.

Apart from emission energies, we as well evaluate the integrated area of emission as sketched
in Fig. 3.1 as shaded areas for ML (violet) and BL (gray) quasiparticle emission. The intensities
are in the same order of magnitude for ML and BL MoTe,. To investigate the underlying
quasiparticle nature, especially the trionic nature of the second BL peak, we tune excitation

intensity, excitation density, and temperature as illustrated in Fig. 3.4 for ML and BL.

Fully consistent with observations on other TMDCs [44, 60, 120], we observe in Fig. 3.4 (a)
a linear increase of the emission area with excitation intensity. Here, the power dependence
is connected with the recombination process of free excitons and trions. If one increases the

temperature, non-radiative processes should become more important, and the intensity should
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

scale quadratically with power [29]. In this process, the exciton emission rises faster than the
attributed trion emission. To understand the physics behind we calculate the ratio of exciton
to trion emission area for both, ML and BL MoTes, in Fig. 3.4 (b) as function of the excitation
density. We calculate the excitation density from PL measurements using the Ti:Sa laser in

the mode lock regime. To calculate the excitation density, we firstly calculate the laser fluence

laser pulse energy average power

laser fluence = = —
spot area repetition rate - spot area

assuming a round spot of 10 um diameter, a repetition rate of the Ti:Sa Laser of 75.4 MHz,
the average power is tuned from 2 yW doubling in each step up to 64 uW. Then the excitation

density is calculated
fluence - 4/(1+ ng)? - absorbance
n =

photon energy

9

where we assume a refractive index ng for SiO, of 1.45, a absorbance of ~ 25%, and a photon
energy of 1.190 eV. The ratio decreases with increasing excitation density. ML and BL show a
similar evolution with n. This abatement can be explained by assuming a trion formation by
excitons capturing extra electrons from the two dimensional free electron gas of low density [103,
137], where the exciton to trion ratio scales inversely proportional to the excitation density. The
capture process is investigated in detail in chapter 6. This assumption predicts a temperature

dependence in the equilibrium state with a chemical potential (ideal fermionic gas)

Hehem = kT ln[e”hn/kBTMXT _ 1]

of the exciton to trion ratio 0 )
Xi — %Q_Ebind_ﬂchem/kBT

XT gr ’
where g. x 1 is the spin degeneracy for electrons, excitons and trions. Inserting the chemical

potential results in

X70 _ gzﬂe_Ebind/kBT 1
XT gT eﬂ‘hn/kBTMXT _ 1

We assume a non-degenerated electron gas that means g. xr = 2 and wh*n/Mxr > kgT

[13, 136] then expanding the second term to first order results in a exciton to trion ratio of

X—O =1. e*Ebmd/kBT %
X7t mh?n

The ratio of exciton to trion X°/X7T reads as intensity ratio Ixo/Ixr times radiative lifetimes

Tx /7r for exciton and trion [106, 136]. Therefore, the exciton to trion intensity ratio can be
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3.1 Laser light on - Here comes the ML and BL emission

described comparable to the Saha equation [13] and mass action law [132] by

Ixo — 42 . ¢ Bvina/ksT kpT Mxr

[XT TX 7Th2n

, (3.1)

where Mxr = Myo/Mxr m. = 0.66 m, is the mass ratio of exciton to trion [128]. Plotting
the excitation density- and temperature-dependent ratio for excitation densities between 6 -
10" ¢cm™2 and 2 - 10'%2 ecm™ in Fig. 3.4 (b) and temperatures in between 5 K and 60 K in
Fig. 3.4 (c) and fitting the data by eq. 3.1 for ML (violet squares) and BL (gray circles)
simultaneously we extract values for the exciton to trion radiative lifetime ratio of 7p/7x =
(6 £2) and 77 /7x = (3+ 1) for ML and BL, respectively. The radiative trion lifetime is larger
compared to the exciton for both ML and BL MoTe,. The estimate for the trion to exciton
radiative lifetime ratio gives the ratio of the corresponding trion and exciton wave functions
[40]. By compare the trion radiative to the exciton radiative lifetime for MoSes of 15 ps to
1.8 ps, we found a comparable ratio of the radiative lifetime of the ML MoSe, of (8 £ 1) [133].
Moreover, outgoing from measurements of the radiative lifetime in ML and BL exciton MoTe,
of 3 ps and 4 ps [134], we can estimate the radiative lifetime of the trion to be ~ 18 ps ~ 12 ps.
Therefore, we assume a mixed phase of free electrons (with a low free electron density), excitons,
and trions confirming a trion state in both ML and BL MoTes.

In this section, we investigate the ML and BL luminescence and exemplary explain one
spectrum. We rule out that the defect peak shows an excitonic transition. We confirm the
trion nature of the second BL peak by analyzing the ML and BL temperature- and excitation

density dependent data in terms of the mass-action law.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

3.2 Investigating phonons and collecting hints for direct BL

emission

In order to obtain quantitative results on the exciton-phonon coupling and the direct or indirect
nature of the bandgap of the BL, we perform a series of temperature-dependent PL. measure-
ments between 5 K and room temperature on the ML and BL. The results for an excitation
power of 10 uW are shown in Fig. 3.5 (a) and (b) for ML (violet) and BL (gray), respectively.
The solid black lines represent Voigt fits. As motivated in the previous section, we corrected the
data for the defect peak emission. ML and BL: PL emission are remarkably similar in shape and
intensity on first look. The BL, shows a pronounced bright emission of excitons and trions at
low temperatures compared to the ML. The evolution of the temperature of ML and BL seems
to be comparable on first look. A closer inspection shows a stronger emission energy shift with
temperature for the MoTe, BL than for the ML, investigated in detail in section 3.2.1. The
trion peak shows up to 60 K in the ML and 50 K in the BL. This temperature range, especially
the trion emission, will be investigated in the next chapter. The exciton peaks remain clearly
visible up to room temperature. Large broadening mechanisms and a strong decrease in signal
intensity leads to a decreasing signal-to-noise ratio with increasing temperature, especially pro-
nounced for the BL emission. In the following we extract the emission parameters (intensity,

energy, linewidth) in terms of Voigt fits (cf. section 3.1) with respect to temperature.
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Fig. 3.5: Temperature-dependent PL of ML MoTes (a) and BL MoTe; (b) at 10 W excitation power.
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3.2 Investigating phonons and collecting hints for direct BL emission

3.2.1 Which process is shifting the emission energy?-Phonons?

In this section we investigate the emission energy of the exciton and the trion of ML and BL.. We
attribute the change of emission central energy with temperature as optical bandgap narrowing
and find responsible mechanisms by examining a set of different equations. The main process
turns out to be quasiparticle-lattice interactions with phonons. Moreover, we analyze ML and

BL in direct comparison and find hints for direct optical transitions in the BL. MoTes.

First, we extract the spectral maximum of the exciton emission which is directly related to
the optical bandgap of the material. The optical bandgap is linked to the electronic bandgap
by the binding energy of the excitons (as introduced in chapter 2). The exciton binding energy
is hundreds of meV large, therefore, there is a clear difference of electronic and optical bandgap.
The exciton binding energy temperature-dependence has to be separately investigated to extract
electronic bandgap temperature shift. However, as introduced in chapter 2.1. the optical
bandgap describes the energy necessary to excite a particle from the valance (VB) to the
conduction band (CB). TMDCs have bandgap energies in order of 1-2 eV [56, 74, 101, 127]
fits seamlessly in to values of classical I1I-V semiconductors [129, 176]. The decrease of the
optical bandgap with increasing temperature is a usual semiconducting behavior known for
decades [176]. There are two main bandgap shifting mechanisms: (i) Temperature-dependent
electron/exciton-lattice interaction leads to a shift which scales quadratically (linearly) with
temperature below (above) the Debye temperature. (ii) Temperature-dependent dilatation of
the lattice results in a position shift of the VB and CB scaling nonlinearly (linearly) at low
(high) temperature [9, 129, 176], associated with acoustic waves. Both terms are attributed
to lattice interactions, this being an important mechanism in 3D semiconductors. As TMDC
ML and BL are 2D materials, lattice interactions are even more important. However, these

mechanisms equally effect both direct and indirect emission [176].

To investigate the emission shift in detail, we plot the temperature dependence of ML (violet
symbols) and BL (gray symbols) for exciton (light colored symbols) and trion (dark colored
symbols) in Fig. 3.6. Outgoing from the two bandgap shift mechanisms Ref. [176] proposed the
so called Varshni equation, which was previously investigated by Ref. [74] in MoS, and MoSe,.
The fits with the Varshni equation

B/(T) = B0 - 771, (39)

are shown as dashed lines in Fig. 3.6. Here, E,(0) is the exciton peak energy (originally the free
carrier/electronic bandgap energy) at zero temperature, and « and [ are material constants.
The shift is related to linear or non-linear temperature dependencies where the critical value
is the Debye temperature. Thus, 3 is assumed to be related to the Debye temperature of the

material.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

For the ML exciton we obtain o = 5.05 x 107*eVK™! and = 191K which is in agree-
ment with the results obtained in Ref. [75]. The correspondence to the Debye temperature as
introduced by Ref. [129] cannot be confirmed for MoTe, as expected by Ref. [115]. We now
extend our considerations to the BL. Results obtained for direct and indirect gap germanium
[176] show a significantly different temperature dependence of the exciton peak energy. The
energy shift we observe for the MoTe, BL exciton peak, however, is only slightly larger than
that in the ML. Still, in particular for temperatures higher than 50 K, differences in the line
broadening also become apparent. Consequently, the BL. data are not described by the same
set of parameters as the ML data. The Varshni fit of the BL data over the whole temperature
range, yields o = 6.01 x 107%eV K~! and 3 = 236 K, both slightly larger compared to the ML.
However, the values are very close and in their combination result in almost identical slopes for
both systems. We observe a red-shift of the emission with increasing temperature of altogether

83 and 90 meV from 5 K up to room temperature for ML and BL, respectively.
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Fig. 3.6: Exciton and Trion peak emission energy of BL (gray circles) and ML (violet squares) MoTe, versus
temperature. F (O)M L/BL indicates the extrapolated spectral energy position of the exciton at zero
temperature. The dashed (solid) lines represent fits by the Varshni function (semi-empirical fit
function).

The Varshni function has been used here to describe the bandgap shift empirically in experi-
ments and does not carry a more complex physical meaning, as the g factor turns out to differ
strongly from the Debye temperature. As already mentioned above the shift of the bandgap is
due to lattice dilatations, so, acoustical and optical vibrations of the lattice have to be included

9, 41]. Ref. [105] introduces a general expression

Eg = E0(1 + ATI) + B [@A COth(@A/QkBT) + 0o COth(@o/2k3T>]
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3.2 Investigating phonons and collecting hints for direct BL emission

including a variable dependency in x-order on T (first term) and acoustical (second term)
and optical (third term) phonon-carrier coupling. ©; denotes the average phonon energy. The
second and the third term correspond to Bose-Einstein statistical phonon factors including both
emission and absorption of phonons. As the equation above contains six fitting parameters one
can bring together the phonon terms in the practicable Bose-Einstein factor equation. It was
formulated for semiconductors by Vina et al. in Ref. [177] and first applied to TMDCs (bulk
MoSes) in Ref. [59]. Here, the energy of the bandgap is described as

2

Ey(T) = Byf0) = sep |1+ g | =

E,(0) — sep coth(©/2k5T),

where s, is a scaling factor of the mean occupancy of an average phonon mode [177].

As an alternative a semi-empirical fitting function has been introduced in Ref. [115] for
GaAs and adapted to TMDCs in Ref. [74, 171]. The temperature dependence of the bandgap
is described by

Ey(T) = E4(0) = 5 {hw) [coth((hw) /2kpT) — 1], (3.3)

where S is a dimensionless coupling constant describing the strength of electron/exciton-phonon
coupling and (hw) is the average phonon energy. Thus, this semi-empirical equation provides
information about electron-phonon interactions in the material and enables calculation of the
entropy and enthalpy. The fits using this description are displayed as solid curves in Fig. 3.6.
Fitting results also in terms of the Bose-Einstein factor equation are equivalent for the semi-

empirical fit equation due to the same underlying Bose-Einstein statistics.

With the semi-empirical equation, we obtain values of S = (2.03 +0.13) and (hw) = (10.2 +
0.9) meV for ML MoTe, which is lower than the values for ML MoSy ((Aiw) = 19 meV) and
MoSey ((hw) = 14.5meV)[74], indicating a coupling of excitons with lower-energy phonons in
MoTe; compared to the compounds with lighter chalcogenides. In agreement with our results
and as introduced in section 2.2.4, acoustic (A) phonons in ML, MoTes have been found to have
an energy of 7.4 to 12 meV [48], and thus the lowest activation energy in Mo-based TMDCs
[6]. There is a set of acoustical phonon modes (the phonon dispersion relation is found in
section 2.2.4). The energetically lowest are the ZA (out of plane acoustic modes) followed by
the transverse and longitudinal acoustical phonon (TA+LA) modes with comparable energies
at the K and the M point. As the average phonon energy is around 10 meV we conclude that
mostly LA phonons contribute to the lattice vibrations, supporting the early studies of Ref. [9].

Extending the fit to the trion emission we determine values of S = (2.1 £ 0.2) and (fw) =
(10.2£0.9) meV for the ML trion. Exciton and trion bandshift can be described by comparable
< hw >, that means the same phonon modes induces their respective bandgap shifts. The
coupling constant however slightly increases from exciton to the charged trion. In terms of the

Bose-Einstein factor equation the coupling constant is linked to a scaling factor of the mean
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

Table 3.1: Fitting constants for ML and BL luminescence.
Varshni fit and Debye temperature ML

a (107 eVK™) B (K) Op (K)
MoS; 3.3 [73], 5.9 [79] 238 [73] , 430 [79] 275 [73]
MoSes 5.67 [3] 330 [3] 197 [59], 240 [74]
MoTe, 5.05 191 169 4+ 14
Varshni fit and Debye temperature BL

a (107 eVK™) B (K) Op (K)
MoS; 414 [206]
MoSes 5.56 [3] 330 [3] 314 [3]
MoTe, 6.01 236 202 £10
Semi-empirical fit ML

S (hw) (meV) (hw) ks (K)
MoS; 1.16 [74], 1.82 [171] 19 [74], 22.5 [171] 220.5 [74], 261.1 [171]
MoSe, 2.18 [74], 2.23 [3] 14.5 [74], 19 [3] 168.3 [74], 220.5 [3]
MoTe, 2.03£0.13 10.2+0.9 118.4 +£10.0
MoTe, X7T 2.13+£0.23 10.2+0.9 118.4 +£10.0
Semi-empirical fit BL
S (o) (meV) (o) [ (K)

MoS, [206] 2.2 25 290
MoSe; [3] 2.18 19 220
MoTe, 2.38 £ 0.05 122+ 0.6 141.6 £7.2
MoTe, X7 2.58 £0.31 1224+ 0.7 141.6 £ 7.2

occupancy of the phonons [177]. We estimate s., = (20 £ 2) meV for the ML exciton and
(21 £ 2) meV for the trion, indicating that the excitons are less strongly coupled to phonons
than trions. We will investigate this in the next chapter in more detail. Besides, < hw > /kp
is the average phonon temperature [177] and is related to the Debye temperature via 0.5 <
% /Op < 0.7 for semiconductors [117]. The upper limit is considered a good approximation
for TMDCs. Thus ©p is in MoTe; lower than in other Mo-based TMDCs [59, 118], as expected
by the lower bandgap energy of ML MoTes. The values for all parameters we obtained for

MoTey along with literature values for MoS, and MoSe, are collected in Table 3.1.

Fits of the BL data by the semi-empirical equation are carried out using S = (2.38+£0.05) and
(hw) = (12.240.6) meV which is slightly larger than the 10.2 meV obtained for the MoTey ML.
This indicates a change in the underlying phonon process. The phonon modes do not shift in
energy with increasing thickness from ML to tri-layer according to Raman measurements [48].
Thus, the origin of the change in average phonon energy may be found in an optical phonon
mode at 15 meV which is present in the BL but absent in the ML [48], namely the homopolar
transversal optical (TO) phonon mode. Taking into account the results of experiments of ML
and multi-layer MoSsy [206] for temperatures above 100 K, where the average phonon energy

increases with increasing number of layers, this is a systematic behavior of TMDCs. The change
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3.2 Investigating phonons and collecting hints for direct BL emission

in the average phonon energy of MoSs [206] is six times larger than observed for MoTes. The
increase in the dimensionless coupling strength we observe is of the same order as in MoSs
[206]. Moreover, from these values, we can estimate a change in the Debye temperature with
increasing layer thickness of about 30 K. Then we expand our considerations to the BL trion
and fit the emission energy change by S = (2.6+0.3) and (Aw) = (124 1) meV. The parameters
for the semi-empirical equation confirm an equivalent behavior to the ML. MoTe,, namely the
same average phonon energy and a small increase in the phonon-coupling. The same values
accentuating the quasiparticle nature of the trion and comparable phonon interactions of the
trions. All fitting parameters for the MoTes BL are collected in Table 3.1.

Hint 1. Comparable bandgap shifts and fits for ML and BL underline a similar band alignment.

Note. Phonons also redshift with increasing temperature, but the effect is small compared to
the exciton bandgap shift. For MoSs Ref. [87], a net redshift of 4.4 meV (5 meV) for the LO

(homopolar LO) mode from 5 K to room temperature has been measured.

3.2.2 Phonons also broadens the linewidth

In this section we investigate linewidth broadening mechanisms of excitons and can directly
confirm that acoustical phonons dominate at low temperatures, where the coupling to excitons
is the smallest in TMDC family. In the high temperature limit, we found optical phonons to

be the major process. Moreover, we clarify limitations which will be solved in chapter 4.

There are a couple of linewidth broadening mechanisms. The most probable broadening
of the homogenous linewidth is phonon induced broadening. The Bose-Einstein like phonon
induced bandgap shift discussed in section 3.2.1 gives a reasonable fit of the broadening

T) =Ty (1+ >+F1.

e@/kBT _ 1

There, the equation fits the broadening of the data with the same values as for the bandshift
[177] for temperatures above 100 K. This assumes that mostly polar optical phonons contribute
to the lattice interaction, which we can confirm for our data for >80 K. As predicted by
Ref. [88] this is a high temperature process for temperature above 100 K. At low temperatures,
as the linewidth of the quasiparticles is proportional to the phonon population. Fittingly, the
acoustical phonon population increases linearly with temperature. On the other hand, the
optical phonon population is insignificant. Ref. [88] estimates the line broadening from the
wave function and scattering rates due to phonon-exciton interactions. The transition rates for
different phonon processes are introduced in section 2.2.4 and directly linked to deformation
potentials and mobility, which is the topic of the following chapter. Lee et al. [88] implement

a formula for linewidth broadening including optical and acoustical phonon, impurity induced,

47



3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

and (in)homogenous scattering mechanisms by:

Ftot(T) _ FEOt + ’YAT + FO + I‘\impe—<E§3mp>/kBT7 (34)

exp(Eo/kgT) — 1
where T'l’" include the intrinsic linewidth and broadening due to inhomogeneous fluctuations of
the sample thickness in particular due to a number of non-radiative processes, v, is the exciton-
acoustic phonon coupling strength including the deformation and piezoelectric potential, the
second term arises from the interaction with longitudinal optical (LO) phonons, and the last
term is due to impurity scattering with the average binding energy over all possible locations
of impurities. Comparable equations to estimate the influence of exciton-phonon coupling in

the linewidth broadening have been applied in GaAs-quantum wells in Ref. [139, 163].

We observed a pronounced broadening of the exciton emission peaks with increasing tem-
peratures, as shown in Fig.3.5. At low temperature, the peak has a FWHM of 7.9meV, this
broadening is comparable to previous observations [75, 89, 134]. We determine the FWHM of
the exciton of the Voigt fit components I';, and ' (cf. Def. 1) for ML and BL emission and plot
it versus temperature for five different excitation energies, as shown in Fig. 3.7. We observe a
nearly constant FWHM for temperatures below 50 K followed by an increase of the linewidth
with increasing temperature for both ML and BL MoTes.

We fit our data with eq. 3.4 neglecting of the impurity-induced scattering for simplicity.
Moreover, in order to reduce the uncertainty of the fit, we simultaneously fit the FWHM
for five different excitations energies between 1.798 eV and 1.653¢eV for ML and BL MoTe,,
respectively. Fig. 3.7 shows the fitting results (solid lines) for ML and BL in violet and gray on
the background of the linewidth data. The linewidth broadening shows a similar behavior for
all different excitation energies and does not depend on the excitation energy for this totally off-
resonant excitation. This enables a global fit using all five data sets for ML and BL. with to the
linewidth broadening equation. The large data set allows us to extract values for all parameters
(intrinsic linewidth, A-phonon coupling, O-phonon coupling and O phonon energy) without
applying fitting constraints. We confirm a non-linear behavior of the linewidth broadening,
where acoustical phonon scattering dominates for temperatures below 60 K (50 K) for ML
(BL) MoTe,. Above these temperatures optical phonons start to influence and dominate above
80-100 K. By having a closer look (cf. next chapter) on temperatures below 60 K we observe
the influence of impurities and inhomogeneously broadened scattering in detail. Explaining the

inadequate linear approximation for low temperatures.

We obtain T'f* = (7.3 +£0.1) meV and (10.6 +0.1) meV for ML and BL, respectively, which is
of the order of results obtained for MoSes by Ref. [3] and increases analogously for the BL. It
is comparable to non-encapsulated MoTe, [134] and encapsulated MoSey; and MoS, [147, 187],
thus underlining the good quality of our sample and making MoTe, a ideal candidate to study

pure excitonic and trionic effects without the influence of hBN. The intrinsic linewidth includes
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Fig. 3.7: Full width at half maximum (T") of the exciton emission for ML (violet symbols) and BL (gray
symbols) versus temperature. The results of simultaneous fits by eq. 3.4 for five excitation energies
in a range of 1.798 to 1.653 eV are shown as solid lines.

processes like radiative recombination, spin-flip scattering, exciton-exciton scattering, and so
forth. One can investigate related radiative recombination lifetimes, if inhomogeneous broad-
ening can be excluded, as done in chapter 4. ML and BL show comparable I'y we assume that
the difference is attributed to inhomogeneous broadening, as a thicker sample likely contains

more defects and impurities [16].

Hint 2. A comparable homogenous I'y indicates that ML and BL. MoTe, behave similar to a

direct quantum well of variable thickness.

Still, v4 is a widely used characteristic number, providing an estimate for the upper limit
of exciton-A phonon coupling. We derive y4 = (20 +4) ueV K and (13 £ 6) eV K~! for ML
and BL, respectively. Interestingly, this agrees well with the assumption of a quantum well-like
decrease of the acoustic phonon coupling with increasing well width L via 4 ~ const/L [10].
This effect has been observed also in other 2D materials like Nanosheets [1], the smaller phonon
coupling is attributed to a smaller electron hole coulomb interactions and an increase of the

lateral size of electron and hole wave functions.

Hint 3. The quantum-well-like behavior of ML and BLL MoTe, supports the direct semiconduc-

tor nature of both.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

Table 3.2: Fitting constants for ML and BL linewidth broadening.
Linewidth broadening ML
Lo (meV) ypa (ueVK™) Tro(meV)

MoS, [21] 4402 7045 42.6 +1.2
MoSe, 7.5 [3] 91 [148] 72 [3]
MoTey (Ero = (30 £ 4)meV) 7.3+0.1 20 + 4 61+ 15

Linewidth broadening BL

Lo (meV)  pa (ueVK™) Tpro (meV)

MOSQ
MoSes [3] 12 93
MoTes (Ero = (25 + 4)meV) 10.6 0.1 13+ 6 77425

Unlike Ref. [75] we observe only a very small broadening at low temperature, confirming a
very small exciton-acoustic phonon coupling in our sample. The coupling strength extracted
from the line broadening is of the same order as obtained from the semi-empirical fit function
above. The numerical value of v4 = (20 4 4) ueV K=! for MoTe, is smaller than estimated
for WSey (60 eV K~1)[109], MoSey (91 eV K1) [148], MoS, (70 ueV K1) [21] and is of the
same order as in WS, (28 eV K1) [148]. These values are similar to the values obtained for
MoSe; and MoS; in Ref. [156]. The small influence of acoustic phonon coupling is thus an
effect of relative low exciton mass and high material density in MoTes. Note, we do not exclude

inhomogeneous broadening at this point, for more information see chapter 4.

In the high temperature limit where optical phonons dominate, the fit for the ML returns an
O-phonon energy Ep of (30 £ 4) meV consistent with the E,;;, homopolar longitudinal optical
(LO) phonon mode at 30 meV for MoTe, [6, 48] and discussed in detail in section 2.2.4. The
BL linewidth broadening is described best using a slightly lower optical phonon energy of
Eo = (25 £ 4)meV (gray line Fig.3.7). This effective lower energy providing superior fitting
may be due to an additional nonpolar optical (£;,) phonon mode for the BL at ~ 14meV and
a stronger coupling to the polar TO phonons with a energy of 19 meV [48]. LO phonon lattice
interaction induces a macroscopic electric field coupling to the carriers. The resulting Coulomb
interactions between excitons and LO phonons can be described in terms of Frohlich interactions
in 3D and slightly differently in 2D [69]. The interactions strongly depend on the order of the
deformation potential which for its part depends on the mode (polar, homopolar; LO, TO) of
the phonon. The coupling to optical phonons I'o = (61 4 15) meV for the ML is smaller than
I'o = (77 £ 25) meV for the BL. This is reflected by the large linewidth displayed by the BL
emission at high temperature. In an ideal quantum well, the exciton-LO phonon coupling is
expected to scale linearly with the well width [153]. Our results show that the increase of I'p for
BL MoTe; compared to the ML is only about 15%. A similar dependence has been observed
also for the BL of MoSey in Ref. [3]. This shows that the sublinear dependence of exciton-

LO phonon coupling does not result from the peculiar band structure of MoTey but is rather
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3.2 Investigating phonons and collecting hints for direct BL emission

universal for TMDCs. The underlying reason might be an offset caused by the contribution
of the polarizability of the substrate to the overall charge distribution. The fitting results are
collected in table 3.2.

3.2.3 Thermal quenching of emission area by phonons

In this section we investigate the emission area, that means the exciton population with in-
creasing temperature. There, we found that the main process causing a decay in intensity
with temperature by the escape of carriers due to interactions with optical phonons. At low
temperatures we observe a twice as intense BL emission compared to the ML, supporting the
direct optical transition in B MoTes,.

The simplest concept of PL emission intensity is assuming a two level system with radiative
and non-radiative transitions for carriers from the CB to the VB. Measurable emission results
from bright radiative transition. The emission area is the area approximated by the Voigt-
profile fit of the emission spectrum (cf. Def. 1). In Fig. 3.8, the emission area for ML and BL is
plotted as violet squares and gray circles, respectively, versus temperature. For temperatures
above 25-30 K the intensity of the emitted light decreases with increasing temperature, fully
consistent with observations on other Mo-based TMDCs [3, 79, 171]. This process is called
thermal quenching [155]. In principle, if the energy separation between the CB and the VB
is sufficiently large compared to the temperature (E, > kgT'), we do not expect a thermal
activation of the system. Therefore, with increasing temperature the number of particles in the
CB decreases due to more efficient scattering.

At temperatures below 30 K the integrated area of emission shows a slight dependence on the
excitation energy and an increase of the emission area with temperature. Thus, more processes
than thermal quenching have to be included. Shibata [155] attribute the rising to "negative
thermal quenching" through states in between the CB and the VB and/or additional CB states.
The energy separation between these states is then low enough to make thermal activation of
carriers possible which can also explain the dependence on the excitation energy. Note that
at low temperature, the BLL shows an intensity which is approximately twice the ML emission
intensity as previously observed by Ref. [89, 134]. In contrast, the BL of MoS, and MoSes, with
a confirmed indirect exciton in the BL, is almost dark [101, 171]. Based mainly on the large
photon yield from the BL, it has been conjectured in Refs. [43, 89, 134] that the MoTe, BL has a
direct excitonic transition. Varying the excitation energy in the range from 1.798 eV to 1.653 eV
demonstrates that this high brightness of the BL emission is systematic for a wide range of
excitation wavelengths, see Fig. 3.8. The BL shows a very bright luminescence and is more
intense than the ML consistently for all excitation energies. The large photon yield does not
depend on the excitation conditions. To compare absolute values of the intensity we determine

the ratio of BL and ML intensity. The results are shown as blue rectangles in Fig. 3.8 (Inset).
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Fig. 3.8: (Main) Excitation energy dependent ML (violet symbols) and BL (gray symbols) PL intensity.
(Inset) (Left axis) Integrated area of PL emission for ML (violet squares) and BL (gray circles)
MoTes as a function of excitation energy at 10 K. (Right axis) Ratio of BL and ML integrated
area of emission (blue rectangle).

At large excitation energies we observe an approximately twice as large emission intensity of
the BL compared to the ML. The ratio increases nearly linearly with decreasing energy up to

2.7, thus, this large BL photon yield is systematic for a wide range of excitation energies.

Hint 4. The high BL emission intensity suggest that the MoTe, ML and BL display the same

band alignment, with a similar direct transition.

We choose an excitation energy of 1.798 eV for optimal signal to noise ratio and investigate
the functional form of the temperature dependence of the luminescence (cf. Fig. 3.9), which is
well established for a range of semiconductors, where thermally activated scattering processes
cause the loss of intensity [155]. We assume that a thermal escape of quasi-particles due to
scattering via optical phonons established for quantum dots embedded in quantum wells by
Ref. [175] and adapted to the TMDC-regime by Ref. [133] is responsible for the decrease in
excitonic emission. Therefore, we make the ansatz following Ref. [175] that the PL intensity is

the integral over the PL intensity per time unit

% n(t)

Trad

Ipr(T) = /000 Ipr(t)dt = /0 dt,

where, 7,44 is the radiative recombination time and n(t) is the carrier population, assessable

by a rate equation dn/dt = ¢(t) — n/T with respect to the generation rate g(t) and the PL
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Fig. 3.9: Integrated intensity of the emission spectrum for ML (violet squares) and BL (gray circles) versus
temperature. The solid lines are fits with Eq. 3.5.

t/7 where ng is the initial carrier population. Then we assume

decay rate 7. Thus n(t) = nge~
that 1/7 includes the radiative decay 1/7,44 and the non-radiative decay in terms of a thermal
escape rate of the carriers 1/7.s. = 1/79(ef0/k8T — 1)™™ due to scattering with m involved
optical phonons of energy Fp which is the main loss process for higher temperatures. Thus the
emission area is [175]

I(0
I(T) = / e~ tel/Traatl/Tese g — (0)
0 Trad

1+ 7_7’ad/7_0 (eEO/kBT o 1)—m’

(3.5)

where 1(0) ~ ng is the PL intensity at zero temperature, Eg is the O-phonon energy which was
taken to be 30 meV for ML and 25meV for the BL consistent with the best fits of the FWHM
of the emission lines in Fig. 3.7, and m ~ 1 is the number of O phonons involved in the process.
We estimate a 7,44/70 = (30 & 15) and (60 £ 23) for ML and BL MoTes, respectively. One
can find an estimate for the radiative decay in section 3.1, whereas the non-radiative decay is
investigated in chapter 6. The values are in the same range within the error bars for ML and
BL. The temperature dependence for 7" > 20 K of the emission of ML and BL appears to be
well described without having to resort to an additional thermally activated process as it would
be the case if the band alignments were different. This analysis neglects the thermally activated

part at low temperatures which we found to be dependent on the excitation wavelength.

Hint 5. The same temperature dependence for temperatures above 20 K indicates the same
direct band alignment for ML and BL.
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3 Exciton-phonon coupling in mono- and bilayer Mo'Teq

3.2.4 Connecting hints for direct BL emission

In conclusion, we have analyzed the temperature dependence of the energy, linewidth, and
intensity of the exciton luminescence of ML and BLL MoTes. The linewidth exhibited by MoTe,
at low temperature is comparable to other Mo-based TMDCs, but we find a very low coupling to
acoustic phonons. This leads to a stable narrow linewidth of the MoTe, emission in particular
at low temperatures, where optical phonons still play a little role. The coupling to optical
phonons is more pronounced for the BL, however, the adverse effect of a somewhat stronger
line broadening is compensated by the very bright luminescence of the MoTe, BL. In the linear
excitation regime at low temperature, we observe an approximately twice as large emission
intensity of the BL. compared to the ML. The shift of the emission wavelength and the intensity
decay of the emission with increasing temperature both support the assumption that the MoTes
BL has the same direct band alignment as the ML, in contrast to BLs of all other TMDC

materials.

54



4 Phonon-limited Mobility in MoTe>

In this chapter, we study the temperature dependence of Gaussian and Lorentzian linewidths
of the quasiparticle photoluminescence of monolayer and bilayer molybdenum ditelluride in
the temperature range between 5 K and room temperature. In an analysis of the Gaussian
linewidth we disentangle the effects of local defect potential induced fluctuations of the layer
width and the influence of trions with slightly different (~ 2.2 meV) energies, particularly in the
bilayer. The Lorentzian part of the Voigt lineshape function for exciton and trion emission in
monolayer and bilayer gives an estimate of values for exciton and trion deformation potentials
and acoustic and optic phonon limited mobility in molybdenum ditelluride. We estimate a lower
limit of 6000 cm?V~!s™ (2000 cm?V~1s™1) and 4300 cm?V~'s™! for the exciton (trion) acoustic
phonon limited mobility at 5 K for MLL and BL, respectively. At higher temperatures, the op-
tical phonons dominate, limiting the mobility. Compared to estimated values for molybdenum
diselenide in the literature, [69] molybdenum ditelluride is an excellent candidate for designing
opto-electronic devices based on this high mobility combined with the semiconducting behavior
essential for optoelectronic applications. Combining the two properties is necessary to satisfy
the growing demand for touchable and wearable electronic devices. TMDCs can be an adequate
material in addition to the zero bandgap material graphene, which features a high quasiparticle
mobility [15, 20]. In the following sections, we extract upper and lower mobility values for
excitons in monolayer and bilayer. All in all, the finite direct bandgap of the monolayer and
bilayer, the robustness and the non-necessity of encapsulation make molybdenum ditelluride a

promising material for opto- and valley-tronic applications.
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4 Phonon-limited Mobility in Mo'Tey

4.0.1 Introductory remarks

The previous chapter deals with the Voigt linewidth of the PL and raises a number of ques-
tions about homogenous and inhomogeneous parts of the linewidth and how they connect to
quasiparticle behavior. Therefore, we base the following analysis on the temperature dependent
photoluminescence of ML and BL MoTe, from flake 1 (cf. section 2.3) investigated in chapter
3. Here, we focus on the Gaussian and Lorentzian linewidth part of the Voigt functions in more
detail. By investing the individual linewidth parts, we are able to disentangle the effects of
homogenous and inhomogeneous linewidth and the corresponding broadening mechanisms. In
the previous chapter, we confirm a trion transition in the B MoTey. Now we investigate which
trions in particular participate in the bright optical transition for both ML and BLL MoTe,. To
do so, we compare the Gaussian linewidth of exciton and trion for both ML and BL MoTe,.
In addition, the Lorentzian part gives us information about intrinsic linewidth and lifetimes of
the related processes. The temperature evolution of the Lorentzian linewidth clearly shows a
phonon dominated broadening. The phonon broadening is estimated by phonon coupling to the
excitons. Relaxation times of the carriers depend on their energy and on scattering mechanism
with phonons. Starting from this assumption, we can directly link linewidth broadening to de-
formation potentials, scattering, relaxation lifetime and, thus, address the transport properties

like mobility.

4.1 The Gaussian linewidth - investigating inhomogeneity

In this section, we focus on the Gaussian part of the Voigt profile. The Gaussian linewidth
is indicative of inhomogeneous broadening due to defect induced broadening and several non-
radiative processes, as it would be the case for a randomly fluctuating local potential via defects.
In principle, we understand the inhomogeneous broadening as a number of sharp emission peaks
overlapping slightly in energy, thus, forming a much broader band [10].

Figure4.1 (a) shows the FWHM of the Gaussian portions of the linewidths for ML (vio-
let squares) and BL (gray circles) exciton (closed symbols) and trion (open symbol) versus
temperature at an excitation intensity of 35 Wem™2. We observe an approximately constant
Gaussian FWHM (') for the whole temperature range. The data below 60 K are especially
interesting for a detailed consideration of the trion, as the trion signature vanishes at higher
temperature as investigated in chapter 3. The Gaussian linewidth in the temperature range is
linearly fitted (solid lines). The ML exciton has a I'¢ = (6.9 £ 1.8) meV and is comparable to
the Voigt FWHM as exemplary shown in Fig. 4.1 (b) as a function of excitation intensity at
24 K. This indicates that especially at lower temperatures the dominating broadening process is
inhomogeneous. The ML trion in Fig. 4.1 (a) (violet open squares) shows a similar broadening

compared to the exciton of I'¢ = (6.8 & 1.4) meV indicating that similar processes and local
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4.1 The Gaussian linewidth - investigating inhomogeneity

potential changes influence the emission energy of the quasiparticles in ML. We can estimate
the broadening due to layer thickness fluctuations induced by defect potentials by [10]
h2m? 1 1
F - 2 5Ee 5E = 2
= @)E. + 08, = |2+

e

] 5L,

mp,

where in case of the trion we have to consider the factor 2, L is the layer thickness, and JL
is the change in layer thickness. We estimate for the ML exciton and trion a change in layer
thickness of L ~ ((4.7£1.2)%-a and 0L = (3.1£0.6)% - a in percentage of the lattice constant
a. Thus, a comparable change in layer thickness due to the influence of a potential induced
by defects of exciton and trion results in a stronger inhomogeneous broadening of the trion.
At temperatures between 45-55 K the change of the layer thickness dL is smaller compared
to lower and higher temperatures indicating that the electrons are interacting more and more

with the same defect states resulting in a modified Gaussian shape.
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Fig. 4.1: FWHM of the Gaussian (a) part of the Voigt fit for ML (violet squares) and BL (gray circles)
excitonic (closed symbol) and trionic (open symbol) emission versus temperature at 35 Wem ™2
The solid lines represent linear fits with zero slope. (b) Excitation intensity dependence for ML
and BL Voigt FWHM at 24 K.

The broadening process is dominating for thin layers as it scales with 1/L3. The BL exciton
shows a pronounced broadening compared to the ML of I'g = (10.7 £ 0.6) meV in Fig. 4.1 (a,
gray closed circles) at low temperatures resulting in a change of layer thickness of (11.4+0.3)%-a
which is in principle twice as much as the ML, as we expect. The BL trion (gray open circles)
shows a pronounced broadening of I'¢ = (16.5 + 0.6) meV exceeding the broadening of the
exciton, in contrast to the ML data. We found that the broadening is ~ 1.5 times of the
broadening of the BL exciton. As the ML trion broadening does not differ drastically from the
exciton, at least trions of two different energies have to be considered for the BL. To study
this problem in detail, we investigate the trion nature in ML and BL MoTe, in the following

sections.
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4 Phonon-limited Mobility in Mo'Tey

4.1.1 Which is the main trion in the ML?

For the ML, I'g of exciton and trion remain similar through the whole temperature range.
This indicates the presence of only one trion species which we confirm by an equal excitation
intensity dependence in Fig. 4.1 (a, violet symbols). To identify the trion state we discuss
the level schemes of exciton and trion for the ML. We start with the ML exciton. The level
schemata for the exciton are represented in Fig. 4.2. There are eight possible exciton states.
Due to the special band structure of the Mo-based TMDCs, as introduced in section 2.1, the
lowest optical transition is bright, and electrons and holes have the same spin. Therefore,
the dark excitons, where the electron and hole have opposite spins are not the energetically
preferred. In (a) and (c) bright excitons within the same valley are created. We call this type of
exciton an intra-valley exciton. Both excitons are energetically identical and can be excited by
left or right circular polarized light. The second pair of bright excitons (b,d) is a so called inter-
valley exciton as electrons and holes located in opposite valleys. This exciton configuration is
energetically not favorable compared to the bright exciton state. (e,g) and (f,h) represents dark
exciton states which cannot be detected with PL measurements. In typical semiconductors
where the binding energy of the dark exciton is smaller than the one of the bright exciton [31]
these states are preferred scattering states of the bright excitons due to non-radiative decay. In
the case of MoTe,, the dark inter-valley exciton (f;h) is a possible scattering channel. However,
the exciton state we can observe in PL has to the bright intra-valley exciton. We use the

observations made on the exciton to now investigate the trion states.
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ML . ML . , .
Koo K Ko (K Ky Kol Ko (Ko
WO\ N\ NN NS
(a) (c) (e) (g)
ML . ML , . .
K,+ K , K’* K|l K, K W K, K,
‘\, 4 /|| N, 4 N4\, ) Uir \« 4 W74
~ 7/ ~7/ N/ N~/
(b) (d) (f) (h)

Fig. 4.2: Sketch of the ML, bright (violet) and dark (light violet) excitons in the K and K’ valleys. (a,c),
(e,g), (b,d), and (f,h) represents excitons with the same energy where the electron and hole are
located in the opposite valleys, respectively.

The possible trion states are sketched in Fig. 4.3 for bright (violet) and dark trions (light vio-

let). There are 12 possible trion states, we only show six in Fig. 4.3 as the other six correspond
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4.1 The Gaussian linewidth - investigating inhomogeneity

to the trion states where the carriers are located in the opposite valley. The three dark trion
states all being inter-valley trions. (e) and (f) have the opposite spin for the electron/hole pair
and the extra electron (excess electron). (d) has the same spin for the e-/h pair and the excess
electron. (d) and (e) are non-degenerate in energy though due to identical spin of the excess
electron and the e-/h pair the energy of trion (d) is enhanced [35, 197]. In addition, there are
three bright trion states. (b) is the intra-valley trion and it is energetically comparable to the
inter-valley trion (c¢) apart from the small separation in energy due to the same spin states of
the e-/h pair and the excess electron in (c¢). With the lowest-energy exciton of MoTes being
bright, the most relevant trion state in particular at low temperature is an inter-valley trion
(a) with the exciton occupying the K/K’ valley and the extra electron residing in the lowest
energy level of the conduction band of the K'/K valley [159]. It has the lowest energy of all
possible trion states, bright or dark. As the inter-valley trion is bright and low in energy it
dominates the PL emission. We expect these trions to form from intra-valley excitons by cap-
turing an extra charge [122]. The responsible processes will be investigated in detail in chapter
6 in pump probe measurements. However, the trion and its opposite valley trion have the same
bright exciton as initial state consequently exciton and trion show comparable inhomogeneous

broadening of the linewidth.
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Fig. 4.3: Sketch of the ML, bright (violet) and dark (light violet) inter- and intra-valley trions in the K
and K’ valleys.
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4 Phonon-limited Mobility in Mo'Tey

4.1.2 Which is the main trion in the BL?

As presented in the BL, values for ' differ from exciton to trion by a factor of 1.5. As observed
previously in WSe, [35, 159, 197], spin degenerate trion states split in energy. Therefore, we
first investigate the level schema of the exciton in the BL in Fig. 4.4. The BL is in principle
a set of two ML stacked together by Van der Waals forces as introduced in chapter 2.1. In a
homo-bilayer the K and K’ valleys are no longer coupled to spin as introduced in section 2.2,
so that we cannot distinguish valley K from valley K’ point in terms of spin as observed in
the ML. We illustrate this in Fig. 4.4. Due the AA’ stacking in the natural homo-bilayer, the
upper and lower layers have opposite spin. That means a bright exciton is either located in the
upper or the lower valley as sketched in Fig. 4.4. There are eight possible bright excitons, we
only sketch the energetically lowest ones chosen equivalent to the ML case. For the BL trion,
more possible configurations can be imagined, with the extra charge being confined to either

of the two layers due to restored inversion symmetry, thus weakening valley selection rules.

(a) BL upper Iaygr BL lower layer
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Fig. 4.4: Sketch of the upper, and lower BL K and K’ valleys plus energetically optimal bright excitonic
states.

There are 28 possible optically active bright trion states in BL TMDCs. 12 of these are so-
called intra-layer trions, whereas the others are upper and lower inter-layer trions. 16 out of 28
are energetically unfavorable at low temperature and small excitation density. The remaining
states are sketched in Fig. 4.5 for the exciton in the K valley and upper layer. A fine structure
trion splitting (trion states with distinguishable energy) is observed in WSes due to short

range contributions to electron-electron and electron-hole (J!,) Coulomb exchange interactions

(&
(35, 197]. According to Ref. [197], only trion states where electron-hole pair and the extra
electron have the same spin show a non-zero exchange interaction between the excess electron
and the electron hole pair. Consequently, we do not expect to see a splitting in ML inter- to

intra layer trions. However, the non-zero J!, causes a shift of the intra-layer trion to higher
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Fig. 4.5: Sketch of the upper, and lower BL K and K’ valleys plus energetically optimal bright excitonic
and trionic states. Thereby, the bright exciton is highlighted by an ellipse color. J/, denotes the
exchange interaction energy between the excess electron and the electron-hole pair.

energies in BL. The splitting can be estimated by [197]

, 0.6a €2 _ 0.6a Epipg x ap

eh ™

~ 2.2meV, (4.1)

dacy €scen,  4Gen,  Qen

where we use the estimate of the Bohr radius and Rydberg energy in eq. 2.3 and assume the
binding energy is equivalent to the Rydberg energy so that Ej,q ~ 509 meV in agreement
with chapter 5 and Ref. [134], ag = 2 nm is the Bohr radius, « = 0.352nm [78] is the lattice
constant, and a., ~ 2.5 - ap [197, 203] is the distance from the excess electron to the hole.

As discussed above in Fig. 4.1 (a), the BL trion shows a linewidth broadening 1.5 times
of the BL exciton in contrast to the ML. This observation agrees with the assumption of a
split trion state in the BL with a splitting of ~ 2.2 meV. We observe in Fig. 4.1 (a, violet
open symbols) the envelope of two energy separated inhomogeneous broadened trion states.
Therefore, the measured Gaussian linewidth consist of a mixture of the inter- and the intra-
layer trion states. The Voigt FWHM in Fig. 4.1 (b) varies for the BL trion with excitation
intensity from broadening comparable to the ML to a twice as large FWHM at higher excitation
intensity. As the excitation intensity is directly linked to carrier densities as shown in section
3.1.2 we can understand this process as population of the intra-layer trion state with an energy
separation to the inter-layer exciton of 2.2 meV. So, this means at low excitation density one of
the trion states is preferentially populated. By increasing the excitation intensity, more carriers
are able to populate the layers and so both trion states are populated equally.

In conclusion, we investigate the inhomogeneous linewidth and find that the broadening is
dominated by fluctuations of the layer thickness (0L) by local potential changes for example by
defects. In addition, we find the main trion, namely the bright inter-valley trion in the ML and
the bright intra- and inter-layer trions in BL, to be responsible for the measurable emission in
PL spectroscopy. Additionally, the two trions in BL are energetically separated and explain the
unusual strong broadening in the BL trion emission. In pump probe experiments (cf. chapter

6) we can further investigate the dark states which cannot been measured in PL.

61
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4.2 The Lorentzian linewidth and its connection to transport

properties

In this section, we analyze the homogenous linewidth and address parameters of intrinsic
linewidth, exciton-acoustical and -optical phonon coupling and optical phonon energy. We
directly link the parameters to dephasing time, deformation potentials, and transport prop-
erties like phonon limited mobility and relaxation time. We find out that especially at low
temperature MoTe, has promising transport properties usable in opto-electronic devices.
Firstly, we investigate scattering induced broadening of the linewidth. As clarified in the
previous chapter in detail, broadening of the linewidth is attributed to phonon processes by
equation 3.4. By disentangling the Lorentzian and Gaussian parts of the linewidth we can
ignore influences of inhomogeneous broadening. Homogenous effects affect the whole exciton
population equally, such as scattering with phonons, and can be analyzed by the Lorentzian
linewidth I'y. To do so, we repeat the linewidth broadening analysis from chapter 3 and
separate the problem into two temperature ranges. For temperatures below 60 K we assume
dominant scattering by acoustical phonons and for the whole temperature range we take optical
phonons additively into account. At low temperature, we can also investigate trions introduced
in chapter 2.1.2, which vanish for higher temperatures. As we only consider trions at these
low temperatures we ignore fermionic broadening of the linewidth, the more so as we do not

observe an asymmetric trion lineshape typical for the fermionic broadening [31].
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Fig. 4.6: FWHM of the Lorentzian part 'y, of the Voigt fit for ML (violet squares) and BL (gray circles)
excitonic (closed symbol) and trionic (open symbol) emission versus temperature for two different

temperature ranges. The data in (a+b) are fitted by broadening equation 3.4 where we in (a) set
I'o ~0.

The data for homogenous broadening are presented in Fig. 4.6 (a+b) for ML (violet squares)

and BL (gray circles) for the two different temperature ranges. For low temperatures the
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4.2 The Lorentzian linewidth and its connection to transport properties

Table 4.1: Fitting constants for ML and BL linewidth broadening.

Lo (meV) yra(peVK™!) To(meV) Ep(meV)

ML X° 0.1 55+ 5 20 31+1
ML X7 0.6 163 £ 15

BL X° 0.1 39+6 70 19=+1
BL X7 4.0 39+6

Lorentzian FWHM increases linearly with temperature (Fig.4.6 (a)) for all quasiparticles.
Thus, we analyze the low temperature data by only considering acoustical phonons by a linear
version of eq. 3.4, namely 'y, = I'g + v47. Please note, 'y now only describes intrinsic broad-
ening mechanisms. Considering the whole temperature range, we observe the same non-linear
increase of the linewidth with increasing temperature as in the previous chapter. We fit the
data of Fig. 4.6 (b) by eq. 3.4, assuming the same values for 74 and Iy as extracted from the fit
of the low temperature range. I'p is chosen within the errors of chapter 3. Fig. 4.6 (b) indicates
that 55-60 K are well chosen as turn-off temperature by comparing the variation of the data
to the extrapolated v4. The resulting parameters for MLL and BL. MoTe, are summarized in
table 4.1. In the following sections we analyze the fitting parameters in more detail and connect

them to transport properties and dephasing time.

4.2.1 Intrinsic broadening and lifetime

The first term in the linewidth broadening fit 'y is called intrinsic linewidth. The values for I'y
are extracted from the fit and summarized for ML and BL exciton and trion in table 4.1. T’y is
determined by a number of scattering processes like radiative recombination, exciton-exciton
scattering or spin-flip scattering. In addition, the intrinsic linewidth is linked to a dephasing
time Ty = 12% We estimate T5 times of 13 ps and 2.2 ps for ML exciton and trion and 13 ps
and 0.3 ps for BL exciton and trion, respectively. The T, for ML and BL exciton are similar,
indicating that comparable processes on similar timescales are responsible for the intrinsic
broadening. The trion dephasing time is smaller than the exciton in case of the ML indicating
that we are dealing with intrinsic linewidth, otherwise the exciton Ty should be smaller than
the one of the trion due to non-radiative phonon mediated exciton to trion scattering channels.
The I'y of the BL trion is high compared to the ML exciton and trion and BL. We attribute this
high value due to the energy shift in between two different trion modes in the BL of 2.2 meV.
Taking these separations into account, comparable intrinsic linewidths for both trion modes
are possible. Further measurements on the BL for example on electrically gated samples may

allow to better resolve each trion separately.
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4.2.2 Quasiparticle coupling to phonons and deformation potentials

As investigated in chapter 2.1.4, excitons interact with phonons, which is modeled by the
transition rate W (k, k') in equation 2.6. The acoustic phonon limited Lorentzian linewidth is
directly linked to the rate by [10]

r, = ZLW(k, K). (4.2)

The transition rate is determined by the deformation potential. Def. 2 indicates that the

deformation potential changes with the involved phonon modes/branches.

Scattering with acoustic phonons, especially TA and LA as introduced in section 2.1.4 is
elastic as the energy of the phonons is small compared to kgT', thus, ¢ = 2ksin(6/2), where
0 is the angle between k£ and k. The coupling matrix element scales linearly in ¢ such that
M, = Dx - q. Note the ZA phonon mode scales quadratically in ¢ and is not investigated in
the long-wavelength limit [69]. The deformation potential for an exciton reads Dy = D, — Dy,
[10, 156], where D) is the electron (hole) deformation potential. Thus, we can estimate
the scattering rate W (k, k') for optical excitation with & = 0 analogous to a quantum well of

thickness L for + absorption and — emission of a phonon [10] by

3ksT My (D, — Dy)?

Wk =0) = Ah3 pv2L ’

where Mx is the exciton mass, p is the density of MoTe,, v is the sound velocity, and L is
the well thickness. Combining the equation with eq. 4.2, we can directly link the temperature
dependence of the homogenous linewidth displayed in Fig. 4.6 (a) to the deformation potential
(D, — Dp)?. The slope of the linear function is associated with the exciton-acoustic phonon
coupling v4 x = 55 ueV K= (For more details we refer to chapter 3). Taking into account a
thickness dependence of the coupling as derived for quantum wells in Ref. [10], the relation of

exciton deformation potential due to acoustical phonons and linewidth broadening is given by

2. 3kpTMyx (D, — Dy)?
8h2pv2L

= 'VA7XT7 (43)

where the factor of 2 originates from absorption and emission of phonons. The exciton mass
Mx = m! + mj = 1.29 m, [128] of ML and BL is calculated by the effective electron (m?)
and hole (m}) masses. The material density is p = 7.7 ¢ cm™®. The published values for the
speed of sound in MoTe, differ by 50% from 3.5 km/s (Ref. [27]) to 5 km/s (Ref. [61]), however
it allows an estimate of the deformation potential. Atomic force microscope measurements
yield a layer thickness of 0.66 nm, cf. section 2.3.1. We obtain upper and lower limits for
Dx = D, — Dy, of 6.3 eV and 4.4 eV, respectively. These values are very similar to the results
obtained for MoS, and MoSes by Shree et al. in Ref. [156]. In the BL, the exciton coupling to

acoustic phonons Y5X = 39ueV K is weaker than for the ML exciton as already investigated
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4.2 The Lorentzian linewidth and its connection to transport properties

in chapter 3. The resulting upper and lower limits for Dx = D, — Dy, of 7.5 €V and 5.2 eV,
respectively, are larger than for the ML exciton. We assume this can be the result of larger
carrier interactions with local changes in the crystal potential by lattice vibrations due to either
a larger lattice or additional interactions with the out of plane ZA phonon mode in the BL.
Besides, the deformation potential is directly linked to the shift in the bandgap [9] investigated
in section 3.2. Thus, a higher deformation potential observed in the BL. compared to the ML
induces a higher bandgap shift, matching our observations of a net shift of (83 4+ 2)meV and
(90 &+ 2) meV for ML and BL, respectively. The ratio of the bandgap shift is similar to the
ratio of the deformation potentials for ML and BL AFE)y;,/AEgy, ~ Dx/Dr. This agrees with
the statement that the bandgap shift is induced mostly by lattice interaction with acoustical
phonons made in the previous chapter. Trions display a three times larger phonon coupling
of yar = 163 ueV K~! than excitons which is due their extra charge. This is also confirmed
by a vanishing trion emission for temperatures higher than 60 K, whereas the exciton emission
is observable up to room temperature. We assume that the trion has a deformation potential

consisting of one hole and two electron deformation potentials [123]

Dr = 2De - th

3kpT(Dem’2—Dypm?’)?
4h3pv2L

ment that the trion emission reads as a many body effect between excitons and free carriers

where we assume that the scattering rate W(k, k') x = and follow the argu-

(cf. Ref. [31] and section 2.1.3). Therefore, we can estimate a similar exciton-acoustic phonon
coupling for the trion deformation potential

2. 3kpTMp(2D, — Dy)?
8h2pv2L

=varTl, (4.4)

where My = 2m} + mj = 1.93 m, is the trion mass. We obtain upper and lower limits for Dp
of 8.88 ¢V and 6.22 eV, respectively. Thus, we can estimate upper and lower electron (hole)
deformation potential to be D, = 2.58¢eV and 1.82¢eV (D), = —3.6eV and —2.6eV) being in the
same order of magnitude as the theoretical estimates in Refs. [61, 204]. As trions have a stronger
phonon coupling, they are suited for detection of small vibrations of the lattice structure.
Especially TMDCs are an ideal model system to study these trion effects as the binding energy
is large enough to separate the trion emission from the exciton and to entangle phonon-coupling
effects. In addition, the calculable trion deformation potential allows to estimate the effects of

electrons and holes only in theory calculations.

The coupling matrix element for optical phonons is inelastic and scales in zero and first order
in g, thus M g = D? + D} -q, where D? and Djl- are the zeroth and first order optical deformation
potentials. Thereby, the symmetry of the deformation potential in k space determines which

phonons are allowed in zeroth or first order. TO phonons are describable by the first order
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deformation potential, the homopolar and the LO mode correspond to a zero order deformation
potential and have finite values [69]. From our temperature-dependent Lorentzian linewidth
broadening in Fig. 4.6 (b), we can extract the phonon energy of the optical phonons Ey to be
(31 £ 1)meV and (19 £ 1) meV for ML and BL, respectively. Comparing Eo to the calculated
phonon dispersions in Fig. 2.7 (a) and the associated Raman measurements for the ML and
BL in Fig. 2.7 (b) from Ref. [48] we can compare the energies of the phonon modes. We find
that Fp = 31 meV and 19 meV for ML and BL mostly overlaps with the energy of longitudinal
optical phonons, mainly polar and homopolar LO phonons (Egg) in case of the ML and polar TO
and LO (A, and Ej,) phonons in case of the BL. Therefore, mainly LO phonons contribute
to the exciton phonon coupling for the ML in perfect agreement with Ref. [69]. Under the
assumption that both LO modes (polar+homopolar) correspond to a zeroth order deformation
potential in g as predicted by Ref. [69] we can restrict our considerations to scattering described
by zeroth order deformation potential D° theory for the ML. Note the homopolar phonon
mode dominating in the ML is induced by vibrations perpendicular to the layer changing layer
thickness rapidly [69]. This can explain why the mode is less dominant in the BL as vibrations
of two layers can cancel out each other. In the case of the BL first order deformation potentials
have to be considered further, due to the strong TO mode interactions, thus M, = D9,+D};-q.
In contrast to interaction with acoustic phonons, for inelastic scattering we cannot neglect
the phonon energy in the calculation of the scattering rate. Thus, equation 2.6 cannot be
solved analytically. As an approximation, we estimate the zeroth order deformation potential
from calculations of electron deformation potentials of DY, = 1.34 - 10%¢V cm™! for the LO
phonons. Consistent with Ref. [69], the zero order deformation potential dominates the first
order deformation potentials at low and moderate energies. We assume a first order T'O phonon
deformation potential of D}, = 1€V to investigate the effect on the transport properties with

or without the first order approximation.

4.2.3 Transport of carriers

The transport of carriers plays an important role in opto-electronic devices. So, it is necessary
to determine how particles behave under external force, like electric field, heat, and external
concentration. In an environment without external force particles move Brownian like with
interactions between carriers, impurities, and lattices resulting in a mean thermal speed of v.
The time between collisions is called the relaxation time 7, directly linked to the distance the
carrier travels without collisions. The relaxation time is temperature-dependent and impurity-
dependent. Applying a force, carriers start to move along the bands due to the equation of
motion, where the mass is characterized by the effective mass m™* as introduced in chapter 2.1.

The ratio of the charge of the carrier e times the average relaxation time (7) and the effective
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4.2 The Lorentzian linewidth and its connection to transport properties

mass m* yields the mobility [7]
e(r
= L (4.5)

m*
Note, the carriers in our case move in a crystal with periodic lattice potential and are assumed
to be described by Bloch states (cf. section 2.1.1)). Vibration of the lattice (phonons) results
in scattering transitions of these Bloch states from |nk) to |nk’) assuming intra- and inter-band
scattering, with a scattering rate W (k,k’). Thus the relaxation time 7 can be described in

terms of scattering rate [7, 69]

1 N3

T /W(k;,k;)d K, (4.6)
i.e. the scattering mechanisms define the relaxation time. There are several different scattering
mechanisms like impurity and phonon scattering. As we are dealing with temperature evolution,
especially scattering with phonons is assessable. Here, we can connect the previous discussion
of linewidth with the relaxation time: Scattering broadens the linewidth and scattering defines
the relaxation time. Thus, linewidth broadening can quantify scattering mechanisms which can
in turn reveal insights into the relaxation time. And from the relaxation time, the mobility can
be computed according to eq. 4.5.

We can determine acoustical or optical phonon limited mobility. We neglect other processes
such as impurity scattering or electron scattering which further can be summed up via the
Mathissen rule [61] to the phonon limited mobility. As discussed above acoustic phonons domi-
nate mostly at low temperatures, optical phonons play an increasing role especially at elevated
temperatures up to room temperature due to small optical phonon energies as calculated by
Ref. [69] for MoS,. For MoTe, the phonon energies are even smaller than for MoS, [6, 48],
thus acoustical and optical phonons are expected to limit the mobility early on [61], resulting
in 1/up =1/pa+ 1/po with pp the total phonon-limited mobility, 4 the acoustical and uo
the optical-phonon-limited mobility.

4.2.4 Acoustical phonon limited mobility and relaxation time

In the case of acoustical phonons, i.e. assuming elastic scattering, the resulting relaxation time
is estimated by eq. 2.6 and eq. 4.6 to be [156]

1 2 .
T h i
_ MkgTD?
a h?’PQDU?g

where E, is defined in eq. 2.2 under the assumption of parabolic bands, M and D are either

Mx or My and Dx or Dy, and we neglect the energy of the acoustical phonon Aw,. Using
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Fig. 4.7: Exciton (closed symbols) and trion (open symbol) mobility and relaxation times versus tempera-
ture for ML (violet squares) and BL (gray circles) MoTes.

eq. 4.5 the acoustical phonon limited mobility is

3 2
e’ papvi

A= YRk TD (4.7)

where pop is the two dimensional density. The literature values for exciton mass M and sound
velocity vg differ significantly, thus, the deformation potentials can be obtained only as a rough
estimate, whereas the mobility can be expressed in terms independent of these values (cf.
eq. 4.8). It is possible to obtain a good approximation of the acoustical phonon limited carrier
mobility p4 for excitons and trions. By combining equations for mobility and deformation
potential for exciton eq. 4.3 and trion 4.4 [61, 156, 204] and assuming that the 2D density (p2p)
is the density times half lattice constant ¢=1.39 nm (cf. section 2.1 and [138, 156]) w4 can be

estimated via
3ehc 1 e

T8ML 4T M P

o (4.8)

and is directly linked to the relaxation time for exciton acoustic phonon scattering [70]. Here, e
is the elementary charge. The resulting mobility and relaxation times are plotted in Fig. 4.7 for
ML (violet squares) and BL (dark gray circles) exciton (closed symbol) and trion (open symbol).
Please note that the values for the relaxation time differ from exciton to trions due to varying
effective quasiparticle mass M and quasiparticle phonon coupling v4. The mobility scales
inversely with temperature, reaching high values at low temperature. Besides, a temperature
independent parameter to study the transport properties of excitons (trions) is the so called
diffusion coefficient [36] Cp;rp = pra/ekpT = (2.6 £ 0.2) cm?s™! ((0.9 +0.1) cm?s™1).

We observe relaxation times in the order of 3 ps for the exciton decreasing with increasing
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temperature as interactions with phonons become more intense. This is comparable to the
radiative lifetime measured in MoTes ML [134]. Impacts on the lifetime of the excitons will
be investigated in detail in chapter 6 by pump probe measurements. The trion has a lower
relaxation time than the excitons, this is unusual compared to measurements of MoSe, in
Ref. [133] where the trion lifetime is larger than the one of the exciton. Thus, especially in
the case of the trion other processes instead of phonon limited lifetimes have to be considered.
The BL exciton on the other side shows comparable relaxation times in good agreement with
Ref. [134] supporting the hypothesis of a direct semiconductor transition from chapter 3 which
make the BL MoTe; an adequate candidate for TMDC hetero-structures.

We estimate a lower limit of 6044 cm? V! s71 (2038 cm? V™! s71) and 4260 cm? V! 57!
for the exciton (trion) acoustical phonon limited mobility at 5 K for ML and BL, respectively.
The associated values for the electrons and holes in ML at the same temperature are even
higher, we calculate values of 61122 cm? V~! s7! for the electron and 29035 cm? V~! 7!
for the holes as expected by the smaller deformation potentials compared to the exciton. As
expected for TMDCs, the holes are less mobile than the electrons. The growing demand for
touchable and wearable electronic devices has sparked a great amount of research activity in
the direction of flat and flexible electronically active materials. The most prominent example
is the two-dimensional (2D) material graphene, which is readily manufactured and features
a high quasiparticle mobility [15, 20] as an essential prerequisite for efficiently functioning
devices. Graphene, however, is lacking a finite direct bandgap limiting its applicability in opto-
electronics. So TMDCs with the non-zero bandgap and high exciton and trion binding energies

will be adequate candidates.

Most of the theory papers in the literature only investigate the mobility at room temperature
[61, 66, 204]. Only few, like Ref. [70] calculate MoS, mobility for temperatures below 100 K.
Ref. [70] estimates that the acoustical phonon limited mobility depends further on the carrier
density influencing the temperature-dependence of the mobility p ~ T, i.e. with increasing
carrier density 7 increases. For carrier densities used in our experiments (cf. chapter 3, n ~
10" em™2) the T~! dependence is justified. So Ref. [70] finds an electron mobility at 4 K of
1.5-10% cm? V=1 s, perfectly comparable to our results. Comparing this to the mobility found
in graphene of 2:10° cm? V~! s7! at the same carrier density [15], the values are in the same order
of magnitude. Increasing the carrier density, e.g. by increasing excitation power can further
improve the mobility. Comparing our results to other commonly used semiconductors like
Silicon (Si) having a comparable but indirect bandgap [14] and a mobility at low temperature
of 10 cm? V~! s7! [167], we find MoTe, to provide superior mobility. Thus MoTe, is a
promising material for opto- and valley-tronic applications due to its high mobility, finite direct
bandgap of the monolayer and bilayer, the robustness, and the non-necessity of encapsulation.
For a better comparison at higher temperature optical phonon mobility has to be taken into

account.
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4.2.5 Optical phonon limited mobility and relaxation time

Optical phonon scattering have been previously investigated in calculations [61, 66, 69] on ML
TMDCs at high temperatures. Comparable to the acoustical phonon scattering we combine
eq. 4.6 and eq. 2.6, with two major differences (i) the phonon energies are too high to neglect
them and (ii) the phonon scattering with optical phonons in inelastic. To handle the problem
we split the inelastic scattering in a part describing out-scattering contributions and a part
describing in-scattering where the out-scattering part can be simplified analytically to an in-
elastic scattering rate proportional to the inverse carrier lifetime 7, and inverse optical phonon

limited mobility po for both zero and first order deformation potential in ¢ by [69]

o Tinel€ o 2€hmeO
HOT M T (DY)
o Tinel© ehsmeO

—1
HO ="M T M3(Dh,)? (26 + Eo) + "0/ O exc — Eo) (26 + Eo)| Ny,
T

[1 + ePo/ksT Q¢ — EO)} o Ny?
(4.9)

where Ny ~ kgT/Eo is the Bose-Einstein distribution in first approximation, ex is the carrier
energy, and O(ex — Ep) is the Heaviside step function [69], which assures that only excitons
with a certain energy can emit a phonon. Precisely, the equation above is designed for fermionic
particles describing the mobility of electrons. In MoTe, electrons and holes have comparable
masses [128], thus, a comparable curvature of the band structure and group velocity. The
exciton is a localized electron hole pair moving in the lattice, thus, we assume a comparable
description for the exciton movement limitations. However, as investigated in detail in section
4.2.2 we assume a zero order deformation potential for LO phonons of DY, = 1.34 - 10%eV
cm ™! [61] and a first order deformation potential for TO phonons of D}, = 1€V. In case of the
ML we only consider LO phonons. In contrast, in the BL both LO and TO phonons have to
be included in the investigation. As proposed by Ref. [69] the zero order deformation potential
should dominate the mobility. Therefore, we calculate the mobility by puo = 1/(1/ud + 1/ug)
and without first order deformation potential for the BL.

The results for the optical phonon limited mobility as a function of carrier energy are pre-
sented in Fig. 4.8 (a) for ML (violet squares) and BL (without DL,: gray circles, with Di:
blue line) at room temperature. Here, the mobility differs for ML and BL more than in the
case of acoustical phonons (cf. chapter 3) supporting the higher coupling of excitons to optical
phonons for the BL. Thus, optical phonons limit the mobility at high temperature stronger for
the BL as for the ML. As expected, the first order deformation potential does not influence the
optical phonon limited net mobility. For higher carrier energies above 250 meV the TO phonon
modes further limits the mobility.

Now, we investigate the temperature dependence by calculating the mobility for a carrier
energy ey above and below the phonon energy Eg, and plot this in Fig. 4.8 (b) versus tem-

perature as open and solid symbols, respectively. The calculations are limited to excitons
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Fig. 4.8: Exciton optical-phonon-limited mobility dependent on carrier energy at 300 K (a) and temperature
(b) for ML (violet) and BL with (blue) or without (gray) first order deformation potential D1..
In (b) we present the mobility evolution for carrier energies ex lower (open symbols) and higher
(closed symbol) than the phonon energy Eo versus temperature for MoTes.

here, as the trion signature disappears at higher temperatures, and the optical phonon inter-
action becomes significant only at temperatures above 40 K. Remember, below 40 K mainly
the acoustical phonons limit the mobility. For lower temperatures, we get an extremely high
optical-phonon-limited mobility for ex < FEp indicating that such excitons are not impaired
by optical phonons. For high temperatures (around room temperature) optical phonons limit
the mobility of these low-energy carriers strongly. The opposite trends are observed for car-
rier energies exceeding Ep. We can estimate an upper and a lower value of 1126 cm?/Vs and
295 cm? /Vs for the optical-phonon-limited mobility in ML and 251 cm?/Vs and 140 cm?/Vs for
the BL at room temperature. Compared to other TMDCs, the ML displays a high mobility
in the room-temperature limit [61, 66, 69, 70, 204], whereas the BL shows values comparable
to the ML mobility of other members of the TMDC family [66]. Moreover, there is a set of
experimental observations on room temperature mobility yielding 3-10 cm? V~! s for MoS,
[114, 125] indicating that beside the phonon limited mobility discussed here further processes
like ionized or neutral impurity scattering dominate the mobility processes at room tempera-
ture. We confirm that the zero-order deformation potential is a good approximation for the
BL, as taking into account the first order deformation potential does not change the mobility at
all. The deformation potential, acoustical phonon limited mobility at 5 K and optical phonon

limited mobility at room temperature are summed up in table 4.2.

All in all, we investigate the trion nature of the second peak in BL, and attribute it to
two trion states, inter- and intra-layer trion, which are separated by 2.2 meV. Thereby, we
can explain the mismatch in Gaussian FWHM at exciton and trion in BL. Moreover, mobility
restricted by acoustical and optical phonons has been estimated for exciton, trion, electron,

and hole and directly linked to relaxation dynamics in ML and BL MoTe;. We determine a
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max.

Table 4.2: Deformation potentials upper and lower D™ and D™ limit, acoustical p4 and optical uh*;
1™ phonon limited mobility for ML exciton, trion, electron, hole, and BL exciton.

Deformation potential and mobility ML
D7 (&) D (V) pa (cm?/V6)  ug (en/V) g (em?/Vs)

X 6.3 4.4 6000 1100 300
T 8.9 6.2 2000
e 2.6 1.8 61000
h -3.6 -2.6 29000

Deformation potential and mobility BL
D7 (V) D (V) jux (con?/VS) B (cn?/VE) ™ (om?/Vs)
X 7.5 5.2 4300 250 150

high mobility in both ML and BL making MoTe, an adequate candidate for opto-electronic
applications especially at low temperature where only acoustical phonons limit the mobility.
The low temperature mobility is graphene like for the electron in the ML MoTe;. The BL
exciton also shows a promising mobility and lays the foundation of understanding hetero-
structure mobility. In addition, we confirm that LO phonons (polar and homopolar) linked to
a zero-order deformation potential are the major optical phonon modes coupling to excitons
and limiting their mobility in the ML and BL. MoTes,.
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In this chapter, we study the excitation energy dependence of the circular polarization of the
photoluminescence from monolayer and bilayer molybdenum ditelluride in the temperature
range between 5 K and room temperature. The excitation energy is tuned from near resonant
excitation of the A exciton at 1.24 eV to far above bandgap excitation at 1.96 eV. We identify
the X4 exciton, X? exciton, and X’ (X4 and X?') exciton resonances by comparing pho-
toluminescence spectra and photoluminescence excitation spectra to density functional theory
calculations for the monolayer. The density functional theory calculations were performed by
Dr. Malte Rosner from the Radboud University. The bilayer shows the same excitonic states,
where the X4 and X#' are slightly red-shifted by ~ 30 meV and the X® and X7 stay remark-
ably similar in energy. We expand photoluminescence excitation spectroscopy measurements to
the trion and find signatures of these higher exitonic states in both ML and BL trion emission.
This shows that the trion is an excellent scattering channel even for higher exitonic states.
We study the degree of circular polarization of the A exciton and trion emission of monolayer
and bilayer molybdenum ditelluride. In prior experiments on transition metal dichalcogenides,
the observed valley polarization under non-resonant excitation condition has been found to
be low, measurements with the excitation covering the higher lying excitonic states (B and
A’") have been limited to the B exciton [11]. To the best of our knowledge, nothing has been
published so far on the A’ and B’ exciton. This is surprising, as the excitation of higher
excitonic states is a natural way to invert a system from an application point of view. We
find that if the excitation is circularly polarized and resonant to higher exciton states, the
resulting emission from the X4 shows a finite polarization. Our measurements reveal that
the polarization transfer is temperature-dependent. The exciton resonance dependence will be
considered by density functional theory calculations. Dr. Matthias Florian and Dr. Alexander
Steinhoff from the group of Prof. Dr. Frank Jahnke at the University of Bremen calculated
the polarization dependence of the density functional theory extracted absorption. Due to the
binary selection rule and spin-valley coupling, the change of polarization requires both a valley
and spin flip, where the latter is highly temperature dependent. Complementary experiments
on the inversion-symmetric bilayer show no observable circular polarization in the emission.
The trion polarization simply follows the polarization of the exciton. Consequently, even the

monolayer trion can be used for valley-tronic applications.
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5.0.1 Polarization Review

In section 2.2, we briefly introduce mechanisms leading to a spin-valley coupling and selective
excitability by circularly polarized light. The spin-valley coupling stabilizes the polarization of
one valley. As one wants to change valleys one also has to consider that spin is still a good
quantum number [189]. If selectively excited, excitons in K/K’ valleys always emit light in
a fixed polarization, this mechanism can be exploited to design binary information encodes
or binary storage media. To facilitate these applications, it is necessary to understand the

processes limiting or supporting the valley-spin polarization.

The binary valley addressability of ML TMDCs has been demonstrated in experiments by
polarization resolved PL spectroscopy. Extensive research has been performed in particular
on ML MoS,, measuring a valley polarization in PL from 32 % to 100 % under near-resonant
excitation [22, 100, 143, 202], and ~ 30 % under non-resonant excitation [143]. A lower valley
polarization of ~ 20 % has been observed for MoSe, [74] under near-resonant excitation and
~ 5 % [74, 179, 183] for non-resonant excitation. The available data for ML MoTey confirm
this trend, showing no measurable valley polarization for excitation from 50-460 meV above the

A exciton [134] in the absence of an additional magnetic field [4].

Results for WSe, show that the circular polarization of the excitation beam can be transferred
to the A exciton emission if the excitation is resonant to the energetically higher B exciton state
[11, 104]. The B exciton is the second bright exciton in the K/K’ valley. It is energetically
located above the A exciton due to the valence and conduction band splitting. Furthermore,
it features an opposite spin compared to the A exciton due to spin-valley selection rules as
seen in Fig. 2.9, section 2.2.2. If one considers applications of TMDCs in photonics, pumping
a higher excitonic level is a convenient way to create a population inversion. In addition to the
B exciton, there is a large amount of higher excitonic Rydberg-like states (2s, 2p,...) studied
in Mo- [25, 49, 124, 180] and W-based [11, 28, 104, 181, 182] TMDCs materials. The A’ (2s or
2p) exciton X4 is the next higher bright excitonic state with the hole located within the same
valence band minimum as for X4 and, thus, is associated with the same circular polarization
and spin as X4 (cf. Fig. 5.1 left). The X*' is energetically followed by the next higher bright
B exciton state X?'. The hole is located in the same valley as the hole of the B exciton and

has the same spin as the hole of the B exciton.

In this section, we investigate the polarization transfer of these states by scanning the excita-
tion energy over a wide range from near resonant with the A exciton via the B exciton and the
A’ exciton up to the wings of the B’ exciton. To identify the peaks energetically, we measure
excitation energy resolved photoluminescence (PLE), i.e. taking PL spectra with the setup
described in section 2.3.2 at different excitation energies in the range of 1.24 ¢V to 1.96 eV at

the same excitation intensity of 35 Wem ™2,

Besides, we also investigate the BL. MoTe;. As shown in the previous section, B MoTe,
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Fig. 5.1: (Left) Schematic of higher excitonic transitions in the K, K valleys of ML MoTey. (Right) Possible
energy difference between higher excitonic transitions are sketched.

behaves like a direct semiconductor and has an exceptionally bright emission. Thus, it is
worthwhile revisiting the higher excitonic states and the polarization of emission of this par-
ticular material. As investigated in section 2.2.1, the lattice structure of ML, TMDCs displays
an explicitly broken inversion symmetry whereas the inversion symmetry can be restored if a
second layer is added to form a BL [6]. Thus, valley and spin are coupled for ML TMDCs
[189]. Left (0~) and right (o) circularly polarized light excites the lowest bright exciton (A
exciton) in the K’ and the K valley, respectively. In contrast, in BL TMDCs spin and valley are
no longer coupled and, thus, selective excitation in one particular valley is not possible [189].
We investigate the polarization behavior of higher exitonic states in ML and BL in the second
part of this chapter by performing polarization resolved PLE measurements. We examine the
main polarization conserving rules and investigate the influence of phonons. Considering the
low momentum associated with acoustic phonons, it is conventionally assumed that acoustic
phonon scattering preserves the K index, whereas scattering by optical phonons leads to valley
depolarization. We investigate whether this assumption holds in MoTe; by measurements on
the degree of circular polarization of the emitted light. To do so, we measure polarization-
dependent /independent PLE as a function of temperature in the range of 5 K up to room
temperature.

Measurements are performed on flake 1 for the BL and on flake 1 and 2 for the ML MoTes.

Properties and images of the flakes can be found in section 2.3.1.
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5 Valley polarization of MoTeq

5.1 lIdentification of higher excitonic states

In this section, we address higher excitonic states by PLE measurements on ML and BL. MoTe,.
We derive the energetic position of the higher excitonic states by analyzing the intensity of the
emission from exciton or trion in both layer structures. We identify the peaks in ML MoTe, by
comparing the PLE spectra to absorption spectra calculated by using density functional theory.
These calculations were performed by Dr. Malte Risner from the Radboud University. Details

of the calculation method can be found in the previous publication Ref. [165].

5.1.1 Experimental observation of higher excitonic states
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Fig. 5.2: Normalized PLE maps of ML (a) and BL (b) MoTe, measured at 10K and 35 W ¢cm ™2 excitation
intensity. The boxes indicate the position of the X4 exciton and X7 trion emission area.

Normalized PLE maps of flake 1 taken at a temperature of 10 K are shown in Fig. 5.2 (a) and
(b) for the MoTe, ML and BL, respectively. The excitation energy was varied from 1.24¢eV to
1.79 eV with a resolution of 11 meV and an excitation intensity of 35 Wem™2. The spectra were
recorded under identical conditions for ML and BL. Consistent with chapter 3, we identify the
two peaks of the ML emission centered at 1.190eV and 1.162eV as the A exciton X* (violet
box in Fig. 5.2 (a)) and trion X7 (dark violet box) emission, respectively. Following chapter
3, we assign the peaks of the BL at Exa =1.155eV and Exr = 1.135€V to the A exciton
(gray box in Fig. 5.2 (b)) and trion (dark gray box) emission. The intensity varies significantly
over the excitation energy range, due to absorption changes. The position in emission energy
of the exciton and trion does not change with increasing excitation energy for ML and BL.

This indicates that the trion binding energy stays constant over the whole excitation energy
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5.1 Identification of higher excitonic states

range. The stability of the observed emission is an indication of the good structural quality of
our sample. Moreover, the linewidth, i.e. Voigt, Gauss, and Lorentzian FWHM do not change
over the whole excitation energy range. This clearly indicates that the change in intensity is
not due to phonon or defect assisted local potential changes as observed in chapter 4 but is
induced by changes in the underlying population of excitons and trions. The extracted data on
linewidth and energy can be found in the thesis of my student Hery Ahmad [2].

For a quantitative evaluation of the emission spectra, we fit the complete spectra by a sum
of two Voigtian functions representing the A exciton and trion (cf. chapter 3), respectively.
Subsequently, we extract the integrated area of emission (or shortly emission area) for the
exciton and trion on ML and BL MoTey. Fig 5.3 (b and d) show the emission area as a
function of excitation energy for ML (b, violet squares) and BL (d, gray circles) MoTe, for
the A exciton (closed symbols) and trion (open symbols) emission. For better visibility of the
energy difference of the excitonic peaks we show the exciton X4 and trion X7 emission in
Fig. 5.3 (a+c) for ML and BL on the same energy scale as the emission area measurements.

In all cases in Fig. 5.3 (b+d) we observe a clear maximum of emission between 1.4 eV and
1.5eV excitation energy, a double peak feature at ~ 1.6 €V, and a strongly increasing emission
upon approaching the blue end of the Ti:Sa laser energy range. These peaks coincide well with
higher exciton resonances observed in reflectance contrast experiments for ML, and BLL MoTe,
in Ref. [141], second harmonic generation spectroscopy on MoSes [180], theoretical calculations
on MoS, [124], and bulk MoTe, transmission measurements [188]. Following the convention
of these references, we refer to these peaks as the B, A" (2s or 2p), and B’ (2s or 2p) exciton
resonances X2, X4 and XP associated with the transitions sketched in Fig. 5.1.

According to prior observations, both B and B’ exciton only slightly decrease in energy from
ML to BL TMDCs [4, 134] which is also reproduced in our data. We determine the X7 peak
position at 10 K as (1.455+0.005) eV and (1.445 4 0.005) eV for ML and BL. This is in perfect
agreement with transmission measurements of bulk MoTe,, where an energy of 1.455 at 77 K
is estimated [188]. The A exciton shows a pronounced offset of ~ 155 meV from ML to bulk
[188]. That means that the B exciton resonance shift less with increasing number of layers,
compared to the A exciton. We estimate an A-B exciton splitting (Aap) of (265 +5) meV and
ABE = (290 + 5) meV in experiment. This perfectly fits the band structure calculations of
Ref. [134]. Therefore, MoTe, has the largest Asp in the Mo-TMDC family [49, 124, 180].

Discerning X4 and X?' is hard as the literature does not provide a good mapping and is
limited to high temperature measurements [141, 193]. Therefore, we investigate the absorption
spectra of ML MoTe; in DFT calculations in the next subsection. Based on our measurements,
we estimate a center position for the X4 of (1.621 & 0.005) eV and (1.589 4 0.005) eV in ML
and BL. This is a separation of (3245) meV from ML to BL X4 exciton, in perfect agreement
with the separation of the A exciton of ~ 35meV. The double-feature shows a clear splitting
of ~ 60meV and 70meV in ML and BL. We estimate an A — A’ exciton splitting Ay of
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Fig. 5.3: Photoluminescence spectra of ML (a) A exciton X4 and trion X7 and BL (c) X4 and X7.
Excitation energy-resolved emission area of ML (violet squares, b) and BL (gray circles, d) MoTeq

at 10 K and 35 W cm™2. We identify the peaks of higher order excitons X2, XA/, and X8 and
the energy difference between the excitonic peaks Aap, A2, and AlBQ.
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5.1 Identification of higher excitonic states

(430+10) meV and (4354 10) meV for ML and BL in experiment. The splitting between the A
and A’ stays constant from ML to BL which is a confirmation of the direct exciton transition
in BL.

The remaining excitonic transition at the high energy side is not fully covered by the Ti:Sa
laser energy. To extend the measurement we repeat the PL. measurement exciting either with
two diode-lasers or a Helium-Neon laser at 1.85 eV, 1.91 eV, and 1.96 eV, respectively. The
results are presented for the ML in section 5.1.3. By assuming a similar splitting between A’
and B’ and A and B, we can find a first estimate for the X?' center position at ~ 1.885¢V and
~ 1.880¢eV for ML and BL. This agrees with the assumption that the B excitonic transitions
do not shift in energy with increasing number of layers. Assuming conservation of conduction-
and valence-band splitting through higher exitonic states [124] (A3 ~ AE). We obtain the
same values for the X?' excitonic transition of 1.885 eV and 1.880 eV for ML and BL.

We determine the emission area with respect to the trion emission in Fig. 5.3 (b+d, open
symbols). For both ML and BL, the trion emission area follows the exciton emission area
(closed symbols). This indicates that we observe a population from the same higher excitonic
states. The trion lies energetically below the exciton, therefore, it is as well an excellent
scattering channel for excitons from higher states. Moreover, the constant ratio of emission
area underpins that the cascade process from higher states down to the ground state excitation
is comparable to trion formation, otherwise one has to observe additional higher trionic states.
This is reasonable due to a observed cascade process of ~ 1.5 — 2 ps in MoSes [17] and a trion
formation time of 1.5 — 2.5 ps (cf. chapter 6). Thus, we expect to measure a trion polarization

comparable to the exciton polarization (cf. section 5.2.3).

5.1.2 Theoretical Considerations

The experimental studies in the literature and theoretical calculations mostly focus on the
A and B excitonic transition and visible TMDC materials excluding MoTe,. Therefore, the
comparison of our results is rather difficult, especially the correct assignment of the higher
excitonic transitions is challenging. Thus, in the scope of a collaboration with Dr. Malte
Résner from the Radboud University and Dr. Matthias Florian and Dr. Alezander Steinhoff
from the group of Prof. Dr. Frank Jahnke at the University of Bremen we calculate the
absorption spectra for ML MoTes by DFT calculations. Details on the calculation method and
process can be found in Ref. [165]. The resulting spectra are calculated for a fully substrate
supported (thick light violet line) and a free standing (thin violet line) ML in Fig. 5.4. The
energy is presented relative to the bandgap energy. We can estimate a binding energy Fp;nq =
E—Epandgap of (430£5) meV. This is lower than the estimate of the Rydberg-like binding energy
in eq. 2.3. Ref. [92] confirms the trend that DFT calculations underestimate the bandgap energy.

Moreover, the calculated binding energy is comparable to band-structure related calculations of
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Fig. 5.4: Absorption spectra for ML MoTe, on substrate (light violet thick line) and freestanding ML (thin
violet line) versus energy relative to the bandgap energy. The excitonic transitions are indicated.

the binding energy in MoTes, of ~ 500 meV [134]. We confirm the assumption that the binding
energy of the ML is comparable to the A — A’ splitting. We can assign the peaks with the
higher excitonic transitions in energetically increasing order: A exciton, B exciton, A’ exciton,
B’ exciton, C and D excitons. The C and D excitons are beyond the scope of this thesis.

Moreover, we can directly compare the influence of substrate adhesion in ML MoTe,. The
calculations indicate a decrease in absorption for substrate supported flakes. Furthermore, a
constant center energy of the peaks is predicted within the resolution of the calculation of
5 meV. As estimated in section 2.3.2, the shift resulting from changing substrate screening is
around 5meV and, therefore, cannot be resolved here.

For a better comparison we choose a smaller energy range and normalize the energy to the

B exciton transition energy. The results are presented in the next subsection in Fig. 5.5.

5.1.3 Connecting theory and experiment

We now connect the experimental and theoretical results from section 5.1.1 and 5.1.2, by shifting
the theoretical absorption spectra energetically to the B exciton resonance and normalize the
absorption to the emission area. Fig. 5.5 show the combined result. There, we extend the
measurements of the ML shown in Fig. 5.3 by PL measurements exciting with laser diodes
and a Helium Neon laser (HeNe) with energies of 1.85¢eV, 1.91€V, and 1.96 eV, respectively.
We use the same excitation energy as for the Ti:Sa excitation, but a direct comparison of
absolute emission areas is non-trivial as the measurements where performed on different days
and different beam profiles lead to slightly varying spot sizes. We present these results in
Fig. 5.5 as symbols in the blue shaded area. All other measurements were performed with the
Ti:Sa.

The B exciton emission area perfectly agrees in shape and FWHM with the calculated ab-
sorption and is centered at (1.455 4 0.005)eV. We estimate an A-B exciton splitting (Asp)
of (265 + 5)meV in experiment and an spin-orbit induced valence band splitting (SOC) of
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Fig. 5.5: (Right) Absorption spectra for ML MoTes (violet shaded area) versus excitation energy. The exci-
tonic transitions are indicated. (Left) Integrated area of emission of the exciton versus excitation
energy for ML (violet squares). The blue shaded areas on the panel indicating excitation with
two different diodes and a HeNe laser. All other measurements where performed by using a Ti:Sa
laser.

(226 + 5) meV in theory. The offset is related to a conduction band splitting of 30-70 meV in
MoTe; [39, 134] not considered in DFT calculations. Therefore, the identification of the B
exciton is confirmed by DFT calculations and we approve that MoTe, has the largest A 45 and
SOC in Mo-TMDC family [49, 124, 180]. Moreover, by comparing our results to the estimates
in section 2.2.2 we can confirm the values of Refs. [93, 127, 134]. We also observe a phonon side
band on the red side of the B exciton separated by 60 meV from the main transition. This is
twice the longitudinal optical (LO) phonon energy [6, 48] (cf. section 2.1.4).

The second feature, the double peak, is associated with the X4 transition. We clearly
observe the double feature in both calculation and experiment. The features are centered at
1.59 eV and 1.65 eV in experiment and 1.60 and 1.655 in theory. We observe a separation of the
peaks of 60 meV in agreement with the 55 meV obtained from theory. We estimate an A — A’
splitting (Ajz) of (430 & 10) meV in experiment and (430 4+ 5) meV in DFT. Analog to the B
exciton, the Ay, splitting in MoTe, is the largest in Mo-based TMDCs [124]. As the separation
of the peaks corresponds to nearly twice the LO phonon energy, we assume that one of the
peaks is the phonon replica of the other one. Due to the DFT calculations for freestanding
ML in Fig 5.4 the energetically lower peak is stronger in absorption, thus, we identify it as the
main X4 excitonic transition. Thus, we can confirm the A’ excitonic nature of this peak.

The remaining feature is related to the X7 exciton. Both theory and experiment show a
broad exciton absorption. We identify the center position to be 1.83 eV from DFT calculations.
This deviates from the expected value by 50 meV. Considering that the energetically higher peak
of the X4 peaks is a phonon replica, we correct the estimated value of the X7 to 1.85 eV which
corresponds very well to the calculated value. So, we estimate a B-B’ splitting of approximately
390 meV being slightly smaller than the A — A’ separation. This is in perfect agreement with
GW-Bethe-Salpeter calculations of MoS, [124]. Thus, we can confirm the B’ nature of the

highest excitonic peak measured in our PLE experiments. Changing the temperature and
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investigating the optical bandgap energy improves the peak nature which will be done in the

following.

5.1.4 Temperature dependence of higher excitonic states

In addition to the PLE measurements on ML and BL, we also perform temperature resolved
PLE measurements with a resolution of 25 nm from 6 K to room temperature and temperature
resolved PL measurements at 1.46eV, 1.80eV, and 1.85eV with 5 K temperature resolution up
to 65 K. We extract the temperature evolution of the ML emission area peaks shown in Fig. 5.5.

There we especially take into account the excitonic energy shifts.

1.8 E% mﬁeV - T T - T g T
meV

17k -
> I
()]
© 16 0.6 meV/K 4
& |
c
215} .
% e &
s314+r .
2 L O Xg integrated emission energy 0.5 meV/K
S 1.3 @ Xgintegrated emission energy .
2 . M X, emission energy
£ e w T
% I 0.4 meV/IK |

11 C L 1 L 1 L 1 s 1 L 1 h

0 50 100 150 200 250
temperature, K

Fig. 5.6: Spectral shift of the X 4 (violet squares) exciton emission maxima versus temperature and tem-
perature dependence of the excitation energy correlated with the maximal emitted energy for
Xp (blue closed hexagon) and Xp/ (blue open hexagon) excitation. The solid lines are linear
dependences approximating the high temperature data points.

The temperature dependence of the spectral maximum of the A exciton emission is plotted in
Fig. 5.6 as violet squares. The second and third set of data trace excitation energies giving rise
to the maximum integrated area of A exciton emission, and thus the spectral positions of the B
exciton (closed pentagons) and the B’ exciton (open pentagons). The spectral position of the A’
exciton cannot be tracked as the excitation energy resolution is too coarse and the A’ exciton
is less intense in A emission area compared to the other higher excitonic transitions. The
solid lines approximate the high-temperature data points, the slope in meV /K is displayed.
The rate of change with temperature increases from the A exciton via the B exciton up to
the B’ exciton, as the increasing spatial extension of the excitons favors the exciton-phonon

interaction. The shift in energy position is typical for excitonic transitions as introduced in
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5.1 Identification of higher excitonic states

section 3.2.1 in semiconductors and agrees very well with the shape of the A exciton for the B
and B’ exciton, underlining the excitonic nature of the peaks. The shift of the resonances with
increasing temperature has also important consequences for the change of polarization, as with
increasing temperature the detuning energy starts to increase indicated by the violet arrows in
Fig. 5.6.

In this section we experimentally observe higher excitonic states by excitation energy resolved
PL measurements in MLL and BL. MoTe,;. We identify the individual peaks by comparing their
energy position and shift relative to the lowest A exciton with literature data and absorbance
spectra calculated by DFT for the ML. We identify the peaks of the BL emission analogue
to the ML for the first time on MoTe, and in particular observe the X&' for the first time
experimentally in TMDCs. Due to its emission energy in the near infrared, MoTe, is a perfect
candidate to study higher excitonic states as their energy lies in the visible range and can,
thus, be easily resolved. Moreover, we show that the trion is an excellent scattering channel for
excitonic states. We confirm the excitonic nature of the ML high energy states by temperature
resolved PLE. We take that knowledge and measure polarization across these higher excitonic

transitions in ML and BL taking into account either the excitonic or the trionic emission.
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5 Valley polarization of MoTeq

5.2 The transfer of valley polarization

In this section, we study the degree of circular polarization of the exciton emission of ML and
BL MoTe, while scanning the excitation wavelength over a wide range from near resonance with
the A exciton via the B exciton and the A" exciton and up to the B’ exciton. Schematic level
schemes and helicity-dependent selection rules for the ML and BL of this material are shown in
Fig. 5.7 (a) and (b), respectively. As spin and valley are no longer coupled, we do not observe
a polarization from the BL. We find a non-zero polarization of the A exciton emission for the
pump photon energy being resonant to either the B or the B’ exciton transition. Moreover, the
degree of polarization is highly temperature dependent due to temperature dependent changes
in the underlying spin conserving and spin flipping scattering mechanisms with flexural phonons
[161].
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Fig. 5.7: Sketch of optical selections rules by exciting with left ¢~ or right ot circular polarized light,
respectively for ML (a) and BL (b).

In the following, we excite the sample with o~ polarized light and record polarization-resolved
PLE spectra for both ML and BL MoTey. The setup is presented in section 2.3.2. We measure
the degree of polarization by taking PL spectra with opposite polarized retarder plates, cf.
section 2.3.2 and extract the emission area at different excitation energies for the emission
on the exciton X4 or the trion X7. The resulting emission is denoted by Iz g (Ixk:) when
investigating the same valley (opposite valleys). The degree of polarization, and hence the valley
polarization [202], is determined by eq. 2.16. The section is organized as followed: Firstly, we
investigate the polarization of the BL exciton. Secondly, we examine the polarization on the
ML exciton emission by tuning the excitation over a wide energy range and correlate a non-zero
polarization with the estimated position of the higher excitonic states. Thirdly, we investigate
the temperature dependence of the polarization. And finally, we determine the trion degree of

polarization.
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5.2 The transfer of valley polarization

5.2.1 No polarization from the bilayer

The results are presented in Fig. 5.8 for the BL (dark gray circles) at 10 K and 35 Wem™2. The
gray shaded area represents the error interval for zero polarization extracted from the signal to
noise ratio of the luminescence data. For clarity we include the PLE results from the previous

section to identify energetically higher excitonic transitions (open gray circles).
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Fig. 5.8: (Left) Integrated area of emission of the exciton versus excitation energy for BL (open circles).
(Right) Excitation energy dependence of PL circular polarization under o~ polarized excitation
for MoTey BL (closed circles).

The dark gray circles in Fig. 5.8 show that the A exciton emission from the BL of MoTe, has
zero polarization for all excitation energies, independent of the total emitted intensity. This
is owing to the preservation of inversion symmetry in the BL as sketched in Fig. 5.7 (b). As
investigated in section 2.2, excitation with o~ polarized light addresses both valleys equally,
thus, in the emission no polarization direction is preferred. This is consistent with measurements
on natural 2H-structured BL showing little or no polarization even under resonant excitation
[64]. For AB stacked homo-bilayers due to inversion symmetry breaking a large polarization
can be obtained as established in Ref. [67, 68]. The results on the BL confirm the theoretical
estimates of Refs. [189, 191, 192] and [194]: Restoration of inversion symmetry leads to a

strongly depolarized system.

5.2.2 Polarization in monolayer - Spin or valley flip

The results for the ML MoTe, at 10 K are presented in Fig. 5.9 (b) (violet squares). The gray
shaded area represents the error interval for zero polarization as extracted from the signal to
noise ratio of the luminescence data. The violet shaded areas around the data points represent
the errors of the ML polarization estimated by the difference in polarization of flake 1 and
2. While for all practical purposes, an off-resonant excitation seems to be favorable, little or
no valley polarization has been observed so far under these conditions, even for MoS, and
MoSe, [8, 73, 74]. We include the calculated polarization as thick violet line in Fig. 5.9 (b).
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Fig. 5.9: (a, Left) Integrated area of emission of the exciton versus excitation energy for ML (violet squares).
(a, Right) Absorption spectra (light violet area) from DFT calculations for ML MoTes. The exci-
tonic transitions are indicated. (b, Left) Excitation energy dependence of PL circular polarization
under o~ polarized excitation for MoTes ML (violet squares). The blue shaded areas on the panel
indicating excitation with two different diodes and a HeNe laser. All other measurements where
performed by using a Ti:Sa laser. (b, Right) Polarization estimated from DFT calculations (solid
violet line).

We estimate the theoretical polarization by calculating absorbance spectra for opposite spin
orientation and estimate the degree of polarization by eq. 2.16. To assign non-zero polarization
through higher excitonic states, we include the ML emission area spectrum and the absorbance
spectra from DFT calculations in Fig. 5.9 (a). A detailed investigation of this figure can be

found in the previous section.

In contrast to the BL, the ML in Fig. 5.9 (b) shows strong deviations from zero polarization
in two distinct excitation energy ranges. A clear circular polarization around an excitation
energy of 1.46 eV of (—0.04 £0.01) and in the energy range from 1.69¢eV to 1.90€V is observed,
with a maximum polarization of (—0.11 £ 0.02) for 10 K, respectively. The low energy peak
coincides with the XZ resonance at 1.46 eV, cf. Fig. 5.9 (a) and the high energy peak is assigned
to the X P’ resonance. Thus, the polarization of the A exciton emission follows the polarization
of higher excitonic resonances. This agrees with the DFT calculations, where we calculate a
clear non-zero polarization across the B, A’ and B’ exciton resonance. From DFT we estimate
a polarization of around (0.5 £ 0.01) for both B and B’. The polarization of the A’ exciton
is less, we estimate values of (0.3 & 0.02) and (0.16 £ 0.2) for the lower and higher A’ exciton

peak. This decrease in the degree of polarization from B to A’ explain why we cannot resolve
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Fig. 5.10: Temperature dependence of PL valley polarization using ¢~ circular polarized light of ML MoTeq
for an excitation energy of 1.46 €V (open blue pentagons) 1.77 eV (open blue squares), and 1.85 eV
(solid blue circles). Inset: Polarization at 10 K to illustrate the spectral positions of the excitation
light of the respective polarization data.

this polarization in experiment. The decrease in polarization degree from theory to experiment

is assumed to be due to additional phonon, defect and dark state related scattering channels.

We now change temperature for constant excitation energies resonant to the high excitonic
transitions to investigate phonon influence on the degree of polarization. Fig. 5.10 shows the
temperature dependence of the degree of polarization of A exciton emission for an excitation
at the B exciton (closed blue pentagons), the B’ exciton resonance (open blue pentagons) and
at the blue shoulder of the B’ resonance (open light blue pentagons). The latter does not
result in a measurable polarization. We observe two main processes: First, we measure a finite
polarization at low temperature for both B and B’ where the degree of polarization changes
signs for excitation resonant to the B exciton. Second, polarization is only measurable up to
80 K for a B’ excitation and 120 K for a B excitation. The latter is explained by excitonic
energy shifts with temperature in Fig. 5.6. Keeping in mind that the data of Fig. 5.10 were
taken with constant excitation energy, it is reasonable that the excitation energy misses the B’
and B resonances, and in both cases the polarization has decayed to zero at about 50-60 meV
detuning. The larger shift of the B’ peak explains why in this case the observed polarization
is lost earlier, namely at 80 K. This is confirmed by temperature dependent measurements of
valley polarization at a detuning energy of 70 meV (Fig. 5.10, light blue open pentagon), where
the polarization vanishes already at low temperature, and the 2-LA-phonon polarization degree
model of Ref. [8] being an upper limit for depolarization [173]. This cannot explain the change

of sign for the B exciton resonance. Apart from 10 K, we choose a second temperature where
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Fig. 5.11: (a, Left) Integrated area of emission of the exciton versus excitation energy for ML (violet squares:
10K, blue diamonds: 40K). (a, Right) Absorption spectra (light violet) from DFT calculations
for ML MoTe,. The excitonic transitions are indicated. (b, Left) Excitation energy dependence
of PL circular polarization under o~ polarized excitation for MoTes ML (violet squares, blue
diamonds). The blue shaded areas on the panel indicating excitation with two different diodes
and a HeNe laser. All other measurements where performed by using a Ti:Sa laser. (b, Right)
Polarization estimated from DFT calculations (solid violet line).

the sign of the B exciton is inverted and the B’ exciton polarization is decreased, namely 40 K.

The results for the ML at 40 K are added to the Fig. 5.9 and are presented in Fig.5.11 (a+Db)
as blue diamonds. In (a) the emission area at 40 K follows the emission area of 10 K. They
overlap very well for the B exciton. For the B’ exciton, we observe a higher shift at 40 K,
and the A’ exciton is not resolvable due to a larger separation of the energy points. With
increasing temperature, the polarization (b) of the X' resonance decreases from (—0.114:0.02)
to (—0.08 - 0.02), respectively. At the X resonance the polarization degree changes signs and
we measure a degree of polarization of (—0.04 £ 0.01) at 10 K and (0.08 £ 0.02) at 40 K.
This change of sign can be not reproduced in the DFT calculations as they do not include any

dynamics.

Starting from the high conduction band splitting in ML MoTe, compared to other TMDCs,
a bright lowest optical transition in Mo based TMDCs [93, 80] and the low LA phonon energy
in MoTe, [48], no valley polarization is to be expected for ML MoTe, for our high detuning
energies Fepcitation — Exa ~ 490 — 600meV [8]. So there have to be additional processes
included to the ones discussed so far for ML MoS, and MoSe, [74, 8]. We illustrate the

underlying processes in Fig.5.12 schematically to clarify valley and spin transitions. With
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Fig. 5.12: Schematic illustration of phonon and exciton processes in ML MoTes at 1.46eV (B), 1.60eV
(A’), and 1.80eV (B’) excitation energy. Excitation with o~ polarized light results in all cases
in a population of the K’ valley. Valley flip denotes spin conserved valley flip scattering of the
electron. Spin flip induces a conservation of the valley.

a o -polarized excitation at 1.46eV, we create a B exciton in the K’ valley. For a better
understanding we disentangle the interactions of electrons (e~) and holes (h) and follow the
rules implemented in Ref. [33] and [161]. For holes, inter-valley spin flip in the valence band
is forbidden in Oth order due to optical selection rules. Therefore, only hole inter-valley spin-
conserving and intra-valley spin-flip scattering is possible (cf. Fig. 5.12 B) and happens on
comparable timescale. Following Ref. [161] there are two main assumptions for the electron: i)
spin-conserving scattering is not affected by ZA phonons (cf. section 2.2.4) which dominate the
scattering at low temperatures; ii) spin-flip scattering induced by ZA phonons is not vanishing

and happens on highly temperature dependent timescales.

To investigate the temperature dependence of (ii), we calculate the electron spin flip scat-
tering time 75 following Ref. [161] in the case of a substrate-supported ML with respect to
temperature and the van der Waals interatomic force constant between ML and substrate
mg/m/ *“* " Our MLs are both connected to MoTe, bulk material as one can see in section 2.3.1,
thus, we assume a reduced substrate coupling for our experimental conditions. As upper limit
we use the value estimated for graphene on SiO, of £%*"*** = 0.4 Nm~' [151]. According to

Ref. [161], the spin flip scattering time is given by

A i
Tef(T KML/sub) _ hgp L+ eXp(kBil%) hQ’ig/[L/S b/Mu (51)
o s (QmKEf(O)Q 4+ %ﬁ% (l{?BT)2 ’

where the areal mass density is given by p = ppur ¢/2 = 5.3- 1077 g/cm? [156] with ¢ being the
lattice constant [138], myx = 0.53 m, is the effective mass in terms of the electron mass [204],

$99 = 0.34 eV is the small phonon wave vector in the zone edge and is estimated for MoTes
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5 Valley polarization of MoTeq

using Ref. [161], Ak is the conduction band splitting, and M, = 351.14 u is the average atomic
mass of the ML MoTe,.

The calculated spin flip relaxation times are shown in Fig. 5.13 for different coupling strength
of ML and substrate ng/“:/ b and temperature. For comparison we also include the ML MoSes
and MoS, spin flip time for the same temperature and ML substrate coupling assuming either
13meV or 4meV conduction band splitting [39, 161]. The MoTe, spin flip scattering rate for
temperatures below 40 K is higher than 1ps and below 20 K higher than 1ns for nearly free
standing membranes (as we assume because of the connection to the bulk cf. section 2.3.1).
Therefore, below 20 K, spin-conserving mechanisms dominate the exciton scattering resulting
in the same circular polarization as the excitation light as sketched in Fig. 5.12 B. In contrast,
for higher temperatures over 20 — 30 K spin-flip valley conserved scattering dominates creating
an opposite polarization compared to the excitonic emission. At high temperatures thus we
measure a positive valley polarization across the B exciton. This perfectly agrees with the
temperature dependence of the B exciton in Fig. 5.10. The values for MoSe; and MoS, in
Fig. 5.13 show a different behavior. The valley conserving process in MoTe, observed in our
experiment is stable up to 20 K i.e. for spin scattering times above 1 ns, whereas for ML
MoSe, and MoS, the same timescales are observed for temperatures below ~ 13 K and ~ 5 K.
That means in MoSe; and MoS; mostly valley conserving mechanisms should be observable in
experiment. This is in perfect agreement with measurements on the B exciton for ML TMDCs
in Ref. [107]. Moreover, it is also in agreement with pump probe measurements pumping the B
exciton and probing the A exciton in WSey [11] measuring a positive small polarization degree

on the A exciton at room temperature.

Next, we investigate the A’ excitonic transition in the energy range of 1.60 eV to 1.65 eV in
Fig. 5.11. There we do not observe a valley polarization at any temperature. This is reasonable,
as our calculations show a reduced polarization compared to the B, B’ exciton. In addition,
electron-hole exchange interactions happen on very short timescales below one picosecond, c.f.
section 2.1.1. As sketched in Fig. 5.12 A’, electrons and holes are more or less equally distributed
in either the K’ or K valley. The relaxation processes from the higher A’ states to the lower A
states happens due to cascade processes with phonons [17]. Thereby, especially the 2s exciton
state is predominantly populated (within the first 100 fs) decaying within few picoseconds to
the ground state exciton by optical and acoustical phonons. As scattering between excitons
with the same angular momentum (i.e. best overlap of the excitonic wavefunctions) dominates,
excitons in s states prefer to scatter to other excitonic s states. Consequently, we are observing
either 2s than 2p excitonic states for both X4 and X% resonances. In addition, there can
be additional s scattering states in between the 1s and the 2s state, e.g. the 1s-KA state [17],
where the hole is located in the K valley and the electron in the A valley (cf. Fig. 2.4).

Now we focus on the energy range in-between 1.72eV and 1.85€V in Fig. 5.11 related to the

B’ resonance. Here we consistently observe a large degree of polarization of up to -0.11 with the
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opposite helicity as the excitation light perfectly matching our DFT calculated polarization. In
Fig. 5.12 B, excitation of the system with ¢~ polarized light at 1.80 meV excites the X 7" exciton
in the K’ valley. The hole mechanisms are comparable to the B exciton cases, the electron
behaves differently. At low temperature we assume a preferred valley flip and a relaxation via
a phonon cascade processes [17]. Increasing temperature results in a decreased polarization
as spin-flip processes become significant. But phonon cascade processes have to considered
additionally, for example cascade processes towards the A point which is energetically between
the X? and XP resonance. Relaxation processes through this state preserve spin, being on
really fast timescales of half a picosecond [17]. So, scattering towards the K valley is more likely
emitting opposite circular polarized photons, resulting in a negative degree of polarization.
These states are energetically not favorable in the B excitonic transition, this can explain the

mismatch in B and B’ polarization degree.

5.2.3 The degree of trion polarization
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Fig. 5.14: Excitation energy dependence of PL circular polarization under o~ polarized excitation for MoTeq
ML (a, violet squares) and BL (b, gray circles) for excitons (closed symbols) and trions (open
symbols).

In addition to measurements on the polarization degree of the A exciton, a non-zero trion
polarization seems reasonable as we observe the same higher excitonic peaks in trion emission
area, as seen before in Fig. 5.3. Therefore, we investigate trion degree of polarization similar

to the exciton as described in the previous section. The results are presented in Fig 5.14 in
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5.2 The transfer of valley polarization

(a) as open violet squares (in (b) open gray circles) for ML (BL) MoTe,. To compare with
the trion, the closed symbols represents the exciton polarization investigated in the previous
section. The shaded areas indicate the excitation energy range of the higher exciton states. We
observe that the trion polarization degree follows the exciton degree of polarization with three
major exceptions. (i) The observed polarization on the ML is stronger for the trion than for
the exciton. (ii) We observe a negative degree of polarization across the X4 resonances in ML.

(iii) There is a non-zero polarization degree measurable on the BL trion.

To understand the underlying processes at least for the ML, we include the trion processes in
toFig. 5.12. The modified version is seen in Fig. 5.15. For all three different excitation energy
ranges the excitation with ¢~ polarized light not only excites excitons in the K’ valley with a
certain energy, it also excites electrons in the K’ valley which can form a trion, together with an
electron hole pair. In all three cases, we create excitons where the electron is not located in the
lowest conduction band of the K’ valley, but in higher conduction bands of the K’ valley. The
lowest conduction band, thus, can be populated with K’- spin up electrons (shown as yellow
dots in Fig. 5.15). Due to the Pauli principle the exciton with its own electron now cannot
relax in the lowest conduction band in the K’ valley. It can either scatter to the next higher
conduction band in the K’ valley or to the lowest conduction band in the K valley. The latter
is energetically and spin preferred. In case of the B exciton this is can be achieved by a valley
flip of the electron and hole, maximizing the valley flip and spin conserving process dominating
at lower temperatures in case of the A exciton emission. The same processes are observed for
the B’ exciton resulting in a for MoTe, high polarization degree of (—0.16 £0.03). For the X'
resonance we do not observe a polarization of the exciton, as electron hole exchange processes
leads to equally distributed valleys. In case of an extra charge the K’ lowest conduction
band is blocked for other particles thus cascade processes toward the K valley dominate and
we can detect more ot polarized photons, resulting in a net polarization of (—0.05 + 0.02).
Besides, the larger polarization degree of the trion compared to the exciton is in agreement
with measurements on WS, [52].

The polarization on the BL trion is harder to understand, and may result from inter-layer
trions [208], where the electron hole pair is located in one valley and the extra charge is local-
ized in the other layer, this can result in a non-zero polarization degree but is not associated
to the previous introduced valley polarization. Near resonant (to the A exciton) magneto-
PL measurements show a small trion polarization on natural bilayer MoTe, larger than from
the exciton without applying a magnetic field [63]. This can explain the polarization degree
of -0.04 to -0.05 we observed in experiment. To understand the physical processes in more
complicated systems, van-der-Waals heterostructures with upper and lower layer consisting of

different TMDCs can be a convenient system to study inter-layer effects.

In conclusion, by polarization resolved photoluminescence spectroscopy we measure for the

first time a valley polarization in the A exciton emission of ML MoTe; and a polarization
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Fig. 5.15: Schematic illustration of phonon and exciton processes in ML MoTes at 1.46eV (B), 1.60€eV
(A’), and 1.80eV (B’) excitation energy. Excitation with o~ polarized light results in all cases
in a population of the K’ valley. Valley flip denotes spin conserved valley flip scattering of the
electron. Spin flip induces a conservation of the valley. The yellow circles denote the extra
electron and the yellow shaded area is the main light emitting trion.

transferred from the X7 resonance in all TMDCs. The polarization strongly dependent on the
excitation energy. We measure a degree of polarization of (—0.04£0.01) and (—0.11£0.02) when
exciting at the B and B’ excitonic transitions at low temperature. An increase in temperature
results in changes in the spin and valley conserving processes. At low temperature, valley
flip, spin conserving processes dominates, whereas at higher temperatures the spin-flip valley
conserving processes dominate. This results in a sign flip of valley polarization on the B
exciton emission especially observable in MoTe; due to the large conduction band splitting and
a massive chalcogenide atom. This temperature controllable flip in polarization can simplify
binary selections in valley-tronic devices. Besides, we measure a high polarization of the trion

of (=0.16 £ 0.03) compared to the exciton, giving rise to trion valley-tronic applications.
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6 Exciton and trion formation, decay and

polarization dynamics in MoTe»>

We study the pump energy dependence of two-color pump probe spectroscopy traces of the
monolayer exciton and trion in molybdenum ditelluride in the temperature range between 5 K
and 125 K. We focus on the amplitude and phase data, as the exciton amplitude data show a
strong bandgap renormalization. We confirm that the trion decay time is larger than the exciton
decay time, as previously assumed due to a faster exciton radiative decay compared to the trion
in section 3.1.2. We extract a fast decay in the picosecond range, being strongly temperature-
dependent, and attribute it to defect-bound electrons for both excitons and trions. The phase
response of the exciton shows a formation process similar to the trion formation, thus the trion
is an excellent scattering channel for the exciton. In addition to the fast quasiparticle decay,
we find a long-lived component which we attribute to free carrier recombination. Moreover, we
extract the trion formation time and explain this as a bimolecular formation, i.e. trions form
by exciton to trion formation due to a capture of an extra charge on timescales of 1.5 — 2.5 ps.

In the second part of this chapter, we investigate exciton and trion depolarization timescales
and the degree of polarization. The exciton polarization degree is strongly influenced by renor-
malization effects and shows a depolarization within 1 ps due to electron-hole exchange interac-
tions. The trion polarization is lost within 3 ps under quasi-resonant pump and probe energies
at low temperature. For higher temperature, we observe a valley to spin flip conversion pro-
cess. Moreover, we disentangle intra- and inter-valley trion processes for slightly different pump

energies.
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

6.0.1 Introductory Remarks

The setup for the two-color pump probe (TCPP) experiments is presented in section 2.3.3.
The TCPP spectroscopy is performed on ML MoTe,, namely on flake 2, cf. section 2.3.1.
The associated PL emission is shown in Fig. 6.1 (a, black line). We attribute the peaks to
the exciton (X°) and trion (X7) emission. The properties of the emission like lineshape,
broadening with temperature, emission energy and trion binding energy are similar to the
properties of flake 1 discussed in chapter 3. We use a FemtoFiber Pro laser system with two
synchronized pumped non-linear fiber amplifiers outputting white light supercontinua which are
independently tunable in energy by amplitude masks in the Fourier plane of pulse shapers. The
resulting pulses have a Gaussian-shaped spectrum of 10 nm FWHM width and 180 fs FWHM
duration. The violet shaded Gaussian profiles in Fig. 6.1 (a) picture the spectral profiles of
the pump and probe beams if centered resonant to the exciton and trion emission. The probe
energy stays constant quasi-resonant to the exciton (1.180eV) and trion (1.160€V) emission
energy. We measure pump probe spectra tuning the pump energy across the exciton and trion
resonance, starting 11 meV below the trion emission up to 81 meV above the trion emission, in
a pump energy range from 1.24 eV to 1.15eV. The pump energies are indicated by violet arrows
in Fig. 6.1 (a). In the second part of this chapter, we change the polarization of the pump beam
(i.e. address K or K’ valley), whereas we probe always at the K valley. If pump and probe beam
have the same (opposite) circular polarization, we define this as co (cross) polarized. To obtain
polarization resolution, polarizers and broadband A/2 and A/4 retarder plates were inserted
in pump, probe, and reference beam paths. For polarization resolved measurement details we

refer to sections 2.3.2 and 2.3.3.
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Fig. 6.1: (a) Exciton (X°) and trion (X7') photoluminescence spectrum (black line) of ML MoTes at 15 K.
The violet arrows indicate the different pump energies. The shaded Gaussian profiles indicate the
energy profiles of the pump and probe beams and are centered at the probe energies resonant to
the trion and exciton. (b) Normalized pump probe reflection data under different pump and probe
energies at 15 K.
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The TCPP measurements are performed using heterodyne balanced detection. This enables
a simultaneous measurement of amplitude and phase unlike in most conventional pump probe
measurements [36, 44, 33]. We measure in reflection geometry and the differential amplitude
signal reads as differential reflection (dR/R), the differential phase signal (A®/®) is called
in the following for simplicity phase. Figure 6.1 (b) shows the delay-dependent differential
amplitude change of the reflectivity for pumping and probing the exciton (XX, violet solid
squares), pumping and probing the trion (TT, dark violet open squares), pumping the exciton
and probing the trion (XT, light violet diamonds), and pumping the trion and probing the
exciton (TX, black open diamond) in a two-color experiment. Note that the sign of the data
taken at the exciton energy is inverted as the exciton resonance is shifted on an ultrafast
timescale due to bandgap renormalization.

In this chapter, we study formation and decay processes of excitons and trions in ML MoTe,
in ultrafast pump-probe experiments in a temperature range between 5 K and 125 K. We fit the
decay of the spectra exemplary shown for 15 K in Fig. 6.1 (b) XX and TT three-exponentially as
a function of temperature. We found in both cases an ultrafast component which we attribute
to the pulse overlap of pump and probe pulses which we do not further analyze as it may
contain coherent effects not accounted for by a multi-exponential decay. The fast component
represents the decay of the quasiparticle and the slow decay component is associated with the
free carrier decay. The timescales of the quasiparticles decrease with increasing temperature
and are larger for the trion than for the exciton as shown for the radiative decay in chapter
3. Non-resonantly excited trion processes cannot be described without considering formation
times of several picoseconds. By quasi-resonantly pumping the exciton and probing the trion
(XT, light violet diamonds in Fig. 6.1), we measure trion formation times of 1.5 — 2.5 ps.
The last curve is measured by pumping the trion and probing the exciton. This theoretically
should measure the trion to exciton scattering mechanisms. As the trion is around 24 meV
energetically below the exciton, a scattering from trion to exciton seems to be unlikely, unless
processes like annihilation of phonons are included. Especially optical phonons have matching
energies, but at low temperatures there are not active. Therefore, we attribute the observed
pump probe signal to state filling processes [62] and/or exciton up-conversion as observed in
PL [119] and do not investigate the decrease of the signal further.

The analysis of the polarization degree is the topic of the second part of this chapter. We
study the degree of circular polarization of the exciton and trion. The polarization of the exciton
is strongly influenced by bandgap renormalization and bleaching effects leading to a reduced
signal in the pumped valley and a counter-intuitive negative polarization of —65 %. The trion
show less bandgap renormalization compared to the exciton. We measure a polarization degree
of 95% resonantly to the trion transition. This maximum polarization by pumping and probing
resonant to the trion is lost within 3 ps. This is in perfect agreement with previous experimental

results [159] which shows that the trion polarization decays slower than the exciton.
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

6.1 Decay- and formation time of exciton and trion

In this section, we analyze the ultrafast decay processes of excitons and trion by investigating
both phase and amplitude. MoTe, has so far not been studied in pump experiments. However,
we can fit the exciton and trion decay by a three-exponential decay. We attribute the decay to
a fast non-radiative decay be defects for both exciton and trion. In addition, the phase signal
of the exciton shows a bimolecular trion formation process. The same formation process can

be observed by pumping the exciton and probing the trion.

6.1.1 The mismatch of exciton amplitude and phase decay

Fig. 6.2 (b) shows the amplitude (dR/R, violet squares) and the phase (gray squares) signal
at 15 K as a function of pump probe delay for a large time range and a smaller time range
which is illustrated in the inset. There, we pump and probe at the excitonic transition X°
as pictured in Fig. 6.2 (a). The amplitude and phase data in Fig. 6.2 (b) show a completely
different evolution with delay time. For the amplitude signal the pump and probe energy is the
resonance energy. For an energy smaller than the resonance energy the phase signal is negative
due to a negative index of refraction which is the most usual situation. For energies below the
phase signal has a positive sign. To both ends the phase diminishes slowly thus can scan a lager
energy range than the amplitude [140]. This shows: Apart from the excitonic transition we
pump and probe in the amplitude, we also create a set of other carriers off-resonantly resulting
in a different phase behavior. However, in both cases the signal rises strongly with the laser
duration of 180 fs (gray shaded Gaussian) and for the first few hundreds of femtoseconds the
phase and amplitude are similar. Then the decay differs immensely.

The exciton amplitude can be fitted by a three-exponential decay

dR
f — Alaser G_T/Tla.ser + Afast e_T/Tfast + Aslow e_T/Tslow’ (61)

indicating more than one relaxation process. The fit is shown as solid blue line in Fig. 6.2. The
first component (black box) decays with a time constant similar to the convolution of pump and
probe pulses in all traces. It is attributed to coherent effects during the overlap of the pulses
[154]. For illustration we insert the laser pulse envelope as gray Gaussian area. The remaining
decay components are the fast (blue box) and the slow (yellow box) component. We extract
values of (2.5 £0.5) ps and (40 £ 5) ps. These are the first pump probe data ever measured on
MoTey, therefore we can only compare our results to previous measurements on other Mo and
W based TMDCs. The values are in agreement with decay times of MoSs cf. Refs. [154, 184].
The fast component is thus attributed either to exciton decay by surface trap states [154],
intrinsic exciton lifetimes, as the radiative exciton lifetime in this materials is found to be

around 3-4 ps [85, 134], or non-radiative capture and recombination of photoexcited carriers
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Fig. 6.2: (a) PL spectrum at 15 K the pump and probe energies are indicated. (b) Pump probe reflection
data (violet squares) and phase data (gray squares) for pumping and probing the exciton fitted
by a three-exponential decay (blue line) and formation-decay process by eq. 6.2 (gray line). The
fit values are included. (Inset) Reflection and phase data at a smaller pump probe delay.

by defects e.g. transition metal or chalcogenide vacancies [184]. The slow decay component is
determined by interband carrier-phonon scattering [154]. This means the energy resulting from
the fast non-radiative decay is transferred to a phonon system, increasing the temperature of
the lattice, shifting the excitonic transitions to smaller energies. The cooling -a heat transfer
from the ML to the substrate- results in a decay of 10-100 of picoseconds [142]. Note, exciton
decay mechanisms are highly dependent on the pump fluence attributed to exciton-exciton
annihilation and Auger recombination [83, 168, 184]. For this reason, we kept our pump fluence
as low as possible.

The phase signal behaves differently, the simultaneous rise and decay within the laser du-
ration. The phase shows a formation-like process getting more pronounced by slightly tuning
the pump energy to lower and higher energy values compared to the probe. To investigate the
phase decay in detail, we subtract the signal corresponding to the pulse overlap. The remaining

phase signal is fitted by a formation-decay equation established by Ref. [157]

AP

— =A|l—B-exp T exp T .
@ Tform Tdecay

The resulting fit is shown as solid gray line in Fig. 6.2. We extract a formation time of

(6.2)

(1.5 £ 0.5) ps and a decay of (30 £ 5) ps. The formation timescale is comparable to the fast
decay of the exciton and the formation of trions as seen in the next subsection. Thus, a possible
process is the formation of trions. Besides, we can either observe disintegration of excitons to

electrons and holes, a transfer of carriers to dark excitonic states and lambda point excitons
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Fig. 6.3: Exciton amplitude decay time (violet squares) versus temperature out of three-exponential decay
eq. 6.1 for the fast (a) and slow (b) component. Exciton phase time parameters (gray squares)
out of the formation eq. 6.2 fit for the formation (a) and decay (b) time, where the error is shown
as shaded area.

by phonons [102, 148] or a scattering towards defect states. To further investigate this, we
measure temperature dependent exciton amplitude and phase pump probe signal.

Fig. 6.3 shows the temperature dependence of the fast (a, violet squares) and the slow (b,
violet squares) time decay of the amplitude and the formation (a, gray squares) and decay
(b, gray squares) of the phase signal. The fast time decreases with increasing temperature
from 2.4 ps at 10 K to ~1 ps at 65 K. A similar trend was observed for the acoustical phonon
limited exciton relaxation time in PL measurements in chapter 4 in the same temperature
range. For temperatures above 65 K the time constant increases with increasing temperature.
We can explain this effect by weakly localized shallow potentials [157]. These states are weakly
redshifted from the exciton state and lead to an inhomogeneous broadening of the linewidth.
By increasing the temperature these states are thermally activated with an activation energy
of ~ 6 meV extracted from an Arrhenius fit pictured as dashed line in Fig. 6.3 (a). We directly
compare this activation process to the measurements of the inhomogeneous linewidth in section
4.1, Fig. 4.1. There we observe that the inhomogeneous linewidth has a minimum at ~60 K
and increases for higher temperatures, supporting the assumption of an activated shallow state.
Such states capture carriers, which than decay non-radiative. The process below 60 K is also
described by a non-radiative decay due to defects. An electron is captured into a bound state
which is in our case a defect state, and then recombines with a hole in its original state most
likely at the K or K’ point. The released energy can be either transformed into lattice phonons
or can excite other carriers (especially at high excitations powers) which is in principle the
Auger process. The first process can be addressed by temperature resolved measurements. The

strong temperature dependence we observe in Fig. 6.3 (a) supports the assumption of multiple
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Fig. 6.4: Exciton decay time versus pump energy out of three-exponential decay fit (eq. 6.1) for probing
resonantly to the exciton at 15 K. The fast component is pictured in blue the slow component in
yellow.

phonon emission due to non-radiative electron capturing processes by defects [57]. The forming
process in the phase data has comparable timescales to the trion formation process indicating
that we can observe the formation of trions non-resonantly as the phase response is sensible
to a wider energy range. The slow component in Fig. 6.3 (b) shows a similar behavior for
both amplitude and phase decay decreasing with increasing temperature. The phase signal is
limited for higher temperature to the radiative decay time of the trion of 12 ps (cf. section
3.1.2). This is reasonable, as the defect and shallow states are filled with excitons, therefore,
trions cannot decay through this channel. This means that for higher temperatures scattering
towards weakly localized shallow states is likely.

To further investigate exciton behavior, we perform pump energy resolved TCPP measure-
ments. The results for the fast and slow decay component for the exciton are presented in
Fig. 6.4. The fast (blue squares) component around 2.5 ps at 15 K in perfect agreement with
the previous discussion. An exception is formed at 1.15 eV, where we pump slightly energeti-
cally below the trion resonance. The decay seems to be limited through the trion decay time,
as the trion is the energetically favorable state, as seen in Fig. 6.2 (a) such that the measured
value is dominated by signal from the trion. The slow component (yellow squares) is low for
resonant pumping X° and X7 and gets slower for off-resonant excitation reflecting the cooling
of the phonon-heated lattice. The higher values for off-resonant excitation previously measured
by Ref. [154] and are attributed to direct interband electron-hole recombination.

To understand the nature of the quasiparticle decay in TMDCs, the trion decay processes

needs to be investigated in more detail which will be done in the next subsection.
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

6.1.2 Trion formation and decay

In this section we quantify the trion decay time by a three-exponential decay and describe
the formation of trions by pumping the exciton and probing resonantly to the trion. Both
amplitude and phase show a comparable behavior confirming that we are investigating mostly
trion decay processes.

Fig. 6.5 (b) shows the trion dynamics for the phase (gray squares) and amplitude (violet
squares) for pumping and probing resonant to the trion X7 as pictured in Fig. 6.5 (a). The
evolution of the phase and amplitude signal is remarkable similar. The phase normally reflects
other states and carriers which are as well excited by pumping and probing a resonance. There-
fore, in case of the trion mostly trions processes are investigated. This seems reasonable as the
trion is the energetically lowest state. Moreover, this indicates that the trion has fewer scatter-
ing channels compared to the exciton. The trion decay can be described by a three-exponential
decay with eq. 6.1 comparable to the exciton decay. We measure an ultrafast component of
0.17 ps due to the pump probe pulse overlap, as previously observed for the exciton. Besides,
we extract a fast component of (3.9 + 0.5) ps and a slow component of (45 £ 5) ps for both
amplitude and phase. This is in good agreement with measurements of MoSey [44] under the
assumptions of low pump fluency. As the estimated radiative decay for trions in ML MoTe, is
around 12 ps (cf. section 3.2.1) other processes dominate the trion decay. Thus, non-radiative

process like defect assisted scattering is a possible additional mechanism [44, 95].
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Fig. 6.5: (a) PL spectrum at 15 K, the pump and probe energies are indicated. (b) Trion amplitude (violet
squares) and phase (gray square) pump probe signal as a function of pump probe delay. We fit
both curves with the three-exponential decay eq. 6.1.

Analog to the exciton, we investigate the fast and slow component of the trion decay in

Fig. 6.6. As amplitude and phase show a similar behavior, we concentrate here on the amplitude
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Fig. 6.6: Trion fast (blue squares) and slow (yellow square) decay time versus temperature out of three-
exponential decay fit (eq. 6.1).

data. As for the exciton, the fast decay time decreases with increasing temperature from ~5 ps
at 10 K to ~2 ps at 50 K and then increases again for higher temperatures to ~8 ps. In very pure
systems the radiative decay is slowed down with increasing temperature. Unlikely here, because
the decay is faster than the radiative limit. The absolute change in decay time is larger in the
trion compared to the exciton. The inhomogeneous linewidth in section 4.1, Fig. 4.1 shows
a minimum at comparable temperature. There, the relative change in linewidth is stronger
for the trion as for the exciton. This supports, non-radiative scattering processes and weakly
localized shallow states are responsible for the trion decay. Moreover, it shows that the same
defect and shallow states are influencing both exciton and trion. At lower temperatures we
follow the trend of the acoustical phonon limited relaxation time in section 4.2.4. This means
heating the material leads to a faster interaction with defects and other particles resulting in
a faster decay. Fitting the higher temperature processes with the Arrhenius equation results
in an activation energy comparable to the exciton of the shallow state of 10 meV. The trion
decays slower than the exciton.

By pumping the exciton and probing the trion we can analyze trion formation. There are
two main trion forming processes [44, 122, 157]: 1. directly from the electron-hole-plasma
by three carrier formation, which is more likely at high excitation densities; 2. by exciton to
trion formation. Several previous publications assume the latter one [44, 95]. The results of
our TCPP measurements by pumping resonantly to the exciton and probing resonantly to the
trion (named XT) are presented as violet squares in Fig. 6.7 (a). Note, we have subtracted the
Gaussian component of the laser emission. The observed non-zero signal is a clear indication
for a coupling between the exciton and the trion [158] in the ML MoTes. Two-dimensional
coherent spectroscopy measurements will clarify whether they couple coherent or not as done in

the next chapter for MoSe;. We investigate the formation and decay processes in the amplitude
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

by a slightly modified version of formation equation in Ref. [157], expending the decay to a

biexponential decay function. The formation equation reads then

aR _

i (Al e T/ Trast A e—T/Tszow) « (1 — Ay e_T/Tform)’ (6.3)

where, T¢orm, is the formation time.
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Fig. 6.7: (a) Two color pump probe measurements of pumping at the exciton and probing at the trion (XT)
at 15 K (violet diamonds). The phase is pictures as gray squares. The amplitude data are fitted
by a formation and decay equation 6.3. (b) Temperature dependence of trion formation and trion
decay estimated by pump the exciton and probe the trion.

The extracted values are presented in Fig. 6.7 (b) for the formation (open blue diamonds)
and the fast decay (blue closed squares) as a function of temperature. We extract a trion
formation of 1.5-2.5 ps with a minimum formation time of (1.4 £ 0.3) ps at 100 K. The small
variations in formation time are due to slightly different pump energies [157] as we tune the
pump energy with temperature following the shift of the PL trion energy. The formation
time is in good agreement with measurements on MoSes [157] and is in between the ultrafast
formation in carbon nanotubes [144] and the slow formation in quantum wells [81]. This means
the trion binding energy limits the formation process [157]. As we directly excite the exciton and
assume an instantaneous formation of the exciton seen in Fig. 6.2, we support the assumption
of exciton to trion formation through exciton-electron interactions. The decay times slightly
increase with increasing temperature and are limited to the fast time of the trion decay (cf.

Fig. 6.6). Therefore, we attribute this process as trion formation.
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6.1 Decay- and formation time of exciton and trion

In conclusion, we found a mismatch in phase and amplitude signal for the excitation at the
exciton energy. The amplitude shows a three-exponential decay due to capturing of electrons
from defect states, recombination of these excitons with holes, and the creation of phonons
heating the lattice. In contrast, the phase data show a formation process which is attributed to
the formation of the energetically lower trion. By pumping the exciton and probing the trion
we find comparable timescales of 1.5-2.5 ps for the formation, if directly excited. The trion
itself also shows a three-exponential decay due to defect states comparable to the exciton. The
temperature dependence of the exciton and trion decay is strongly influenced by defects for
lower temperatures acoustical phonon limited scattering by defect states is the main processes.
For temperatures above 60 K weakly localized shallow states are activated and capture electrons

resulting in an increase of the fast decay time.
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

6.2 Degree of polarization of exciton and trion for

near-resonant excitation

In this section we investigate exciton and trion valley polarization dynamics under near-resonant
excitation at low temperature. Valley polarization in pump probe is introduced in section 2.3.3
and the degree of polarization is estimated by eq. 2.18. We control the polarization of the
pump and the probe beam to have the same (opposite) circular polarization and denote that
with co (cross) polarized. In the first part of this section, we focus on the exciton polarization
degree. This is rather difficult to handle as large bandgap renormalization is observed. The
second part deals with trion valley polarization degree. The trion shows a large polarization of

nearly 100 % decaying within ~3 ps.

6.2.1 Bandgap renormalization effect in pump probe measurements

Photoluminescence measurements on MoS, and MoSe, promise a large polarization of 100 %
and 84 %, respectively, by resonantly exciting the exciton [173]. By comparing this to the
DFT calculations of polarized absorption from chapter 5 on MoTe, in Fig. 6.8, we also expect
a large polarization of ~ 85 % for resonantly exciting the exciton in MoTe,. Thus, we assume

to observe a large degree of valley polarization in pump probe measurements.
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Fig. 6.8: From DFT calculatulations extraced polarization-resolved absorption spectra for the exciton in
ML MoTes from chapter 5.

The experimental results for pumping and probing the exciton resonance are presented in
Fig. 6.9. We observe a larger signal from the cross polarized (black line) pump and probe
pulses compared to the co polarized (gray line) case, resulting in a negative polarization degree

(violet squares) of ~ —65 %. The polarization is quickly lost within 1 ps due to electron-hole
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Fig. 6.9: (a) Normalized pump probe reflection data under co (gray line) and cross (black line) circular
polarized pump and probe beams at 15K. The pump and probe beams are centered quasi-resonant
to the excitonic transition. The de-polarization (violet squares) is calculated by eq. 2.18. Feynman
diagrams (b) and valley schema (c) of (i) excitation, (ii) inter-valley scattering and (iii) exchange
interactions by a virtual photon p.

exchange interactions [159, 199] as introduced in chapter 2.1.1 and sketched in (c) of Fig. 6.9.
The excitons exchange extremely fast a virtual photon p without violation of spin and valley
conservation. So, excitons are equally distributed through the valleys for timescales longer
than one picosecond. However, the negative polarization does not agree with the assumptions
of valley polarization transfer sketched in section 2.3.3 in terms of Feynman diagrams, that
the unpumped valley does not show a population for a zero pump probe delay. The effect of
negative polarization has been previously observed by Refs. [97, 98, 121, 145, 186, 196] and
is mainly addressed to Coulomb induced bandgap renormalization which is also sensitive to

valley.

There are three main Coulomb induced effects sketched in terms of Feynman diagrams
Fig. 6.9 (b) and a valley scheme (c): (i) the intrinsic intra-valley population; (ii) the intrinsic
inter-valley scattering for states with the same spin and (iii) electron-hole exchange coupling
[145, 149]. Electron-hole exchange interaction induces both a microscopic polarization and
population transfer from K to K’ as sketched in the Feynman diagrams by the violet lines.
The pumped valley is populated by (i). The excited carriers induce a bandgap change which
red-shifts the exciton resonance, called bandgap renormalization. Together with absorption
bleaching (introduced in section 2.3.3) this leads to a reduced signal in the pumped channel.
The unpumped valley is populated through processes (ii) and (iii). Process (ii) is not probable
as the energetically upper dark state is ~ 34 meV separated. Besides, the unpumped valley
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6 Exciton and trion formation, decay and polarization dynamics in Mo'Tes

shows less renormalization and bleaching because of less excited carriers by the (iii) transfer
process. After a few 100 fs the unpumped valley is populated strongly (polarization of -65 %)
inducing a strong bandgap renormalization in K’ resulting in a signal decrease. Besides, the
exciton resonance shift of the unpumped valley is reduced and the K wvalley is repopulated
for timescales larger than 250 fs, creating a maximal population in K at 400 fs, and so the
polarization is lost at ~1 ps. We do not expect a strong trion bandgap renormalization effect
as beside the electron-hole pair an extra carrier needs to be transported and the extra carrier
already renormalizes the gap. The trion polarization will be the point of discussion in the next

subsection.

6.2.2 High degree of valley polarization in the trion

For PL measurements as done in the previous chapter, the trion shows a polarization similar to
the exciton. This trend is confirmed in near-resonant PL measurements on MoSe; measuring
a valley polarization of 79% [173]. Our previous measurements on WSe, show a strong valley
polarization of ~ 70 %, decreasing quickly within ~ 4 ps for inter-valley trions and long lived

> 25 ps for intra-valley trions [159].
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Fig. 6.10: Normalized pump probe reflection data under co (gray line) and cross (black line) circular polar-
ized pump and probe beams at 15 K. The pump and probe beams are centered quasi-resonant
to the trionic transition. The pump beam is shown as shaded gauss profile. The polarization
degree is calculated by eq. 2.18. Trion valley schemata are sketched on the right side.

Similar to exciton polarization we estimate the degree of polarization from the co and cross

polarized pump probe signal by eq. 2.18. The resulting differential reflection spectra for pump
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6.2 Degree of polarization of exciton and trion for near-resonant excitation

and probe quasi-resonant to the trion are represented in Fig. 6.10 for co (gray line) and cross
(black line) polarized pulses. The gray shaded Gauss profile represents the pump pulse. At
low pump probe delay co and cross signals differ clearly. We measure a polarization of nearly
100 % directly after the excitation pulse decreasing within the pulse width of 180 fs to 30 % and
depolarize completely within 3 ps. This means that scattering of particles from the K valley
to the K’ valley starts on fast timescales of hundreds of femtoseconds. The depolarization time
agrees very well with previous measurements on WSe, [159]. By pumping one valley, intra-
valley trions, which were introduced in detail in section 3.1, form immediately after excitation.
The intra-valley trion is sketched in Fig. 6.10 in the gray box, consisting of two electrons and
one hole. After excitation an exciton is selectively excited in the K valley capturing an electron
and forming a trion. There are three possible transitions to form inter-valley trions (black
boxes). First, the electron scatters through the other valley forming inter-valley trions via spin
conserving scattering mechanisms at low temperature, which is the primary scattering channel
for excitons in Mo-based TMDCs as shown in section 5.2.2 at low temperatures and happens
on several picoseconds. Second, the exciton changes valley due to electron-hole exchange inter-
actions on timescales below one picosecond. Then the extra electron needs to spin flip to be
energetically resonant to our measurement, this happens at 15 K on a microsecond timescale
(cf. Fig. 5.13), therefore, it is non-likely. Third, all three particles simultaneous transfer to the
other valley. This takes place on long timescales (more than 25 ps) [159]. So, intra-valley trions
are investigated by co polarized measurements and inter-valley trions by cross polarized light.
Therefore, we can attribute the valley depolarization timescale of ~3 ps to the valley transfer

spin-conserving scattering mechanism of the extra electron.

Now we change the temperature to 40 K consistent with our measurements in section 5.2.2.
The resulting co and cross polarized signal is shown in Fig. 6.11 as gray and black lines. In
contrast to the measurements at 15 K, the signal shows a pronounced cross polarized response
and thus a negative polarization. We attribute this effect to the change in the spin flip relaxation
time with temperature as seen in Fig. 5.13 (a). At 40 K we observe a spin flip time of the exciton
of ~1 ps, sketched as yellow line in the inset. So ultrafast electron-hole exchange interactions of
the exciton from K to K’ and fast transfer of the electron lead to a population of the K’ valley.
This is quickly lost within 1 ps due to bandgap renormalization comparable to the exciton.
Beside the PL valley- to spin-flip converting mechanism, we also measure a valley- to spin-flip

converting mechanism in pump probe measurements.

By tuning the pump energy across the trion resonance trion formation processes can be
investigated. The results for nine different detuning energies (i.e. the separation of pump
energy and trion emission energy) are presented in Fig. 6.12 for co (gray lines) and cross (black
lines) polarized pump probe beams at 15 K. At zero time delay the differential reflection signal is
zero and rises to its maximum within the first 200 fs. The behavior with increasing delay time is

strongly pump energy dependent. For under-bandgap excitation (—11 meV) the amplitude data
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Fig. 6.11: Normalized pump probe reflection data under co (gray line) and cross (black line) circular polar-
ized pump and probe beams at 40 K. The pump and probe beams are centered quasi-resonant to
the trionic transition. The polarization degree is calculated by eq. 2.18. Trion valley schemata
are sketched in the inset.

are dominated by the cross polarized signal which we assign to a creation of inter-valley trions.
The inter-valley and intra-valley trion differ by the position of the extra charge as sketched
on the right side of Fig. 6.12. As already introduced in section 2.2.2 the MoTey ML has the
largest conduction band splitting in Mo-based TMDC family (~ 34meV [39]). Therefore, both
types of trions are energetically different. The intra-valley trion is energetically higher than
the inter-valley trion. As we excite slightly off-resonant, the population energy for the higher
conduction band state is significantly higher, explaining the pronounced cross polarized signal.
As we tune the energy above the bandgap (pumping in between exciton and trion) the spectra
look similar to the ones from pumping the exciton. This is not surprising as our laser has a
spectral full width of half maximum of 10 nm, so the exciton is stimulated in part. Following
the previous section, trion formation can be observed by pumping the exciton and probing
the trion resonance. We investigate this in more detail in Fig. 6.12 (b). We observe for both,
co (gray line) and cross (black line) polarized measurements a sharp peak which is attributed
to the laser, followed by a formation of trions by capturing an extra charge as illustrated in
(c) within 1.5 — 2.5 ps. During the formation process, we measure a polarization of 25-30 %
(violet squares). After the successful forming of the trion we do not observe a polarization,
meaning the particles are equally distributed through the valleys. This can be either due
to capturing of the electron by the K valley or transfer of the electron from the K to the
K’ valley. By further increasing the detuning energy, we observe a change of sign. Co and

cross polarized signal get negative far apart from the pulse overlap. This was also observed
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Fig. 6.12: (a) Detuning energy resolved pump probe signal for different pump probe delays under co (gray
lines) and cross (black lines) polarized pump probe beams at 15 K. The values for the detuning
energy are calculated relatively to the trion transition energy. XT (TT) denotes pump the exciton
(trion) and probe the trion (trion) resonance. (b) Zoom into the XT measurements where the
violet squares show the polarization. (c4+d) Sketches of intra- and inter-valley trion for XT (c)
and for under-bandgap excitation (d).

in Ref. [196], attributing this effect to blocking of states by phase-space filling of excitons.
Moreover, for off-resonant excitation we enable measurement of higher energetic bright and
dark excitonic and trionic states as discussed in section 3.1.1. Especially dark quasiparticle
states have longer depolarization timescales as they do not couple to photons and electron-hole
exchange interaction is suppressed. This matches the observed increase in polarization (that
mean co and cross signal overlap) decay time for these higher detuning energies.

In conclusion, we investigate exciton and trion degree of polarization. The exciton shows
strong bandgap renormalization effects in the pumped valley and due to ultrafast electron-
hole interactions a high cross polarized response. We measure a polarization degree of —65 %
decaying within 1 ps due to bandgap renormalization and the filling of the unpumed valley.
The trion shows for low temperature and resonant excitation a less populated unpumped valley
so the observed effect of bandgap renormalization is weaker than as in case of the exciton. We
can extract an electron valley flip time of 3 ps. By increasing the temperature, we observe a
valley- to spin-flip converting process similar as in chapter 5. Moreover, we change the trion
valley depolarization by off-resonantly pumping the trion observing that valley polarization is

lost on timescales comparable to trion formation.
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{ Coherent exciton dynamics and

dephasing in mono- and bilayer MoSe>

In this chapter, we use two-dimensional coherent spectroscopy to resolve dynamics on ultrashort
timescales beyond the limitations of the pulse overlap in pump probe measurements presented
in the previous chapter. The measurements were performed during my stay abroad at the
University of Texas at Austin in cooperation with the group of Prof. Xiaogqin Li. The mea-
surements have been performed together with Kevin Sampson and Dr. Kai Hao. As the lab
is specialized in measurements in the visible range of the titan-sapphire laser, we switch from
molybdenum ditelluride to molybdenum diselenide. We measure the homogenous linewidth ()
which is related to the coherent dephasing time 75 = fi/~ of both monolayer and bilayer direct
exciton in molybdenum diselenide at low temperatures. Moreover, we address the relaxation
time T3 by linewidth cuts through the zero-quantum energy map.

In case of the monolayer, we confirm a direct excitonic transition. At ultrafast timescales,
the monolayer is a two level system and features in two-dimensional coherent spectroscopy arise
from ground state bleaching and excited state emission. The relaxation time in the monolayer
reflects the exciton population decay time of 220 fs where the relation Ty ~ 2 - T} is valid. In
the bilayer, the dephasing time is attributed to an ultrafast electron dephasing of 24 fs from the
K to the A point. The relaxation time T} reflects the hole depopulation time of 400 fs caused
by acoustical phonon mediated scattering from the K to the I' point. Moreover, the bilayer
coherent spectroscopy measurements exhibit an additional feature in the bilayer induced by
excited state absorption of a doubly excited state. This can be either an intra-layer biexciton
or an inter-layer exciton. From polarization resolved measurements, we determine the biexciton
binding energy in the monolayer and a valley polarization of 43 %. The bilayer shows a layer
polarization of —27 %, increasing toward the above-mentioned feature in the bilayer signal

which supports the biexciton behavior of this feature.
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

7.0.1 Why and how to investigate the indirect transition in bilayer MoSe,

TMDCs are a class of semiconducting 2D material crystals with a direct optical bandgap in the
ML-limit as described in the previous chapters. This class of materials has potential for the use
in opto- and valley-tronics devices. The basis of such devices is the stacking of different material
MLs to form so called heterostructures [45, 174]. In heterostructures, two materials of slightly
different band structure are combined to induce a smaller indirect bandgap transition. The
understanding of indirect TMDCs is still at the beginning. Recently, it have been found that
heterostructures have a momentum-direct inter-layer exciton at the K point and a momentum-
indirect inter-layer exciton at the indirect bandgap [46, 108]. Natural BLs of MoS,, MoSes,
WS,, and WSey show an indirect excitonic transition from the A-point in conduction band
to the K-point in valence band [55, 94, 135, 201] as sketched in Fig. 7.1 (c¢). In BL MoSe,,
scattering of carriers by phonons is highly pronounced compared to other TMDCs [66] due to
a smaller separation of A (in CB) and K (in VB) points in energy. This makes BL MoSe,
a perfect material to investigate optical transitions as a starting point to understand optical
transitions in heterostructures. The ML is pictured in Fig. 7.1 (a) and shows a direct intra-
layer exciton emitting an energy F,. In addition, the BL is a structure consisting of two Bernel
stacked MLs (cf. section 2.2). Therefore, there are several excitonic states in addition to the
states of the ML. The BL in Fig. 7.1 (b) shows an upper layer intra-layer exciton and a lower
layer intra-layer exciton. The lower layer intra-layer exciton is influenced stronger by substrate
screening as the upper one. Therefore, the upper intra-layer exciton has a higher bandgap
energy [91, 146]. Moreover, the BL shows an indirect inter-layer exciton comparable to the one
in heterostructures [58] with the difference that the exciton in the BL has a similar energy as

the direct intra-layer excitons. Thus, they are hard to distinguish energetically.
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Fig. 7.1: Sketch of decay pathways for ML and BL MoSe,, including direct exciton recombination, phonon
induced indirect exciton recombination, and other non-radiative scattering pathways.

Using absorption spectroscopy, direct excitons in ML and BL can be observed [141]. We use
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Fig. 7.2: (a) Absorption measurement of ML (violet) and BL (gray) MoSes versus energy at 30 K. Az, and
Apy, denote the lowest direct excitonic feature. Bj;r, and Bpgy, is the B exciton separated towards
the A exciton by valence and conduction band spitting. (b) Zoom to the A excitonic transition.
ML (solid violet line) and BL (dashed gray line) fit by the Voigt function. The BL is additionally
fitted with a set of two functions (solid gray line) where the parts are pictured as shaped profiles.

white light absorption spectroscopy to locate the direct excitonic transitions in ML and BL
MoSes. The resulting spectra at 30 K are shown in Fig. 7.2 (a). We observe two absorption
peaks in ML and BL MoSe; and attribute them to the direct A and B excitons as introduced
in section 2.2. The B exciton does not change the position from ML to BL. This seems to be a
general behavior of TMDCs which is investigated in detail in section 5.1. The center position
of the A exciton shifts slightly from ML to BL to lower energies by ~32 meV in agreement
with Ref. [3]. Having a closer look at the A excitons in Fig. 7.2 (b), we fit the data of ML
and BL with a Voigt function. Details of the Voigt profile are found in section 3.1. The ML
is fitted with a single Voigtian (violet line) centered in energy at 1641 meV with a FWHM
of 45 meV. The BL cannot be fitted with a single Voigtian as illustrated by the dashed gray
line. A set of two Voigtian components fits the BL absorption centered at 1609 meV and
1640 meV. The former perfectly matches the maximum of Agy, whereas the latter is centered
at the ML A excitonic signal and is significantly broadened to 80 meV. Ref. [131] observes a
similar effect on heterostructures: a broadening of the direct excitonic absorption from ML to
the heterostructure. Following their assignment, we calculate a broadening difference of 35 meV
corresponding to a lifetime of ~ 20 fs. This lifetime is identified as intra-layer exciton decay of

one of the two layers in BL. This raises the questions of exciton lifetime in BL.

For the first time, we investigate dephasing and population dynamics in natural BL. MoSe,
by two-dimensional coherent spectroscopy (2DCS). We measure both coherence dephasing and

population decay of ML and BL. MoSe, to directly compare their lifetimes. We study ML and BL.
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

flakes of MoSe, (cf. flake 3 and 4 in Fig. 2.13) mechanically exfoliated onto a sapphire substrate
for optical transmission measurements. ML and BL are transferred to the same substrate
facilitating direct comparison of ML, and BL emission within the same cooling cycle procedure.
We prefer separated ML and BL flakes to avoid in particular mixtures of the ML trion and BL
exciton emission, as they emit in the same energy range. For our 2DCS experiments we use a

transient four-wave mixing technique. The details can be found in section 2.3.4.

7.1 Dephasing time in ML and BL MoSe,

In this section, we investigate the excitation energy versus emission energy spectra from 2DCS
measurements. We identify the exciton and the trion in the ML map and attribute the exciton
feature to the direct excitonic transition at the K point. The ML exciton behaves like a two-
level system where processes like ground state bleaching and excited state emission can explain
the measured feature. In contrast, the BL shows two overlapping peaks. The main peak shows
a strong dephasing due to ultrafast scattering of the direct exciton into indirect excitonic states
as the conduction band has its minimum at the A point. The second feature is induced by the
excited state absorption due to an extra doubly excited state, as will be shown later. This state
can be either a biexciton in the upper or lower layer or an inter-layer exciton.

To measure the dephasing time, we scan the time delay t; between the first and the second
pulse producing a 2D excitation spectrum of the Signal S(hwy, , to, fiw;, ) while keeping the delay

between the second and the third pulse t5=0 fs constant.
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Fig. 7.3: 2D spectra of ML and BL MoSes at 300 uW excitation power and 30 K. The exciton and trion
resonances are highlighted by X° and X7 The off-diagonal linewidth (homogenous linewidth) of
XY is extracted at ten energy positions +2meV around the dotted line.
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Fig. 7.4: (a+b) The extracted homogenous linewidth with respect to the emission energy fitted by a
Lorentzian at 30 K. (c) Linearly fitted (solid lines) homogenous linewidth and dephasing time
Ty for ML exciton and trion and BL exciton as a function of excitation density.

Exemplary 2D spectra for ML and BL MoSe, are shown in Fig. 7.3. The x (y) axis corresponds
to the emission hwy, (excitation fuwy, ) energy. The dot-dashed line indicates equal excitation
and emission energy. Peaks occurring on this line represent coherent ground or excited state
population. The ML spectrum (left) shows two prominent peaks associated to the exciton X°
(1650 meV) and trion X7 (1626 meV) in accordance with Ref. [54]. Comparing the 2D center
energy to the absorption measurements in Fig. 7.2, the 2D-signal is blue-shifted by ~10 meV.
The 2D and absorption measurements are performed on two different flakes which can explain
the mismatch in energy position. The broadening along the diagonal of the 2D spectrum is due
to inhomogeneous effects like impurities or defects. The cross-diagonal broadening is related
homogenous linewidth -y which is related to the coherent dephasing time T» = h/7. By averaging
across ten linewidth cuts around the center emission energy +2 meV, we extract a homogenous
broadening of vx = (2.0 £ 0.2) meV (T5% = (329 + 33) fs) from a Lorentzian fit of the exciton
as seen in Fig. 7.4 (a). The trion is treated similarly and we estimate a trion linewidth of
yr = (2.9 £0.5) meV (T) = (227 £ 39) fs). Exciton and trion homogenous linewidth are in
perfect agreement with previous measurements on MoSe, for comparable excitation density and
temperature [170, 54].

The BL spectrum, however, has one roundish main emission peak related to the direct exci-
tonic transition of the BL as seen in Fig. 7.3. The BL direct resonance is centered at 1622 meV
emission energy. In agreement with the ML exciton, the BL exciton shows an energy blue-
shifting from absorption to 2D measurement. Therefore, we attribute the main peak to the
direct K point exciton. In addition, the BL shows a second feature at 1610 meV shifted in
emission energy compared to the main peak. The origin of this peak will be discussed in the
next subsection. As the ML trion and BL exciton emit at a comparable energy, it is it even

more important to separate the ML and BL from each other to avoid mixtures of states.
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

BL MoSe;, is known to be an indirect semiconductor [137]. In 2D spectroscopy, we investigate
the direct Ky g to Kop exciton as it is still an allowed direct transition even if it is energetically
unfavorable in emission. The indirect exciton from Ky g to A¢p is lower in energy and, therefore,
a preferred scattering channel for excitons. In contrast to MoTe,, where the BL and ML show
the same behavior in PL (cf. chapter 3 and 4). Therefore, we expect that in MoSes the BL
feature is less intense compared to the ML 2D signal despite that we excite the direct exciton in
both cases. We extract a broadening in Fig. 7.4 (b) of vx = (134 0.8) meV (T5° = (24 +2) fs)
for the BL exciton. The BL dephasing time is ten times faster compared to the ML and agrees
with the estimated lifetime of ~20 fs extracted from the linewidth analysis of the absorption
spectra. We interpret this ultrashort lifetime as scattering of direct excitons to indirect excitons
where the electrons are located at the A point in the conduction band as sketched in Fig. 7.1 (c).
We cover a range of 120 meV in our 2DCS measurements and do not observe a second feature.
DFT calculations throughout literature predict several different energy separations of K and
A, so corresponding band structure separations range from 300 meV [55] to zero [201] K-A
separation. We can extract a lower bound for the K-A splitting of 80 meV.

By changing the excitation density we investigate excitation induced dephasing [111]. The
results for the homogenous linewidth versus excitation energy are shown in Fig. 7.4 (c) for
ML (exciton: closed violet squares; trion: open violet squares) and BL (gray circles). By
linear fitting (solid lines), we can extract the excitation density induced dephasing rate of
4-107'2 meV cm? for both ML and BL exciton and 2 - 1072 meV cm? for the ML trion. This
further confirms the excitonic nature of the BL feature in the 2D spectrum. The values are
slightly larger than results on WSes at 10 K [111] and slightly smaller than trion results on
MoSes [170]. This indicates that similar many-body effects influence the optical response of

our sample compared to samples in literature.

7.1.1 The second feature in 2DCS spectra of the BL

Here, we have a closer look at the second feature of the BL centered at ~1610 meV, correspond-
ing to in a red-shift of 12 meV with respect to the main feature. Similarly shaped features have
been previously observed in 2DCS in quantum wells [19, 160] and have been attributed to biex-
citons. To understand the nature of this feature we follow the investigations from the thesis
of Dr. Galan Moody [110]. Depending on how many possible states one can excite there will
be different features in the 2D map as illustrated in Fig. 7.5. By excluding X7, the ML acts
as a two level system consisting of a ground state |G) and an excited state |K) sketched in
(A). That means in the ML we can investigate either ground state excitons or excitons where
the electron and the hole are located in the K valley. In our measurements, we have a fixed
pulse time ordering so that the pulses k1, ks, k3 interact with the sample to generate a four-wave

mixing signal kg = —k; 4+ ko + k3. The resulting possible pathways are sketched using Feynman
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Fig. 7.5: (A) Level schema for ML and BL where |G) is the ground state, |K) is the excited state associated
to a exciton in the K valley, and | X) is an extra BL excited state only excitable via the |K) state.
(B) Feynman diagram for possible 2D states. (C+D) Simulated 2D (C) and zero-quantum (D)
map from Ref. [110] where (a,b,c) are connected to the Feynman diagrams in (B).

diagrams in (B). A detailed description of Feynman diagrams can be found in section 2.3.3. For
the ML, as a two level system, only ground state bleaching and excited state emission (a+b)
are possible processes. Each process can be attributed to a feature in either the 2D map (C) or
the zero-quantum map (D). Bleaching (a) and excited state emission (b) occur as diagonal peak
in (C) at the energy of the direct optical transition at the K point (Awg). In the zero-quantum
energy map this results in a feature along zero zero-quantum energy. This agrees with our

measurements in Fig. 7.3 and Fig. 7.8 in the next section.

In the BL in Fig. 7.3, we attribute the main feature to ground state bleaching and excited
state emission of the direct K point exciton. In addition, a second feature can be observed. By
comparing this to the simulated 2D map, we assign the additional feature to the (c) process,
the so-called excited state absorption. Excited state absorption is only possible if there is an
additional excited state |X) which cannot be excited directly from the ground state. We call
this a doubly excited state. There are three possible implementations: (i) An indirect exciton
where the hole is located in the I'" valley or the electron in the A valley. We can rule out this
possibility as the energy separation to the direct exciton is too large [55]. (ii) An indirect inter-
layer exciton where one carrier is in the upper layer and the other carrier is in the lower layer
as sketched in Fig. 7.1 (b). As the lower layer is influenced by increased screening compared to
the upper they are energetically separated by 10-30 meV in MoSey [146]. Thus, a separation
of several meV from intra- to inter-layer, is possible. Moreover, inter-layer hopping of holes is

pronounced at low temperatures [38] inducing an exciton layer polarization in BL MoSe,. (iii)
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

Biexcitons (cf. section 2.1.3) where all carriers are either in the upper layer or in the lower layer,
as all three pulses have the same polarization in these first experiments. As found in quantum
wells, biexcitons show a comparable feature in 2D measurements [19, 160]. In addition, in ML
TMDCs biexcitons have been found to have a binding energy of ~ 10 meV [164] and have been
previously observed in 2D measurements in the ML MoSe, [53]. The investigation of valley and

layer polarization can help to further support our assumptions.

7.1.2 Valley vs. layer polarization in ML and BL MoSe,

In ML TMDCs, valley polarization occurs due to the locking of spin and valley selection rules.
These are based on the breaking of inversion symmetry as introduced in section 2.2. So by
choosing the helicity of circular polarized light, individual valleys can be addressed specifically.
In 2DCS we measure the valley polarization by changing the circular polarization of the four
beams from otototo™ (short: + + ++) to ototo o~ (short: + + ——) [54]. The resulting
homogenous linewidth is shown in Fig. 7.6 (a). We measure a valley-polarization of ~ 43 % in
agreement with zero to time measurements of Ref. [54]. This shows that by exciting resonantly

to the K valley we mainly populate the K valley and we obtain a high valley polarization.
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Fig. 7.6: Polarization measurements of ML (a) and BL (b) homogenous linewidth cuts. The inset shows
the BL layer-polarization for different linewidth cuts in emission energy.

In the BL the inversion symmetry is restored, therefore, spin and valley are not coupled, and
valleys are not selectively addressable by circular polarized light, as introduced in section 2.2.
Thus, the BL is excepted show zero valley polarization. However, due to the Bernal stacking
(AA"), the upper and the lower layer show a different k vector such that the upper (lower)
layer is associated to the K (K'). As a consequence, one layer carries more particles than
the other one, the population ratio between the layers being referred to as layer polarization
(37, 38, 64, 67, 195]. In our case we measure a negative layer polarization. Within the dephasing

time, a microscopic polarization is induced to the not-excited layer. Moreover, the polarization
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7.1 Dephasing time in ML and BL MoSe,

1.0 F7 T T . T T T T =T T T T T T T T 31.0
ML ++++ : ' O ML +-+- . X (b)
. 08} 40.8
E .
= £
2 5
3| 0.6 | 40.6 i
=
3 [}
‘g ©
E 04} H04 2
3 g
@ ©
0.2} 40.2
0.0 £ 1628 meV « 1653 mey X 1615 meV 1635 meV 1653 me\* 0.0
1600 1620 1640 1660 1600 1620 1640 1660 1680

emission energy ho,, meV emission energy ho,, meV

Fig. 7.7: Slices along the emission axis at an excitation energy of 1652 meV for + 4+ ++ (a) and + — +—
(b) circular polarization. The lines are fitted by Voigt function. Where XX, XT, and XT? are
associated to the neutral biexciton, exciton-trion coupling, and charge bound biexciton.

changes when scanning across the BL feature in Fig. 7.3 (b, inset). At the main feature we
measure a polarization of —27 %. At the second BL feature the polarization has increased
to —35 %. A non-zero polarization indicates that particles are not equally distributed to the
layers, thus, opposing the interpretation of the inter-layer exciton presented in the previous
section.

In addition, the ML at a closer look shows a trace of the biexciton as shown in Fig. 7.7 (b)
in perfect agreement with previous measurements in Ref. [53]. This means we observe in the
measurements with circular polarized beams + —+4— the natural biexciton XX and the charged
bound exciton XT® missing in the + + ++ case. The signal of the biexciton in ML supports
the appearance of biexcitons in BL. However, only careful calculations for the BL can clarify
the origin of the second peak.

In summary, the analyzed 2D maps and find that the ML shows as expected an exciton, a
trion, and exciton-trion coupling terms. The BL feature consists of two peaks: The main peak
is attributed to a direct exciton at the K point showing an ultrafast dephasing time of 24 fs.
This means electrons scatter ultrafast to the energetically lower lying A point conduction band
minima on ultrafast timescales. The second peak is attributed to either inter-layer excitons or

intra-layer biexcitons, where we assume the latter to be dominant.
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

7.2 Depopulation in ML and BL MoSe;

In this section, we additionally analyze the zero-quantum energy map of ML and BL to confirm
the assumption of a second peak in the BL.. Moreover, we discuss the relaxation rate associated
with the linewidth at a certain emission energy for ML and BL. We find that the relaxation
rate is connected to the population decay rate in agreement with previous publications for the
ML. In the case of the BL, this rate is associated to the hole transfer rate from the K to the I'
point via acoustical phonon processes.

To measure the relaxation rate, we scan the time delay ¢ between the second and the third
pulse reproducing a zero-quantum spectrum of the Signal S(t1, fuvy,, fuwy,), keeping the delay
between the first and the second pulse ;=0 constant. The resulting spectra for ML and BL
are shown in Fig. 7.8. The dashed line indicates the center position of the excitonic peaks in
ML and BL. For simplicity we omit the trion peak in ML. The ML shows a symmetrically
shaped signature of the exciton centered at 1658 meV in agreement with our measurements in
section 7.1. The high frequency patterns at this feature are a ringing artifact related to the
finite duration of the scan. We attribute this peak to a ground state bleaching and excited
state emission, as shown in Fig. 7.5 (B, D). The BL in Fig. 7.8 shows two features centered
at 1624 meV and 1610 meV associated to the direct exciton and a doubly excited state | X) as
explained in section 7.1.1. Therefore, we attribute the second feature as excited state absorption

of the either intra-layer biexciton or inter-layer exciton.
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Fig. 7.8: Optical 2DCS zero-quantum spectrum of ML and BL MoSes at 300 uW excitation power and
30 K. The exciton resonances are highlighted by X and a dotted line.

By averaging across ten linewidth cuts around the center emission energy £2meV shown in
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7.2 Depopulation in ML and BL MoSe,

Fig. 7.9 (a) we extract a relaxation rate of I,y = (3£0.5) meV (77" = (219+37) fs) for the ML.
The quantum dynamics of excitons in ML, TMDCs are mainly characterized by two fundamental
processes: Firstly, dephasing which can be measured by the homogenous linewidth () and,
secondly, the population decay rate (I',) related to the coherent dephasing time 75 = f/~y and
the population decay time 77 = h/T"y. In ML, 2- T} gives an upper limit for 75 [54], indicating
that quantum coherence is mainly lost due to population decay such that 7o ~ 2 -T7. We
can confirm this relation by measuring the population decay rate and the dephasing rate as
a function of temperature. The results are presented in Fig. 7.9 (c). T» (open violet squares)
consistently equals two times T} (light violet squares). In addition, we can fit the homogenous
linewidth by a linear version of eq. 3.4 introduced in section 3.2.2 for low temperatures. We
assume that mainly acoustical phonons broaden the linewidth. We find an acoustic phonon-
exciton coupling of v4 = (11.4 + 0.2) ueV K~1. The coupling is smaller than the coupling in
ML MoTe, extracted in section 3.2.
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Fig. 7.9: (a+b) Linewidth cuts at the center emission energy from zero-quantum energy maps. Extracted
homogenous linewidth v(T") (dephasing time T5) and relaxation rate I'p (relaxation time 77) of
the exciton emission of ML (c¢) and BL (d) MoSey versus temperature. The solid lines indicate
fits via the linear exciton-acoustic phonon interaction equation.

Analog to the investigations of the ML, we extract a relaxation rate of I'Y = (1.6 £ 0.3) meV
(T7 = (411£77) fs) for the BL as shown in Fig. 7.9 (b). As analyzed in heterostructures, holes
transfer on timescales of hundreds of femtosecond [24]. Moreover, ARPES measurements of
MoSe; resolve the band structure splitting of the ML and BL valence band. They estimate an
energy splitting I" to K of ~90 meV, where the valance band maximum is located at the I" point
[205]. Therefore, we attribute this lifetime to a hole transfer time from the K to the I' point in
valence band. The scattering is induced by phonon processes, mainly M-acoustical phonon-hole

scattering mechanisms of energies at about 9 meV [66, 126]. By changing the temperature, we
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7 Coherent exciton dynamics and dephasing in mono- and bilayer MoSeq

observe a similar trend as in MoTe, in section 3.2.2, namely that the BL shows an acoustical
phonon-exciton coupling of half of the value of the ML. In our case, we measure a coupling
of (6 +4)ueV K1, confirming the excitonic nature of the BL feature in Fig. 7.3. In contrast
to the ML, the BL is not a two level system, such that T, ~ 2 - T} relation is not valid. In
most semiconductors there are other processes such as elastic exciton-exciton or exciton-phonon
scattering influencing the dephasing. These processes are called pure dephasing v* and add to
the relaxation decay v = I',/2 + +* [111]. The pure dephasing energy perfectly matches the
M-phonon energy of 9 meV as seen in Fig. 7.9 d (light gray circles). So the T time is attributed
to the scattering of holes from the K to the I' point.

In conclusion, we confirm that the second feature in the BL signal occurs from excited state
absorption of a doubly excited state |X). Moreover, we find the dephasing time to be similar
to twice the population decay time in the ML as expected for high quality TMDC MLs. The
BL shows a totally different trend; we attribute the relaxation time to the scattering time of
holes from the K to the I' point in the valence band. This is a starting point to investigate the
direct transition in BL, giving hints towards the indirect BL exciton and, thus, for the design

of heterostructures.
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8 Summary

This thesis examines the optical properties of quasiparticles in transition metal dichalcogenides
(TMDCs) and their interactions with phonons based on photoluminescence (PL), pump probe
(PP) and two-dimensional coherent spectroscopy (2DCS). In the introduction of this thesis
we posed a number of questions regarding the excitonic and trionic properties of MoTe, and
TMDCs in general. We answer these questions by summarizing the results presented in the

previous chapters.

Which ultrafast dynamics and dephasing processes are observable in BLs of TMDCs?
Ultrashort timescales can be accessed by two-dimensional coherent spectroscopy. Such
experiments were performed on MoSey, where ML and BL differ in their respective band
alignment. For TMDC MLs, we confirm that the dephasing time is limited by twice the
population decay time for the exciton, as typical for a two level system. The bilayer differs
in three aspects from the ML: (i) The dephasing is ten times faster than in the ML due
to the electron dephasing towards the energetically favored A point. (ii) An additional
intermediate relaxation time which is not describing depopulation of excitons but rather
hole scattering from the K to the I' point. (iii) An excited state absorption signal from
an additional intra-layer biexciton or inter-layer exciton coupling to the main exciton. In

particular, the last point needs further investigation in both experiment and theory.

Does the BL of MoTe, feature a direct excitonic transition?

The properties of the BL of MoTe, differ from all other TMDCs. We analyze temperature-
dependent PL spectra and carefully compare the lineshape of the emission of ML and
BL. Thereby, we find that in particular (acoustical) phonons influence the quasiparticles.
Phonons and their coupling to excitons are the processes responsible for the bandgap
redshift, linewidth broadening, and population decrease with increasing temperature.
Differences in the temperature-dependence of the emission of ML and BL can be fully
accounted for by including a well-width dependence well known from classical quantum
wells in the coupling of excitons and phonons. Our findings prove a similar (direct) band
alignment of ML, and BL in MoTes.

Is there a trion in the BL MoTe,?
We examine the nature of an emission peak on the low energy side of the exciton by
simultaneously fitting the temperature- and excitation density-dependent PL with the
mass action law: For the first time in Mo-based TMDCs, we confirm the existence of
trions in the BL. Moreover, we confirm that ML and BL trion have similar bandgap shifts
compared to the exciton. The inhomogeneous linewidth analysis predicts two trion states

(inter- and intra-layer trion) in the BL separated by 2.2 meV.
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8 Summary

Do exciton and trion mobilities in MoTe, approach the theoretical limit?

We connect phonon induced homogenous linewidth broadening with phonon limited mo-
bility and relaxation time of quasiparticles for both acoustical and optical phonons. This
tool enables us to determine a high acoustical phonon limited mobility of 6000 cm?V~!s~1
(2000 cm?V~1s7!) and 4300 cm?*V~'s™! at low temperature for the ML exciton (trion)
and BL exciton, respectively which are the highest values found so far in TMDCs. For
the optical phonon mobility at room temperature we find that mainly the zero-order de-
formation potential determines the mobility of 300 cm?V~!s~! and 150 cm?V~!s~! in ML

and BL.

Is there a measurable valley polarization degree in MoTe,?

The theoretically predicted valley polarization decreases with the mass of the chalco-
genide. For MoTe, a valley polarization has not been observed up to now. We measure
polarization off-resonantly in PL and quasi-resonantly in PP. In the case of PL. we mea-
sure a maximum polarization in the ML of —11 % for exciton and —16 % for the trion
in agreement with spin-dependent density functional theory calculations. Quasi-resonant
excitation in PP results in a degree of polarization of —65 % for the exciton which is
induced by strong bandgap-renormalization. For the trion, we estimate values of 95 %

immediately after excitation which depolarizes within 3 ps.

Can we measure a polarization of higher excitonic states?

We resonantly excite higher excitonic transitions, namely the B, A’, and B’ and find that
population can be transferred to the ground state exciton and trion by phonon cascade
processes. Since the hole transfer is slow, the electron transfer processes mainly define
the polarization of the emitted light. Electrons undergo a change from spin-conserving
processes to valley-conserving processes with increasing temperature. We find that spin-

transfer processes are dominating at temperatures above 40 K.

Which processes determine the decay dynamics of excitons and trions in MoTe,?

Excitons and trions show a three-exponential decay in PP. We find that defect-assisted
recombination is ultrafast, namely 2.5 ps and 5 ps for exciton and trion. The evolution
with temperature follows the acoustical phonon limited relaxation time and decreases to
1 ps and 2 ps for exciton and trion below 60 K. Refractive index change measurements
in pump probe enables us to resolve scattering channels of the resonantly created state.
We find that by exciting the exciton we also create trions within 1.5-2.5 ps, in agreement

with the bimolecular formation of trions in amplitude.

In summary, this thesis presents the first comprehensive spectroscopic study and dynamics
analysis of MLL and BLL MoTe,.
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"P.S. As far as the white rabbit is concerned, it might be better to compare it with
the whole universe. We who live here are microscopic insects existing deep down
in the rabbit’s fur. But philosophers are always trying to climb up the fine hairs of

the fur in order to stare right into the magician’s eyes."

-Jostein Gaarder- Sophie’s World: A Novel About the History of Philosophy
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