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Abstract

The unique features of monolayer transition metal dichalcogenides (1L-TMDCs) have
drawn substantial interest of fundamental science. Likewise, they serve as key materials
in optoelectronic applications, both in their pristine form and in combination with
molecular coatings, referred to as hybrid structures. From either perspective, certain
basic phenomena crucially determine their properties and performance. Most notably,
electron-phonon coupling and the recombination dynamics of electronically excited species
in TMDCs as well as interfacial charge transfer within the hybrids play a major role.
To shed light on these processes, we conducted transient absorption (TA) spectroscopy
and microscopic emission measurements in the framework of this thesis. Right after
the optical excitation of 1L-TMDCs, we observe coherent lattice vibrations with a
dominant contribution of the A} Raman mode. It undergoes a softening at higher
excitation densities and causes a spectrally broad imprint on the TA signal, revealing
fundamental deviations from theoretically predicted signatures. On top, we note an
unprecedented oscillation feature matching the E’ mode. Subsequently, we unveil the
cascade-like cooling of the excited specimens, i.e. an equilibrium of bound electrons and
free carriers. This process successively involves an interelectronic thermalization and the
step-wise coupling to different phonon species. For the last stage of the dynamics, namely
the recombination of the excited specimens, we find a pivotal role of crystal defects in
general, but fundamentally differing mechanisms in the 1L wersus bulk material. In the
latter case, the population decay proceeds via a density-dependent Auger scattering of
carriers, as opposed to a geminate exciton-based recombination for the former. Finally,
we investigate hybrids of 1L-TMDCs coated with monomeric Perylene Orange molecules.
Here, we discover massive quenching of the dye fluorescence, hinting at an efficient charge
separation.
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Kurzzusammenfassung

Die einzigartigen Eigenschaften von Einzellagen-Ubergangsmetall-Dichalkogeniden
(1IL-TMDCs) haben im besonderen Mafe die Aufmerksamkeit der Grundlagenforschung
auf sich gezogen. Gleichermafsen dienen sie als Schliisselmaterialien fiir optoelektronische
Anwendungen, sowohl in ihrer blanken Form als auch in Kombination mit
molekularen Beschichtungen, sogenannten Hybridstrukturen. Aus beiden Perspektiven
bestimmen grundlegende Phénomene die Eigenschaften und Funktion. Besonders
Elektron-Phonon-Kopplung und die Rekombinationsdynamik in TMDCs sowie
Ladungstransfer an der Grenzfliche innerhalb der Hybride spielen eine vorrangige Rolle.
Um diese Prozesse aufzukldren, haben wir transiente Absorptionsspektroskopie (TA) und
mikroskopische Emissionsmessungen im Rahmen dieser Arbeit durchgefiihrt. Direkt nach
der optischen Anregung der 1L-TMDCs beobachten wir kohérente Gitterschwingungen
mit einem vorwiegenden Beitrag der A{-Mode. Sie durchlduft eine Aufweichung bei
hohen Anregungsdichten und verursacht einen spektral breiten Abdruck auf dem
TA-Signal. Dieser weist fundamentale Abweichungen zu theoretisch vorhergesagten
Signaturen auf. Obendrein beobachten wir eine bisher unbekannte Oszillation, die
sich mit der E'-Mode deckt. Anschliefend enthiillen wir die kaskadenartige Abkiihlung
der angeregten Spezies, einem Gleichgewicht aus gebundenen Exzitonen und freien
Ladungstrigern. Dieser Vorgang beinhaltet eine interelektronische Thermalisierung und
die schrittweise Kopplung an unterschiedliche Phononentypen. Fiir den letzten Abschnitt
der Dynamik, die Rekombination der angeregten Spezies, ergibt sich im Allgemeinen
eine zentrale Rolle von Kristalldefekten. Allerdings zeigen sich grundlegend verschiedene
Mechanismen in der Monolage gegeniiber dem Volumenkristall. In letzteren Fall zerfallt
die Population iiber eine dichteabhéngige Auger-Streuung, im Gegensatz zur paarweisen,
innerexzitonischen Rekombination fiir erstere. Zum Schluss untersuchen wir Hybride
aus mit Perylen Orange beschichteten 1L-TMDCs. Hier entdecken wir eine massive
Fluoreszenzausloschung auf Seite des Farbstofls, was auf eine effiziente Ladungstrennung
hinweist.
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1 Introduction

Ever since the Nobel Prize-winning discovery of graphene!, two-dimensional (2D) crystals
have risen as novel materials®®. Among them, the semiconducting transition metal
dichalcogenides (TMDCs) have emerged as one of the most promising classes for both
fundamental research®® as well as specific applications such as in electronics® or as
catalysts” ?.

Owing to their layered structure bound by van der Waals forces, one can fabricate
ultrathin films of TMDCs, down to the atomic limit of so-called monolayers (1Ls). In
this extreme case, quantum confinement effects and the absence of adjacent layers that
would form a dielectric environment fundamentally change the physics of 1L-TMDCs
compared to their bulk counterparts. Most notably, the constraint to two dimensions
drastically reduces the screening of the Coulomb interaction within bound pairs of
electron and hole, i.e. excitons. As a direct consequence, the exciton binding energy soars
to unprecedented values of several 100 meV “'%12 one to two orders of magnitude above
the range for conventional semiconductors'®*®. Hence, stable excitons persist even at
room temperature. Aside from 1L-TMDCs, this applies only to even lower-dimensional
systems such as 0D molecules and quantum dots or 1D nanotubes.'® However, in 2D, the
electron-hole pairs exhibit high mobilities and diffusion lengths'® 2!, thus unfolding their
full potential in mediating energy transport.

Furthermore, the thickness reduction from bulk crystal to 1L is accompanied by a
transition from an indirect to a direct band gap semiconductor for many TMDCs!??2,
This leads to an emerging monolayer photoluminescence (PL), while the bulk material
does not emit?*?*. In combination with their strong light-matter interactions, manifesting
in reasonable light absorption even for monolayers? 2", these properties open a plethora
of optoelectronic applications.

Indeed, numerous devices based on TMDCs have been fabricated so far®, including
light-emitting diodes (LEDs)?®, photodetectors?>?, and solar cells®'*2. The basic idea of
the latter two is the conversion of photons into an electric current. This process, which
proceeds reversely in LEDs, may be boiled down to the following steps. First, absorbing
a photon creates a (Coulomb-bound) electron-hole pair. Subsequently, these charges
must separate, in order for them to be drawn towards the different contacts, generating
the intended current flow.

Typically, the charge separation is facilitated by combining two different layers with
a staggered band gap, commonly denoted as a type II energy alignment. This term
describes that the band gaps of the two materials are essentially offset with respect to
each other. Hence, the electrons energetically favor the one material while the holes prefer
the opposite one, thus resulting in charge transfer (CT). Under this scope, corresponding
heterostructure systems of two or more different, stacked TMDCs have been and still
are intensively studied®*3°. Corresponding studies typically either focus on the PL of
interlayer excitons as a spectral signature of separated charges®¢7 or investigate the
dynamics of the CT3%42,

However, the combination of TMDCs with molecular layers to form hybrid structures
has gained less attention, although it offers some promising advantages. First of all,
large-area coating methods like thermal vapor deposition (TVD) are well-established
for dye films*3#*. This simple and reproducible technique paves the way for potential
device fabrication on an industrial scale. Second, chemical modification of organic
molecules allows for tuning of their energy levels as well as their aggregation and layer
growth behavior.*% Ergo, a huge variety of systems appears possible. Finally, from an
experimental point of view, the high fluorescence quantum yield (QY) of dye molecules
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2 Introduction

facilitates emission spectroscopy experiments. Numerous representatives of this material
class score near-unity values?® as opposed to typically subpercent photoluminescence
yields of 1L-TMDCs?*4"48 It is owing to these characteristics that dye molecules on
their own also serve as building blocks for organic LEDs**% and solar cells®!2.

Nevertheless, the unique properties of TMDCs can be exploited as well, leading
to outstanding device characteristics. The vertical stacking of atomically thin layers
preserves the quasi-2D geometry, thus minimizing the required out-of-plane diffusion
path of excited specimens. Accordingly, corresponding photodetectors demonstrated
photoresponse times of only a few picoseconds®®%3 5%  therefore paving the way for
operation in the terahertz (THz) regime in the long term. Simultaneously, TMDCs
represent promising candidates for THz electronics in the sense of modulators®658
emitters® and detectors® for corresponding radiation.® However, characteristic
vibrational modes of the crystal lattice, their quanta denoted as phonons, fall in this
frequency region as well? % and might interfere with the designed function. Moreover,
recent studies have demonstrated that sufficiently short laser pulses can excite these
phonons coherently’® ™. As a consequence, the whole lattice vibrates in phase, which in
turn modulates its optical and electronic characteristics. With regard to optimizing the
discussed devices, further understanding of these effects is required. Beyond the concrete
application, this also offers a unique opportunity to study the interplay between the
lattice, the electromagnetic radiation, and the electronic response of the material.

The devices’ efficiency is determined by multiple factors that correspond to the
different steps of the principal process and relate to fundamental physical processes.
At any stage, recombination and trapping of excited species limit their lifetime and
thus partially prevents them from participating in the intended process. Understanding
these loss channels as well as the mechanisms at play constitutes the prerequisite to
controlling them and to optimizing the device performance. From this perspective, a
key characteristic of TMDCs is that excitons are expected to dominate in thin films,
most notably the 1L, while free carriers prevail in bulk systems. Ergo, this different
nature of excited species suggests different behaviors. Additionally, the recombination
dynamics provide valuable insight into the excited species’ diffusion®>™ and reveal a
pivotal importance of crystal defects™ ™. Therefore, the device performance might be
hindered by trapping.

In hybrids or heterostructures, the rate of the CT equally competes with these loss
channels, lowering the respective yield. As the separation of the oppositely charged
carriers takes place as a purely interfacial process, it sheds light on the interactions
between the different materials. Vice versa, a strong coupling of the layers forms the
basis for a rapid and therefore efficient CT. Eventually, the mobility governs the diffusion
of excited species as well as the drainage of the separated carriers towards the electrodes.
These transport properties are largely defined by scattering with phonons™*®  ergo
depend crucially on the coupling between the electronic and the phononic system. On
top of that, this coupling also represents a major energy distribution mechanism and
thus determines the cooling of the electronic system, especially after optical excitation
above the band gap. Thereby, it influences how long the excess energy is available for
the electronically excited species. This may either facilitate thermally activated charge
separation or, in contrast, cause undesired backward transfer. From this point of view,
investigating the cooling dynamics unravels the electron-phonon coupling in return.



Regarding these pivotal processes, a comprehensive understanding is still missing,
likewise leaving room for device optimization. Hence, following the significance of
TMDCs in optoelectronics along with the underlying physical mechanisms, this thesis
seeks to answer four fundamental research questions:

1. Coupling of the electronic and phononic system:
How does it affect the dynamics, especially the thermalization of the electronic
system? How long is the excess energy above the band gap preserved?

2. Recombination dynamics:
How long do the excited species in TMDC s, i.e. excitons and free carriers, live and
how do they recombine? How does this process depend on the layer thickness and
which effects is it governed by?

3. Coherent phonons:
Which vibrational modes can be excited? How do they affect the optical and
electronic properties and by which experimental parameters are they influenced?

4. Charge transfer in hybrid structures:
How fast and efficient does charge separation proceed in hybrid structures?

In this work, I tackle these questions by spectroscopic means, employing time-resolved
emission as well as ultrafast transient absorption (TA) measurements. The latter maps the
temporal evolution of the absorption characteristics of pristine TMDC layers after optical
excitation. In this respect, suitable analyses allow for the disentanglement of various
consecutive processes, e.g. the thermalization of the electronic system and its interaction
with the lattice as well as the recombination of the excited species [P1][P3]. On top,
particularly short laser pulses coherently excite phonon modes, which in turn leave an
oscillating mark onto the transient signal [P3]. Time-resolved emission microscopy for its
part is applied to track down charge transfer in dye/1L-TMDC hybrid structures indirectly
via the quenching of the molecular fluorescence [P2].

The presented thesis is structured in the following way. Chapter 2 introduces TMDCs,
dye molecules and hybrid materials composed of the former two. It connects their
structure on the atomic level to their unique electronic and optical properties. Part 3
sketches the experimental methods employed to prepare 2D flakes and hybrids thereof,
as well as to shed light on the ultrafast dynamics taking place in these samples after
light absorption. From this point, I expound the results of my studies, beginning
with chapter 4 on the electronic thermalization and phonon-driven cooling process in
1L-TMDCs. The subsequent part 5 deals with the different charge recombination kinetics
in the bulk material compared to the monolayer. Afterwards, in chapter 6 we study the
nature of coherently excited phonons and how they interact with the optical properties of
1L-TMDCs. As the last part with reference to the experimental results, chapter 7 tracks
down interfacial interactions in PO/TMDC hybrid structures. Finally, a summary of the
main body concludes this dissertation.






2 Characteristics of low-dimensional materials

TMDCs and their hybrid structures owe the vast scientific attention to their unique
electronic and optical properties, triggering both fundamental research® and specific
applications®. In the following, I will provide an overview of their most outstanding
characteristics. To lay the foundation, we start with the structure and properties of
the pristine TMDCs. Afterwards, we deal with the counterpart, i.e. dye molecules, and
ultimately combine these two building blocks to form their hybrid structures and wrap

up their features.

2.1 Transition metal dichalcogenides - From monolayer
to bulk material

2.1.1 Lattice and electronic structure

From a general perspective, TMDCs are layered crystals consisting of transition metal and
chalcogen atoms in a 1:2 stoichiometry. In principle, the possible combinations unfold a
huge variety of materials, even with differing electronic properties®'. In a narrower sense,
however, the majority of research focuses on molybdenum-based and tungsten-based
sulfides and selenides, which behave similarly in all aspects discussed in this section.

First of all, these materials share the same crystal structure®?, see figure 2.1 (a). Their
lattice is built up by triatomic, so-called monolayers, forming the smallest crystal unit
in vertical direction. They consist of one metal plane encased between two chalcogen
layers, each of the three following a 2D trigonal lattice arrangement of its atoms. When
viewed from above, as in panel (b), the metal and chalcogen positions do not lie on top of
each other but are horizontally displaced with respect to each other. They are located in
such a way that each metal atom resides in the middle of its six symmetrically arranged,
nearest chalcogen neighbors, leading to a hexagonal pattern in top view. The metal
forms covalent bonds with these three atoms on each side, holding the individual planes
of the monolayer strongly together. As opposed to this, the layers bond to each other
comparably weakly via van der Waals interactions. This pronounced imbalance between
intralayer and interlayer forces facilitates the separation of single monolayers from thick
crystals, 7.e. in a top-down approach. Several techniques are frequently used®*®*. Most
originally, mechanical exfoliation®, see section 3.1.1, yields individual 1Ls of several 10 pm
in lateral size. Liquid-phase ultrasonication or intercalation methods®® may be scaled,
but provide an ensemble of flakes with varying thickness and size. Vice versa, chemical
vapor deposition follows a bottom-up concept® . It can in principle provide larger
sample areas, yet still suffers from inferior quality of the resulting crystals®. Despite
their particularities, all these approaches rely on the heterogeneity of the forces within
the lattice with strong intralayer versus weak interlayer bonds.

Moreover, the distinctive hexagonal arrangement of the atoms translates into an equally
shaped Brillouin zone of the reciprocal lattice, as displayed in figure 2.1 (c). Here,
following the symmetry axes in the k, = 0 plane sketches the essential features of the
band structure of a typical TMDC monolayer versus bulk material, which in turn is
shown in panel (d). The principle direct and therefore optically relevant transitions for
the monolayer are illustrated by the vertical arrows and also appear in the absorption
spectrum in panel (g). The energetically lowest features A and B result from the
excitation of bound electron-hole pairs, named excitons, around the K point of the
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Figure 2.1: (a) Intralayer lattice structure and (b) top view of typical TMDCs.
The geometric constants predominantly depend on the chalcogen, in the range of
a=318A — 3.32A and h = 3.13A — 3.36 A%"52. (¢) Hexagonal Brillouin zone of the
reciprocal lattice. The pivotal high-symmetry points are marked, their direct connections
(dark green lines) constitute the x-axis in panel (d). (d) Schematic, typical band structure
of monolayer and bulk TMDCs, based on”'. The arrows mark the essential direct band
transitions that manifest in the absorption peaks (A, B, and C) in panel (g), plus the
indirect gap (I) for bulk materials. (e,f) Exciton binding situation in bulk (e) and 1L (f),
based on''. While the field lines propagate continuously in the bulk, they are refracted
at the monolayer surface. (g) Absorption spectrum of 1L-MoS,, showing three peaks
corresponding to the excitonic transitions (A and B) as well as the region of the band
nesting (C) in panel (c).

Brillouin zone®*?%'. Here, both the conduction band minimum (CBM) and valence
band maximum (VBM) are located, constituting a direct gap. Furthermore, the broken
inversion symmetry within each crystal layer causes the valence band to split up into
two spin states®? 7 yielding the two distinct transitions. Vice versa, the bound carrier
pairs, which rapidly relax to the band extrema, into the A exciton state, can recombine
radiatively. Their emission emerges as a prominent photoluminescence peak close to
the A absorption band?*?*. A third, energetically broader transition occurs around the
I" point. As opposed to the excitonic peaks A and B, this one is caused by band nesting®*%%.
In this region, the valence and the conduction band run almost parallel. Consequently, a
large amount of density of states accumulates for similar transition energies, giving rise
to the C peak at shorter wavelengths. These three characteristic absorption bands can be
found in all of the common 1L-TMDCs?.

Stacking these monolayers upon each other creates a bulk crystal, where interlayer
interactions cause certain changes in the band structure. This effect essentially depends
on the spatial extent of the contributing orbitals®?*!%°.  Near the I' and X points,
the p, orbitals of the chalcogen atoms and the d, ones from the transition metal
predominantly feed the density of states. Their strong out-of-plane components mediate
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coupling between the layers, thus shrinking the energetic band distance in the bulk and
forming an indirect gap from the VBM at I" to the CBM at . The bands around the
K point, in contrast, are mostly associated with orbitals in the metal plane plus a small
component from the chalcogen p, and p,. They are all oriented in plane and hence barely
respond to the addition of adjacent layers. Ergo, the K point gap remains relatively
constant, making the indirect I'-X transition the energetically lowest one in the bulk
material. Striving for the minimization of their potential energy, excited electrons and
holes will relax to CBM and VBM, respectively. In this case, however, these two reside at
different points in reciprocal space. Hence, their recombination requires the compensation
of their momentum mismatch, e.q. by phonons, which drastically suppresses radiative
decay channels. As a consequence, relevant PL occurs mainly in 1L-TMDCs?324,

Aside from band changes, the transition from bulk crystal to monolayer is also
accompanied by a drastic increase of the exciton binding energy. As figure 2.1 (e)
shows, a bound pair of electron and hole in the bulk material is completely embedded
in a dielectric environment. This substantially screens the Coulomb interactions
between the opposite charges, leading to a weak binding in the order of several
10meV!O104 A different situation presents itself in the monolayer (panel (f)) with
virtually no surrounding dielectric material in the out-of-plane direction. Accordingly,
the electrostatic potentials are drastically less screened, manifesting in binding energies
of some 100meV*H10-12:81,93.96,103,105 = Copnsequently, excitons persist even at room
temperature and largely determine the electronic response and dynamics of 1L-TMDCs.

2.1.2 Vibrational modes of the lattice

The crystal structure does not only influence the electronic states but defines the possible
motions of the lattice itself, which can be quantized in terms of phonons®. Their different
modes are distributed all over the Brillouin zone as well, however, those at the I' point
~ in other words with a wave vector k of zero - bear particular importance. They are
excitable via interactions with light, since photons carry vanishing momenta compared
to particles with finite mass. The most prominent examples in 1L are the out-of-plane
mode A’ and the in-plane mode E’| illustrated in figure 2.2 (a) and (b), respectively. It
shall be noted that alternatively, two phonons with opposite, canceling wavevectors can
be created under optical excitation, which also satisfies momentum conservation.

Yet, the k = 0 modes play the most important role for instance in Raman spectroscopy,
which is widely used for characterization of TMDCs. Here, due to interlayer coupling!®®,
the frequencies of A} and E’ shift with increasing layer number®*19%19%  However, their
frequency changes are of opposite sign, with the out-of-plane mode speeding up and the
in-plane mode decelerating for thicker crystals. This behavior is frequently exploited
to discriminate flake thicknesses in the mono- and few-layer regime. In addition to the
aforementioned dependence, the mode frequencies are sensitive to doping, strain'® and
temperature®®% as well. This emphasizes their importance as fingerprints used for in-situ
flake characterization by means of Raman spectroscopy.

Beyond this classic technique, such lattice vibrations can also be excited by laser pulses
used for example in time-resolved spectroscopy. If the pulse duration is sufficiently short
- in the order of magnitude of or below half of the mode period - it is able to trigger largely
coherent phononic motions, which in turn leave their time-periodic mark on the material
properties. For this optical excitation of coherent phonons, two different mechanisms
seem conceivable!?. On the one hand, impulsive stimulated Raman scattering (ISRS), see
figure 2.2 (d), is based on the same inelastic collisions as the standard Raman spectroscopy.
In this process, a part of the photons energy is transferred to the atomic nuclei, initiating
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Figure 2.2: Characteristic Raman modes in 1L-TMDCs and their optical excitation.
(a,b) Real space illustration of the nuclear motion according to the prominent modes
Al (a) and E' (b), adapted from [P3]. The black and white arrows indicate the signed
direction of the atom displacement. (c,d) Light-based phonon excitation mechanisms. The
blue parabolas depict the potential energy curve in dependence of a generalized nuclear
coordinate R with the horizontal lines representing the vibrational levels. Accordingly,
the black dot does not stand for a real particle, but rather boils down the complex spatial
configuration of the nuclei within the lattice to one parameter. In DECP (c), the minimum
of the harmonic potential is shifted by an electronic excitation, triggering nuclear motion
around the new equilibrium, but starting from the original position. In ISRS (d), a
scattering process via a virtual level transfers a part of the photon energy to the phononic
system, fueling the initial velocity of the atomic nuclei and red-shifting the outgoing
photon’s frequency.

their motion, while the scattered light is red-shifted with respect to its original wavelength.
On the other hand, in the picture of displacive excitation of coherent phonons (DECP),
panel (c), the photon is absorbed to lift the system into an electronically excited state.
This alters the balance of the chemical bonds, leading to a displacement of the minimum
of the potential energy surface. In other words, the favorable equilibrium constellation of
the atoms changes, while their actual positions cannot follow as quickly. Ergo, after the
optical excitation, the nuclei positions lie off their energetic optimum, naturally producing
an oscillating motion along the potential surface around the equilibrium constellation.

All in all, TMDCs exhibit a layered structure that facilitates the isolation of a single
monolayer. These stand out from thicker flakes owing to extraordinarily high exciton
binding energies and a direct band gap. The optical characterization of such samples
produces specific absorption and Raman spectra, facilitating the application of more
sophisticated spectroscopic techniques.

2.2 Dye molecules as bright and characteristic emitters

To create hybrid structures based on TMDC layers in hybrid structures, we choose
dye molecules as their counterpart, which have been equally studied by means of
spectroscopy. The latter favors substances with a strong emission. Among them, the group
of perylene diimides (PDIs) offers stable and well-studied materials applied in organic
photovoltaics. On top of that, chemical modifications within the range of PDIs facilitate
a targeted tuning of the dye’s properties. In this thesis, we focus on the representative
N,N’-bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide, widely known
as Perylene Orange (PO). As a commercially available dye, it applies for organic
optoelectronics!!! and luminescent dye concentrators!!?113,



Characteristics of low-dimensional materials 9

Energy [eV] ( )

(a) (b) (c)
>J©\< 1218 20 22 24 26 28 A/\/—fL
oﬁ,N?o 10} ls :

—_ & 1 S

5 o

Z o I =

2 1-0 0-1 3

5 {4 2

o S

€ 4} 3 \Lo

0-2 5 Z )/\ - 2

OAN'&O 2r AN 1= 1

- = =
0 1 1 1 O E V 0
700 650 600 550 500 450 L»
Wavelength [nm] R

Figure 2.3: (a) Structural formula for PO molecule, consisting of the perylene core
(yellow), the imide groups (orange) and the diisopropylphenyl substituents (dark red).
(b) Static absorption and emission spectrum of dilute (1 pM) solution of PO in chloroform,
measured by Erik von der Oelsnitz. They exhibit a clear symmetry and each consist of a
series of individual peaks. (c) Shifted harmonic oscillator model explaining the spectral
shapes in (b). The potentials of Sp and S; are slightly displaced with respect to the nuclear
coordinate R. The three lowest vibrational levels (0, 1, 2) are represented by their wave
functions of the corresponding eigenstates. Vertical arrows mark the vibronic transitions
labeled in (b).

The molecular structure of PO breaks down into three major components, as
figure 2.3 (a) indicates, which influence different properties of the molecule?®46114. The
system is based on a perylene core. Together with an imide group at each of the two sides,
it forms the optically active part of the molecule, the chromophore. It predominantly
determines the two relevant electronic states, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). These two both bear a
conjugated m-system delocalized over the whole chromophore. This results in a large
transition dipole to the first electronically excited state S; that follows the long symmetry
axis. However, as an important peculiarity, HOMO and LUMO are characterized by
wavefunction nodes, in other words probability depletion, at the nitrogen atoms. Thus,
any functional groups added here, referred to as imide substituents are electronically fairly
isolated from the chromophore and barely alter the optical properties. The latter include
a prominent fluorescence with a conveniently long lifetime of about 4ns and excellent
QYs above 90%. At this point, the addition of two diisopropylphenyl groups at the
nitrogen atoms completes the PO molecule. In contrast to the 2D sketch, the substituents
are actually rotated out of the plane of the perylene. Lying outermost and as the sole
part reaching out into the third dimension, they mainly govern the interactions with the
environment. On the one hand, this provides a good solubility and a low tendency to
form aggregates compared to the bare chromophore. On the other hand, it prevents the
formation of ordered films on substrates, which, on the contrary, can be achieved using
completely flat organic dyes**115-117,

The monomer, however, already exhibits a characteristic absorption and emission
spectrum in the visible range. As figure 2.3 (b) depicts, they bear a symmetry with
respect to each other, both of them showing three major peaks. These shape features can
be explained by the model of a shifted harmonic oscillator!'®, see panel (c). It illustrates
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the potential energy surface of the electronic ground state Sy and the first excited one S;.
The x-axis represents the nuclear coordinate R belonging to the dominant optically active
vibrational normal mode. These two curves are assumed as identical apart from their offset
in energy and their displacement in R. The latter arises from the weakened chemical
bonds in the electronically excited state. In addition, the first three energy levels of the
major mode are indicated in each harmonic potential. Here, the typical vibrational energy
quanta lie in the order of 170 meV*!'!. At room temperature, consequently, the molecule
resides in the ground state with reference to the electronic system as well as the according
vibration. This constitutes the initial state for any absorption processes.

Lifting the electronic system from Sy into S; can lead to a higher vibrational state as
well, which is referred to as a vibronic transition. This access to excited vibrational
levels produces additional absorption peaks at higher energies. However, similar to the
lattice atoms in the DECP mechanism in the previous section, the nuclear constellation in
figure 2.3 (c¢) does not change instantaneously upon electronic excitation. In formal terms
of the potential energy diagram, this signifies that all transitions from Sy to S; proceed
vertically’'?. Accordingly, the probability of ending up in a particular vibrational level
follows from the overlap integral of the initial and final states’ nuclear wavefunctions,
which are depicted in the illustration. These transition-specific coeflicients are denoted
as the Frank-Condon factors'?’. In the case of PO with a relatively small offset of the
mode coordinate between Sy and S;, they decrease monotonously with higher quantum
numbers of the final vibrational level. Hence, the absorption bands shrink towards the
blue spectral region.

The fluorescence spectrum essentially reflects the reverse process. FEven after the
transition into higher vibrational levels of the electronically excited state, this excess
energy will be rapidly redistributed into other modes of lower frequency. Thus, in analogy
to the absorption process, the starting point for any emission is again the vibrational
ground state. The target states within Sy, in contrast, may involve a higher level. Hence,
this reduces the energy distance between the initial and final energy by an integer multiple
of the vibrational quantum. Consequently, this gives rise to peaks further in the red
spectral region, as opposed to the equivalent absorption features occurring at shorter
wavelengths. On top, the probabilities and resulting amplitudes for the fluorescence
peaks follow the same rules as for the absorption signal, ergo producing a spectrum
mirror-symmetric to the latter.

Consequently, PO dye molecules produce a signature spectral fingerprint in both
absorption and fluorescence. On top, the latter’s high yield and slow decay facilitate
emission measurements to discriminate between isolated molecules and those affected by
the interaction with other materials.

2.3 Interfacial energy alignment in hybrid structures

After the characterization of TMDCs and PO as individual substances, we now dive into
their combination in the form of hybrid structures. In the case of such composite materials,
their properties and the possibility of CT or energy transfer (ET) processes crucially
depend on energy level alignment of their components. To illustrate this, we compare the
HOMO and LUMO energies of PO to the band extrema of the most relevant TMDCs in
figure 2.4 (a). The former result from electrochemical and optical measurements, whereas
the latter stem from density functional theory calculations. As a reference material,
hexagonal boron nitride (hBN) is included on top, due to its isolating properties while
exhibiting a similar surface structure. Note that these calculations were each performed
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for the individual materials without any environment. Therefore, the specific values
may differ in the actual hybrid owing to interfacial interactions, the altered dielectric
surroundings et cetera'?'. Nevertheless, we use the diagram for a rough estimate of the
possible processes.

For all TMDCs, the VBM or CBM appear to lie in between the PO orbital energies,
while the latter are completely comprised by the hBN gap. The consequences of this
alignment are illustrated for the example of PO/WSe, in panel (b) of figure 2.4. It
presents a staggered gap, denoted as type II, where exactly one of the two levels of each
material falls into the gap of the opposite one. In other words, the bands on the two sides
are basically offset with respect to each other, whereas in a type I alignment, the larger
gap completely encases the smaller one. Generally, electrons always strive towards lower
energies, whereas holes move energetically upwards. Ergo, after optical excitation of a
type II hybrid, electron transfer (eT') from the TMDC to the dye and hole transfer (hT) in
the opposite direction can take place. Independent of whether the excited specimens are
initially created in the molecule or the semiconductor, this results in charge separation.
The latter in turn forms a prerequisite for the functionality of many optoelectronic devices,
e.g. in solar cells or photodetectors.

Interestingly, the transfers in both directions bear a profound asymmetry regarding
their tempos. CT from the TMDC to the molecular layer occur on a picosecond
time scale!?%12%:132°137 " a5 opposed to a few 100ps or even several 10ps in the reverse
direction!32 134136138139 " The reason for this imbalance lies in the large size of a typical
organic dye molecule compared to a 1L-TMDC unit cell, while both of them usually
accommodate one excitation at the maximum. In physical terms, the density of states in
the crystal greatly exceeds that of the organic layer. The more states are available, the
faster the transfer proceeds. For thicker dye coatings, however, the diffusion of molecular
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Figure 2.4: (a) Energy level alignment in hybrid structures of PO and 2D materials. The
horizontal lines represent the energies of HOMO and LUMO of the isolated molecule!?2.
Upper and lower bars show the CBM and VBM energies of the crystals, respectively.
The pale and dark sections mark the variance between the values taken from different
studies that used density functional theory without taking excitonic effects into account.
(IL-TMDCs: MoS,! %127, MoSe, 23124126128 \Y§,125-127,129,130  \y/Ge, 128,126,127, [ BN131)
For each of the TMDCs, at least one band extremum resides within the HOMO-LUMO
gap of PO. The hBN bands, in contrast, lie far outside the molecular energy levels.
(b) Charge and energy transfer processes in a PO/WSe, hybrid. Given the type II band
alignment, hT proceeds from PO to WSe,, while electrons from the conduction band
migrate in the opposite direction (eT). On top, ET may occur, where the whole exciton
moves to the material with the smaller band gap, in this case from dye to TMDC.
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excitons to the interface may slow down the CT rate'®?. The opposite extreme case of

thin coatings in the monomer limit, in contrast, has not been studied up to this point.
Here, owing to its particularly low density of states, the molecular side will not cause any
relevant changes in the TMDC. From the dye perspective, on the other hand, one can
investigate the pure interaction with the flake, as the molecules all reside at the interface
and they do not interact with each other. Thus, this scenario provides an opportunity to
evaluate the true CT dynamics.

One experimentally observable consequence of such CT is the quenching of the emission
of the hybrid’s individual components. The charge separation tears their excitons apart,
hence preventing their radiative recombination. However, if electrons and holes are able
to retain their bound state over the layer distance, they form interlayer excitons. If these
recombine radiatively, their emission emerges red-shifted with respect to those of the
separate materials, providing unambiguous evidence of charge separation!??140-142,

Alternatively to CT, Forster type ET'*14 might occur also in a type II alignment,
moving the whole exciton from PO to WSe,. This quenches the fluorescence of dye
as well, hindering a distinction of charge and energy transfer based solely on the dye’s
emission. Still, following from the energetic alignment, one would expect a subsequent eT
back to the PO, eventually leading to an identical situation of separated charges.

Contrary to the PO/TMDC hybrids, none of these processes should occur in PO/hBN
structures. On the one hand, the band gap of hBN spans too large to allow for optical
excitation in the visible range. When excitons are created in PO, on the other hand,
neither CT nor ET are energetically possible. Thus, the dye can emit its fluorescence
without any impairment. At the same time, the hBN surface structure resembles that of
the TMDCs, suggesting a similar arrangement of the molecules on top. Ergo, we use the
PO/hBN system as a reference sample without quenching to compare the TMDC-based
hybrids to.

Summing up, the possible processes in PO/TMDC hybrid structures are determined by
the relative position of the individual components’ energy levels. The typical case of a
type II alignment enables charge transfer of both electrons and holes, which leads to the
experimental observation of emission quenching.



3 How to investigate ultrafast dynamics in 2D
systems

3.1 Preparation of atomically thin layers

This thesis aims at the investigation of aforementioned 1L-TMDCs as well their hybrid
structures in combination with PO. To fabricate these samples, the following section
explains the isolation of atomically thin layers from a TMDC bulk crystal. As a second
part, we describe the deposition of molecular coatings.

3.1.1 Exfoliation and deterministic transfer of TMDC flakes

TMDCs unfold their most characteristic properties when thinned down to monolayers.
Owing to their layered structure hold together by relatively weak van der Waals forces,
the separation of atomically thin films can be achieved by means of mechanical cleaving®.
Starting from a bulky crystal, one attaches and then pulls off a standard adhesive
tape, thereby ripping off a submillimeter TMDC film. The repetition of this procedure
successively reduces the thickness. Once a suitable regime is reached, one conducts a final
exfoliation, this time using a polydimethylsiloxane (PDMS) film as the target substrate.
After this last step, the examination using an optical microscope identifies monolayer
regions. Their thin-film interference creates a reflection contrast with reference to the
surrounding substrate!?®116 see also figure 7.1 (a,d). If a flake of sufficient size and
quality is found, one transfers it to the final substrate!4"48_for instance silicon wafers or
transparent glass slides. To that end, the PDMS stamp with the flake on top is carefully
brought into contact with the target. Next, one removes the silicone even slower and
more smoothly, allowing the viscoelastic characteristics of the PDMS to take full effect.
At sufficiently low speed, the material will virtually flow off the target, leaving the flake
behind.

This mechanical exfoliation with subsequent stamping offers a versatile tool to prepare
atomically thin flakes from layered crystals and transfer them to a desired substrate at
will. Yet, a disadvantage arises from residual PDMS on the final layer'*®, which may
impair the contact to subsequently added layers. In this light, chemical vapor deposition
offers an alternative®” 8°. However, it remains challenging to obtain large and uniform
monolayers using this method, plus the crystal quality usually suffers from high defect

concentrations?.

3.1.2 Thermal vapor deposition of molecular films

Several key applications of TMDCs presuppose their combination with other materials like
molecules to enable interactions such as charge transfer. In this work, I implemented a
coating procedure based on TVD to obtain homogeneous PO films with a adjustable
thickness down to the monomeric regime®***. Figure 3.1 depicts the scheme of the
developed apparatus. The whole deposition process takes place in a vacuum chamber
at approximately 1 x 1072mbar. Two copper blocks form the basis of the interior,
each equipped with heating cartridges and a thermal sensor connected to a temperature
controller (Model 321, Lake Shore Cryonics). The precursor PO powder is placed in a
small well on the upper side of the lower block. It is heated to about 430K to 450 K
for a standard monomeric coating, depending on the current filling of the dye reservoir.

13
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Figure 3.1: Vacuum TVD chamber for
evaporating dye molecules and bringing them
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At these temperatures, the molecules start to sublimate, diffuse through the gas phase
and deposit onto the target substrate, which remains roughly at room temperature. After
40 min, approximately 15 of which are taken up by the thermal ramp-up, the heating is
turned off and the vacuum is broken to stop the evaporation. Now, the resulting coatings
can be characterized using static absorption and fluorescence spectroscopy. Comparing
the former to the extinction coefficient of PO, we are able to estimate the molecule
density deposited onto the surface. Under these conditions, the created dye film contains
roughly one molecule per 40nm?, which corresponds to about 1/30 of a perfectly covering
PO monolayer, as derived in the supporting information of [P2].

In alternative approaches to dye deposition, we tested spin coating and stamping as
well, although the obtained films were strongly inhomogeneous. Hence, TVD remains the
method of choice for all following experiments.

3.2 Microscopic emission measurements

Emission microscopy techniques play a pivotal role in the characterization and
investigation of TMDC flakes, dye films as well as hybrids combining the two of them.
The high fluorescence QYs of dye molecules and the emerging photoluminescence of
1L-TMDCs ensure sufficiently strong signals. A reduced emission, on the other hand,
usually hints at quenching caused by interfacial or intermolecular interactions. With this
in mind, a spatially resolved emission map of the sample allows for a comparison with the
flake topography to identify regions of stronger or weaker signals, respectively.

In the framework of this thesis, we employed photoluminescence microscopy (pPL),
Raman microscopy, and fluorescence lifetime imaging microscopy (FLIM), which may be
boiled down to the general principle illustrated in figure 3.2. The light of an excitation
laser is focused onto the sample via an objective, achieving spatial resolutions of about
Ipm. The sample is moved in x- and y-direction in order for the laser focus to scan
the area of interest. The emitted or scattered light is collected and recollimated by
the same optic. A beam splitter separates the outgoing from the incoming radiation.
Finally, spectral filters block the elastically scattered pump light and may select specific
wavelength ranges to pass towards the detection.

At this point, the major peculiarities of the different setups come into play. For pPL and
Raman measurements, a spectrometer provides spectral resolution. Thus, one essentially
obtains a 3D data set I(z,y, A), containing the measured intensity in dependence of the
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FLIM Figure 3.2: Generalized setup for emission
I(x,y,1) microscopy. The excitation light passes though
an objective to yield a spatially fixed spot,
h % while the sample moves to obtain a scan of

/ l:] the latter. Next, the emitted light is collected
and spectrally filtered. The exact detection

) mode depends on the method applied, yielding
spectrally resolved data for pPL and Raman
spectroscopy as opposed to time traces for
FLIM. The zoomed-in region schematically
illustrates the focusing of the pump beam onto

a model flake and the collection of the emitted
light.

,

I(x,y,N)
\_

two in-plane coordinates and of the wavelength. For FLIM, a pulsed laser is required.
In contrast to the previous techniques, this facilitates the detection wia time-correlated
single-photon counting, providing temporal resolution of approximately 100 ps. Ergo, the
resulting 3D array I(z,y,t) is defined by the x-, y- and time axes.

Evaluation of the 3D data typically implies the averaging or integration over one or
multiple of these axes or parts of them. For instance, integrating over the time axis in
I(x,y,t) or I(z,y, \) over a certain spectral region leads to 2D intensity maps that reflect
the flake topography and might indicate quenching. Averaging over areas of interest, in
turn yields emission spectra or time traces with an enhanced signal-to-noise ratio that
bear information about the involved species and their dynamics.

In addition to the truly emission-based techniques, one can also use the pPL setup
to perform Raman spectroscopy, which relies on inelastic scattering of the pump light.
Since the resulting wavelengths lie much closer to the excitation energy than for typical
luminescence scenarios, one has to adapt the filtering before and the dispersion within
the spectrometer.

3.3 Ultrafast transient absorption spectroscopy

Since most of the electronic and phononic dynamics in TMDCs and their hybrids happens
on femtosecond to picosecond time scales, their investigation requires a correspondingly
fast spectroscopic technique. Here, ultrafast TA spectroscopy provides the means to
investigate light-induced changes of a material’s absorption properties. Assigning spectral
signatures to specific excited species or quantities in turn enables the identification and
monitoring of the underlying physical processes.

3.3.1 Experimental implementation in a referenced pump-probe
scheme

Figure 3.3 shows an exemplary sketch of the TA setup. It mainly follows the typical
pump-probe scheme for such optical apparatuses!®'1°2 aside from a few improvements to
obtain the high sensitivity and time resolution required for the investigation of atomically
thin samples. These changes will be discussed in detail later in this section. To begin
with, we focus on the general layout of the setup and the basic functions of its parts.
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Figure 3.3: Setup for TA spectroscopy. Note that the NOPA can be operated at
different output wavelengths or replaced by the plain second harmonic generation. The
pump pulse compression may alternatively be performed using a prism compressor
or is completely omitted. = The spectrally broad probe light can be generated
using a broadband noncollinear optical parametric amplifier (NOPA) or a standard
supercontinuum generation. Adapted from [P3]

A titanium:sapphire amplifier (Spitfire Ace, Spectra Physics) emits pulses with a center
wavelength of 800nm and a duration of =~ 50fs at a repetition rate of 1kHz. This
fundamental beam is split up to feed the branches for pumping and probing separately.
For the former, a NOPA converts the fundamental near-infrared pulses into visible ones
with a tunable wavelength and - if properly compressed - an even shorter duration®.
To achieve the latter, either chirped mirrors or a prism compressor compensate for the
chirp accumulated in the NOPA and during the following beam path. This way, one
typically reaches a temporal resolution of a few 10fs. As an alternative pump source, the
second harmonic at 400nm suits the absorption range of most samples, but provides
a worse time resolution. In the next step, the pulse energy can be tuned wia the
combination of two wire grid polarizers, by the first of them being rotated. Subsequently,
a half-wave (¥/2) plate turns the linear polarization of the excitation as desired, before the
pulses are focused onto the sample. Absorbed pump photons deposit energy in the system
and create excited specimens, thereby triggering dynamic processes. The transmitted part
of the excitation beam, on the other hand, is blocked.

The second portion of the fundamental beam is designated as the probe. First, it travels
both ways over a stage with a linearly movable retroreflector to tune the delay ¢ of the
probe pulses with respect to the pump at the sample position. Second, it is converted
into spectrally broad light using a broadband NOPA'* or supercontinuum generation'>.
Finally, the probe beam is focused onto the sample as well to measure its absorption
properties. The transmitted light is recollimated, dispersed by a fused silica prism and
directed to the detection (signal) camera. In standard TA setups, the pump beam is
chopped at half of the laser repetition rate, resulting in an alternating on-off pattern.
This facilitates the direct comparison of the absorption characteristics of the sample with
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versus without preceding excitation by comparing consecutive laser shots. Here, the TA
signal in terms of the wavelength-resolved change in absorbance AA is calculated from
the spectral intensities I(\) transmitted through the (un)excited sample:

*(\ 1)

AANt) = A"\ 1) — Ag(A,t) = —logy, oD

(3.1)

where A*(\,t) and Ag(\, ) stand for the sample absorbance, while I*(\,t) and Iy(A\,¢)
denote the intensities at the signal camera, in each case with (*) and without (o) preceding
pump pulse, respectively.

At this point, the modifications of this setup with respect to the standard one come
into play. Here, the probe beam is split up into a signal and a reference portion. While
the former proceeds to the sample as usual, the latter is directly dispersed onto a second
camera. By this means, any fluctuations of the probe spectrum can be monitored in this
undisturbed beam and are corrected for in the signal probe intensities in equation (3.1).
This greatly improves the sensitivity, an essential prerequisite for the investigation of
ultrathin samples like 1L-TMDCs. Additionally, two choppers operating at one half
and one quarter of the laser repetition rate are placed in the probe and pump beam,
respectively. This creates a four-shot pattern that not only allows for the comparison of
the transmission of the excited versus the unexcited sample but also enables real-time
monitoring of the dark current as well as of the scattered excitation light that reaches
the camera. A final peculiarity of this setup is the tight focus down to about 10 pm by
employing off-axis parabolic mirrors. Typical 1L-TMDC flake sizes range around a few
10 pm, thus demanding a high spatial resolution.

Overall, this setup is capable of measuring the transient absorption of samples after
excitation at tunable wavelengths. It provides a high sensitivity as well as an excellent
time and spacial resolution, all of which are required to investigate the ultrafast dynamics
in TMDCs and their hybrid structures.

3.3.2 Disentanglement of dynamic processes and extraction of
their spectral imprint

For the analysis of the 2D data set AA(A,t), one typically conducts a global fitting
procedure to separate consecutive processes and to characterize them in terms of their
inherent spectral signal changes'®®. In this approach, the temporal evolution of the
data is modeled using generic multiexponential functions or even specific rate equations.
The former case reflects the most broadly applicable scenario, where one aims at the
basic distinction of multiple steps and their time scales in a cascade of dynamics.
On the downside, one pays the price that certain processes such as peak shifts and
broadenings or nonexponential kinetics cannot be mapped in a quantitatively exact
fashion. Nevertheless, even qualitative results usually suffice to identify the underlying
mechanisms that determine the spectral shape and time evolution of the signal. In
the end, each of the input exponentials yields a so-called decay-associated amplitude
spectrum (DAS) that embodies the signal changes occurring on the according time scale.

The shape of the DAS encodes characteristic modifications of the sample’s optical
properties. For TMDCs, photoexcitation typically causes the alteration of absorption
bands, in particular of their spectral position and width. Consequently, this creates
specific signatures in the TA spectra, which are schematically illustrated by synthetic
Gaussian profiles in figure 3.4. Part (a) shows the effect of a red shift with different
magnitudes. It results in a pair of a negative peak at the original band position and
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a positive one at lower energies. As the shift grows larger, the negative transient
remains relatively constant, while the positive feature moves further to the red spectral
region. Panel (b) depicts the influence of a band broadening, causing a reduction of
the absorbance - i.e. a negative TA signal - in the center of the peak and a symmetric
increase at the flanks. Here, a stronger broadening mostly yields a growth of the negative
TA band. At the same time, the positive features initially rise as well but for a significant
stretching of the original peak width, they predominantly extend spectrally while
maintaining their amplitude. Finally, we combine a constant shift with an increasing
broadening in figure 3.4 (c). Again, we find a pair of a positive and a negative peak. The
latter barely changes with the magnitude of the broadening, while the former becomes
gradually wider and its maximum shifts slightly to the red.

In total, TA spectroscopy provides a powerful tool to investigate ultrafast processes
by means of their impact on the absorption properties of the sample material. This
technique can resolve phenomena down to a few 10fs. Moreover, a global analysis can
separate individual, consecutive processes from the data, extracting their time constants
and amplitude spectra. These possibilities make TA spectroscopy an indispensable
method to monitor electronic and phononic dynamics.
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Figure 3.4: Generic signals for typical absorption band changes in TA spectroscopy.
The upper curves represent the original absorbance Ay and the altered peaks, subject
to changes of different magnitude. The negative of the initial band is depicted as well
according to equation (3.1) to illustrate the formation of the transient signals shown in the
bottom. (a) Effect of a (red) shift. A peak pair results, where the negative one remains
largely independent of the shift magnitude, while the positive one moves further to lower
energies. (b) Broadening of the original absorption. In this case, a symmetric sequence
of three features emerges, a negative one at the peak center, accompanied by a positive
band at each side. (c) Constant (red) shift combined with increasing broadening. Again,
the negative peak in the TA signal does not change significantly for different widths of
the shifted A*, whereas the positive counterpart clearly exhibits the broadening and its
maximum slightly moves to lower energies on top.



4 Left out in the cold - Coupling between
electronic and phononic system [P3]

The first key objective of this thesis is to unravel ultrafast processes in pristine TMDC
flakes by means of TA spectroscopy, as sketched in the previous section 3.3. However,
to be able to disentangle and extract different dynamics from the data, we focus on
understanding the general formation of the signal to start with. Subsequently, we turn to
distinguish the individual processes shaping the TA spectra over time, directing particular
attention to the relaxation dynamics. This chapter represents several pivotal findings from
publication [P3].

4.1 Formation of transient spectra by peak shift and
broadening

Striving to identify the individual contributions to the transient signal, we focus on
1L-WS,, where the different features occur relatively well separated® 27. The static
absorption of the A exciton occurs slightly above 2.0 eV, the much weaker B band resides
at 2.4eV, see figure 4.1 (b). The C feature follows at even higher energies above 2.8 eV.
In contrast to the previous two, this peak arises from band nesting and is not associated
with the direct formation of excitons9%157,

Figure 4.1 shows the continuous time evolution of the transient spectra in a 2D plot (a),
whereas (b) illustrates their excitation fluence dependence at characteristic times, in other
words probe delays. A pair of a negative peak at roughly 2.0eV and a energetically
lower positive one stands out. Given that the negative partner matches the wavelength
of the A exciton absorption band in WS,, this pair embodies the photoinduced red
shift of this excitonic transition, as illustrated in section 3.3.2, figure 3.4. Ergo, we
label the two peaks AT and A~, respectively. A similar dual feature is lacking for the
B exciton, supposedly owing to its drastically weaker amplitude?>?7. Although such a shift
to longer wavelengths is generally observed in TMDCs for excitonic and nonexcitonic
peaks alike™76:1587171 [P1][P3][F1], the underlying physical mechanism is still subject
to debates. The widespread approach of band gap renormalization (BGR)!™ assumes
completely delocalized excited specimens - free carriers or excitons - with a spatially
homogeneous density. Consequently, the resulting red shift would increase with fluence
or in turn shrink during the recombination of the excited specimens. In [P1], however, we
explicitly investigated the peak positions in the TA spectra of MoS, and demonstrated a
constant displacement between the negative and positive excitonic bands during the whole
recombination of the excited population. These findings question the BGR model and
suggest a rather localized nature of the excited specimens. From the latter perspective,
each of the single excitations contributes a small signal fraction to the spectrum, all of
which are identical. Ergo, a higher density augments the transient amplitude but conserves
the spectral position of the bands.

Naturally, the A~ peak maintains its shape and position, as it reflects the lacking original
A band absorption in the parts of the crystal that contain an excitation. Nevertheless, we
do observe changes in the width of A", both over time and with varying fluence. Initially,
the hot excited specimens cause collisional broadening!®®165:166  Accordingly, a higher
excitation density enhances this effect. Over time, in contrast, a narrowing of the positive
excitonic band takes place, pointing towards a cooling of the excited populations.
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Figure 4.1: Formation and dynamics of the TA signal of 1L-WS, excited at 530 nm.
(a) Time and wavelength-resolved 2D map of the absorbance change for a pump fluence
of 1000Jem~2. (b) Excitation density-dependent TA spectra at characteristic probe
delays and static absorbance. All TA curves share the same, original scaling but they
are offset for clarity. In both depictions, a pair of a negative peak around 2.0eV (A7)
and a red-shifted one A™ characterizes the spectrum. Additionally, a broad, unstructured
feature (FT) occurs at higher energies. The static absorbance exhibits only the A exciton
peak as a prominent feature, while B shows a rather weak signature. Adapted from [P3].

In addition to the excitonic peak pair A*, a broad, unstructured feature spans the
higher-energetic region, labeled F*. Its spectrally constant amplitude cannot be linked to
excitonic or other specific resonances and thus calls for a different explanation. Possibly,
it may result from a modulation of the reflective background®>?% of the material or from
transitions into a diffuse variety of higher bands. Furthermore, this contribution exhibits
a rather proportional growth with fluence. The excitonic signatures, on the other hand,
clearly saturate at the fluences applied. Indeed, the Mott density, where the lattice is
spatially filled with excitons, corresponds to a fluence of about 400 pJ cm=21%161  Any
excessive excitons dissociate into free electrons and holes, capping the strength of the
excitonic contributions. The free carrier density, in contrast, is not affected by this
threshold, so that related signatures can grow further. Altogether, we conclude that
- as suggested by its spectral shape and scaling of - the F' feature is related to free
electrons and holes.
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4.2 Thermal relaxation cascade

Now that we shed light on the mechanisms governing the formation of the TA spectra, we
turn to the investigation of their time dependence. Starting from the 2D data AA(\,t), we
conduct a global fit analysis. As explained in section 3.3.2, such a procedure facilitates the
disentanglement of the different processes, yielding the temporal scale plus the spectral
signature of each single component. Here, we employ a model based on four exponential
decays, each being described by a time constant 7; and a amplitude spectrum A;()), the
said DAS:

AANE) =Y AN e (4.1)

=1

The resulting DAS for each single decay and at different fluences can be found in
figure 4.2 (a), while we illustrate the corresponding processes and intermediate states
in figure 4.3. The DAS1 contain virtually constant negative plateaus cut off roughly
below 1.8 eV with only marginal modulations around the positions of the excitonic peaks.
Instead of a decay, this rather described the emergence of the FT feature, which does not
exist right from the beginning of the dynamics. In fact, the optical excitation mainly
creates excitons above the band gap or in higher Rydberg states!!, see figure 4.3 (a). Via
scattering within the electronic system, they relax to the band extrema on a subpicosecond
time scale, with their excess energy transforming into a thermal distribution'®®'. This
yields elevated electronic temperatures, manifesting in a balance between bound and free
carriers (figure 4.3 (b)), as has been demonstrated in studies using THz spectroscopy ™.
Ergo, we conclude that the free carriers manifest in the broad F*. In this light, the lack
of significant changes around the A™ peak exclude a relevant heat transfer to the lattice
on this time scale. Otherwise, the collisional broadening would be affected, causing a
narrowing of the positive excitonic contribution.

Yet, a corresponding signature occurs in the DAS 2, consisting of a negative component
around the position of AT accompanied by a small positive band on each side. This
bears similarity with the broadening footprint discussed in figure 3.4 (b) in section 3.3.2.
However, taking into account that in this case, we deal with the amplitude of a decaying
signal, the DAS 2 describe the reduction of the broadening, that is in fact a narrowing.
Apparently, the electronic temperature falls, within several picoseconds, hinting at an
interaction with the lattice, 7.e. phonons. This raises the question, why this does not
cause a significant reduction of F*, which after all hinges on the thermal balance between
free carriers and excitons.

Such a phenomenon can be explained in the framework of a so-called hot-phonon
effect!™ 177, According to this model, the electronic system couples more strongly to
high-energetic phonons than to those with a low frequency. Consequently, the former
quickly achieve a thermal equilibrium with the excited species. However, these phonons
contribute only a limited fraction to the overall heat capacity of the lattice, thus sustaining
a relatively high temperature, as indicated in figure 4.3 (c). Moreover, the dynamic
balance between the high-frequency (hot) phonons and the electronic system implies
reabsorption of the former by the latter, which contributes to keeping the electronic
temperature high. Indeed, values of 1500 K have been proven to survive for at least
multiple picoseconds!'™, even at much lower fluences than applied here. In other words,
a relevant fraction of the excess energy of the excited species above the band gap is
preserved. In this light, the harvesting of this energy seems feasible, e.g. in terms of
thermally activated charge transfer processes.
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Figure 4.2: Four-exponential global analysis of transient dynamics in 11-WS,. (a)
DAS corresponding to the four decays for different fluences. (b-e) Excitation density
dependence of the time constants belong to each of the DAS. The three fastest processes
decelerate with increasing fluence, whereas the slowest decay exhibits no systematic
trend. The physical background of the four different signatures is illustrated in figure 4.3.
Adapted from [P3].

In relation to the excitation density, one additionally notices that the features of the
DAS 2 occur at longer wavelengths as the fluence values increase. Evidently, the center
of the narrowing peak shifts to the red, which signifies a decline in the corresponding
transition energy. We ascribe this to the pronounced thermal occupation of the discussed
high-energy phonon modes, slightly displacing the mean position of the atomic nuclei,
which in turn may shrink the band gap. As a direct consequence, the optical absorption
band causes the AT signature to shift to the red.

Within the next step of the dynamics, this particular difference between the various
fluences vanishes. The most striking feature of the DAS 3 is a peak pair around 1.9eV,
matching the current position of A*. The decay of a positive amplitude at the low-energy
side and of a negative one at shorter wavelengths in principle describes a displacement
towards the blue spectral region, see section 3.3.2. In the present situation, this means the
reversion of the red shift related to the high-frequency lattice vibrations, as discussed at
the end of the previous paragraph. Apparently, the population of hot phonons diminishes,
indicating further cooling. Therefore, we conclude a coupling to the remaining phononic
modes, leading to a thermal equilibrium of the whole system, meaning the excited species
and lattice.

On top of that and similar to the DAS 2, the signatures in the DAS 3 reside at lower
energies for higher fluences, while they are largely independent of the excitation density
for the DAS4. This indicates that during this final thermalization, the third phase of
the dynamics, the majority of the hot phonon occupation is annulled. As figure 4.3 (d)
sketches, the new equilibrium temperature appears to lie significantly lower than before.
Accordingly, this should affect the thermal balance between excitons and free carriers in
favor of the former. Indeed, the carrier-related F* starts to decay as well, as reflected by
the broad feature in the DAS 3 of figure 4.2 (a) that prevails from 2.0eV upwards.
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Figure 4.3: Thermalization cascade in 1L-TMDCs after optical excitation above the
band gap. (a) Initially excited, nonthermal distribution beyond the band extrema. Via
carrier-carrier scattering, it relaxes into (b), a high-temperature equilibrium between
free carriers and excitons around the CBM and VBM, respectively. Next, coupling to
high-energy phonons occurs, but implies only minor changes of the temperature and
the equilibrium from (b) to (c¢). Subsequently, the remaining phonon species couple to
the electronic system, cooling it down substantially and causing the bound electron-hole
pairs to prevail in (d). Finally, the latter recombine, bringing the system back into the
original ground state shown in (e). The color fillings of the bands illustrate the energetic
distributions of the excited specimens at each stage. The horizontal arrows correspond to
the processes associated with the DAS and time constants in figure 4.2.
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In view of these two separate cooling steps, the phononic spectrum apparently cannot be
treated as a single thermal bath but rather has to be subdivided into multiple populations.
They couple differently to the electronic system and require some time to exchange heat
between each other, allowing for transiently differing temperatures of both subsystems.
Nevertheless, the excess energy above the band gap will ultimately dissipate between the
excited species and the lattice.

After the thermal equilibration of the electronic and phononic system, the final step to
take place is the recombination of the excited specimens. At the end of this process, the
excited populations have decayed and the system has returned to the ground state, as
depicted in figure 4.3 (e). While we will thoroughly treat these recombination dynamics
in the next chapter 5, we may already draw some fundamental information from the
spectral fingerprint. The DAS4 in figure 4.2 (a) each essentially consist of a peak pair
that resembles the actual TA signal at this point. According to section 3.3.2, figure 3.4,
such a pair reflects a blue shift. In this case, however, it expresses that the red shift that
originally gave rise to the basic TA spectrum is annulled. In other words, the transient
signal simply decays.

In this light, it is noteworthy that the peak positions in the DAS4 bear no prominent,
systematic fluence dependence, in contrast to the previous two processes. On the one
hand, this underpins the argumentation in section 4.1 pro a local nature of the excited
specimens, as opposed to the delocalized picture of BGR. In the latter case, the
photoinduced red shift of the original absorption would grow with rising excitation density,
thus pushing A* further towards lower energies. On the other hand, the similar spectral
shapes of all DAS4 indicates that in the thermally equilibrated state, no significant
difference in temperature occurs between the applied fluences. This means that the
equilibration ends at about room temperature and leaves no substantial difference to the
unexcited surroundings. Nevertheless, at the two highest excitation densities, the DAS 4
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contain a broad, positive amplitude corresponding to the F* feature, which is related to
free carriers. However, in this case, the dissociation of excitons does not result from an
elevated electronic temperature but from the high number of excited specimens above the
Mott density. In the course of the recombination, the exciton population will fall below
this threshold and the free carriers will form bound pairs again. Ergo, F* decays, which
is reflected by the DAS 4.

In addition to the amplitude spectra, figure 4.2 (b-e) also shows the corresponding
decay time constants 7; for various fluences. At higher values, we observe a slow-down of
the dynamics’ first three steps, namely the thermalization and cooling processes. Three
different mechanisms can contribute to this deceleration at high excitation densities!™.
First, whenever large numbers of particles relax into certain states, they will amass a
significant occupation in the course there. Consequently, for the following specimens,
fewer free states are provided, lowering the transition rate into them. Second, excitons and
free carriers cause Coulomb screening that may attenuate the electron-phonon coupling,
which governs the cooling. Finally, the combination of the hot-phonon effect and the high
fluences prolongs the second step of the dynamics. A high number of excited specimens
coupling to the high-energy phonons create a large population of the latter. At a certain
point, the creation and reabsorption of the phonons reach a balance. This represents
a dynamic equilibrium, where effectively, no heat is transferred to the lattice system
anymore, thus inhibiting cooling. The higher the initial excitation density, the sooner
this point will be approached and the slower the cooling will proceed.

All in all, the TA signal of TMDCs results from a photoinduced red shift of the
static absorption peaks. On top, this shifted band is subject to collisional broadening
with rising fluence. Parallelly, free carriers stemming from dissociated excitons manifest
as an unstructured positive feature at shorter wavelengths. With respect to the first
research question of this thesis, we shed light on how electron-phonon coupling governs the
equilibration dynamics of the excited species. The evolution at early times is characterized
by thermal relaxation in multiple steps: Initially, the electronic system thermalizes within
itself. Next, its cooling proceeds, starting with coupling to high-energy phonons, followed
by the lower-energetic ones. Hence, significantly elevated electronic temperatures can be
maintained for up to some 10 ps, preserving the excess energy after off-resonant excitation.
This demonstrates that electron-phonon coupling is not just one single interaction but
comprises a spectrum of such.



5 Through thick and thin - Recombination
dynamics in bulk versus monolayer [P1]

As the previous chapter has illustrated, the recombination of the excited species represents
the last step of the dynamics after optical excitation. At this stage, the electronic system
and the lattice have essentially reached a thermal equilibrium, with temperatures in the
rough order of magnitude of room temperature, see section 4.2. Therefore, charge carriers
are bound in form of excitons in 1Ls, while they remain dissociated in bulk TMDCs, as
discussed in section 2.1.1. As a consequence, the latter case requires two independent
particles to meet in order to recombine, suggesting a superlinear relation between carrier
density and their recombination rate!™!™. Given bound excitons, on the other hand,
one would expect a geminate process that is not influenced by the overall number of
excitations. In the following, we investigate the impact of these two opposing natures of
the excited specimens on the recombination dynamics based on publication [P1].

To that end, we compare time traces of 1L.-MoS, at characteristic wavelengths for
multiple pump fluences, in other words for different initial excited specimen densities
(figure 5.1). The normalized curves for the bulk material in panel (a) demonstrate
that after a few picoseconds of thermalization and cooling dynamics, the signal decay
proceeds substantially faster, the higher the fluence. Quantitatively, the signal falls from
its amplitude after thermal equilibration to half of that value within about 2ns at the
lowest versus 100 ps at the highest excitation density. This points towards multi-particle
interactions governing the recombination dynamics, in agreement with aforementioned
expectations.

At the same time, the decays seem to decelerate over time for high excitation densities
in relation to lower ones, as the normalized traces for the two highest fluences intersect
again around 2ns. This suggests the involvement of additional species or states that
are significantly consumed or occupied during the recombination of large numbers of
charge carriers. As a matter of fact, crystal imperfections such as vacancies and
antisites?>!8” are known to mediate the process, leading to the model of defect-assisted
Auger recombination®”™ 78181 " Here, a scattering process between two electrons leads
to one of them being trapped at a defect site, while the other one takes up the excess
energy. The latter will quickly relax back to the band minimum, whereas the trapped
carrier can subsequently recombine with a hole from the valence band. While this last
step appears to exceed the experimental time window in these measurements, we fit the
temporal evolution of the TA signal according to the trapping process:

dn. _ dng
dt — dt

= —ran2(t) (nap — ni(t)) (5.1)

where n. represents the free electron density and nj is that of the occupied defects, as
opposed to the total accessible ones ngg. ka describes the Auger rate constant. The
initially excited electron density ng = ne(t = 0) scales proportionally to the signal
amplitude at the beginning and is the only individual parameter for each fitting curve. All
the other ones are fitted together for all fluences, yielding single, unified values. Therefore,
we use the initial densities as measures for the individual amplitudes in order to normalize
the data and fit curves in figure 5.1 (a). They exhibit an excellent agreement for high
fluences, whereas for lower values, the decay initially starts a bit faster than the model
predicts. This might indicate the influence of an additional recombination mechanism that
scales rather linear with the carrier density and thus plays a role only at low fluences.
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Figure 5.1: Recombination dynamics in MoS, in dependence on the flake thickness. The
panels show normalized TA time traces (pale, solid lines) plus corresponding fits (dark,
dashed lines) for a bulk (a) and monolayer (b) sample at various excitation fluences,
respectively. (a) The signal decay generally accelerates for higher fluences. Still, at
the highest excitation density, it slows down at longer times, even falling behind the next
lower fluence. (b) For the 1L, in contrast, the curve shape is independent of the excitation
density. Adapted from [P1].

Nevertheless, defect-assisted Auger recombination reproduces the prominent behavior
at higher excitation densities. To conclude, this model covers the aforementioned key
characteristics of the signal dynamics.

In the case of monolayer MoS,, the TA decay takes place on shorter time scales
than in the bulk, reaching half of the initial amplitude within circa 20ps. Most
strikingly, however, the normalized traces in figure 5.1 (b) bear almost identical shapes
for all excitation densities, in stark contrast to the thick crystal. These two points
hint at a geminate recombination of the bound electron-hole pairs. However, the low
photoluminescence quantum yield in TMDC suggests a dominance of nonradiative versus
radiative channels?**74%.  Indeed, defects are known to govern the recombination in
monolayers as well™ 76164 Given that electron and hole are already bound to each
other, the decay of excitons is essentially limited by their 2D diffusion towards the
defect sites. This model results in a stretched exponential time evolution of the excited
population!®2:183 - Additionally, we incorporate an exponential lifetime 7x of those excitons
that never meet a defect. These considerations lead to the following fitting function:

nx(t) = no [e_B‘/’E + oze_é] (5.2)

with the initial exciton density ng and the fraction « of excitons that do not recombine
at a defect site. The rate coefficient B = copy/nqD comprises the dimension-dependent
constant cop = 8.525'%2, the defect density ng, and the diffusion coefficient D. Again,
the fit is performed for all fluences using the same parameter set, except for ng, which
reflects the amplitude at time zero. Like for the bulk data, we normalized data and fit
in figure 5.1 (b) to this initial signal as obtained from the fit. Consequently, all fitted
curves are identical in this representation and plotted as the black, dashed line. It bears
a good agreement with the data, suggesting that the chosen model covers the major
characteristics of the decay mechanism.
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Unfortunately, the model described by equation (5.2) does not allow for a separate
determination of the diffusion coefficient and the defect density, as they fuse to the single
fitting parameter B. Yet, assuming diffusion coefficients in the rough order of magnitude
of 1 x 107! em? s 129166184 " we obtain areal defect densities of 1 x 10°cm™=2, slightly
lower than previously reported values™?%-163:164185 = However, on the one hand, not all
types of defects may contribute equally to the exciton recombination. On the other hand,
both diffusion and defects'®® crucially depend on the crystal quality and the preparation
procedure.

In summary, we tackled the second fundamental question on the layer-dependent
recombination dynamics of the excited species, as raised in the introduction. By the
comparison of samples with differences thicknesses, we reveal fundamental distinctions
in the physics and dynamics of the recombination process. In bulk MoS,, we find a
defect-assisted, multi-particle Auger scattering, which accelerates with increasing fluence
from nanoseconds to 100ps. In the monolayer, in contrast, the decay proceeds faster,
on a 20ps timescale, owing to the geminate recombination of electron and hole within
the exciton they form. To that end, this bound pair has to diffuse to a defect site,
which eventually limits the excited state lifetime. Thus, in the light of optoelectronic
devices, diffusion equally governs the intended function as well as trapping leading to
losses. Consequently, a targeted optimization strategy has to lower the defect density
or the required path lengths of excitons rather than focus on accelerating their diffusion
itself.






6 Having a good vibe - Coherently excited
phononic motion [P3]

In this chapter, we investigate a fundamentally different process taking part in the
transient evolution of optically excited 1L-TMDCs. The previous two chapters focused
on the path that leads the excited species back into the electronic ground state. Following
the principle of monotonously increasing entropy, the consecutive steps of thermalization,
cooling, and recombination redistribute the excitation energy irreversibly within the
sample. This takes place on time scales from half a picosecond up to some nanoseconds.
However, at shorter times, a nonmonotonous effect appears, resulting in oscillating
transient signals. With sufficiently high time resolution, specific phonon modes of the
TMDCs can be coherently excited and monitored. In the following, on the basis of
publication [P3], we first extract the oscillatory part from the TA data. Afterwards, we
investigate its dependence on the material, the wavelength and the excitation density.

6.1 Isolation of the oscillatory part of the transient
dynamics

A profound analysis of the coherent phonons requires to separate their periodic signatures
from the rather monotonous rest of the dynamics at first. Here, we demonstrate the
corresponding procedure on the data for 1L-MoSe,, where the oscillations emerge much
more clearly from the data than for WS,.

Generally, the basic TA signal follows the same scheme for all TMDCs, namely the
photoinduced red shift of their absorption bands, as discussed in section 4.1. This holds
for MoSe, as well, the differences merely lie in the number of peaks contributing and their
exact wavelength, see figure 6.1 (a). Indeed, we observe the signatures of the shifted A, B
and C bands, each manifesting in a negative signal at their original spectral position and a
positive one at longer wavelengths. Solely A1, the embodiment of the displaced A exciton
absorption after excitation, falls out of the investigated spectral interval on its low-energy
side. Beyond the peak shifts, the broad, unstructured F* feature occurs likewise. Yet, it
overlaps with the numerous other contributions, especially C*, veiling the exact spectral
shape and dynamics. In principle, the TA signal exhibits the same pattern for different
TMDCs.

However, what catches the eye in the MoSe, 2D data in contrast to WS, are temporal
oscillations superposing the TA signal during the first few picoseconds. To isolate them
from the other contributions, we fit and subtract all exponential, nonoscillatory dynamics,
using a function similar to equation (4.1) in section 4.2. Beforehand, the data before
0.2ps has been cut out with the intent to avoid any impact of the zero point artifact.
Likewise, scans employing a logarithmic time axis, have been additionally limited to a
short duration, with maximum probe delays of 3 ps. Beyond this boundary, the spacing
of the time points reaches the order of magnitude of the oscillation period. Consequently,
the logarithmic sampling does not capture the oscillatory nature properly anymore. Given
this shorter time interval compared to 73 and 74 of the previous global fit, three instead
of four exponential decays suffice. In return, the fit was performed for each wavelength
individually to increase its accuracy.

The subtraction of the fit result from the original data yields the residue signal, as
depicted in figure 6.1 (b). It underlines the aforementioned observations, showing clear
oscillations throughout the whole spectrum that persist for multiple picoseconds. On top
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of that, one recognizes a remarkably stable phase from 550 nm to 700 nm that begins to
drift continuously when leaving this range. In particular, no sudden flips of the sign can
be found while moving alongside the energy axis.

The final step in extracting the oscillatory characteristics from the signal comprises
the separation of individual frequency components employing a fast Fourier transform
(FFT). The obtained 2D map of the FFT amplitude in dependence of the wavelength
and the frequency is given in figure 6.1 (c). It features a single dominant frequency
band at approximately 7 THz. Such material responses need to be taken into account
when aiming at THz electronics based on TMDCs. Otherwise, these oscillations may
disturb the carefully engineered properties of such devices in the relevant spectral region,
impairing their performance. From this perspective, this finding indicates the involvement
of one particular resonance and thus lays the foundation for its identification, which will
be tackled in the next section.
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Figure 6.1: Isolating and characterizing coherent oscillations in the TA signal of
1L-MoSe,. (a) 2D TA map showing shift signatures for all static absorption peaks. On
top, oscillatory features occur within the first few picoseconds. (b) Residue data after
fitting a three-exponential decay to the short-term time evolution of the TA spectra.
The residual dynamics are dominated by temporal oscillations covering nearly the whole
spectrum and enduring for multiple picoseconds. The excitation conditions were identical
for (a) and (b), but (a) spans a longer time interval scanned with logarithmic spacing,
while (b) represents a linear, more detailed scan. (c) 2D map of the Fourier transform
amplitude of the data in (b). A single frequency band at 7 THz stretches over almost the
entire measured spectral region. Adapted from [P3].
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6.2 Interplay between coherent lattice dynamics,
electronically excited states and optical properties

Based on the isolated oscillation data, further analyses can be conducted. Both the FFT
frequency decomposition and suitable fits allow for the extraction of key parameters like
frequency, lifetime and amplitude as well as their behavior under varying experimental
conditions such as the excitation density. Throwing light on these characteristics
facilitates the identification of the relevant physical processes causing and determining
the periodic imprint on the transient dynamics.

6.2.1 Identification of involved Raman modes

In fact, previous studies reported similar temporal oscillations in various 1L-TMDCs and
ascribed them to the coherent excitation of phonons corresponding to the A} Raman
mode5 2. To verify this assignment, we compare the FFT curves of spectrally averaged
time traces from different 1L-TMDCs to their Raman fingerprint in figure 6.2.

The clearest constellation occurs in 1L-MoSe,, where the Raman signatures of the A} and
E’ mode prevail in the spectrum and lie well distinguishably apart from each other®2:64.68,
The FFT peak, in turn, resides at 234 cm™! and thus lies closely to and on the red side of
the A7 Raman band. This small spectral displacement between FFT and Raman exists
for all materials and will be discussed in section 6.2.3.

For 1L-WSe,, the A} and E' modes occur at almost identical frequencies
Moreover, in the Raman spectra, several others gather along with them in the spectral
proximity of the single peak in the FFT spectrum. Accordingly, the ascription of the
oscillation to a specific mode appears more complicated. To that end, Jeong et al.®”
utilized the different layer number dependence of the modes’ frequencies. Going from
monolayer to bulk flakes, they ascertained a decrease of the period found in the TA data
which is in line with the stiffening of A} as opposed to the softening of E’. In our data,
the FFT peak for WSe, again matches the slightly red-shifted A} mode, in agreement
with the other materials and the literature.

Finally, we turn to 1L-WS,, where the two characteristic lattice vibrations are again well
separated63.6567  In this case, and the dominant FFT band can be found marginally
below the A} frequency of 12.5THz. Therefore, we attribute the oscillations in this
material to the out-of-plane Raman mode once more.

Evidently, the ultrashort pump pulses that are employed in the TA setup trigger a
collective nuclear motion following the normal coordinates of the A} mode. As sketched
in section 2.1.2, this simultaneous excitation of phonons could in principle proceed either
via ISRS, which is a scattering mechanism, or due to DECP, which implies a relocation of
the nuclear equilibrium positions in an electronically excited state!!%!%6, Experimentally,
these two can be distinguished based on the initial phase or displacement of the resulting
oscillations. In ISRS, solely a transfer of momentum occurs, ergo the periodic motion
starts at a finite velocity but at zero displacement. In DECP, on the contrary, energy
and momentum of the photon are absorbed by the electronic system, therefore the lattice
remains initially unchanged and still. However, owing to the altered equilibrium position,
the nuclei indeed exhibit a maximum displacement from the perspective of this new
balance. In our work, we extracted a maximum negative signal around time zero by
applying fits, thus these findings support the DECP model [P3]. Concludingly, previous
studies and this thesis agree on the displacive excitation of the A} mode of 1L-TMDCs
upon absorbing photons.

62,63,65,67



32 Having a good vibe - Coherently excited phononic motion [P3]
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Yet, in contrast to the other TMDCs, the WSy FFT spectrum bears a second, weaker
peak. Taking a red shift from Raman to FFT spectrum similar to the one for the A} mode
into account, this smaller contribution accords to the E’ lattice vibration. To our best
knowledge, a corresponding feature had not been observed in 1L-TMDCs up to this point.
As a matter of fact, some studies even argued that the DECP can exclusively take place
for symmetric modes like A}71%¢. However, in the case of the present 1L-TMDCs, the
crystal structure itself breaks the inversion symmetry (see section 2.1.1), abolishing this
fundamental constraint. Our work proves that the excitation of the E’ lattice vibration
occurs as well, albeit with a more subtle mark left on the TA signal. This expands the
ambit of the DECP mechanism and makes 1L-TMDCs an ideal platform to study its
nature, especially the dependence on the pump wavelength.

Summing up, comparing the frequency components of the TA residue to the Raman
spectra confirms the dominant DECP of the A} mode for all three materials. On top,
we find a second, previously unknown contribution with a much weaker amplitude and
attribute it to the E’ mode.

6.2.2 Spectrally broad imprint of the coherent lattice vibrations
onto the transient signal

Now that the physical background for the excitation of coherent phonons has been
identified, we move from their cause on to their effect on the sample properties. As
we probe the latter in terms of the transient change of the absorption, the key lies in
analyzing the spectral TA amplitude associated with the oscillations.

To obtain this fingerprint for the A} mode, we integrate the 2D FFT amplitudes
(e.g. figure 6.1 (c) for MoSe,) over the width of the dominant frequency band. The
resulting data is normalized and plotted in figure 6.3 (a) for all three TMDCs. What
the different curves have in common is a generally broad distribution of the oscillation
amplitude over almost the entire depicted spectrum. In addition, modulations occur
for each material at individual wavelengths. This brings up the question whether the
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peaks and dips may be in some way linked to the general transient features discussed
in section 4.1. For a direct comparison, the bottom panel (b) of figure 6.3 shows the
spectra at a probe delay of 1ps. Indeed, all local minima of the oscillation amplitude
coincide with zeros of the TA signal, although wice versa, not all TA zero-crossings are
accompanied by such a dip. The local maxima of the oscillation strength, in turn, mostly
occur at the spectral positions of extrema in the TA signal, albeit - again - not all of
the latter manifest in a peaking oscillation amplitude. Nonetheless, there seems to exist
a link between the major transient signatures and the spectral modulation of the signal
strength that the coherent phonons imprint onto the TA. Yet, the principal nature of
the oscillation amplitude still remains a broad distribution over a large portion of the
investigated wavelength interval.

Previous studies have tried to find the physical mechanism of how the coherent lattice
motion translates into a transient change of the material’s absorption. Their approach
consists of band structure simulations, in which the nuclei are displaced according to the
normal coordinates of the A} mode® ™. These calculations yield a narrowing or widening
of the band gap for nuclear motion in either direction, respectively. Consequently, the
lattice vibration would mainly manifest in periodic shifts of the absorption bands, i.e. the
(positive) transient peaks. This mechanism would lead to several striking characteristics
of the oscillatory imprint on the TA signal. When - for instance - a positive peak shifts
to lower energies, the signal increases on its red side while it decreases on the blue one
(comparable to figure 3.4 (a)). Ergo, the oscillation would exhibit a different sign, that is
an opposite phase, on either side of the (mean) peak position. Regarding the amplitudes,
a shift of the band which is small compared to its width essentially follows the first
derivative of the peak shape. That means a maximum signal change in the flanks, where
the slope is the steepest. Around the peak center, in turn, the derivative is essentially
zero, signifying a vanishing oscillatory component in the middle of the band. Taken
together, this model predicts that each affected absorption band results in two maxima of
the oscillation amplitude, occurring on each side of the underlying peak, distinguished by
a phase flip in between. In fact, this sudden phase change has been observed in MoTe,,
where the calculations generally yield a good agreement with the data”™. For MoS,, on
the other hand, there is a significant discrepancy between the predicted and measured

oscillation amplitude spectrum™.
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A qualitative comparison of our experimental findings with these theoretical predictions
highlights fundamental differences. The latter comprise multiple distinct peaks in the
amplitude spectra of the periodic signal, whereas we observe a single contribution spanning
the entire investigated wavelength region. Moreover, the calculated band shift would
result in sign flips of the oscillatory signal between the two sides of each shifting feature.
However, in our data, the phase stays constant throughout the major part of the spectral
range, drifting only gradually towards its rim. Thus, our findings bear a stark contrast to
the aforementioned theoretical approach. This demonstrates the need for a different model

to describe the effects of coherent phonic motion on the optical absorption properties of
1L-TMDC:s.

6.2.3 Softening of the A} mode with increasing excitation density

As we discussed in the preceding sections, the coherently excited lattice motion induces
a broad spectral response of the material. The substantial excitation densities applied in
the TA experiments raise the question, whether this reaction bears any nonlinearities. In
classical Raman spectroscopy, for instance, the modes shift with higher laser power due
to heating of the sample!®”!¥8  The ultrafast timescales accessible in TA spectroscopy, in
contrast, allow for an investigation of this effect beyond thermal equilibrium. With this
in mind, we fit the spectrally averaged oscillation time traces to monitor the progression
of the key parameters under variation of the pump fluence.

While the oscillation amplitude grows largely proportionally to the excitation density,
we do observe a nonlinear behavior concerning the frequency. The fitted values are plotted
in figure 6.4. With a higher excitation density, the frequency gradually falls, the oscillation
becomes slower. At high occupations of electronically excited states, constituted by
antibonding orbitals, the total strength of the covalent bonds decreases. On the one
hand, this manifests in the displacement of the equilibrium nuclear positions, which
initially results in the DECP. On the other hand, a weaker bond is usually accompanied
by a flattened potential, in other words a lower curvature, which expresses a reduced
frequency of the harmonic oscillator derived from it. In contrast to this nonequilibrium
electronic mechanism, we can exclude a purely thermal effect, as a relevant heating of
substrate-supported flakes requires mean laser intensities in the order of mW pm=2 187
while we apply mW cm™2. Admittedly, the peak power during the pulse lies much higher
in TA spectroscopy, but at this stage of the dynamics, this energy has not relaxed into a
thermal distribution yet, as demonstrated in chapter 4.2.

. . . . 240  Figure 6.4: Mode softening at high

745 (@) excitation densities. The y-axis shows
- U o8 4238 < the oscillation frequency, as obtained
T 7.10F 7 5 from fitting and the FFT analysis. On
;705_ 1236 g the x-axis, in turn, the mean TA
g * € signal from 500nm to 520nm at 0.2ps
o 1234 S .

2 7.00F et FFT 1 v & is represented, as a measure for the

2 ! pump ) A & excitation density that is independent of
L 6.95} v 530 nm 232 8 _

o  595nm the pump wavelength. Solid symbols

6.90F , , , . 4230  stem from TA scans with a logarithmic

0 1 2 3 4 5 time scale, whereas open ones correspond

TA ampl. [10°] o< n, to an equidistant time axis with small
steps. Adapted from [P3].
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The slow-down of the oscillation at high excitation densities appears to be the major
cause for the discrepancy in the frequencies found in the Raman spectra versus the FFT
of the TA signal. In contrast to the high fluences of 1000 nJcm~=2 applied in the TA
measurement featured in figure 6.2, the continuous wave nature of the Raman spectroscopy
constitutes a vanishing excitation density. Taking this into account, the initially observed
A’ mode frequency shift in the Raman versus the FFT spectrum of ~10cm™! at the
highest fluence shrinks to a few cm~! at the lowest one.

The discussed dependence of the oscillation frequency on the excitation density allows
for a manipulation of the materials response by choosing corresponding experimental
parameters. With our work, we extend the portfolio of tunabilities, which already
contained doping, strain, layer number!®’, and temperature®°® as parameters by which
to influence the Raman modes of 1L-TMDCs.

In this chapter, we answered research question three on coherent phononic motions by
exciting and tracking them wia TA spectroscopy with ultrahigh time resolution. The
dominant contribution corresponds to the A vibrational mode in all materials. However,
in WS,, exclusively, an additional peak appears matching the E’ mode, which had not
been observed in previous TA studies. Ergo, the mechanism for exciting coherent phonons
appears more widely applicable than previously suggested. A/, in turn, manifests as a
broad spectral response, casting doubt on theoretical models that principally predict a
periodic shift of transient peaks. These results indicate that the interaction between
the coherent lattice motions and the electronic system is not yet fully understood.
Anyway, they crucially matter for TMDC-based devices operating in the THz regime,
since the lattice motions might interfere with the intended functionality. Furthermore,
on the positive side, a higher excitation density red-shifts the A} mode, thus opening an
opportunity to partially tune its frequency.






7 Till death do us part - Charge separation in
hybrid structures [P2)]

After the preceding in-depth investigations of pristine TMDCs, we now turn to
the combined systems, meaning hybrid structures involving dye molecules. They
facilitate interfacial charge transfer and thus form a promising basis for optoelectronic
applications. Previous studies typically applied rather thick coatings in the nanometer
regime!24129:132-134,138,140  Agide from that, the focus often lay on the impact of the
molecular coverage on the TMDC-PL!2314%:189  However, the perspective of the molecular
side in case of monomeric films remains unknown. Therefore, we turn to investigate the
dye fluorescence using pPL and FLIM to track down interfacial interactions, based on
publication [P2].

Figure 7.1 comprises the spatially and spectrally resolved emission of a PO/1L-WSe,
hybrid wersus a PO/hBN reference sample. The micrographs in (a) and (d) give
an overview of the flake topography, which allows to target specific regions for the
spectroscopic investigation. Their resulting emission spectra are shown in (c). On hBN,
PO exhibits the three-peak Frank-Condon progression that compares with the spectral
fingerprint of a monomeric solution, see figure 2.3 in section 2.2. Solely the 0-0 fluorescence
peak appears significantly weaker, which may be owing to its vicinity to the cut-off
wavelength of the filter for the excitation light. On WSe,, in contrast, this signature
of PO vanishes, pointing towards quenching of the emission. In return, the PL of the
1L-WSe, arises at lower energies of 1.6eV to 1.7€V.

Integrating the 3D intensity data I(x,y, \) from the nPL scans over this spectral region
yields the 2D map of the monolayer emission. This is depicted in (f) and reflects the
topography of the 1L areas exclusively. A similar procedure can be performed to extract
the signal from PO. However, in this case, we base it on FLIM measurements, as the
single photon counting employed there provides a higher sensitivity. Besides, the explicit
selection of the monomeric PO emission can be achieved by a bandpass filter from 500 nm
to 550 nm. It transmits the 0-0 fluorescence of the dye exclusively and explicitly blocks
contributions from agglomerated dye molecules or the 1L-TMDCs. The corresponding
2D maps are given in (b) and (e) for the hBN and WSe, flakes, respectively. In the former
case, only minor differences between the PO fluorescence intensity on the substrate versus
the flake can be observed. On the WSe, flakes, on the other hand, we detect barely any
dye emission, again indicating a strong quenching.

Despite a substantial reduction of the emitted light, the conclusion of quenching requires
a second criterion to be fulfilled'!®. Mathematically, we can describe this phenomenon by
two competing decay channels, a radiative and a nonradiative one. Both are characterized
by an individual rate constant Kyaa = 1/ ryeaa, Which represents the reciprocal time
coefficient of each separate process. In the view of the overall dynamics, the two rates
add up to a single effective one, whereas the molecules split up between the two paths
according to the ratio of the rate constants. For the fluorescence, this means that its
quantum yield

Rrad

Py = —md
("irad + "inrad)

(7.1)

is reduced in the presence of a quenching channel. The higher the according nonradiative
rate in relation to the radiative one, the more excited molecules follow the former path,
while a declining part of the population still emits.
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Figure 7.1: Emission maps and spectra of hybrid structures. (a,d) Microscope images
of hBN and WSe, flakes, respectively. (b,e) FLIM intensity maps for the areas depicted
in (a,d). They were acquired employing 440 nm pump pulses and using a bandpass filter
from 500 nm to 550 nm in front of the detector to select only the 0-0 fluorescence of PO.
While the logarithmic scaling barely shows any differences between flake and substrate
in the case of hBN, the emission of the dye is drastically reduced on the WSe, flakes.
(c) Emission spectra for the hybrid structures after excitation at 532nm and a dilute
PO solution in chloroform as a comparison, the latter scaled to roughly match the given
intensities. For PO/hBN; the spectrum roughly resembles the monomer fluorescence. For
PO/WSe,, the dye emission vanishes, whereas the TMDC-PL emerges between 1.6eV to
1.7eV. The colored areas represent the spectral intervals represented in the 2D maps in
(b,e) and (f), respectively. (f) PL intensity map for the 1L-WSe, emission, reflecting the
topography of the monolayer region. Adapted from [P2].

In the experiment, the emergence of a nonradiative pathway manifests as the intensity
drop that we observe for the PO on the TMDC flake as the first criterion for quenching.
For the total excited state population, in turn, this leads to the following time dependence
of the number of excited molecules N (¢):

N(t> = _N(t) : (/{rad + ’{nrad) (72)

t

N N(t) — NO A e—(firad"‘ﬁ/nrad)-t = NO - e Teff (73)

Owing to the summation of the two individual rates, the overall decay speeds up under the
influence of an additional nonradiative channel. This shortening of the effective lifetime
constitutes the second criterion for deriving quenching from spectroscopic measurements.
As such, it complements the already discussed fluorescence intensity drop. In the case
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of dominance of the nonradiative pathway (Knrad > Kraq), meaning a strong quenching,
as found in the presented data, the effective lifetime and the fluorescence QY can be
expressed in a simplified manner:

Teff = Tnrad (74)

Rrad Thrad
@ﬂ — ras — nras (75)
Rnrad Trad

By means of these equations, we can now tackle the question of quenching in a more
quantitative fashion in terms of the observed yield @4 and time constant 7.¢. To that end,
we extracted the key information from the FLIM measurements, namely the fluorescence
time trace and the intensities from the different flakes of interest. The ratio of the latter
divided by the value on the surrounding substrate region serves as a rough measure for
the QY. The PO on the silicon wafer surface can be used as a reference, since the
insulating native SiO4 layer on top prevents substantial influences on the PO molecules
and their fluorescence. Furthermore, the normalization to the intensity on the substrate
environment corrects variations in the dye coverage between different samples. The
so-obtained relative molecular 0-0 fluorescence strength is depicted in figure 7.2 (a). It
reveals a drastic difference between the TMDC and the hBN flakes. The latter score
high values from 0.2 to almost 1. Despite this variance, they clearly protrude from all
the TMDCs, which range around 1073. Here, WS, is the only exception with slightly
stronger relative emission, although this additional light probably stems from residual
PL of the 1L flake, which is partially transmitted through the bandpass filter. Apart
from that, all TMDCs consistently show a PO intensity three orders of magnitude below
the neighboring substrate areas, respectively, pointing to a massive quenching of the dye
fluorescence.
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Figure 7.2: Quenching of the dye emission in hybrid structures. (a) Fluorescence
intensity of PO on different flakes normalized to the value on the surrounding substrate
(orange, horizontal line), respectively. On all TMDCs, the intensity drops by two to
three orders of magnitude, whereas for the insulating hBN, the values range from 0.2
up to near-unity. (b) Time-resolved PO fluorescence on the same areas as in (a).
While the signal on hBN and on the substrate mostly decays on a nanosecond time
scale, the curves for the TMDCs essentially follow the instrument response. For all
these measurements, a bandpass filter from 500nm to 550 nm exclusively selected the
0-0 emission of the PO monomers for detection. In the case of the hBN3 sample, regions
with strong agglomeration were excluded from the data, yielding a mostly monomeric
behavior. Adapted from [P2].
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At this point, we turn to the time traces for the identical flakes, shown in figure 7.2 (b),
in order to verify whether this trend translates to the dynamics as well. In this context, the
curves for all TMDC samples virtually trace the instrument response function IRF, albeit
with a weak tail persisting for longer times. Hence, the experimental time resolution
of about 100ps inhibits a quantitative evaluation of the even more rapid underlying
dynamics. Yet, on a qualitative level, we can conclude that the major fluorescence decay
proceeds on even drastically shorter time scales. Ergo, from the perspective of their
emission, the excited dye molecules are deactivated orders of magnitude faster than the
nanosecond lifetime of PO monomers in solution*>!?". Thus, the second criterion for
strong quenching is also matched.

For hBN, in contrast, the traces differ significantly, yet sharing a common pattern of
an initial, fast decay and a following slower one. Consequently, we fit the curves with
biexponential functions, yielding the two according time constants 732 and the ratio of
the corresponding amplitudes 42/4,, which are listed in table 7.1. On hBN, the first
process occurs within several 100 ps, while the long-term dynamics yield a time constant
of about 3ns, in line with the fluorescence lifetime of monomeric PO*%. Regarding the
fast component, we are able to assign this to agglomerates of the dye molecules. In the case
of the hBN3 sample, the deposited coverage was chosen a little higher than in the standard
procedure, therefore favoring the growth of local PO accumulations. These became large
enough to appear in the FLIM map as bright dots with a drastically reduced fluorescence
lifetime, owing to fast relaxation into excimer states'!''!. The visual emergence of these
agglomerates allows to exclude them from the analysis, leaving those areas of the flake
with a relatively homogeneous and largely monomeric dye coating. All data shown for
hBN3 is based solely on these regions. Here, the slower decay component dominates the
temporal evolution, manifesting in a large amplitude ratio, confirming the prevalence of
monomers in this case. To summarize, monomeric dye molecules on hBN flakes exhibit a
fluorescence lifetime of about 3 ns, whereas the PO emission decays drastically faster on
all 1L-TMDCs.

Taken together, these findings confirm the quenching in PO/TMDC hybrids that we
already suspected from the 2D maps, now in both intensity and temporal domain. The
effective fluorescence lifetime appears to lie well below the experimental resolution of
100 ps. Parallelly, the substantial intensity drop provides an estimate for the QY in the
order of 1073, which demonstrates a quenching efficiency far beyond the values from
previous studies on other dye/ TMDC hybrids!3%132.138192 = Applying the equations (7.4)
and (7.5) from above, this quenching by three orders of magnitude translates into a
nonradiative time constant of a few picoseconds. Ergo, the corresponding process exhibits
an almost perfect efficiency, i.e. a near-unity QY.

Table 7.1: Fitted time constants and amplitude ratios for the PO fluorescence traces
from figure 7.2 (b), based on a biexponential decay model. The substrate values indicate
the parameter range obtained from analyzing multiple samples.

Underlying layer for PO 7y |ns] Ty |ns] A2/ 4
Substrate 0.5-1.0 2.2-3.2 0.6-1.3
hBN1 0.1 2.9 0.1
hBN2 0.2 3.1 1.0

hBN3 0.5 3.5 3.3
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Yet, this estimate of the quenching is probably even too conservative due to the
imperfections of the underlying substrate as well as of the dye film itself. On the
one hand, the fluorescence time traces on the substrates also deviate from a purely
monoexponential behavior and show an additional, faster decay component (figure 7.2 (b)
and table 7.1), indicating some impact of quenching. This is presumably caused by
unsaturated, so-called dangling bonds!®3, excimer-forming agglomerates'®*, or surface
contaminants!®>.  Consequently, the reference intensities for the normalization in
figure 7.2 (a) are reduced compared to actually undisturbed PO molecules. Accounting
for this, i.e. referencing with respect to truly pristine molecules would lead to even lower
relative PO fluorescence intensity values for all flakes. On the other hand, agglomerations
or surface contaminations - for instance by PDMS from the stamping process'® -
assumingly impair the contact between dye and flake, leaving a small fraction of the
molecules unquenched. This would lead to the time traces for the PO/TMDC hybrids
showing a weak tail, which we indeed observe in figure 7.2 (b). Eventually, this residual
emission would manifest in a higher detected intensity in the flake regions, hence also
reducing the observed quenching. Ergo, the derived value of about three orders of
magnitude merely represents a lower limit. Likewise, the nonradiative time constant could
lie below the few-picoseconds estimate. In fact, pump-probe-based techniques reported
values ranging from several 100 fs down to 40fs for the CT from molecular films towards
TMDC layers!32-134,136,138,139

However, purely emissive measurement techniques cannot distinguish between CT and
ET, as explained in section 2.3. The latter would mean the transfer of the whole
exciton from molecule to TMDC, ergo the dye fluorescence would be suppressed as well.
Nevertheless, following the type II band alignment, one would still expect a subsequent
electron transfer afterwards, which would result in the identical final state of separated
charges. Still, this additional step could lower the total QY of charge separation.

In this chapter, we closed in on the final research question on the efficiency and time scale
of a potential charge transfer in PO/TMDC hybrid structures. Emission measurements
demonstrated a massive quenching of the dye fluorescence in the hybrids by three orders of
magnitude, which manifests in both intensity and time evolution. These findings strongly
hint at charge transfer, which embodies a prerequisite for the conversion of absorbed light
into electrical currents in solar cells or photodetectors. We deduced an upper limit for
corresponding time constant of a few picoseconds. This points to a near-unity charge
separation yield in case of the excitation of the molecule, promising efficient devices from
these material combinations.






8 Summary and outlook

This thesis dived into the transient dynamics that follow the optical excitation of blank
TMDCs as well as their hybrids in combination with dye molecules. For the investigation
of the pristine flakes, we applied TA spectroscopy to disentangle the different processes
taking place from the initially excited state back into the ground state. In this framework,
we focused on three major aspects, two of them being related to interactions of the
electronic with the phononic system. Right at the beginning, the absorption of sufficiently
short pump pulses create a coherent, periodic motion of the crystal. Afterwards,
phonons likewise govern the redistribution of the excess energy from the initially excited
electrons towards the nuclei, thermally equilibrating these two subsystems. Eventually,
the recombination of the excited species constitutes the third point of the dynamics.
Regarding the hybrid structures, we used emission techniques such as pPL and FLIM to
monitor the behavior of the dye fluorescence as an indicator for interfacial interactions,
in particular charge transfer.

At the start of the dynamics, we analyzed the coherent lattice vibrations in three
1L-TMDCs in terms of the periodic mark they leave on the TA signal. The comparison
of the different materials yielded a consistent picture of a dominant contribution from
the A} mode, confirming the results of previous studies. However, in the case of WS,
we additionally observed a so far unknown feature stemming from the E’ vibration. It
emerges after excitation with green light, as opposed to longer wavelengths not triggering
it. These findings demonstrate the spectral dependence of electron-phonon coupling,
which mediates the initiation of the lattice motion. With reference to the underlying
physical mechanism, the phase of the A/ oscillation clearly suggests a displacive excitation.
In the reverse direction, the coherent phonons influence the optical absorption properties
of the material as well. We found a spectrally broad and phase-synchronous response in
the TA oscillations, containing only minor modulations around the excitonic resonances.
This bears a fundamental contrast to existing models, which predict a periodic growth and
shrinkage of the band gaps, resulting in characteristic amplitude peak pairs with flipped
phases. FErgo, our work reveals the shortcomings of the current theoretical concepts
employed to derive the spectral fingerprint that the coherent lattice motion translates
to. As a last point, we showed that the frequency of the A} mode falls when applying
higher excitation densities. This behavior could be exploited as a tunability of the lattice’s
reaction to ultrashort laser pulses.

In parallel to the aforementioned coherent motion, the thermalization of the excited
species takes place in 1L-TMDCs right after their creation. Here, we were capable of
distinguishing between multiple individual steps. First, interelectronic collisions drive
their thermalization around the band minima. In the resulting equilibrium, free charge
carriers and bound excitons coexist due to high electronic temperatures. During the next
stage, the thermal energy is redistributed towards the lattice, cooling the excited species.
Again, the coupling between the electronic and phononic systems plays a crucial role in
this process. In fact, we found not just one according signature in the dynamics but
a spectrum of such interactions, where high-frequency phonons couple more strongly to
the excited species than lower-energetic ones. Consequently, the equilibration initially
includes solely the former subgroup. In the framework of the hot-phonon effect, their
reabsorption leads to the persistence of elevated electronic temperatures and accordingly
also of the exciton-carrier equilibrium over a few tens of picoseconds. This presents a
window of opportunity to harvest the excess energy provided by excitation above the
band gap in electronic devices by means of thermally activated processes. Afterwards,
the coupling to the remaining phonon bath completes the cooling cascade and finally
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yields a thermally equilibrated system, where excitons prevail as the principal excited
species. From here, their recombination represents the last missing step back into the
system’s ground state.

In relation to this final process, we investigated its dynamics comparing a monolayer to
a bulk flake of MoS,, where either bound excitons or free carriers dominate the excited
populations, respectively. This difference translates into a fast geminate recombination
in the 2D layer, as opposed to a slower, density-dependent relative rate in the 3D crystal.
Still, in both cases, defect sites mediate the processes by acting as traps for excited
specimens, constituting a pivotal parameter to describe the electronic dynamics in
TMDCs. From the perspective of device optimization with the aim of a long lifetime
facilitating efficient charge separation and extractions, these findings advise the avoidance
or engineering of defect states. For the bulk-based electronics, on top, the operation in a
regime of low carrier densities appears favorable to avoid recombination losses.

The last part of this thesis dealt with the combination of TMDCs with dye molecules.
For such hybrids, a proper energy alignment can result in interfacial charge separation
after optical excitation, enabling an electronic current flow. Hence, these systems provide
one possibility to create optoelectronic devices. In view of possible interactions at the
interface, we observed a strong quenching of the fluorescence of PO monomers on various
1L-TMDCs as an indication for CT towards the flakes. This quenching manifests in a dye
emission intensity reduction by three orders of magnitude and a drastic lifetime shortening,
hinting at an efficient charge separation process. This proves that dye/TMDC hybrids
indeed offer a promising material combination for optoelectronics.

However, future research should rather focus on completely flat molecules that arrange
in an ordered fashion in full-coverage films. In this case, the density of states of both layers
of the hybrid are rather balanced, facilitating a more pronounced impact on the properties
of the TMDC flakes as well. For instance, the optical excitation of the molecular layer
with a subsequent CT into the semiconductor could offer a method for transient doping.
In this way, a photoswitchable tuning of the ratio between neutral and charged excitons
(trions) seems possible. Likewise, the A} Raman mode frequency is expected to react
to carrier injection. From this perspective, a higher pump fluence provides more carriers
that are injected into the material, therefore extending the A/ frequency dependence on
the excited species’ density discussed above.

To conclude, this thesis succeeded in unraveling the electronic and phononic dynamics
in 1L-TMDCs and related hybrid structures. We disentangled the manifold facets of
electron-phonon coupling imprinting their mark on the transient absorption signal on
various time scales. Furthermore, we linked the differing nature of the excited species
in the bulk material versus monolayers to fundamental changes in the corresponding
recombination kinetics. Beyond pristine flakes, our investigations of dye/TMDC hybrids
indicated efficient charge transfer, paving the way for optoelectronic applications.
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Fluence-dependent dynamics of localized excited species in monolayer versus bulk MoS,
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Transition-metal dichalcogenides are characterized by a layered lattice structure, facilitating the fabrication of
two-dimensional crystals. Concerning their electronic properties, these monolayers differ fundamentally from the
bulk material, exhibiting direct band gaps and significantly higher exciton binding energies. Hence, to shed light
on how the crystal thickness influences the relevant excited states and in particular their dynamics, we performed
time-resolved optical pump-probe spectroscopy on monolayer and bulk samples of molybdenum disulfide
(MoS,) for a broad range of excitation fluences. The observed transient spectra result from photoinduced shifts
in the band structure. Here, we find evidence for a localized nature of the excited species as opposed to the
common model of band-gap renormalization. At high excitation densities, strong collisional broadening of the
shifted absorption occurs. Within the first picosecond after excitation, the free carriers thermalize, while in
the monolayer, additionally, electrons and holes pair to form excitons. On longer time scales up to several
nanoseconds, the excited populations decay. In the bulk sample, the corresponding signal reduction could be
described in terms of a defect-assisted Auger recombination of electrons and holes. For monolayer MoS,, in

contrast, two-dimensional diffusion leads to recombination of the excitons at defect sites.

DOI: 10.1103/PhysRevB.103.045423

I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) have emerged
as two-dimensional (2D) materials, as their layered structure
with weak van der Waals interlayer forces facilitates the fab-
rication of atomically thin crystals. Here, the limiting case of
a triatomic monolayer (1L) differs decisively from the bulk,
exhibiting drastically enhanced exciton binding energies and
a direct band gap [1-4], i.e., resulting in a pronounced rise of
the photoluminescence (PL) [5,6].

Apart from these fundamental issues, these thin films have
raised particular interest in view of various applications [7].
Generally, as a consequence of the strong light-matter inter-
actions in TMDCs, they are predestined for optoelectronics
such as light-emitting diodes [8] and phototransistors [9]. In
the field of photodetectors, developments towards high re-
sponsivities [10] and ultrafast response times [11] have been
pursued. In the latter case, short carrier diffusion pathways in
atomically thin layers allow for a fast charge separation after
exciton dissociation. Yet, these processes compete with loss
mechanisms, such as trapping and recombination, lowering
the quantum efficiency of the devices [10].

Furthermore, especially in molybdenum and tungsten
disulfides (MoS, and WS,, respectively), the energy of the
conduction-band (CB) minimum matches the redox potential
of the hydrogen evolution reaction (HER) in the process of
water splitting [12]. Hence, these materials constitute promis-
ing HER photo- [13—15] and electrocatalysts [16,17]. Here,
the crystal edges have been identified as the catalytically ac-
tive sites [12], thus making thin and small flakes preferable
catalytic systems, owing to their high specific surfaces or
active center densities. On the downside, this location of the
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sites causes the (quantum) efficiency of the catalytic reaction
to depend critically on an undisturbed, low-loss transport of
excitation energy or excited species through the material to the
edges [14,15,18], similar to the situation in (opto)electronics.

All in all, this demonstrates the importance of excited
species dynamics for applying TMDCs in the aforementioned
technologies. Considering the impact of thickness on their
electronic properties, we expect distinct behaviors for the
1L and the bulk. Common approaches for investigating the
excited species’ ultrafast dynamics are transient absorption
or reflectance spectroscopy, which have been performed by
various groups on mono- and few-layer [19-26] as well as
on bulk [20,27-29] flakes of different TMDCs. The obtained
signals or spectra bear striking similarities in most studies;
however, their evaluations and interpretations concerning the
physical origin of the signatures strongly differ. Here, vari-
ous excitonic effects [19,23,27] and band filling [20,28] were
considered, although the model of band-gap renormalization
(BGR) [19,21,24] has gained broader acceptance lately. Like-
wise, various processes governing the dynamics and decay
of the signals are discussed, yet there are fundamental dif-
ferences between these studies regarding sample quality and
thickness, excitation fluence regime, and probe wavelength. In
our view, systematic variation of the excitation density should
allow for a better characterization of the excited species and
resolve some of the contradicting interpretations. With this
goal in mind, we studied the light-induced dynamics in 1L
and bulk MoS, in dependence on the excitation fluence and
developed a physical model resulting in a consistent interpre-
tation of the time-resolved dynamics.

In this work, we present all optical pump-probe [30] mea-
surements of 1L and bulk MoS,, exciting with a wavelength of
400 nm and probing the whole visible range with a white light
continuum. In particular, the dynamics are analyzed with re-
spect to their dependence on the excitation fluence, providing

©2021 American Physical Society
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insights into the nature of the excited species. Thus, we can
trace and separate decay mechanisms that behave nonlinearly
with respect to the excitation density or nonexponentially with
time. Careful analysis of the transient spectra is performed by
globally fitting the transient spectra to discriminate different
signatures, such as shifts, broadenings, and decays, to asso-
ciate the spectral features to the underlying mechanisms. In
the course of this, we find subtle contradictions to the com-
mon BGR model, especially to the predicted peak shift with
increasing density of the excited species. Hence, we propose
a picture of localized species, which cause spatially limited
distortions of the lattice and the respective energy bands.

II. RESULTS AND DISCUSSION

A. Preparation and identification of monolayer MoS, flakes

We fabricated atomically thin films on a polydimethyl-
siloxane (PDMS) substrate, following the advanced exfolia-
tion approach developed by Castellanos-Gomez et al. [31,32].
We scanned for and selected promising flakes via optical
microscopy. A monolayer area was identified based on its
transmission contrast [33—35] and PL [5,6]. As a bulk sam-
ple for comparison, we selected a crystal of several tens of
nanometers of vertical extent. The details of the sample prepa-
ration and thickness determination for both samples are given
in Secs. | and II of the Supplemental Material (SM) [36],
respectively.

The absorption spectra in the visible range of the mono-
layer and bulk samples feature the same three prominent
peaks(see Fig. 1). The lower energetic peaks A and B at
about 650 and 600 nm, respectively, correspond to excitonic
transitions located at the K point [37,38], while the energeti-
cally broader and higher contribution C near 450 nm can be
assigned to band nesting in different regions of the Brillouin
zone, especially in the environment of the I' point [38—40].
For the A and C peaks, we note a blueshift from bulk to
monolayer, as has previously been observed for dry as well
as liquid-phase exfoliated flakes [24,37].

B. Transient band shifts induced by localized excited species

We now turn to the transient absorption spectra AA(X, 1),
which were obtained by pump-probe spectroscopy with a time
resolution of 100 fs. Details of the experimental setup are
presented in the SM, Sec. III [36]. All measurements were
performed under ambient conditions. Despite the difference in
the C transition energies between monolayer and bulk MoS;,
the high excess energy of the 400-nm pump pulses with re-
spect to this absorption band suggests the excitation of free
charge carriers in several parts of the Brillouin zone in both
cases.

When comparing the transient spectra of bulk and mono-
layer MoS,, as shown in Figs. 1(a) and 1(b), respectively,
one finds strikingly similar patterns in both cases: Negative
AA peaks (A~ and B7) at the positions of the original static
absorption bands A and B are accompanied by redshifted posi-
tive features (A* and B™) [24,40], suggesting a photoinduced
shift of the absorption to lower energies. Accordingly, each
pair of positive and negative peaks resembles a single process,
namely, the shift of the original, static absorption peak. These

(a) Energy [eV]
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FIG. 1. (a) Bulk and (b) monolayer static absorption (black lines)
and transient spectra (colored lines) for an excitation fluence of
31 uJ/cm? at various probe delays. The negative transient peaks
match the static absorption peaks, as indicated by the dashed ver-
tical lines. Each of these transient signatures is accompanied by a
corresponding redshifted, positive feature. For the monolayer, these
peaks appear broader than in the bulk case and an additional peak pair
arises around the wavelength of the C absorption. The dashed curves
in (a) indicate a region of high noise and are therefore smoothed.

observations are consistent with the results of our previous
work [29], where we excited a bulk sample at 665 nm. Conse-
quently, the shift is caused by the excited species irrespective
of their exact location in the band structure.

With reference to the underlying mechanism for this shift
in the bulk, we already discussed a variety of possible expla-
nations in that earlier study. Here, we expand this discussion
to the single layer. Considering the similarity of the bulk and
monolayer spectra, despite the enormous difference in exciton
binding energy, excitonic effects such as trion or biexciton
formation seem highly improbable as the origin of the shift.
The intensely discussed approach of band-gap renormaliza-
tion [19-21,24,41], on the contrary, provides the benefit of
being equally applicable to crystals of every thickness. Pogna
et al. obtained transient spectra in 1L MoS, similar to ours
and explained them mostly with BGR [22]. In this picture, the
different charge distribution of the excited species compared
to the ground state affects the band structure and shifts the
band levels and likewise the absorption peaks. However, as
the carriers are regarded as completely delocalized over the
whole crystal, the magnitude of the redshift directly depends
on the excited carrier density [42].
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FIG. 2. Lorentzian peak fitting of the A* and B features in
the transient spectra for the bulk sample excited with a fluence
of 31 uJ/ecm?. (a) Measured and fitted transient absorption spectra
at different probe delays. Bright lines represent the data and dark
lines stand for the fits, showing a good agreement between the two.
(b) Temporal evolution of the areas of the four Lorentz peaks. All
curves clearly decrease in amplitude. (c) Time-resolved peak widths.
The B~ width decreases within the first few picoseconds, while all
other features exhibit constant values. (d) Peak shift magnitude from
negative to positive contribution for the A and B pair over time. The
shift is reduced during the first few picoseconds and does not change
afterwards.

To probe the applicability of this model to our data, we
fitted the transient spectra by a sum of four Lorentzian profiles
in the range of the A* and B¥ peaks to distinguish between
a shift of the positive peaks’ positions and a mere reduction
of the peak areas, as the excited species density decreases
over time. As the negative features originate from the static
absorption, we fixed their center energy and width to reduce
the number of free parameters. The respective values were
extracted from the static absorption spectra, as depicted in
Fig. 1. The resulting fits, which match the data well, as well
as the time evolution of the obtained parameter are presented
in Fig. 2. The extracted parameters demonstrate that the long-
term decay of the signal corresponds to merely a reduction
of the peak area, whereas the shift, i.e., the center position
difference between negative and positive peaks, remains con-
stant. Fittings performed for higher excitation fluences and
for the monolayer, as well as results obtained by using an-
other line-shape function, can be found in Sec. IV of the
SM [36]. Despite a higher noise and interfering additional
spectral signatures, they reproduce the tendency that the dy-
namics are determined by the evolution of the peak area rather
than that of the shift. These findings contradict the model of
BGR resulting from delocalized excited species. Since our
data mainly describe a shrinkage of the transient peaks with
decaying excited populations instead of shifts, we propose
a rather localized nature of the excited species. In this case,
the locally altered charge distribution interacts with the band
structure, leading to a new equilibrated electronic structure
with a shifted absorption. Here, a higher number of excited
species only causes a larger fraction of the crystal volume to
be affected by the shift in absorption, but it does not change

the spectral magnitude of the shift. A possible explanation for
the localization could be the formation of polarons. These
quasiparticles are commonly understood as carriers induc-
ing deformation of the lattice and the charge distribution in
their vicinity and traveling together with the potential dip
that is caused by their own presence [43]. This interpreta-
tion would explain the local nature of the excited species, as
Holstein polarons typically extend over about one unit cell.
Furthermore, this picture intrinsically contains energy shifts
in terms of the potential dip, accounting for the signatures in
the transient spectra. Polarons have already been observed
in surface-doped 1L MoS,, causing energy shifts of several
tens of meV [44]. Likewise, theoretical studies predict similar
mechanisms and shifts for excitonic polarons in monolayer
TMDCs [45]. Thus, this concept can be generally applied to
free carriers as well as excitons independent of the crystal
thickness.

In spite of their similarities, the spectra of the two samples
differ from each other in two aspects: First, in the 1L MoS,,
we clearly observe an additional pair of a positive and negative
peak, denoted as C* and C~, corresponding to the C absorp-
tion band, while comparable signatures barely stand out from
the noise in the bulk spectra. This can be explained by the
larger width of the static C absorption peak in the thick crystal
compared to the monolayer, making it less sensitive to shifts.
As a second point, we note that the positive transient signals in
the thinner sample appear significantly broader than their bulk
counterparts. This enlarged width can be interpreted in terms
of a collisional broadening as a consequence of Coulomb
scattering of the excited species [19,23,28]. In the bulk, the
Coulomb potential is screened more effectively [1,41] and
the successive absorption of pump fluence during propagation
through the sample leads to a lower average excited carrier
density, resulting in a less pronounced broadening than in the
monolayer. In the latter, however, the positive peaks AT and
B strongly overlap and partially cancel out with the negative
signals A~ and B™, causing the B™ contribution to seemingly
almost vanish.

The temporal evolution of the transient spectra for
both samples is split into two major regimes on the
(sub)picosecond and subnanosecond time scale. In the bulk,
the fast dynamics manifest as a slight decrease of the transient
amplitude and an apparent blueshift of the peak maximum at
A™. As the fitresults in Fig. 2 prove, this is caused by a partial
reduction of the photoinduced redshift and by narrowing of
the positive peaks.

Generally, these fast processes are associated with the ther-
malization of excited carriers [24,27,29]. On a closer look,
however, one has to distinguish between two separate effects.
First, the carriers excited to high-lying regions of the CB
rapidly relax into their respective band minimum or maxi-
mum by carrier-carrier scattering [46], as reported by time-
and angle-resolved photoelectron spectroscopy (trARPES)
[39,47]. Since this process takes place within 50-100 fs,
we are not able to resolve it in our measurements. After
this relaxation into the band extremum, the carriers follow
a thermal distribution with an extremely high temperature,
corresponding to their excess energy. From there on, carrier-
phonon interaction dissipates this energy as heat to the crystal
lattice. We attribute the picosecond-time-scale dynamics to
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this process. As the excited species and the lattice equilibrate,
the former cool down, reducing collisional broadening and
therefore narrowing the positive peaks [see Fig. 2(c)]. Ad-
ditionally, the reduced shift that occurs on this time span in
Fig. 2(d) shows that cooled excited carriers disturb the local
charge distribution and in turn alter the band structure less
strongly than hot ones.

In the monolayer, a closer look especially at the AT peak
in Fig. 1(b) reveals a further distinction of the thermalization
component. First, on a time scale of several hundred fem-
toseconds, a signal reduction occurs, somewhat faster than,
yet comparable to, the cooling times observed in the bulk. We
interpret this as a proceeding localization of the excited carri-
ers. In a local picture, a hot carrier will be characterized by a
spatially smeared-out charge distribution that barely adapts to
the local potential. Upon losing their excess energy, however,
the particles will accumulate in local energy minima. This
localization leads to a reduced affected crystal volume and,
thus, a lower transient signal amplitude results as observed.
Afterwards, within several picoseconds, we register a notable
decrease of the collisional broadening, as the positive peaks
narrow and rise in amplitude (see SM, Fig, S6 [36]). We
interpret this as an evidence for exciton formation from ther-
malized carriers, as a consequence of the high exciton binding
energy in the monolayer [48]. In the initial electron-hole
plasma, the carriers move independently, each surrounded
by their (dielectrically screened) Coulomb potential, despite
an overall charge neutrality. When electron and hole form
a bound pair, though, their charges compensate, reducing
their Coulomb-scattering cross sections. Simultaneously, the
excited particle density halves; hence, collisional broadening
weakens and the positive transient peaks narrow.

As the second part of the dynamics, we observe the de-
cay of the spectra on a subnanosecond time scale. Here, the
recombination of electrons and holes (respectively, excitons)
takes place. Irrespective of the sample thickness, the signal at
all characteristic peaks decays at the same rate (see Sec. V
of the SM [36]) and the spectral shape remains constant.
This provides another evidence that the (thermalized) excited
species density merely influences the amplitude of the tran-
sient peaks, while their positions do not change. In other
words, with fewer excited species present, the photoinduced
redshift of the static absorption affects a smaller fraction of
the crystal volume, yet the absorption is shifted by the same
amount of energy. Consequently, we can take the transient
signal amplitude as a measure for the excited species density.
A comprehensive analysis of their recombination mechanisms
is presented in Sec. II D.

C. Density-dependent peak broadening
and saturable absorption

To gain insight into the detailed nature of the decay dy-
namics, we vary the pump fluence searching for indications
of nonlinear multiparticle processes. With an increase of the
pump fluence, the transient spectra of both bulk and mono-
layer MoS, experience a sublinear amplitude growth as well
as a further broadening of the positive peaks, as can be noted
in Fig. 3. The latter results from the higher density of excited
species, delivering more potential scattering partners, ergo
stronger collisional broadening.
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FIG. 3. (a) Bulk and (b) monolayer transient spectra at a probe
delay of 1 ps for different pump fluences. The dashed lines mark
the wavelengths considered for the analysis of the signal dynamics
in the following sections. (a) The spectral shape remains essentially
constant, with the amplitude increasing with fluence. The dashed
curves indicate a region of high noise and are therefore smoothed.
(b) The positive contributions broaden, and some stagnate or shrink,
distorting the shape at high intensities.

In the bulk, one notices this effect most clearly for the
A" peak [Fig. 3(a)]. Moreover, the peak heights increase sub-
linearly with pump fluence, indicating a saturated absorption
behavior [29,49]. Yet, all four contributions related to the A
and B peaks exhibit equal decay curves even at the highest
fluence (see SM, Fig. S7(b) [36]), suggesting the signals to
directly represent the excited carrier density. In accordance
with previous studies [29], we chose the B~ peak at 596 nm
for a detailed analysis of the bulk decay dynamics. The results
of the fittings, in contrast, are not suitable for this purpose,
since they should only be regarded qualitatively, as discussed
in detail in Sec. IV of the SM [36].

In the monolayer, however, due to the weakened screening,
collisional broadening is significantly more prominent, as can
be seen in Fig. 3(b). Here, the A* and B* features overlap so
strongly that the spectral shape is drastically distorted and the
relation between excitation density and transient signal devi-
ates significantly from a linear or even monotonic behavior in
the corresponding wavelength region. As the peak fitting pro-
cedure yielded no results in case of high fluences(see Sec. IV
of the SM [36]), we also cannot analyze peak areas as a mea-
sure for the exciton density. Therefore, we chose the C~ peak
at 427 nm for a detailed investigation of the decay dynamics.
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As the excitons induce a shift of the complete absorption, they
cause the C~ contribution despite being located around the
band minima. Here, the signal amplitude grows linearly with
pump fluence, suggesting that it directly represents the exciton
density. The sole exception from this behavior is observed for
the highest intensity. Here, however, a saturation of the ab-
sorption similar to the bulk might come into play. In addition
to this, the exciton density of up to 2 x 10 cm~2 for the
highest excitation fluence approaches the range of the Mott
density in the order of 10'* cm~2, as follows from an exciton
Bohr radius of roughly 1 nm [1,4,19,38]. In this regime, the
lattice is (spatially) saturated with excitons, causing a stag-
nation of the transient signal strength. In the extreme case
of drastically higher excited species densities compared to
our work, Chernikov ef al. even observed an almost complete
bleaching of the (shifted) absorption after excitation of WS,
monolayers [19].

D. Auger recombination and diffusion-limited exciton trapping

To shed light on the underlying mechanisms for the excited
species recombination in monolayer and bulk, we compare
time traces at characteristic wavelengths for various pump flu-
ences. Following their linear density dependence, as discussed
in the previous section, we selected time traces of the B~
feature at 596 nm for the bulk and of the C™ peak at 427 nm
for the monolayer sample. In Fig. 4, we compare the traces
normalized to their value after the initial thermalization to find
indications for multiparticle processes.

For the bulk material, we find a distinct acceleration of the
signal decay with growing fluence, pointing to a quadratic
dependence of the rate on the carrier density, as for the re-
combination of an electron from the conduction band with
a hole from the valence band (VB). On top of that, we ob-
serve a counterintuitive phenomenon at the long-term tails of
the high-fluence traces: For a quadratic recombination rate,
a curve normalized to its starting value will decay faster the
higher the initial signal or population. Nevertheless, the decay
for the highest excitation density [red curve in Fig. 4(a)] falls
behind the one for the next-lower fluence [green curve in
Fig. 4(a)] for a time delay larger than 1000 ps. This may be
explained by the involvement of a third species that catalyzes
the recombination. If a significant fraction of this species
is occupied when large numbers of carriers recombine, the
signal decay will be slowed down. Such a behavior may
be caused by defects, which mediate the recombination yet
become inactive when occupied. The characteristics of these
dynamics can be described by the model of defect-assisted
Auger recombination [25,26,29,40,49,50]. Correspondingly,
we fitted the time traces in terms of the following differential
equation, describing the trapping of a free electron at a defect
site via Auger scattering with another CB electron:

dn dnj *
7: — _TZd = —kAng(nd,o —ng(?)),
n3(0) = 0, ne(0) = no, M

with n.(¢) and nj(¢) being the time-dependent volume densi-
ties of free electrons and occupied defects, respectively, ka the
Auger rate constant, as well as nqo and ng the overall avail-
able defect density and the initially excited electron density,
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FIG. 4. Normalized time traces for various pump fluences at
characteristic peak wavelengths, as indicated in Fig. 3, for (a) bulk
at 596 nm and (b) monolayer at 427 nm. The arrows mark the time
points used for the normalization. (a) Generally, the decay proceeds
faster with increasing fluence. Yet, the green and red lines intersect
at longer times. (b) The curves exhibit almost identical shape, inde-
pendent of the applied pump fluence.

respectively. The second step of the Auger model, namely, the
recombination of a trapped electron and a VB hole, turned
out to exceed the experimental time range and was not fitted.
Nevertheless, we accounted for amplitude contributions of
holes or occupied defects. The measured and fitted curves
are displayed in Fig. 5(a), showing an excellent agreement
and yielding a trapping rate of ky ~ 1073 cm® s~!, and an
overall defect density of ngo~ 102 cm™3. Additionally,
we found a weak signature of holes and defects associated
with nj(¢), making up roughly 10% of the total amplitude.
These extracted parameters bear a strong resemblance to those
obtained for bulk MoS, excited at 665 nm [29], confirming
that the recombination does not depend significantly on the
excitation wavelength.

For the monolayer, in contrast to the bulk, the normal-
ized time traces in Fig. 4(b) show virtually identical shapes,
exhibiting hardly any fluence dependence. This behavior indi-
cates a decay rate depending linearly on the exciton density
and allows to exclude excitation density-dependent decay
mechanisms like exciton-exciton annihilation for the mono-
layer. Yet, defects are still expected to play an important role
as traps in the recombination [25], especially since they are
particularly located at the crystal surface [26]. As a decisive
difference to the mobile, free carriers in the bulk, we suppose
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FIG. 5. Fitted decay dynamics for (a) bulk and (b) monolayer.
Pale colors indicate the experimental data at the wavelengths in-
dicated in Fig. 3, while dark shaded lines represent the fit. Both
diagrams demonstrate a good agreement between the measurement
and the fit.

the excitons in 1L MoS; exhibit a much lower mobility, owing
to their bound nature. Consequently, we propose a trapping of
excitons at defect sites, with a temporal evolution governed
by the diffusion of the excitons towards the spatially fixed,
randomly distributed traps [51]. The time dependence of such
a diffusion-limited decay in d dimensions has been solved in
theoretical studies, yielding a stretched exponential decay of
the diffusive particle density n(r) [52,53]:

n(t) « exp(thﬁ),
2. 4
B =cn{"?Dm, 2)

with the diffusion coefficient D and the static trap density
n;. The numeric constant ¢ depends on the dimensionality of
the system, taking a value of ¢ = 8.525 in a two-dimensional
crystal [52].

An intuitive approach to understanding the origin of the
stretched exponential is provided by the random spatial distri-
bution of the defects. In regions with a high local trap density,
the mean exciton diffusion pathway is short, resulting in a
fast decay, while, on the other hand, larger crystal volumes
free from defects exist, where excitons diffuse for a long time
before meeting a trap site [52]. Consequently, the latter case
will dominate the dynamics in the long term, successively pro-
longing the effective exciton lifetime as the decay proceeds.

Data fitting based on Eq. (2) indicated a good agreement
of the diffusion model with the experiment during the first
100 ps. On a longer term, however, the fit approaches the
baseline much faster than the data, suggesting the existence of
a further species or contribution with a lifetime beyond the
experimentally accessible time window of 1.9 ns. To describe
this slow dynamics, we approximate this signature with a
simple exponential decay with a lifetime tx. Moreover, we
assume the contribution of this long-living component to scale
linearly by a factor « with the amplitude A, of the excitonic
contribution, i.e., with the exciton density, in accordance with
the congruence of the time traces at different pump fluences.
In summary, we obtain the following functional form for the
transient signal:

AA(t) =A0[eXp(_Bt%)+ o exp (_%)]
X

B = c(mD):. 3)

To test the potential influence of trap occupation, we
additionally included the deactivation of traps during their
occupation by subtracting the trapped excitons from the oth-
erwise constant trap density n, in Eq. (3). However, this
fit resulted in a diverging n;, which leaves the conclu-
sion that the number of occupied defects remains negligible
compared to the overall defects throughout the whole de-
cay. Considering that the exciton densities of up to roughly
10" ecm~? significantly exceed the reported defect densities
in the range of 2 x 10'° to 3.5 x 10'3 cm™2 for monolayer
MoS; [21,24,25,54,55], a constant number of available or
active traps only appears possible if occupied ones are rapidly
depopulated again, i.e., if the trapped excitons recombine.
Alternatively, the defects might function as traps irrespective
of their occupation. Either way, even after catalyzing the
recombination of an exciton, the defect can almost instantly
function as a trap again; ergo the available or active defect
density can be effectively treated as a constant.

The experimental data and the fit, as obtained from Eq. (3),
match well for the monolayer flake, as shown in Fig. 5(b).
We extracted a trapping rate constant of B = 2.4 x 105 s_%,
which reflects the exciton diffusion coefficient and the trap
density. Unfortunately, we are not aware of accurate mea-
surements of exciton diffusion in mechanically exfoliated 1L
MoS;. Therefore, we estimate the exciton diffusion coefficient
on the one hand to lie below the value of 3 x 107! cm? s~!
in WS, [50], where excitons are characterized by a lower
effective mass than in MoS;. On the other hand, due to higher
effective carrier masses, the free carrier diffusion coefficient
of 2.5 x 1072 cm? s~! for mono- and few-layer exfoliated
MoS,, as obtained from electrical mobility measurements on
MoS; transistors [28,56], may be regarded as a lower limit for
the excitonic value. From the range provided by these values,
we estimate a trap areal density of about n; &~ 10'© cm~2. This
defect concentration lies slightly below the regime of reported
values [21,24,25,54,55]. However, both diffusion and defects
critically depend on experimental parameters such as the ma-
terial, the sample thickness, and the preparation procedure.

Regarding the diffusion coefficient, studies on exciton
and carrier diffusion in various monolayer and bulk TMDCs
yielded a wide range of values. Many followed the approach
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of monitoring the Gaussian width of the transient signal’s
spatial profile [20,27,57]. This method entails a potential
major drawback, though, especially when merely a narrow
wavelength regime is probed. Fluence-dependent spectral
broadening effects as well as nonlinear recombination rates
intrinsically cause a distortion of the initially excited Gaussian
profile, drastically increasing the apparent diffusion coeffi-
cients with growing exciton density [50].

For the comparison of defect densities, similar problems
arise. Generally, the amount of defects strongly varies with
crystal quality and preparation method [54]. Moreover, the in-
volvement as trapping states in the carrier or exciton dynamics
may be limited to certain types of defects, representing merely
a small fraction of their total number [24]. The energetic levels
introduced by a defect may promote exciton recombination
in particular for a certain kind of antisite or vacancy that
accounts for only 1% of the overall defects [54]. This may
cause the discrepancy between the trap concentration found
in this work and the defect densities reported in other stud-
ies. Naturally, the multiplicity of parameters complicates the
direct comparison of the obtained defect densities. Yet, the
good agreement between fit and experimental data proves that
the number of available defects does not change throughout
the decay.

Besides the exciton diffusion, the fit additionally yields
a small contribution of the exponential component around
a = 7% of the exciton amplitude Ay. The corresponding expo-
nential lifetime of 7x = 3.7 ns should be regarded as no more
than an indication for the rough time scale of this part of the
dynamics, as the value already exceeds the observed temporal
regime.

In principle, this long-living component may be attributed
to trapped excitons, remaining free carriers that have not
bound to form excitons, or thermal effects. In the former
two cases, though, we would expect some variations of the
temporal evolution of the signal with increasing pump flu-
ence, caused by a limited availability of defects or a quadratic
recombination rate equation, analogous to the bulk sample.
As we do not observe this kind of fluence dependence, we
exclude trapped excitons and remaining free carriers as the
source of the long-term component. The latter option of ther-
mal effects, in contrast, can indeed provide an explanation
for the long-living signal. Laser irradiance is able to cause
significant heating in MoS, monolayers, with the temperature
increase depending roughly linearly on the applied excitation
fluence [34]. With rising temperature, the absorption peaks
are redshifted and broadened [58], causing transient signals
similar to the observed ones. Finally, the heat dissipation to
the substrate could happen on time scales comparable to the
extracted exponential lifetime [34,59]. A detailed discussion
of the impact and time regime of heating and cooling is pre-
sented in Sec. VI of the SM [36].

In total, our developed interpretation of the transient
spectral signatures and their dynamics consistently describes
measurements of other groups as well. Considering the work
of Pogna et al. [22] and Vega-Mayoral et al. [24], their
transient spectra of MoS, excited at 400 nm are consistent
with an absorption redshift induced by localized species.
On a picosecond time scale, the increased absorption peaks
narrow, as explained by the thermalization of excited car-
riers. Afterwards, the spectra decay while retaining their
shape, in agreement with our analysis of the recombination
dynamics.

III. CONCLUSIONS

In this work, we conducted a comparative investigation of
the transient dynamics in bulk versus monolayer MoS,. We
found the transient spectra to result from a redshift of the
absorption bands based on local energy shifts in the envi-
ronment of rather localized excited species. On top of that,
the shifted absorption bands experience density-dependent
collisional broadening due to Coulomb scattering of excited
particles, especially in the monolayer.

Regarding the dynamics of the system, first, a thermaliza-
tion of the excited carriers takes place on a subpicosecond
time scale. In the monolayer, in addition, electrons and holes
pair to form excitons in the course of this process. Second, the
decay of the transient signal proceeds due to recombination
processes. Here, the systematic variation of the excitation
fluence allowed for the distinction between single- and multi-
particle processes. In bulk MoS,, we found a defect-assisted
Auger recombination of electrons and holes, resulting in a
decay rate depending superlinearly on the carrier densities.
In the monolayer, on the contrary, we observed a diffusion-
limited trapping of the excitons, with a linear influence of the
exciton density in the rate equation.

All in all, we are able to resolve contradictions of the BGR
model by introducing a localized nature of the excited species.
Comparing bulk and monolayer MoS,, we demonstrated the
decisive impact of the different electronic properties, i.e.,
the band gap and the exciton binding energy, on the excited
species dynamics. Notwithstanding, defects play an important
role as trap states in the decay in thin as well as in thick
flakes.
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I. Preparation and microscopy of suitable samples

We prepared atomically thin films of molybdenum disulfide (MoS,), using the exfoliation technique
introduced by Castellanos-Gomez et al.[1] Using a customary adhesive tape, we separated sub-millimeter
films from a thick crystal of MoS, (SPI Suppliers). A further, successive reduction of the flakes’ thickness is
achieved by repeated transfer to and between pieces of a tape with lower adhesive force (SPV 224PR-M,
Nitto Denko Corporation). Finally, the flakes are transferred to an optically transparent polymethylsiloxane
(PDMS) film (PF-30-X4 6.5 mil, Gel-Pak), suitable for spectroscopy.

Figure S 1 comprises the transmission micrographs of several flakes of MoS,, showing different colors
depending on their thickness. The green shade of the area in a) indicates a bulk-like crystal of several 10 nm
vertical extent.[2] For the pale crystal in b), we suppose a much smaller thickness in the few-layer regime.
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Figure S 1: Micrographs of MoS; flakes with different thicknesses. (a) Green bulk crystal area (1) (b) Pale few-layer sample (2) with
terrace-like adjacent flakes. The blue frame marks the area depicted in (c). (c) Contrast-enhanced image of the few-layer, revealing
adjoining, even thinner monolayer regions (3).
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When enhancing the contrast of this picture (see part c)), we find an even thinner region that turned out to
consist of a single TMDC layer, as presented in the following section.

Il. Thickness determination

To obtain the thickness of the thinnest flake, we applied a simple optical approach, using the blue color
channel of microscopic images to determine the blue light transmission of the MoS; film (Figure S 2 (a) and
(b)). We obtained a transmission of roughly 90 % relative to the surrounding areas of bare substrate, which
indeed corresponds to a monolayer of MoS,.[3-5] Additionally, we took photoluminescence (PL) images of
the respective area with a fluorescence lifetime imaging microscope (MicroTime 200, PicoQuant), as depicted
in Figure S 2 (c). Due to the uniquely strong luminescence of the monolayer compared to thicker crystals,[6,7]
the 1L-flake stands out clearly against the dark bulk and few-layer domains in its vicinity. Furthermore, we
identify a weakly glowing bilayer region in the top left of the PL images, which represents an intermediate
situation, in accordance with the well-known PL behavior of these materials.

Transmission

.. 0o H VIV WA M

0.92

Position [um]

Figure S 2: Identification of monolayer flake: (a) White balanced micrograph of the area of interest: The double arrow marks the
pixels evaluated in (b). (b) Color channel-separated intensity transmission along the axis indicated in (a): The sudden fall around pixel
925 corresponds to the crystal edge and amounts to roughly 0.1 for the blue channel. (c) Micrograph of the flake overlayed with PL
images: Brightness corresponds to PL intensity, while the color indicates the averaged lifetime. The 1L-flake clearly contrasts to its
substrate and few-layer environment. Next to a second monolayer top left from the first one, we observe a weakly luminescent
region, thus characterizing it as a bilayer.

For the bulk, in contrast, an optical determination of the thickness appears difficult, as no measurable PL
occurs and the absorption mixes with scattering and reflective losses. On top of that, due to thickness-
dependent band structure changes, even the pure absorption of bulk and monolayer is not directly scalable.
Hence, we constrain the analysis to a rough estimate of the crystal thickness. An upper limit can be deduced
from interference patterns in a wavelength range beyond the absorption regime,[2] which occur most
prominently for samples with a height of 100-200 nm. From the absence of these signatures for the
investigated flake, we can conclude a thickness of less than 40 nm. As a lower limit, amplitude and width of
the C-peak for the bulk compared to the monolayer suggest a thickness for the former of more than 10 nm.

11l. Pump-probe setup with probe referencing

The applied pump-probe setup mostly follows the standard approach to this technique,[8] featuring
excitation at 400 nm and probing over the whole visible range. To that end, fundamental pulses of 300 pJ
energy with a center wavelength of 800 nm and a pulse length of 50 fs, originating from a Ti:sapphire
amplifier (Spitfire PRO, Spectra Physics) operating at a repetition rate of 1 kHz, are split up into two beams.
The first one is frequency-doubled in a beta barium borate crystal to obtain 400 nm pump pulses. The
remaining fundamental light is blocked by a filter and the pump power is tuned using a combination of
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Figure S 3: Setup for optical pump-probe spectroscopy: Red, blue, and black lines represent the beam paths for the 800 nm
fundamental, the 400 nm second harmonic and the white light. Dichromatically dashed lines show the simultaneous presence of two
different spectral components. Focusing mirrors are omitted for simplicity.

polarizers and half-wave plates, yielding pulses with horizontal polarization and energies from 1 to 64 nJ. The
second part of the near-infrared light is delayed via a motorized linear delay stage and focused into a calcium
fluoride crystal, where self-focusing and self-phase modulation result in supercontinuum generation. Here,
again, the fundamental light around 800 nm is filtered out.

At this point, modifications to the standard setup come into play. In the probe and the pump beam, two
choppers instead of one run at one half and one quarter of the laser repetition rate, respectively, creating a
four-pulse sequence. This allows for a real-time monitoring of the excitation stray light. Behind the chopper,
the probe is split again: One fraction of the white light is detected as a reference to keep track of spectral
intensity fluctuations of the supercontinuum. The remaining fraction is focused onto the sample, together
with the pump. Here, the 1/ez-diameters of pump and probe spot at the sample position amount to 170 um

and 65 um, respectively. Behind the sample, the transmitted probe light is dispersed by a fused silica prism
and detected spectrally resolved by an array detector. The resulting signal spectra are related to the
simultaneously acquired reference spectra to eradicate fluctuations of the probe light, before being
processed to yield the transient spectra in terms of the pump-induced change in absorbance.

IV. Fitting of A- and B-peaks in the transient spectra

As discussed in the main body, section Il. B., we globally fitted the transient spectra in the spectral region of
the A- and B-peaks to distinguish between a broadening, a shift and a shrinkage of the positive peaks, as the
excited species recombine. This leads to the distinction between the BGR model, where the peak areas should
remain constant and their positions shift in dependence of the excited particle density, and the local model,
where the number density of the excited species only influences the peak area, while the spectral magnitude
of the shift is left unchanged.

As we are not aware of any analytical line shape function that accurately describes the A- and B-absorption
bands in bulk and 1L-MoS,, we implemented both Lorentzian L(E) and Gaussian G(E) profiles to
simultaneously test the influence of changes in the peak shape. We used the following functions:

AL Wy,
(E - Eo)z + WLZ
_2(E—Ep)*
G(E)=ag-e we

L(E) =

With the energy value of the peak position E, the Lorentzian and Gaussian widths wy, and wg, respectively,
as well as the Lorentz peak area Ay, and the Gaussian amplitude ag. As a measure for the Gaussian peak area,
we multiplied width and amplitude to obtain Ag = ag - wg. Fitting four separate peaks, we obtain a total of
twelve free parameters. However, as the TA spectra originate from the photoinduced shift of absorption
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Figure S 4: Lorentzian (Top row) and Gaussian (Bottom row) peak fitting of the transient spectra for the bulk sample excited at a
fluence of 31 u//cm?. (a,d) Fitted peak area for the A:- and B*-contributions over time. All curves distinctly decay over time with
similar shapes for each pair of a positive and a negative peak. Yet, the exact temporal evolution differs between the peak pairs as
well as between the two implemented line shapes. (b,e) Fitted peak width for the A*- and B*-contributions over time. The negative
peaks remain constant by definition. The A*-feature exhibits no dynamics as well, while the B*-width falls within the first few ps and
levels afterwards. Again, the exact values vary between the two peak functions. (c,f) Shift in position from negative to positive peak
of each pair. A reduction of the shifts takes place around 1 ps after which they remain unchanged for the rest of the investigated
time span. Still, the results for Lorentzian and Gaussian profiles differ quantitatively.

bands, the negative peaks merely describe the lacking original static absorption. Consequently, we manually

extracted the center positions and full widths at half maximum of the static absorption peaks from Figure 1,
yielding the following parameter values.

Bulk
Ega- = 1.880 eV
wpa- = 32.5 meV
WG,A_ = 55.2 meV

Egp- = 2.084 eV
wyg- = 43.7 meV
wgp- = 74.3 meV

Monolayer

Eoa- = 1926 eV
wpa- = 18.8 meV
Wga- = 31.9 meV

Eop- = 2.072 eV
wyg- = 36.0 meV
wgp- = 61.1 meV

With this reduction to eight free parameters, we obtain more stable fits and clearer results.

The parameters extracted from the bulk spectra for a low excitation fluence are depicted in Figure S 4. When
comparing the temporal evolution of the peak area and the shift, i.e. the position difference between
negative and positive peak of a pair, both of which can in principle cause a signal reduction, we clearly find
that the long-term decay is determined by the shrinkage of the peak areas. The shift, on the contrary, does
not change throughout the decay, except for a decrease in the time regime around 1 ps that occurs most
prominently for the B-pair. Simultaneously, the B*-feature narrows significantly. Due to the similar time scale,
we associate these processes to the cooling of the excited carriers. Hot carriers cause a stronger collisional
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Figure S 6: Lorentzian (Top row) and Gaussian (Bottom row) peak fitting on transient spectra for the bulk sample excited at a fluence
of 490 pJ/cm?. (a,d) Fitted peak area for the A% and B:-contributions over time. All curves distinctly decay over time with similar
shapes for each pair of a positive and a negative peak. Yet, the exact temporal evolution differs between the peak pairs as well as
between the two implemented line shapes. (b,e) Fitted peak width for the A*- and B*-contributions over time. The negative peaks
remain constant by definition. The A*-feature narrows slightly, predominantly during the first few ps, while the B*-width falls
drastically within this time span, then levels and slowly decreases afterwards. Again, the exact values vary between the two peak
functions. (c,f) Shift in position from negative to positive peak of each pair. A notable change of the shifts takes place within the first
few picoseconds after which only weak dynamics follow for the rest of the investigated time span. Still, the results for Lorentzian and
Gaussian profiles differ quantitatively.

broadening and, following from their high energy, may influence the local charge distribution and band levels
more heavily than cooled ones.

The comparison of the results obtained from Lorentzian versus Gaussian peak fitting yields a good qualitative
agreement between both line shapes. All aforementioned points equally apply in both cases. Nevertheless,
absolute values of the shifts differ, as do the exact time traces of the peak areas. The latter even differ when
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Figure S 5: Lorentzian peak fitting on transient spectra for the monolayer sample excited at a fluence of 31 pj/cm?. (a) Fitted peak
area for the A*- and B*-contributions over time. All curves decay almost to zero over time with a significant shrinkage during the first
picosecond. Yet, the exact temporal evolution differs between the various peaks. (b) Fitted peak width for the A*- and B*-
contributions over time. The negative peaks remain constant by definition. The A*-feature exhibits no dynamics as well, while the B*-
width falls drastically within several picoseconds, then levels and spreads heavily, as the signal fades into the noise. (c) Shift in position
from negative to positive peak of each pair. Despite the nearly vanishing transient signal between a few and a hundred picoseconds,
the shifts do not approach zero but only fall slightly before being outweighed by the dramatically increasing noise.
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comparing the A- and B-pair. We conclude that our fits result in reproducible qualitative results, while exact
numbers or the precise temporal evolution depend crucially on the actual line shape of those peaks, which
we do not know. Hence, a quantitative analysis of the peak areas cannot be conducted. Still, the constant
width and peak shift at times beyond a few ps demonstrate that the amplitude accurately represents the
true signal strength.

At higher excitation fluences, as shown in Figure S 6, the same tendency as for weak excitation is found,
despite the findings being less clear. The decay of the peak area continues to dominate the signal dynamics,
although the spectral shift experiences an - albeit weaker - reduction as well. We suppose this results from
the fact that we do not know the exact line shape. The broader the peaks become with higher excitation
density, the more sensitive the parameters react to slight inaccuracies of the input line shape function.

In the monolayer, already at low fluences, this effect interferes even stronger, especially at short times,
where changes in the broadening determine the dynamics. On the long-term, however, the signal strength
has decayed so far that the noise of the parameters dramatically increases, see Figure S 5. Nevertheless, we
observe that while the peak areas drop to almost zero within a few 100 ps, the shift does not, which again
confirms a rather localized picture of the excited species. Note that the thermal effects discussed in section
VI. would result in a shifted absorption as well, but with the shift not the peak area decaying, as the sample
cools down over time, analog to the BGR model. Hence, our results point to the presence of localized carriers
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Figure S 7: Decay dynamics at different characteristic wavelengths for excitation fluences of 31 J/cm? (left) and 490 pJ/cm? (right)
in the bulk (top) and monolayer (bottom). (a)-(c) Normalized time traces: The respective time point used for the normalization is
marked by an arrow. In (a) and (b), from that point on, the curves are virtually identical. In (c), the shapes of the curves likewise
exhibit a striking similarity. (d) Original time traces: The traces are obviously dissimilar, ergo we refrain from a normalization in this
case.
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or excitons, respectively. For higher fluences in the monolayer, the fits became instable due to the enormous
broadening and the superposition of the B-peaks with the low-energy tail of the C*-feature, such that we
were not able to extract any meaningful parameters from those data.

V. Signal decay at different wavelengths

Comparing the dynamics at different points of the spectrum may provide information about potential
different origins of the various peaks. For the bulk sample, after the initial thermalization, the decay of the
A*- and B*-peaks proceeds identically, in the case of low as well as high fluences, as Figure S 7 (a) and (b)
show. Thus, the dynamics of the whole spectrum appears to be directly related to the population of the
excited species, namely the excited carrier density. For the monolayer (Figure S 7 (c) and (d)), variations
between the curves at different probe wavelengths occur already at low intensities. At high values, finally,
the dynamics are completely dissimilar. Here, the ever-changing broadening and overlap of the different
peaks creates nonlinear dependences of the signal on the exciton density. Nevertheless, we expect the
exciton density to be the dominant driving force for all these effects. To evaluate the dynamics of the latter,
we focus on the C-peak, since it is rather isolated and sufficiently broad to experience merely a weak
influence of further broadening and overlap effects.

VI. Thermal contributions to the transient signal

With respect to the long-term contribution to the transient signal, we discussed heating effects in section
Il. D. Indeed, an increased temperature results in a red-shift and broadening of the static absorption peaks.[9]
In the transient spectra, this would yield an alternating sequence of positive and negative peaks, similar to
the major signal contribution, as discussed in section II. D. In order to check this, we globally fitted the whole
spectral evolution for the highest excitation fluence in terms of equation (3). However, as suggested by the
fundamentally different time traces in Figure S 7 (d), broadening adds further dynamics that cannot be
described by the two discussed components. Nevertheless, to separate short- and long-term contributions,
we assign the time constants for stretched and simple exponential decay the values obtained from the
monochromatic fit from section Il. D. and compute the corresponding amplitude spectra, as displayed in
Figure S 8 (blue: diffusion-driven contribution, red: thermal contribution). The resulting fitted time traces
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Figure S 8: Fitted amplitude spectra of the diffusive (blue line) and exponential part (red line) of the signal decay for an excitation
fluence of 490 p//cm?. The two spectra show a similar scheme of alternating peaks, with a notable relative shift of most features.
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resemble the characteristic features of the temporal evolution of the experimental spectra. Yet, in the range
of and especially between the A*- and B*-peaks, where spectral broadening strongly influences the transient
signal, the fit strongly deviates from the data, since neither of the two decay components can account for
the strong broadening effects. Nevertheless, we obtain qualitative results for the spectral signatures of the
two decays. In fact, the amplitude spectrum corresponding to the long-living component at a fluence of
490 pJ/cm? consists of the discussed alternating features, as depicted in Figure S 8 (red line). Given that at
427 nm, peak broadening and superposition effects should be weak and the exponential amplitude is small
compared to the overall signal, we expect a more or less linear influence of a temperature change on the
transient signal in this wavelength region. Likewise, a linear rise in temperature with increasing fluence
appears reasonable in a moderate heating range.[3] All in all, a potential thermal contribution to the signal
would be approximately proportional to the incoming excitation fluence, as we observed in section Il. C. and
D.

In the following, we discuss whether the observed amplitude and time scale are compatible with a thermal
effect. To generate a considerable transient amplitude, the sample has to experience a notable rise in
temperature due to the pump pulse and a thermal relaxation on the nanosecond time scale. Indeed, laser
irradiance can cause significant heating, as demonstrated in a continuous wave (cw) experiment with a pump
wavelength of 532 nm.[3] Here, a MoS, monolayer on a PDMS substrate was heated by 54 K above ambient

conditions when irradiated with an intensity I,,q = 2 - 10° s Considering an absorption coefficient of

roughly 0.1 at this wavelength, this corresponds to an absorbed intensity of I;jga = 2 - 108 % In the thermal
equilibrium, the heat intensity has to be fully compensated by cooling. Since black body radiation merely
accounts for a negligible emission in the order of some 102 % at these conditions, the sample temperature
is determined entirely by the heat diffusion to the environment. Equating the absorbed intensity Ije,¢ With
mVZV_K from the 1L-
MoS; to the PDMS substrate (and air environment) in the case of a quasi-static equilibrium.

the heat flow ¢ = U - AT out of the sample yields a thermal conductance of U = 4 - 10°

In our experiments, in contrast, a rather dynamical situation is encountered. While the pump pulse itself
primarily excites electrons and does not alter the crystal temperature, the excitation energy still dissipates
into heat during the thermalization, exciton formation as well as trapping and recombination, all of which
are essentially finished after about 100 ps. Hereby, enormous intensities may occur, compared to the cw

. . . w
case, with even the time-averaged heat fluxes ranging from below 10° Ffor the lowest fluence up to several

1010F for the strongest excitation. Still, this does not automatically lead to correspondingly high

temperatures for the following reasons: First, the sample itself takes some time to heat up. Second, as even
the adjacent part of the PDMS substrate starts at room temperature, the initially high temperature gradient
mediates a drastically faster heat diffusion than in the equilibrium case. Thereby, extreme temperatures
causing thermal damaging of the sample are avoided. Accordingly, no sample damage was observed in the
experiments, even at the highest excitation levels. After the dissipation of the excitation energy is completed,
the temporal evolution of the crystal temperature is determined by the heat flow from sample to
environment. If the thermal conductance U as well as the specific heat capacity ¢ and density p of the
monolayer are approximately constant, an exponential decay of the time-dependent temperature difference
AT (t) between sample and ambient environment follows:

AT(t) - U = g = —AT(t) * Cmos, * PMos, * daL

S AT(t) =e Pt B v
CMos, " PMos, di
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With the heat capacity cyos, = 380ké—_K for monolayer MoS,[10] the bulk density pues, = 5060 % and
the height for one monolayer in the bulk crystal d;;, = 6.15 A, the product of the latter two yielding the area
mass density of one monolayer.

w
m2-K
T= % =~ 300 ps is calculated, whereas for instantaneously heated 1L-MoS; on SiO,, even shorter lifetimes

For the above mentioned thermal conductance U = 4 - 10°

from the cw experiment, a time constant of

around 100 ps have been simulated.[10] In contrast to the latter, the heating proceeds over a certain time
span in this work, allowing the temperature profile to flatten and broaden, which successively slows down
the temperature fall. While in the former, quasi-stationary cw case, this effect is balanced by the constant
heating of the monolayer, our experiments are lacking such a compensation. For that reason, the cooling
process is further prolonged over time. On the one hand, this may close the gap between the 300 ps time
constant discussed above and the decay time of 3.7 ns, as obtained from the monochromatic fit in section
Il. D. On the other hand, it demonstrates the complexity of the cooling dynamics, which are at most roughly
estimated by an exponential function. A precise model would have to include a detailed simulation of the
heat diffusion process.

Concluding, our considerations provide evidence for temperature effects as the origin of the long-living
transient component. The corresponding signatures match the thermal shift and broadening of the static
spectrum. Moreover, we showed that the pump light can cause significant sample heating, while the cooling
time constant is expected to be in rough agreement with the fitted parameters.
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Hybrid structures with an interface between two different materials with properly aligned energy levels
facilitate photo-induced charge separation to be exploited in optoelectronic applications. Particularly,
the combination of 2D transition metal dichalcogenides (TMDCs) and dye molecules offers strong light—
matter interaction, tailorable band level alignments, and high fluorescence quantum yields. In this work,
we aim at the charge or energy transfer-related quenching of the fluorescence of the dye perylene
orange (PO) when isolated molecules are brought onto monolayer TMDCs via thermal vapor deposition.
Here, micro-photoluminescence spectroscopy revealed a strong intensity drop of the PO fluorescence.
For the TMDC emission, in contrast, we observed a relative growth of the trion versus exciton
contribution. In addition, fluorescence imaging lifetime microscopy quantified the intensity quenching to
a factor of about 10° and demonstrated a drastic lifetime reduction from 3 ns to values much shorter
than the 100 ps width of the instrument response function. From the ratio of the intensity quenching
that is attributed to hole or energy transfer from dye to semiconductor, we deduce a time constant of
several picoseconds at most, pointing to an efficient charge separation suitable for optoelectronic devices.
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1. Introduction

In the past decade, transition metal dichalcogenides (TMDCs)
have emerged as 2D semiconductors. The key features of these
materials are the transition from indirect to direct semi-
conductors, which is accompanied by the emergence of their
photoluminescence,"” as well as a drastic rise of the exciton
binding energy when thinned down from bulk to a monolayer
(1L).? This shifts the recombination dynamics from the regime
of Auger scattering of free carriers to being governed by the
diffusion of excitons.*® In combination with the strong light-
matter interaction, these monolayer properties promise poten-
tial applications in photonics and optoelectronics ranging from
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LEDs to photodetectors.® In the latter case, charge separation
and transfer following optical excitation can be facilitated by the
fabrication of heterostructures, where 1L-TMDCs are combined
with one another,”® other 2D semiconductors,’ graphene,' or
hybrid structures with 0D objects such as small molecules or
quantum dots, 1D nanostructures, as well as 3D bulk mate-
rials."'* As an already established research field, TMDC heter-
ostructures represent the first choice among the above named.
Here, ultrafast charge transfer times of 50 fs and less have been
found.**" Yet, these heterostructures remain limited regarding
their performance and costs."*

Beyond such heterostructures, the combination of 2D
semiconductors with dye molecules brings several benefits on
its own, which touch different aspects of the systems. First, on
the fundamental side, hybrid structures allow the combination
of two contrary regimes of exciton mobility, namely the discrete
Forster transfer between essentially 0D molecules™'® as
opposed to the continuous exciton diffusion in the 2D
TMDCs.** Second, from a preparational point of view, many
methods for molecule deposition on surfaces can be scaled,
offering the opportunity of preparing large-area hybrid struc-
tures, starting from full-coverage chemical vapor deposition
(CVD-)grown monolayers.”*® Third, the band levels of mole-
cules such as perylene diimides (PDIs) can easily be tailored by
exchanging their organic substituents,' while their optical
spectra exhibit characteristic shapes that significantly change

© 2023 The Author(s). Published by the Royal Society of Chemistry
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upon aggregation® or charge transfer.”* Finally, in view of
spectroscopic investigations, the near-unity fluorescence
quantum yield of these dyes ensures strong signals,"” in
contrast to typical values below 1% for pristine 1L-TMDCs."*

Several studies on hybrid molecule/1L-TMDC structures have
been conducted with their focus lying on changes of the pho-
toluminescence from the TMDC monolayer.>*** To that end,
comparably thick dye layers of several 10 nm have been
deposited. In this case, the molecules function as an essentially
infinite charge trap, i.e. draining excited electrons or holes from
the absorbing TMDC layer on a timescale of picoseconds.””*"

In the inverse situation, where molecular layers (of
several nm thickness) on a 2D material are excited, the charge
transfer takes place towards the TMDC and proceeds signifi-
cantly faster, with reported upper limits for the time constants
of a few 100 fs down to 40 fs. The charge transfer is typically
followed by thermal relaxation of the hot charge carriers or
interlayer excitons, even spin flips and the formation of triplet
excitons may occur.>*?

While these studies mostly focus on nanometer films of
electron-donating metal phtalocyanine molecules**** on MoS,,
investigations with purely organic dyes such as the electron-
accepting PDIs were conducted in wet media.”"** In this work,
however, we create hybrid structures by vapor depositing
monomeric dye molecules of the PDI N,N-bis(2,6-
diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic ~ diimide,
commonly referred to as perylene orange (PO). In contrast to
previous studies, we chose a molecular coverage well below
a monolayer, creating essentially 0D regimes as opposed to 2D
continuous or even 3D bulk-like dye films. As the inorganic
counterpart in the hybrid structures and deposition target, we
prepared mechanically exfoliated monolayer flakes of the four
most common TMDCs (MX, with M = Mo, W and X = S, Se) as

'
N
T

1
IS
T

Energy [eV]

'
(o]

—

hBN MoS, MoSe,

WS, WSe,

Fig.1 Electronic energy levels of various 2D materials versus perylene
orange. The vacuum level is set to zero. The horizontal lines show the
HOMO and LUMO energies of the isolated dye molecule, whose
molecular structure is depicted in the inset*® Pale and dark bars
indicate the value range for VBM and CBM energies extracted from
various publications reporting on density functional theory calcula-
tions (hBN,'“ MOSZ;23,27,37—39 Mosez;zz,zs—zw WSZ,'ZS'}P}Q‘“ W582 (ref. 23,
38 and 39)). In these calculations, excitonic effects were not consid-
ered. While the hBN band levels lie far from the molecular orbitals, for
each TMDC, at least one of the band extrema falls into the
HOMO-LUMO-gap of PO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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well as multilayer hexagonal boron nitride (hBN) as a reference.
Fig. 1 shows their relevant energy levels, that is the valence band
(VB) maximum and conduction band (CB) minimum for the 2D
materials and the highest occupied and lowest unoccupied
molecular orbital (HOMO and LUMO, respectively) of the dye.
When a photon is absorbed by the PO (TMDC), an electron from
the HOMO (VB) will be raised to the LUMO (CB), leaving a hole
in the HOMO (VB) with whom it forms an exciton. As the hBN
band gap completely comprises the relevant energy levels of PO,
neither charge nor energy transfer is expected from the dye into
the hBN. For each of the PO/TMDC hybrids, in contrast, both
processes are possible, offering a rapid nonradiative decay
channel. Consequently, we expect the fluorescence lifetime to
shorten drastically and the intensity to decrease strongly, as the
molecular exciton will less likely recombine radiatively. Thus,
we investigate the hybrids via spectrally, spatially and tempo-
rally resolved emission spectroscopy.

2. Experimental

Hybrid structures were prepared by thermal vapor deposition
(TVD) of monomer PO films onto mechanically exfoliated 2D
flakes transferred to Si/SiO, wafers.*” PO powder (Exciton, Exa-
lite 578) is heated to temperatures from 430 K to 450 K and
evaporated in vacuum (=1 x 10~ % mbar) in order for the
molecules to condense onto the target substrate kept at about
room temperature. The total process duration amounted to
40 min, including roughly 15 min of heating up the powder
reservoir from room to the evaporation temperature. The
specific evaporation temperature was adjusted to the target
coverage by coating glass slides as references in advance. Here,

we aimed at a coverage of about 2.4 x 107> nm > corre-

1
sponding to roughly 30 of a monolayer and ensuring the

monomeric behavior of the deposited molecules (see ESI,
Sections 1.1 and 1.2%). As an alternative coating technique,
stamping was also tested in Section 1.3 of the ESI.} This offers
a low-threshold method similar to the deterministic transfer of
2D materials. However, it yields more inhomogeneous molec-
ular films.

For micro-photoluminescence (p-PL) spectroscopy, a 532 nm
(RLTMGL-532-100-3, Roithner) or 633 nm (OBIS 633LXSF,
Coherent) continuous wave laser is focused onto the sample.
The emitted radiation is collected by a microscope objective,
filtered from the scattered excitation light using a long-pass
plus a spatial filter with a 50 pm pinhole, and analyzed by
a grating spectrometer (Acton 2300i). In our experiments, the
excitation power was about 4.5 pW for the green and 9 uW for
the red laser, with a focus diameter of about 1.0 pm to 1.5 pm.
The sample was scanned beneath the fixed optical beam path to
obtain a 2D raster of the relevant area, with one spectrum
acquired at each position within 1 s. To prevent photooxidation
of the dye molecules,* the samples were kept in vacuum during
the experiment. An investigation of photodegradation under
ambient conditions is presented in the ESI, Section 2.1 If not
mentioned otherwise, all measurements were conducted at
room temperature and employing the green laser. The cooling

Nanoscale Adv, 2023, 5, 3348-3356 | 3349
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for low-temperature scans was provided by liquid nitrogen for
80 K and by liquid helium for 10 K.

Fluorescence lifetime imaging microscopy (FLIM) measure-
ments were performed using the MicroTime 200 system by
PicoQuant. In these experiments, the sample is excited by
442 nm pulses with an energy of 0.3 pJ at a repetition rate of
40 MHz (equivalent to 12.5 pW), focused down to a diameter of
0.9 um. The emitted light is detected via time-correlated single
photon counting, yielding a high sensitivity as well as a time
resolution of about 100 ps. Analogously to the p-PL spectros-
copy, the sample area is scanned to obtain a 2D map, with
a dwell time of 50 ms per pixel. This short exposure time is
crucial to minimize the photodegradation of the dye in those
measurements, as they have to be conducted under ambient
conditions. Another difference of this setup compared to the
w-PL spectroscopy lies in the lack of spectral resolution.
Consequently, we are not able to separate the PO fluorescence
from the contributions of the monolayer photoluminescence
(see ESI, Section 4.27t). To solve this problem, we placed a 50 nm
band pass filter with a central wavelength of 525 nm in the
probe beam right in front of the detector, in addition to the
standard filters for blocking the excitation light. We tested the
filter performance using 1L-WS,, which - among the four
investigated TMDCs - has the strongest PL (in that particular
setup) that is also the closest to the filter transmission range.
Here, we demonstrated an intensity suppression of the PL by
a factor of about 10". As a positive side-effect, the selected
spectral range roughly matches the 0-0-peak of the dye fluo-
rescence. When comparing this to the spectra of any agglom-
erated molecular species (see ESI, Sections 1 and 37), we find
that those contributions are essentially excluded from the
signal. Accordingly, the measurements with the band pass filter
are mostly sensitive to the monomer PO. The instrument
response function (IRF) was determined as the detected time
trace of the back-reflected excitation light. It was measured
using a blank wafer sample and omitting both filters. Here, we
extracted an IRF duration of about 150 ps (FWHM) with an
asymmetry in terms of a prolonged tail at positive times.

3. Spectral emission landscape of
hybrid structures

To characterize the deposited molecular films and their inter-
action with the substrate or the underlying flakes, we conducted
optical experiments on TVD-fabricated 1L-TMDC/PO and
hBN/PO hybrid structures. First, p-PL spectroscopy was per-
formed to elaborate any spectral changes that would indicate
a coupling between the 2D material and the dye molecules or
even within the molecular layer.

Fig. 2(a) and (d) show two investigated hybrid structures of PO
on hBN and WSe,, respectively, with the resulting p-PL spectra
being depicted in (c) for PO on the wafer substrate, on hBN, and
on 1L-WSe,. Despite the use of a long-pass filter, a sharp peak
from the excitation light remains around 2.33 eV. Although the
long-pass filter weakens the 0-0 band of the molecular fluores-
cence band, PO contributes the characteristic multi-peak

3350 | Nanoscale Adv., 2023, 5, 3348-3356
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Franck-Condon structure of its emission." This indicates dye
monomers as the dominant species (Spectral signatures of other
species are discussed in the ESI, Sections 1.1 and 3%). Addi-
tionally, the monolayer WSe, flake features a strong, sharp, and
distinct photoluminescence peak at around 1.65 eV. This allows
a spectral separation of the two emission bands, facilitating
a separate mapping of the integrated dye fluorescence (1.8 eV to
2.325 eV) and 1L-PL intensity (1.6 eV to 1.7 eV), as depicted in
Fig. 2(b), (e) and (f), respectively. The so-obtained integrated
intensity maps reproduce the crystal topography, as can be seen
comparing Fig. 2(a) and (d) with Fig. 2(b) and (e). When
regarding the spectral range of the semiconductor PL (Fig. 2(f)),
the monolayer regions clearly stand out of their dark
surroundings, as expected by the strong luminescence
enhancement due to the transition from direct to indirect band
gaps in TMDC monolayers compared to thicker flakes."* The dye
fluorescence, on the other hand, appears weaker on the hBN
flakes compared to the wafer substrate and vanishes almost
completely in the PO/WSe, hybrid, as evident in the PL spectra as
well. For an ideal PO/hBN hybrid structure, we would not expect
any modulation or reduction of the fluorescence intensity, given
the band level alignment. In reality, the moderate intensity drop
on the hBN can be caused by adsorbed species acting as charge
traps.** Alternatively, it could be that during TVD, evaporated
molecules less likely deposit on hBN compared to the SiO,
surface of the wafer, resulting in a lower PO coverage and
correspondingly lower signal. Nevertheless, sufficiently many PO
molecules reside on top of the flake, since the dye fluorescence is
clearly detected from the hBN area. Due to the similarity of the
hBN and TMDC surfaces, we assume a similar molecule coverage
on the WSe, flake. We conclude that in this case, the PO emis-
sion is unambiguously quenched as a consequence of charge or
energy transfer into the TMDC.

With the suppression of the dye fluorescence below the
experimental sensitivity, we turn to investigate the WSe, PL
counterpart in more detail to track changes introduced by the
deposited molecules. Under this scope, low-temperature
measurements offer the distinction of different emission
features like neutral excitons and charged ones, ie. trions,*
whose balance reacts to changes in doping or defect avail-
ability.** PL spectra acquired at liquid nitrogen temperature
show a clear separation of the exciton (X°) and negative trion (X,
identified via measurements at 10 K, see ESI Section 4.17)
emission bands (Fig. 3). Upon deposition of PO, the latter grows
relatively to the former. On first sight, this appears as a sign for
charge transfer.*® In our case, however, this interpretation would
contradict the band alignment of PO and 1L-WSe,, as depicted in
Fig. 1, since electrons would have to migrate energetically uphill
towards the WSe, CB or holes downhill into the PO HOMO. In
other words, the observed change in the trion emission is of
opposite sign as the charge transfer expected from the band
levels. Furthermore, the spectral shape is independent of the
excitation wavelength and thus unaffected by whether the
molecules are excited or not. Ergo, the major effect originates
already from the presence of molecules in their electronic
ground state. A possible explanation for the enhanced trion PL
could arise from changes in the nonradiative recombination

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 p-PL spectroscopy after excitation of TVD-coated hBN and WSe, at 532 nm. (a and d) Micrographs of the sample flakes and their
environment. The dashed square in (a) marks the area depicted in (b), while (d)—-(f) show identical regions. (b and e) Integrated PO fluorescence
intensity maps. The intensity appears slightly lower on the thin hBN and almost zero on the WSe; flake compared to the surrounding substrate. (c)
PL spectra of PO on different 2D crystals vs. substrate reference. The sharp peak at 2.33 eV is assigned to stray light from the excitation, the
three-peak structure matches the PO emission, and the single low-energy contribution corresponds to the monolayer WSe, PL. (f) Integrated
1L-WSe, PL intensity map. The monolayer part stands out brightly from the surrounding thicker crystals and the substrate.
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Fig. 3 Normalized PL spectra of blank WSe; (solid lines) and PO/WSe,
hybrid structure (dashed lines) at room temperature and 80 K (bright
and dark colors, respectively) after excitation at 532 nm (green) and
633 nm (red). The latter are pairwise essentially identical. At low
temperature, the 1L-PL blue-shifts and splits up spectrally into exciton
(X°) and negative trion (X7) emission. Upon deposition of the dye
molecules, the trion contribution grows relative to the excitonic one.
Additionally, a weak signal appears at 750 nm (marked as P).

channels in 1L-WSe,. Deposited molecules could screen defects,
thereby reducing the rate for trapping at those sites***’ that takes
place within several 10 ps at room temperature.® This would

© 2023 The Author(s). Published by the Royal Society of Chemistry

largely benefit the trionic emission that occurs on similar time
scales while the comparatively short-living excitons remain
relatively unaffected.*®** Consequently, the peak ratio might
evolve in favor of the negative trions without an actual change of
the doping. In principle, this effect could even conceal a minor
charge transfer in the (expected) opposite direction. As an alter-
native explanation, the deposition of PO molecules could elimi-
nate other adsorbates that initially suppressed the formation of
or the emission from negative trions. Either way, the dye mole-
cules apparently do not drain enough electrons from or - if
excited - inject enough holes into the 1L-WSe, to significantly
alter the charge balance there. This appears reasonable, given the
low dye coverage of 2.4 x 10"* cm 2, i.e. one molecule per roughly
40 nm?® (see ESI, Section 1.2}) compared to the areal size of the
1L-WSe, unit cell of 0.1 nm? (=10"> cm 2).** Hence, in this
coverage regime, molecular functionalization does not affect the
doping level of 2D semiconductors significantly. Indeed, studies
that observed a pronounced charge transfer-related change of
the exciton-trion balance employed much thicker molecular
layers of several nm.*® In addition to the excitonic and trionic
peak, we observe a weak emission band (P) around 750 nm that
emerges in the hybrid structure at low temperatures. While
a detailed investigation of this feature exceeds the scope of this
work, several possible physical origins are conceivable. First, the

Nanoscale Adv, 2023, 5, 3348-3356 | 3351
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emission could stem from the triplet state T; of PO. For perylene
derivatives, these states usually lie energetically low, frequently
down to half of the singlet S; energy.*® However, this phospho-
rescence would be expected to exhibit a spectral width compa-
rable to the fluorescence peaks, which does not hold for the P
contribution.’* Second, excitons and trions could combine to
form (charged) biexcitons (see ESI Section 4.1f) or bind to
defects, creating localized, yet luminescent excitons.*>* This
process could be enabled by the deposited dye molecules either
via the modified Fermi level or the screening of defects. Finally,
the emission peak could be a sign of interlayer exciton forma-
tion, where the electron resides in the PO layer and the hole in
the WSe,.2%%%%5

Summing up the p-PL measurements, we found a strong
indication for fluorescence intensity quenching as well as
a relatively enhanced trion PL when combining PO with WSe, in
a hybrid structure. Yet, we cannot distinguish unambiguously
between charge and energy transfer as the dominant contribu-
tion to the fluorescence quenching. Nevertheless, as charge
transfer is generally observed in type II band alignments,*** we
favor this interpretation. Even if energy transfer would outcom-
pete hole transfer from the molecular into the semiconductor
layer, a consecutive back-transfer of electrons is expected in
PO/WSe, hybrids, resulting in charge separation after all.*
Regardless of the specific mechanism responsible for the
quenching, any fast nonradiative decay channel does not only
reduce the fluorescence intensity but shortens its lifetime as well.
Aiming at the quantification of this phenomenon, we turn to
temporally resolved measurements.

4. Rapid fluorescence quenching in
TMDC hybrids

To be capable of time-resolved detection of even the weak
fluorescence from various PO/TMDC hybrids, we performed

View Article Online
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FLIM on these samples, achieving a higher sensitivity than in
the p-PL spectroscopy and tracking the temporal evolution of
the emission signal. For the analysis, spatial and temporal
information were regarded separately. First, we take a look at
the time-integrated FLIM data for each pixel. Here, in analogy to
the p-PL, the integration yields 2D intensity maps of the scan-
ned sample areas, as illustrated in Fig. 4(a) and (b) for the hBN
and WSe, flakes shown in Fig. 2(a) and (d), respectively. For
hBN, the flake topography is resembled by the intensity of the
PO fluorescence varying between different regions of the crystal.
Yet, no systematic dependence on the thickness is found and
the variation of the overall intensity within the hBN area as well
as versus the substrate reaches one order of magnitude at most.
The PO-coated WSe, flakes, in contrast, exhibit an enormous
discrepancy compared to the environment, with the intensities
dropping by three orders of magnitude. To properly quantify
this effect, we determined both the minimum and maximum
absolute intensity values for the substrate area and the thinnest
flake regions for two different hBN samples as well as for the
four 1L-TMDCs. We calculated the minimum relative fluores-
cence intensity as the ratio of the minimum value on the flake
divided by the maximum on the substrate and vice versa for the
maximum relative intensity. This way, the comparison with the
substrate should eliminate differences in dye molecule coverage
between the samples. The resulting relative intensity ranges are
presented in Fig. 4(c), while the original data for the remaining
flakes in terms of 2D maps may be looked up in the ESI, Fig. S9.}

Regarding the relative intensities, we clearly observe
a systematic difference between the TMDC monolayers and the
hBN references. Surprisingly, the hBN1 and hBN2 samples -
albeit prepared in an identical manner - yield clearly different
values. However, experiments on a third sample with a slightly
higher coverage (hBN3) demonstrated that the fluorescence
signal is affected by the formation of PO agglomerates on the
hBN surface (see ESI, Section 4.2%). Such agglomerates may
form due to diffusion of the molecules on the surface, which
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Fig. 4

(a and b) Intensity maps of TVD-coated hBN1 and WSe,, respectively, as obtained by time-integrating the FLIM data. The depicted areas

match the micrographs from Fig. 2(a) and (d), with the crystal topography being clearly reproduced in the FLIM map. The intensity drop from
substrate to flake is drastically stronger on WSe, than on hBN. (c) FLIM intensity on different 2D flakes relative to their respective substrate
environment. The bars cover the uncertainty interval of each value. While the three hBN samples range between 0.2 and near-unity, the
1L-TMDCs exhibit relative intensities in the order of 107, As discussed in the ESI, Section 4.2,+ the hBN3 sample represents a lower bound for the
relative intensity of PO on hBN. Note that the value for WS; is overestimated, as there is still some amount of 1L-PL transmitted through the band
pass filter (see ESI, Sections 4.3 and 4.41).
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has been monitored by AFM scans (see ESI, Section 371). As
a result, small differences in PO coverage together with varying
surface characteristics of the hBN1 and hBN2 flakes can lead to
strong distinctions between those samples regarding agglom-
erate formation and correspondingly differing fluorescence
intensities. To exclude this effect, the white bar for hBN3 in
Fig. 4(c) represents a largely agglomerate-free region, i.e. with
a homogeneous, almost pure monomer coating. Considering
that the agglomerates form by draining molecules from their
environment, this homogeneous area is probably characterized
by a lower molecule coverage than the flake in total as well as
the surrounding substrate. Consequently, the hBN3 value can
be regarded as a lower bound for the relative intensity of the
fluorescence of monomer PO on hBN, leaving a range from
about 0.3 to unity. The PO/TMDC hybrids, in contrast, reach
values of about 102, close to the noise level. Merely PO/1L-WS,
scores 1%. However, in this case, the monolayer PL is strong
enough to still contribute some photon counts despite the
usage of the band pass filter. Taking this into account, we
conclude a fluorescence intensity reduction by a factor of
roughly 10° on the TMDC monolayers compared to the hBN.
This stands out from other hybrid structures with thicker
molecular layers where the fluorescence intensity on the
1L-TMDC vs. substrate differ by a factor of ten at most.>"*"*>! In
our case, the planar shape of the molecule probably leads to
a face-down orientation on the TMDC monolayers, which in
turn promotes efficient charge transfer. Another reason for the
drastic effect in our case supposedly lies in the monomeric
coating, while in films of several nanometer thickness, excitons
have to diffuse towards the interface before charge transfer can
take place. This leaves more time for radiative recombination
and therefore increases the residual fluorescence intensity.
Although these findings strongly point to the occurrence of
some quenching mechanism, a final conclusion still requires
information on the time evolution of the fluorescence. In order
to analyze the emission decay dynamics, we extracted the time-
resolved intensity by integrating the FLIM data over the
respective regions of interest, namely the substrate, the thinnest
hBN areas, and the TMDC monolayers. The obtained normal-
ized time traces are depicted in Fig. 5 as bright, solid lines. For
the substrate and the hBN flakes, we observe a fast signal
reduction on the sub-nanosecond scale followed by a long-term
contribution decaying over several ns. The time traces of the
PO/TMDC hybrids, on the contrary, essentially follow the course
of the IRF, indicating a decay time constant well below the
experimental time resolution.

For a detailed analysis, we fitted the time traces by two
exponentials, yielding a good agreement with the data, as can
be seen from the dark, dashed lines in Fig. 5. In this process,
the signal rise was modeled by an error function. The resulting
parameters are summarized in Table 1. For the shorter expo-
nential time constant 7; on hBN, we obtain values of a few
100 ps, varying between the different samples and regions. The
longer time constant 1,, in contrast, consistently yields about
3 ns. We assign this to the monomer PO molecules, as it is
comparable to the fluorescence lifetime of almost 4 ns in
solutions of similar monomers.***” The origin of the shorter

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Normalized fluorescence decay of PO films on different
materials. The curves result from integrating the FLIM data over the
respective areas of interest. Solid lines represent the data, dashed lines
show the fits, which are in good agreement with the data, and the filled
area marks the instrument response function. The TMDC curves
essentially follow the IRF — despite a small long-living component —
while the curves for substrate and hBN show a much slower decrease
or at least a long-term tail.

Table1 Time constants and amplitude ratios from biexponential time
trace fitting. All underlying fluorescence time traces were measured
employing the 500-550 nm band pass filter. Here, 7, for the PO/TMDC
hybrids is very close to the time constants for the IRF, indicating that
the underlying dynamics could not be separated from the instrument
response. The SiO, entries represent a summary of the values for the
coated wafer environment of all hBN and TMDC samples. The time
traces for hBN3 are depicted in the ESI, Fig. S8(b)

A>
Substrate for PO layer 7, [ns] 7, [ns] A,
SiO, 0.5-1.0 2.2-3.2 0.60-1.3
IRF 0.065 0.14 0.53
hBN1 0.12 2.9 0.13
hBN2 0.22 3.1 0.97
hBN3 (homogeneous) 0.46 3.5 3.3
hBN3 (agglomerates) 0.10 2.2 0.045
1L-MoS, 0.073 1.4 0.0056
1L-MoSe, 0.087 0.92 0.048
1L-WS, 0.071 0.92 0.015
1L-WSe, 0.085 3.1 0.050

lifetime can again be elucidated with the help of the hBN3
sample. Here, we were able to separate regions dominated by
agglomerates from areas largely governed by homogeneously
deposited monomer PO (see ESI Section 4.2t). While for the
former regions, the fast decay accounts for most of the
amplitude and the slow component almost vanishes, an
opposite behavior is observed in the latter. Thus, we conclude
that 7; can be assigned to energy transfer from excited PO
monomers into agglomerate-associated multi-particle states,
e.g. excimers, which do not emit in the spectral range of the
bandpass filter.”* Furthermore, when comparing the fit
parameters for the different hBN flakes and regions, we find
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that 7, takes smaller values, the higher the amplitude of the
fast decay compared to the slow one. This could point to
a mechanism where the presence of more or bigger agglom-
erates actually speeds up the decay, e.g. in a diffusion-mediated
exciton trapping model. Alternatively, this behavior may result
as a fitting artifact from the superposition with the asymmetric
IRF. Indeed, the latter can also be fitted biexponentially with
71 = 65 ps and 1, = 140 ps.

The PO/TMDC hybrids, as already expected from the
measured time traces, essentially follow the IRF, manifesting in
the values of 7, from 70 ps to 90 ps. Note that these only indicate
the resolution limit as determined by the IRF. They are not to be
confused with the actual time constants of the underlying
physical processes, which lie well below the time resolution of
this setup. In addition to the fast decay, the fits reveal different,
yet in any case weak long-term contributions to the time traces.
Following the interpretation of charge or energy transfer-
induced quenching, this tail could stem from imperfect
contact between the dye and the TMDC layer, leaving some PO
molecules only weakly or even unquenched. They would emit
residual long-living fluorescence, thereby leading to an over-
estimation of the relative intensity on the PO/TMDC hybrid
structures in Fig. 4(c) as well.

With this information and taking into account the intensity
ratios discussed above, we can estimate the time constant of the
nonradiative decay. For hBN, the relative intensity takes values
of 0.3-1, although in the case of the hBN2 sample with a pre-
vailing monomer contribution in the decay, it approaches unity.
In contrast, the TMDCs achieve values of about 10~%. Assuming
a comparable PO coverage due to the similar surface, we obtain
a quenching factor of nearly 10°. As this also resembles the ratio
of the nonradiative vs. the radiative time constant of 3 ns, we
end up with a charge or energy transfer time from dye to
semiconductor of several picoseconds. Yet, we have to consider
that even the hBN2 area shows agglomerate features in the time
trace. This results in a lower fluorescence than for a perfect
monomer coating and thus an underestimation of the
quenching in the PO/TMDC hybrids. The same holds for the
possibly imperfect contact of the molecules on the respective 2D
material that - in the case of the TMDCs - would inhibit charge
or energy transfer for a fraction of the molecules and thus
reduce the observed quenching. All taken together, this is in
agreement with charge transfer time constants of 40 up to
several 100 fs for metal phtalocyanine/TMDC hybrid

systems.>*

5. Conclusion

In this study, we investigated PO/1L-TMDC hybrid structures
with a molecular sub-monolayer by means of pi-PL spectroscopy
and FLIM to gather evidence for charge or energy transfer after
optical excitation. We observe a drastic reduction of the dye
fluorescence intensity on all TMDCs, as opposed to the PO/hBN
references. Simultaneously, the lifetime of the emission signal
is strongly reduced from about 3 ns to values well below the
FLIM time resolution. This verifies the occurrence of a strong
quenching mechanism induced by the TMDC monolayers. Vice
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versa, the deposition of PO molecules enhances the trion
emission of WSe, at low temperatures. This cannot be
accounted for by charge transfer, so it may result from the PO
screening defects of the monolayer. Based on the quenching
ratio and the radiative lifetime of the unquenched dye mono-
mers, we deduced an upper limit for the corresponding hole or
energy transfer time constant in the order of several picosec-
onds. These results are in line with previous research on charge
transfer in metal phtalocyanines and pave the way for its
exploitation in optoelectronic devices.
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1 Coating techniques for the preparation of hybrid structures

1.1 Thermal vapor deposition at different temperatures

In the experimental section of the main body of the manuscript, we presented the
optimal, standard procedure to create hybrid structures via thermal vapor deposition (TVD).
Nevertheless, going beyond this optimum can provide insight in the limits of this preparation
technique and how to recognize them. The most relevant parameter for TVD lies in the
temperature, determining the evaporation rate of the coating substance as well as the kinetic
energy of the molecules hitting the target. Therefore, we varied this parameter to investigate
its influence on the absorption and emission spectra of the resulting perylene orange (PO)
layer as well as to find the optimum value for monomer coating. Here, we remark that the
optimum evaporation temperature may vary by several 10 K depending on the exact amount
and distribution of the dye powder in the reservoir, plus the thermal contact at the different
interfaces of the setup.

In different coating procedures, the temperature of the PO powder was tuned from
440 to 470K. Each sample was coated for 40 min including the heating up. As they were
performed consecutively in one series, the heating block with the dye powder never started
at room temperature but was still warm from the previous run. The resulting absorption
and emission spectra are depicted in Figure S1. For the absorption, we observe a prominent
multi-peak structure resulting from the Frank-Condon progression, that remains essentially
constant in shape for all regarded evaporation temperatures. Merely the amplitude rises with
increasing temperature, as more molecules are evaporated in the same time span. The emission
spectra also exhibit the monomer-related multi-peak structure at low evaporation temperature
that indicates the presence of monomer PO. At higher evaporation temperatures, the first
thing to change is the fluorescence intensity rising. Afterwards, the 0-0 peak shrinks, while
the broad emission band at the long-wavelength tail of the spectrum emerges. This contribution
is likely caused by the formation of aggregates! or nanocrystals®? that support excimer emission.
While the absorption is still governed by single molecules, the energy is then transferred to the
lower-lying excimer state that eventually emits*?, typically with a broad red-shifted fluorescence
bandb. Upon raising the evaporation temperature even further up to roughly 470K, three
separate peaks form anew, although their weighting differs from the monomer situation. Here,
the 0-2-peak seems strongest, which may possibly indicate the presence of further aggregate
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8 "\ \\ 42
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Figure S1: Absorption and emission spectra of TVD PO films in dependence of the evaporation
temperature. In contrast to the absorption simply growing with increasing temperature and maintaining
its multi-peak structure, as more molecules evaporate, the behavior of the emission involves a higher
degree of complexity. First, the signal rises, roughly keeping its shape. From 452 to 464 K, the already
discussed broad emission band emerges, parallel to the 0-O-peak shrinking. A further temperature
increase, however, leads to a recovery of the multi-peak structure, albeit with a higher weighting of
the low-energy signatures.
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states, accessible due to the higher kinetic energy of the evaporated molecules.5

1.2 Estimation of dye coverage

Based on the absorption strength of the optimal monomer film, as discussed in section 1.1, we
are able to calculate the molecular coverage after TVD with standard parameters. We take an
absorbance value of A = 0.5-1073 for the 0-0-peak of the optimal monomer coating (see Figure S1)
and an extinction coefficient for PO of ¢ = 8.5 x 10* M~ em~! = 8.5 x 107 cm? mol ™! measured
in chloroform solution”. Lambert-Beer’s law constitutes the relation between the absorbance
and the areal molecular density o as follows:

AZEeH'C'l:5eﬁ'Q (1)

with the concentration ¢ and the path length [ through the medium. e.g denotes the effective
extinction coefficient. It differs from the one in solution, as we assume a flat orientation of
the molecules on the surface (x- and y-direction). For PO, the transition dipole moment M
lies parallel to the longer symmetry axis, i.e. in-plane®. Consequently, the mean orientation
of M and the electric field E is advantageous compared to a random distribution. This results
in a higher absorbance, scaling with A o |M E'|2 To quantify this effect, we calculate the
normalized mean squared projection g of M onto E with the latter being fixed parallel to the
x-axis - for perpendicular incidence, i.e. z-direction hght beam and with no loss of generality. In

the following, we use spherical coordinates, yleldlng ‘ = cosy - sin .

IM [|E
For a random orientation as in solution, we obtain:

fo27r f07T((JOS2 p-sin*f)sinfdfdp 1 (2)
Grandom = 3
ando 2m foﬂ sin 0 df dy 3

stating an attenuation of the absorption by a factor of three in random orientation versus
perfect parallel alignment of transition dipole moment and electric field. Analogously, in-plane

orientation of the molecules (i.e. § = 7) results in

fo% cos?pdp 1 3)
Gin—plane = - 927 . — 5
dy 2

In terms of extinction coefficients, this constitutes the relation:

gei _ (in—plane _ § (4)

€ Grandom 2

Hence, the face-down orientation of the molecules on the surface manifests in a 1.5-fold higher
absorption per molecule compared to the value measured in solution.
Returning to Lambert-Beer’s law (Equation (1)), this yields a areal molecule density of roughly

24
g—§~24>< 102nm ™2 =24 x 102 cm ™2 (5)

corresponding to an area of about 42 nm? per molecule, i.e. roughly 3—10 of a perfect dye monolayer,
and a mean molecular distance of 6.5 nm compared to a molecule size of 0.7nm x 2nm. These
values clearly confirm the monomer nature of the PO coating.

1.3 Inhomogeneities and quenching on stamp-coated 1L-TMDCs

As an alternative viable method for the deposition of molecules onto a target substrate, we
tested stamping. Initially, the viscoelastic polydimethylsiloxane (PDMS) stamp is spin-coated

3
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(a)

S . 10:0pm

Figure S2: Stamp-coating of perylene orange. (a) Micrograph of a spin-coated PDMS stamp. The dye
agglomerates on several spots to form clearly visible structures with a size of up to 50pm as well as
a variety of smaller spots. In between these accumulation centers, preferably in the vicinity of large
structures, areas without visible inhomogeneities exist. (b) Microscope image of a stamp-coated Si/SiO,
wafer. Here, the same structures as on the PDMS occur, suggesting a high transfer yield. Aiming a
agglomerate-free region at the target flake during the stamping facilitates monomer coating.

with a 900 M solution of PO in chloroform. Afterwards, the dye is transferred to the target
by stamping, similar to the deterministic transfer of 2D flakes?. However, as the PDMS has
a rather rough surface and the solution is quite concentrated, many spots of agglomerated PO
form during the spin-coating, which will also transfer to the target substrate, see Figure S2.
To avoid stamping such an agglomerate onto the flake of interest, one has to aim between
those spots, where the molecule coverage is typically homogeneous. This can be monitored
by an optical microscope commonly implemented in such stamping setups. Nevertheless, some

T Intensity
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Figure S3: FLIM measurements of 2D crystals stamped with PO. No additional band pass filter was
used in these experiments (a, b) Micrographs of hBN and MoS, flakes on wafer substrates, respectively.
(¢) FLIM intensity map of the hBN crystals depicted in (a). The intensity is homogeneous over the vast
majority of the area. The only exceptions are two bright spots on the right and in the top right corner
as well as the dark bottom right one, where the contact between PDMS and substrate ended. (d) FLIM
intensity map of the MoS, crystals depicted in (b). While the intensity exhibits a constant level on the
substrate, it drastically falls on the TMDC flakes. Exceptions occur with the two prominent bright spots
on the flakes, which probably result from dye agglomerates. Here, the high emission intensities trigger a
safety shutter in front of the FLIM detector for several seconds, blocking the incoming light and leading
to the dark horizontal lines.
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small (sub-)micron agglomerates may be barely visible, yet exhibiting much higher fluorescence
signals than the monomer-coated environment, as the results from fluorescence lifetime imaging
microscopy (FLIM) in Figure S3 (d) show. This leaves a small risk of accidentally putting a
small agglomerate onto the flake of interest, creating an inhomogeneous coating.

Apart from these preparational shortcomings, the stamping method is able to reproduce the
findings regarding the quenching observed on samples coated by thermal vapor deposition
(TVD). Figure S3 presents the fluorescence lifetime imaging microscopy (FLIM) intensity maps
for stamp-coated hBN and MoS, flakes. Analogously to the TVD samples, the hBN regions
exhibit an intensity level similar to the wafer surroundings, while the MoS, crystals show a
strong contrast, with the fluorescence dropping by up to three orders of magnitude compared
to their environment. Note that no additional band pass filter was used in these measurements.
Consequently, we observe extraordinarily bright spots that match the dye agglomerates, for
instance when comparing Figure S3 (b) and (d). On top of that, the monolayer MoSy
photoluminescence causes the respective area to stand out from the other flake regions, as it also
happens in section 4.4. Thus, a quantitative analysis of the quenching as well as the time-resolved
signal does not appear reasonable at this point. Nevertheless, the occurrence of strong quenching
becomes evident in this case as well, supporting the findings from the main body, section "Rapid
fluorescence quenching in TMDC hybrids".

2 Photodegradation of PO at ambient conditions

Since PO is prone to photooxidation ', all measurements were performed either in vacuum or
by applying only short illumination times to avoid degradation of the molecule film. To quantify
the severity of this issue, we performed degradation measurements in the microscopic emission
spectroscopy setup, in this case under ambient conditions. Omitting the cryostat with its glass
window in the laser beam, we obtained a slightly smaller focal diameter of roughly 1pm. On
top of that, we doubled the excitation power to 10 pW at 532nm. In sum, we applied an about
four-fold intensity compared to the measurements under vacuum that were discussed in the main
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Figure S4: Photodegradation of PO on wafer substrate under ambient conditions. Following a
non-monoexponential decay within the first 2min, the intensity decreases exponentially, as indicated
by the fit. During the 5min of darkness, no substantial recovery of the signal is observed, suggesting a
non-reversible degradation of the dye molecules.
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body. We chose a spot on the wafer substrate, far from any flakes and monitored the emitted
intensity of the 0-0-peak over time. The resulting signal evolution is presented in Figure S4. First,
we observed a drastic signal decay by a factor of five within the first two minutes, which does
not follow a simple exponential behavior. Afterwards, the curve evolves into a monoexponential
signal reduction. After 5min, we blocked the laser beam for the same duration, to check whether
any recovery mechanism is present. However, no substantial increase of the signal was observed
after 5min of darkness, suggesting that the degradation is permanent. The exponential decay,
on the other hand, continues at the same rate. A corresponding fit yielded a time constant of
about 400s. All in all, these findings demonstrate the importance of avoiding photooxidation
during the measurements, as especially freshly prepared dye films lose a significant amount of
intensity within a short time.

3 AFM measurements

Now that we established suitable preparation approaches, with the macroscopic optical spectra
pointing to monomer characteristics of the deposited molecules, we strive for a structural
characterization of the samples by atomic force microscopy (AFM). This ought to reveal or
exclude the formation of larger supramolecular structures as well as to determine the flake and
film thickness and homogeneity, even though molecular resolution lies beyond the scope of this
work. AFM measurements were conducted in ambient (Park XE-100) using silicon cantilevers
(SSS-NCHR, Nanosensors) and dynamic mode. Excitation frequencies slightly larger than the
fundamental eigenfrequency and constant-amplitude set points between 65 % and 80 % of the free
amplitude were chosen. Data analysis was done using Gwyddion'! and Igor Pro (Wavemetrics,
Inc.). For background correction, a linewise linear function as well as a 2D plane were subtracted.
We chose a few-layer WSe, and hBN flake, exfoliated and transferred to a Si/SiO, wafer,
respectively. They were annealed at 550 K and 4 x 10~*mbar for 20h, to desorb water and
other physisorbed species, and obtain a largely clean surface for the AFM measurements. We
investigated the blank samples before and after TVD coating and again five months afterwards.
Note that in contrast to the standard procedure, we kept the samples in the evacuated TVD
chamber at 3 x 107° mbar and room temperature over the weekend (2.7 days) before starting the
actual coating process by heating up the dye reservoir. This ought to maintain a relatively clean
sample surface, yet it might have an influence on the vapor deposition, as the lower pressure
may cause a higher evaporation rate of the dye powder and the transport regime from reservoir
to sample probably changed from diffusive to ballistic. On top of that, the desorption of other
adsorbates may influence the mobilty of the PO molecules on the respective substrates. As
a complement to the AFM measurements, we performed FLIM and micro-photoluminescence
(p-PL) spectroscopy on the same flakes to obtain correlative data.

The AFM analyses show clear differences in the sample topographies, induced by the dye molecule
deposition, see Figure S5 (a), (b), (d) and (e). As the highest structures, we observe 3D molecular
agglomerates that form exclusively on the substrate and not on the crystal flakes. They measure
about 200 nm in diameter and 40 nm in height, exhibit an oblate shape and also appear in FLIM
scans without the band pass filter as resolution-limited bright dots, as shown in Figure S5 (c). If
converted into a homogeneous coating, these agglomerates correspond to a coverage of about 1 A
in height, i.e. about one third of a perfect monolayer of in-plane oriented flat PO molecules. In
between the dots, however, a homogeneous residual fluorescence intensity is detected, pointing to
a uniform molecule coverage aside from the 3D aggregates, compatible with a Stranski-Krastanov
growth mode 2.

In a zone of 3 — 5um around the flakes, however, no agglomerates are present and the areal
fluorescence intensity is significantly reduced, suggesting a depletion of molecules, which are
drawn towards the flakes. This assumption is confirmed by the change of the flake edge height
due to PO coating, visible in the AFM line profiles in Figure S5 (f). While the thinnest regions
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of the blank hBN and WSe, size to h = 7 and 4nm in edge height, i.e. about twenty '3 and
six 14716 Jayers, they rise by about Ah = 1.5nm (15 —25%) and 4nm (90 — 100 %) upon molecule
deposition, respectively. These values lie well beyond the calculated average molecule coverage
on the remote substrate regions. Although the growth of the step height is accompanied by the
emergence of PO fluorescence in the hBN flake area drastically exceeding the intensity on the
substrate, no indications of larger structures of PO molecules on the crystal surface were found.
Thus, we conclude a migration of the molecules below the flake.

Generally, when molecular species are deposited on surfaces with weak interaction, such as
van-der-Waals crystals, their diffusion is high. Nevertheless, for the most part, after minutes to
hours, molecular assemblies are formed. This can proceed via 2D surface "gas" over a liquid
phase towards crystalline aggregates, on graphite!” or graphene!® surfaces. Only occasionally,
persistence of the 2D gas of monomers or dimers or the liquid phase is observed. Examples
are benzene on Cu(111) at 77K!? fluorinated copper phthalocyanine on Si(111)/Tl-(1x1)%°
and 2,5-dihydroxybenzoic acid (DHBA) molecules on calcite?!. In our case, the PL spectrum
of the PO in the hBN region features only a small contribution of monomer PO and is instead
dominated by a broad low-energy band that occurs exclusively in this sample (Figure S6 (b)),
yet baring similarities to the emission of thicker PO coatings (for comparison, see SI sections 1.1
and 1.3). This suggests the presence of the dye molecules in some aggregated form with a broad
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Figure S5: Topography of hybrid structures. Dynamic mode AFM height maps of hBN (a, b) and WSe,
(d, e) before (a, d) and after (b, e) molecule deposition, respectively. Upon TVD, oblate dye agglomerates
appear on the substrate surface, with a diameter of about 200nm and an average height of 40 nm. In a
halo of several pm around the flake, however, these dots are missing. On the crystals, especially on the
hBN, in contrast, already present blobs grow and new ones form. The white lines mark the positions, at
which the line height profiles in (f) were taken. (c) FLIM intensity map of the area depicted in (a) and
(b). On the substrate, the agglomerates show as bright spots, with a homogeneous intensity in between.
The halo around the flake is characterized by a reduced fluorescence signal, while the flake area already
stands out and its rim exhibits an even brighter emission. Other than that, no intensity variations occur
in the crystal area that would match any of the AFM topography patterns. (f) Height profiles taken
along the lines marked in (a, b, d, e), each averaged over a width of two pixels. hBN curves are offset for
clarity. Note that the profiles after molecule deposition are shifted relatively to match the flake surface

before the coating, respectively, demonstrating that the height increase is constant over the whole crystal
area.
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emission band, which is further red-shifted by the dielectric environment in that encapsulated
situation 2.

If not residing at the surface, the two fundamental options for the molecules are either the
deposition between the substrate and the hBN, lifting up the flake, or the intercalation between
the individual crystal layers, ergo stretching the material in out-of-plane direction?3%4. However,
as the height increase during PO deposition is essentially independent of the original flake
thickness and so is the FLIM intensity, we favor the first explanation. Nevertheless, minor
contributions from intercalation cannot be excluded.

On top of that, inverse to the situation on the substrate, the fluorescence intensity on the hBN
flake rises in the vicinity of the crystal edge and levels within about 5 um into the interior. This
provides another indication for the migration of the dye molecules from the exposed substrate to
the cleft between wafer and flake. The lateral size of the dark depletion and bright accumulation
zones represents the average diffusion length of the PO molecules. For the WSe, flake, in contrast,
the strong fluorescence quenching, which is explicitly investigated in the following section, inhibits
a comparison between FLIM intensities and AFM topographies.

PO is a relatively large aromatic molecule, such that in view of the literature
assembly is expected at room temperature. Similar molecules normally do form crystals
while literature on PO assembly structure on graphite or similar surfaces is lacking, to our best
knowledge. In our study, however, aggregates form exclusively on the Si/SiO, surface, but not
on top of the hBN and WSe, flakes. As mentioned above, most of the molecules have migrated
underneath the flakes. Yet, on the flake, we still observe signatures of mobile species and AFM
error images sometimes indicate persistent amplitude instabilities. An option for explanation is
a very dilute, residual 2D molecule gas, which essentially aggregated after months. The density
of molecules on the flake is extremely low, and a large amount might have been captured by the
tip and shaft, dynamically changing the tip-sample configuration.

All in all, these measurements demonstrate the strong relation between the configuration of the
deposited molecules and the corresponding emission spectra. Any deviation from the monomeric
character seems to result in definite spectral changes, distorting the multi-peak structure. Thus,
we regard the Franck-Condon progression as a clear indicator for the presence of monomer dye
molecules.

With respect to the agglomerates on the wafer substrate, both the AFM measurements and
the FLIM intensity maps (without the band pass filter) show dots emerging after the PO
deposition. The overlay of these two images (see Figure S6 (a)) demonstrates the matching
of the agglomerates’ positions, proving their identity. While the AFM topographies yielded a
width of about 200 nm for these structures, the spatial resolution of nearly 1 pm determines their
size in the FLIM maps. In measurements employing the band pass filter from 500 to 550 nm,
however, no traces of these spots are found, suggesting their emission to be red-shifted relative
to the 0-0-band of the monomer fluorescence or to be generally weaker due to their small area
compared to the homogeneous monomer background. In the hBN area, where the FLIM intensity
is drastically enhanced compared to the substrate, the 1-PL spectrum is dominated by a broad
contribution, peaking around 650nm. Although its shape bears striking similarities with the
supposed excimer band of thicker coatings (see section 1), it exhibits a further red-shift compared
to the latter. We assign this energetic shift to the complete encapsulation of the PO, leading to
a different dielectric environment. When molecules are placed in contact with insulating layers,
their gap between the highest occupied and lowest unoccupied molecular orbital (HOMO-LUMO
gap, as measured by tunneling spectroscopy) can substantially shrink further than solely upon
aggregation. For instance, individual pentacene placed on hBN/Rh(111) exhibits only 68 % of
the original gap energy??. This gap reduction may originate from transient ionic states, i.e.
positive- and negative-ion resonances assuming a Coulomb model and a dielectric hBN spacer
with €, = 4. Alternatively, it could be explained qua vibration, if in the aggregate, higher
vibrational states are present that get frustrated in the flake.
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Figure S6: (a) Overlay of AFM topography (gray scale) and FLIM intensity map (fire color scale,
logarithmic) of TVD-coated hBN flake, as already presented separately in Figure 3 (b) and (c). The
positions of the “dots” on the substrate coincide for both images. The black rectangle marks the area
depicted in (c) and (d). (b) p-PL spectra of the different sample regions. While on the substrate, the
spectrum remains similar to the monomer, it is dominated by a broad, low-energy contribution in the
hBN region. This contribution is even red-shifted with respect to the excimer bands discussed in section
1.1. (c, d) AFM topography of the area marked in (a) before (c) and after (d) molecule deposition. The
initially present blobs grow in height and area, some merge and even new ones are created.

On the 2D material flakes, we observe a growth in height at the crystal edges that — in case of
the hBN — is accompanied by an enhanced fluorescence from the flake area with an even brighter
region at the flake rim. We conclude the migration of molecules from the top and surrounding of
the flakes into the cleft between flake and substrate. In other studies, however, height increases
have been observed upon 200s of irradiating WSe, flakes with a laser intensity of 5.1 mW at
532nm focused through a 100x objectivel®. Here, the proposed explanation was photo-assisted
formation of WO;. In our case, in contrast, the FLIM was conducted after the first AFM
measurements and excitation powers of only 12.5 pW were applied using a 20x objective. Hence,
we exclude a photo-assisted oxidation as the cause for the growth of the flake heights.

In addition to the height increase at the flake edges, we observe blobs on the blank crystals
that enlarge and in part even fuse, as depicted in Figure S6 (c) and (d). Since they are lacking
phase contrast, we conclude that the respective material resides below the surface. Consequently,
as the flake is locally elevated, they form a cavern that has to be supported by some material
functioning as a pillar. Although we expect an accumulation of material, especially when the
blobs grow during the PO deposition, no signs of an pronounced PO coverage is observed in the
FLIM intensity maps of these regions. Ergo, we characterize these features as traps for adsorbed
gases or other molecules, accumulating in the initially present blobs and thus contributing to
their growth. This might have happened even before the dye molecule deposition during the
evacuation of the TVD chamber.
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4 Optical characterization

4.1 Multi-particle excitations at low temperatures

The charge of the trions observed in low-temperature measurements crucially determines the
discussion about possible charge transfer and its direction in the PO/WSe, hybrid presented in
the main body, Figure 3. To further investigate and distinguish the emission contributions, we
performed p-PL spectroscopy at 10 K. The resulting spectrum is shown in Figure S7.
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Figure S7: PL spectrum of PO/WSe, hybrid structure at 10 K. Several distinct peaks occur red-shifted
from the neutral exciton emission (X?). The double feature at around 1.7 eV is a characteristic of negative
trions, while the remaining features are attributed to (charged) biexcitons.26

Following the trend of the measurements at room temperature and 80K in Figure 3 of the
main body, the WSey emission is split up into multiple peaks, with the excitonic one as the
energetically highest. Here, the occurrence of a double feature is a clear sign for negative trions,
which subdivide into a singlet and triplet band. In contrast, the interpretation as well as the
positions and relative distances of the remaining peaks vary in literature and supposedly depend
strongly on the sample quality.26729
From these results, we conclude that the WSe, flake is n-doped. Consequently, the additional
PL peak at 80K can be assigned to negative trions as well (see Figure 3 of the main body).

4.2 Agglomerate formation and dynamics on hBN3

To elucidate whether agglomeration effects play a role in the signal intensity and dynamics
of the hBN1 and 2 samples, we TVD-coated the hBN3 sample with a higher molecular
coverage, provoking the formation of dye agglomerates. Figure S8 (a) shows the corresponding
FLIM intensity map, with bright spots on the hBN indicating the formation of agglomerates.
Interestingly, this takes place only on the flake, while the intensity is equally distributed on the
wafer substrate, as opposed to what was observed in the AFM measurements (chapter 3). We
suppose the difference to originate from the long evacuation time in the preparation of the AFM
samples. Without this, only the flat and inert hBN surface offers a mobility high enough for the
molecules to meet each other to form larger structures, in contrast to the rough SiO, with its
dangling bonds. however, when other adsorbates are largely removed before molecule deposition,
the mobility is generally higher, allowing for agglomerate formation on the wafer. For the hBN,
the dye mobility under this conditions is so high, that the molecules are able to migrate below
the flake, as discussed before in section 3.

In the case of the hBN3 sample, we analyzed the temporal evolution of the fluorescence separately
for the dots as well as the homogeneous background on the flake. The resulting time traces are
depicted in Figure S8 (b), the parameters extracted from biexponential fitting are listed in the
main body, Table 1. Here, the homogeneous part of the PO/hBN3 hybrid is dominated by
the ~ 3ns decay associated with unquenched monomer PO. The fluorescence from the bright
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Figure S8: FLIM measurements of PO/hBN3. (a) Intensity map of PO-coated hBN3 flake and its
surroundings. While the signal is homogeneous on the wafer, bright dots stand out from the flake area.
In between these spots, the intensity grows only gradually from the inner region towards the rim. (b)
Time traces from the different areas from (a). While for the substrate and the homogeneous part of the
flake, the signal is long-living, it rapidly decreases at a similar speed as the IRF on the dots. Experimental
data is depicted as pale and solid, fits as dark and dashed lines.

spots, however, essentially falls with the shape of the IRF, leaving merely a minor long-term
contribution to the signal. We conclude that in the vicinity of the agglomerates, the excitons
created upon pump absorption get quickly trapped in lower-lying excimer states, that emit light
further in the red®, which is barely transmitted by the bandpass filter (see section 1). The slow
component of the decay may originate from the blue tail of this broad excimer emission or from
monomer PO that resides too far from the relatively small agglomerates to get quenched by them
but still resides and emits in the relatively large probe spot.

Given the variety in the size or brightness of the dots, we presume the existence of smaller
agglomerates even on our standard samples. Note that due to their inherent quenching
mechanism, this accumulation of dye will not result in an increase in fluorescence intensity until
there is such a high number of molecules that their residual emission in the spectral range from
500 to 550 nm exceeds the monomer fluorescence of the surrounding homogeneous PO coating.
Ergo, agglomerate formation will manifest in the time traces to start with. This explains the
biexponential character of the monomer PO fluorescence decay on all hBN flakes. Additionally,
these findings provide an approach to account for the different behavior of the hBN1 and hBN2
samples. The varying fluorescence intensity and contribution of the fast decay probably originate
from slightly fluctuating molecule coverage in combination with different surface qualities of the
two flakes, resulting in the formation of more or less agglomerates.

4.3 FLIM data of remaining flakes

In this part, we present the intensity maps for the remaining samples, whose relative intensities
were analyzed in the main body, in the section "Rapid fluorescence quenching in TMDC hybrids".
They were acquired with the same parameters, including the use of the band pass filter. The
FLIM maps as well as the corresponding micrographs are depicted in Figure S9. Like for the
hBN1 and WSe, flakes, we observe only a weak contrast between the insulating hBN flakes
and their surroundings, while on the TMDC crystals, the fluorescence intensity of the PO is
drastically reduced by up to three orders of magnitude. This demonstrates the quenching of
the dye emission due to the charge or energy transfer from the excited molecules towards the
underlying TMDC. Note that for the 1L-WS, flake, there is still some remaining signal from the
monolayer photoluminescence transmitted by the filter.

11
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Figure S9: FLIM measurements of remaining hybrid structures. (a-d) Micrographs of hBN and 1L-TMDC
flakes. (e-h) FLIM intensity maps of the regions depicted in (a-d). While for the hBN sample, the intensity
difference between substrate and flake is comparably small, it exceeds two orders of magnitude in case of
all the TMDCs. The intensity values from these measurements were used to calculate the quenching as
shown in Figure 4 of the main body, while the corresponding time traces appear in Figure 5.

4.4 FLIM measurements without band pass filter

As mentioned in the main body, the advantages of the band pass filter are the exclusion of the
1L-TMDC photoluminescence as well as of the PO excimers or other agglomeration species. Here,
we present an exemplary measurement on the WS, flake without the filter, see Figure S10 (a) and
(b). Unlike in the filtered case, the TMDC flake stands out with a much higher intensity here,
as the 1L photoluminescence is even stronger than the dye emission. Consequently, the detected
intensity ratio does not relate to the quenching of the fluorescence anymore. This can also be
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Figure S10: FLIM measurements without band pass filter. (a) Micrograph of the investigated WS, flake.
The white square marks the area shown in (b). The flake is identical to Figure S9 (d). (b) FLIM intensity
map of the area depicted in (a). In contrast to the measurements using a band pass filter, the flake clearly
stands out brighter than its environment. (c¢) FLIM intensities on the different 2D material flakes relative
to the respective substrate surroundings. Unlike for the filtered measurements, the intensities for the
various TMDCs significantly differ from each other, with the 1L-WS, even exceeding the signal strength
on the hBN flakes as well as the substrate. Generally, the relative intensities are higher than for the
measurements using the filter.
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deduced from Figure S10 (c), where the relative intensities of various flakes are compared. The
TMDC intensities follow the same pattern as in the FLIM characterization before the molecule
deposition, suggesting that those signals mostly originate from the flakes’ photoluminescence.
Ergo, the analysis of time traces would not yield any further information, as it would only show
the decay of the TMDC-PL caused by exciton recombination, on a timescale of some 10 ps or
even below3% 32 which hardly reaches the time resolution of these measurements.

4.5 Polarization-dependence of the fluorescence

Despite its function as a reference, we additionally used the hBN1 sample for
polarization-dependent measurements, to trace any orientation preferences of the molecules
relative to the hexagonally structured hBN surface. To that end, we kept the linear polarization
of the excitation light fixed and rotated the wafer for consecutive scans. We then compared
the intensity ratio between the (unordered) wafer substrate and that on the hBN between the
different orientations. Statistical uncertainties arise from focus readjustments before each scan as
well as the laser power fluctuations. Eventually, as demonstrated in Figure S11 (b), no systematic
behavior was found, especially none with the expected periodicity of 60°. Au contraire, the
ratio rather fell with the number of scans performed (Figure S11 (a)), pointing to a successive
degradation of the molecules that proceeds faster on the hBN than on the wafer. Interestingly,
the sharpest drop occurred during the 24-hour break between scan seven and eight, in which the
sample was exposed to no laser light.
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Figure S11: Investigation of polarization dependence of dye emission on the hBN1 flake in terms of the
FLIM intensity ratio between flake and wafer plotted over (a) the temporal scan order and (b) the angle
of the sample’s in-plane orientation. (a) The intensity falls over time. Note that the change from scan
seven to scan eight corresponds to a time span of one day, in which the measurements were interrupted.
(b) No systematic dependence on the orientation angle ist observed. Especially the two measurements at
0° show that the changes over time dominate versus any potential polarization behavior.
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Abstract

The electronic dynamics in monolayer transition metal dichalcogenides (1L-TMDCs) following
optical excitation crucially determine all their optoelectronic applications. The basic processes can
be divided into energy redistribution leading to a thermal equilibrium of the electronic and the
phononic system, and the recombination of the excited species. Furthermore, the displacive
excitation of coherent phonons assigned to the A] Raman mode has been demonstrated employing
sufficiently short pump pulses. In this study, we shed light on the ultrafast dynamics of three
different 1L-TMDCs using transient absorption spectroscopy. We reveal a cascade-like cooling of
the excited electronic states, owing to their differing coupling strengths to high- versus low-energy
phonons. In addition, the coherently excited lattice vibrations imprint a strong oscillatory
contribution onto the signal. We extract a dominating, spectrally broad signature of the A} mode,
whose shape challenges existing models. On top of that, we identify a second frequency band
matching the E' Raman peak in 1L-WS,. Finally, measurements at high pump fluences
demonstrate a phonon bottleneck for the cooling cascade. Simultaneously, the dominant A,1 mode
softens, providing a new degree of tunability for these coherent lattice vibrations. Overall, our
findings demonstrate the strong couplings between the electronic and phononic (sub)systems in

1L-TMDCs.

1. Introduction:

Over the past 15 years, transition metal dichalcogen-
ides (TMDCs) have risen as versatile 2D materials
[1, 2]. Their atomically thin monolayers (1L) drew
particular interest of the scientific community,
owing to their direct band gaps and extraordinarily
high exciton binding energies [3-5]. These prop-
erties essentially constitute a new kind of mater-
ial, highly suitable for (opto)electronic applications
[6, 7]. Indeed, a plethora of devices have been
fabricated, ranging from light-emitting diodes [8]
and photodetectors [9, 10], up to solar cells [7,
11]. Common to these applications is their critical
dependence on decent exciton mobilities and life-
times. In this light, the ultrafast dynamics of 1L-
TMDCs have been extensively studied by different,
complementing methods. Time- and angle-resolved

© 2025 The Author(s). Published by IOP Publishing Ltd

photoelectron spectroscopy is able to localize elec-
tronic populations and identify their relaxation path-
ways in the Brillouin zone [12]. It showed ultra-
fast scattering of non-resonantly excited electrons
towards the conduction band minimum. THz pump-
probe spectroscopy, in contrast, facilitates the distinc-
tion between bound and free carriers [13]. According
to that work, exciton and hot carrier populations
coexist in equilibrium for several picoseconds due
to persisting high electronic temperatures. Here,
the different coupling of high- vs. low-frequency
phonons to the carriers and excitons governs the
thermal equilibration of the electrons with the lat-
tice. Furthermore, optical transient absorption (TA)
spectroscopy provides a tool for thorough analyses of
excitation density-dependent femtosecond to nano-
second dynamics as well as the spectral fingerprints
of excited species [14—19]. In this technique, the high
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electronic temperatures manifest in the form of sig-
nificant peak broadening [15, 19, 20]. On top, these
studies have found the signal decay to be determined
by the diffusion of excitons and defect-associated trap
states that catalyze their recombination [14, 17-20].

In the past years, the advancing time resolution
of TA experiments has facilitated the investigation of
coherent phonons, i.e. lattice vibrations coherently
excited by an ultrashort pump pulse [21]. The the-
oretical concept as well as different underlying mech-
anisms have been proposed decades ago, differentiat-
ing between displacive excitation of coherent phon-
ons (DECP) and impulsive stimulated Raman scat-
tering (ISRS) [22, 23]. Likewise, such signatures with
frequencies of up to a few THz are well-known in
metals and semiconductors [22] as well as topolo-
gical insulators [24]; even layered materials [25, 26]
and TMDCs [27]. However, they have only recently
been observed in the transient signals of the most
common 1L-TMDCs [28-30]. Their oscillations have
remained hidden, due to their high frequencies that
require both the pump and the probe process to take
place within less than half of the vibrational period.
In these materials, the coherent excitation of one
particular vibrational mode has been demonstrated,
namely the symmetric out-of-plane displacement of
the chalcogen atoms in the monolayer, denoted as
All. The second typical mode E’ describes the oppos-
ing in-plane motions of chalcogen and transition
metal atoms. These two vibrations play an important
role in the characterization of atomically thin TMDC
flakes via Raman spectroscopy, as they are sensitive
to the layer number, doping and strain [31], as well
as temperature [32, 33]. Yet, only the displacive excit-
ation of A} has been described in TA experiments,
owing to its high symmetry [22, 29].

The spectral signatures of the aforementioned
mode have been theoretically approached by band
structure calculations for an accordingly distorted
crystal lattice. This yields a good agreement with the
data for MoTe; [34], while exhibiting a clear discrep-
ancy in the case of MoS; [29]. On top of that, the band
structure is predicted to change under atom displace-
ments along the E- mode as well, albeit having a smal-
ler impact than for A; [28].

In this work, we investigated the dynamics of
three different 1IL-TMDCs (WS,, WSe,, and MoSe;,)
using TA spectroscopy with a high time resolution.
We focus on the coupling between the electronic
and phononic system. This interaction causes the
excitation of coherent phonons via absorption of
optical pulses as well as phonon-mediated thermal-
ization and cooling. For the latter, we find a stepwise
process successively involving different phonon spe-
cies, which manifests in the reduction of collisional
peak broadening. The oscillatory dynamics are mostly
attributed to the A; mode for all materials. However,
in contrast to previous studies, we provide evidence
for the involvement of the E* mode as well. All in all,
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our study demonstrates the strong coupling between
the electronic and phononic system of 1L-TMDCs
and sheds light on how this coupling depends on the
excited states and the modes at play.

2. Methods

1L-TMDC flakes were mechanically exfoliated from
thick WS,, WSe,, and MoSe; crystals (HQ graphene).
Subsequently, they were deterministically transferred
[35] to glass cover slips with thicknesses of about
100 pm to 150 pm.

The TA setup mainly follows the typical scheme
[36, 37] plus incorporating several optimizations
regarding sensitivity and time resolution. The supple-
mentary material (SM) contains a schematic of the
experimental layout in figure S1 and a more detailed
description of its functionality in section 1. The setup
was fed by the fundamental pulses of a Ti:Sa amp-
lifier (Spitfire PRO, Spectra Physics), around a cen-
ter wavelength of 800 nm and with pulse lengths of
~ 50fs at a repetition rate of 1 kHz. The pump pulses
for excitation were generated in a noncollinear optical
parametric amplifier (NOPA) [38], tuned to a cen-
ter wavelength of 530 or 595 nm with a bandwidth
of 35 and 50 nm, respectively. They were compressed
using chirped mirrors, yielding pulse lengths below
20fs in both cases. The probe pulses, originating
from a broadband NOPA [39], cover a wavelength
range from 500 nm to 800 nm but remain uncom-
pressed and chirped. All in all, this yields a time res-
olution of up to 45fs, see SM, figure S2. The two
beams were focused onto the sample. We achieved
spot sizes in terms of e ~2-diameters of less than 15 um
for the probe, using an off-axis parabolic mirror, and
110 pm for the 530 nm pump (280 um for 595 nm).
The spectrally resolved detection of the probe light
was implemented using fused silica prisms for dis-
persion and a two-camera setup, splitting the beam
using a wedge plate. Here, the weaker, reflected part
passes the sample as described above and its spectral
intensity is detected by the first camera. The second
camera collects and monitors the transmitted part of
the probe, i.e. a reference beam, allowing for a cor-
rection of intensity fluctuations. The pump and both
probe beams were simultaneously chopped at one half
and one quarter of the laser repetition rate, respect-
ively. Thereby, we create a four-shot pattern, facilit-
ating real-time tracking of dark current and scattered
light. These terms refer to the camera signals without
illumination and with only the excitation light being
present, respectively, in addition to the probe intens-
ity with and without preceding pump pulse used in
standard TA setups. Finally, the ratio of the latter two
leads to the absorption change induced by the excita-
tion of the sample.

Raman spectroscopy was performed as a continu-
ous wave experiment, using a 532 nm diode-pumped
solid state laser for WS, and a 633 nm diode laser
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for the selenides. The excitation light was focused
onto the sample by a 100x objective, with a spot
size of about 1 um. The sample itself was mounted
onto an xy-stage to move the area of interest into the
focus. The emitted light was captured with the same
objective in a backscattering geometry. On its way to
the detection, it passes through a longpass filter to
block backreflected excitation light. Finally, the beam
is guided into a grating spectrometer, where the spec-
tral intensity is measured by a charge-coupled device
(CCD) sensor, thermoelectrically cooled to —70 °C.

3. Photoinduced peak shift and
broadening dynamics

To unravel the ultrafast dynamics in 1L-TMDCs, we
performed TA spectroscopy. We excited the samples
at 530 nm and probed from 500 nm to 800 nm for log-
arithmically spaced probe delays up to 100 ps. At this
point, we focus on WS;, as it yields relatively clear and
well-separated spectral contributions (see figure 1).
Around 2 eV, a pair of a positive (A*) and a negative
(A7) peak characterizes the spectra. Since the reduced
absorbance A~ matches the position and width of the
A exciton absorption band [40, 41], these signatures
are generally attributed to a photoinduced red-shift
of the excitonic A band. The same effect occurs for all
major absorption bands in MoSe, and WSe, as well,
see SM, figures S3 and S4, respectively. Such a shift in
TMDCs may be caused by either band gap renormal-
ization induced by delocalized excited species [16, 17,
42—-44], or localized excitations deforming the ener-
getic landscape in a limited volume, i.e. polarons [19,
45, 46]. In the framework of such shift mechanisms,
the A~ peak represents the original, static absorp-
tion that is now lacking. Consequently, it remains
constant in position and shape and varies only in
intensity, as time proceeds or the excitation fluence
changes. A, on the other hand, which embodies the
shifted absorption of the excitonic band after excit-
ation, is subject to significant broadening. The peak
width increases with fluence and decreases over time,
hence seeming to be somehow related to the excited
species. Indeed, this behavior has been reported as
the result of collisional broadening [14, 15, 19, 43].
Moreover, the high fluences exceeding the Mott dens-
ity (=2 1x10"em=2 [5, 43], ~400uJcm™2) may
result in fast exciton dissociation, thus broadening
the excitonic absorption signature A™ even further.
Both aforementioned effects constitute a nonlinear
response of the material. In addition to the A* peak
pair, the high-energy side of the spectrum exhibits a
broad, almost spectrally constant feature F* without
any correlation to the excitonic transitions. These
three major signatures differ from each other with
respect to their fluence dependence. On the one hand,
A~ saturates already at comparably weak excitation
and A" broadens continuously, proving nonlinear
behavior at high excitation densities. On the other
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Figure 1. Spectral shape and evolution of TA signal of
1L-WS,;. (a) Spectrally and time-resolved 2D map of the
change in absorbance AA for 1L-WS; excited at 530 nm
with a fluence of 1000 x2J cm—2. (b) Excitation
fluence-dependent TA spectra at characteristic times. The
curves are shifted for clarity but share the identical, original
scaling. Generally, the signal is characterized by a pair of a
negative peak A~ around 2.0 eV and a red-shifted positive
one At as well as a broad, roughly constant feature F* at
higher energies.

hand, F* grows quite proportionally with rising flu-
ence, suggesting a still rather linear absorption of the
pump pulses (see figure S5 for a detailed analysis).

Generally, these findings hold for 1L-WSe, and
1L-MoSe; as well (see figure 3 and SM, figures S3 and
S4). The major limitation is that these two materials
exhibit multiple excitonic transitions in the studied
wavelength range. Thus, the stronger overlap of the
corresponding TA signatures impedes the clear sep-
aration of the spectral components and complicates
the dynamics.

To further characterize the nature of the broad F+
contribution as well as to shed light on the dynam-
ical processes at play in this system, we globally fit-
ted the 2D TA data using four exponential decays
(plus an oscillatory component, see section 4). The
exact fitting function and a comparison between data
and fit are given in the SM, section 2.3 and figure
S6. There, we notice that the interval of £100 up
to +£200fs around time zero is dominated by the
coherent artifact. It contains the optical nonlinearities
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Figure 2. Global fitting analysis of 1L-WS, TA data, based
on four exponential decays. (a) Amplitude spectra
corresponding to the four decays for various fluences.
(b)—(e) Fluence dependence of time constants
corresponding to the DAS. While the three fastest decays
show a deceleration with increasing fluence, no systematic
behavior is revealed for the slowest process.

that alter the spectrum when pump and probe over-
lap temporally and depends largely on the intensities
[47]. Consequently, it is determined by the pulse
lengths. To avoid corruption of the fit due to this arti-
fact, we cut the data before 0.2 ps in advance. This
multiexponential fit generally describes the data reas-
onably well, although a number of factors impede an
exact agreement with the data: First, the long-term
dynamics exceed the investigated time span of 100 ps.
Second, the signal decay in TMDCs is known to be
largely governed by more complex recombination
and trapping mechanisms such as exciton diffusion
and Auger scattering [18, 19]. Finally, peak broaden-
ing or narrowing (as well as shifts) will intrinsically
produce non-exponential time traces, regardless of
their underlying temporal evolution. As a result, the
fitted curves slightly deviate from the data, especially
at later times and at the flank of the A* peak. Still, des-
pite its limited accuracy in this case, the global ana-
lysis provides a powerful tool to separate the differ-
ent occurring processes, extract their spectral signa-
tures, and reveal fluence-related trends in their time
constants.

The resulting decay-associated amplitude spectra
(DAS) and time constants 7; for the four exponen-
tials are depicted in figure 2 for different excitation
fluences. With regard to the fastest process, a broad-
band negative feature with a cut-off below approxim-
ately 1.7 eV to 1.8 eV constitutes the DAS 1. As there
is no such signal that could decay, this component
rather describes the retarded growth of the F* sig-
nature. Evidently, F* spans the spectral range of the
excitonic A* bands as well. Consequently, its emer-
gence manifests as an apparent shrinkage of A~ and
rise of AT, even though the DAS 1 exhibit only minor
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modulations in that spectral range, i.e. only minor
dynamics of the excitonic peaks occur at short times.
In particular, we observe no change of the AT peak
shape. Via collisional broadening, its width is linked
to the excess energy of the excited species - excitons
as well as electrons and holes in the conduction and
valence band, respectively. With this in mind, the
DAS 1 show no sign of substantial heat exchange with
the lattice. Consequently, we assume an energy redis-
tribution within the electronic system. As a matter of
fact, such a broadband increase of the TA (or decrease
of the transient transmission) within the first pico-
second like for the DAS 1 or with rising fluence can
be found in the data of numerous previous works
[15, 16, 20, 43, 44, 48]. It has been attributed to the
formation of charge carriers as opposed to the initially
excited excitons [44, 48]. Indeed, THz experiments
have observed that free carriers and excitons form
an equilibrium on similar, subpicosecond time scales
[13]. The electronic system relaxes into a thermal
balance between free and bound charge carriers loc-
ated in the vicinity of the band extrema. Due to the
high electronic temperature, the distribution between
these two species might be almost even. This equilib-
rium may even be shifted further towards free carri-
ers, taking the high excitation densities in the range of
the Mott density into account [43]. It appears that this
equilibrated electronic population causes an unstruc-
tured, additional absorption above the optical band
gap.

The DAS2 embody fluence-dependent narrow-
ing dynamics of the positive excitonic peak A™. The
spectra are constituted by a strong dip roughly at the
AT position framed by two weak positive features.
For the given broad shape of the peak, this means a
growing amplitude at the peak center and a simul-
taneously shrinking one at the flanks. Consequently,
the shape narrows, as already observed in figure 1. In
the framework of collisional broadening, the spectral
width of the absorption bands is determined by both
the density as well as the temperature of the excited
species [49]. Since the former does not change sig-
nificantly on these short time scales [16, 18, 19, 50],
the narrowing indicates a cooling of the excited spe-
cies, reducing their collision rate. Interestingly, des-
pite the cooling, the thermal equilibrium between
excitons and free charge carriers is not substantially
effected. Apparently, the electronic temperature still
remains relatively high. This phenomenon can be
explained by a hot-phonon effect [51-54]: As per this
model, high-energy phonons couple more strongly
to the electronic system than low-energy ones, there-
fore the former two rapidly reach a thermal equilib-
rium. However, these high-energetic lattice vibrations
make up just a fraction of the phononic spectrum
and - correspondingly - of its heat capacity. Ergo, the
electronic temperature yet lies way above that of the
remaining lattice. On top of that, the hot phonons
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may be reabsorbed by the electronic system, creating a
dynamic equilibrium that preserves the elevated tem-
peratures. As a matter of fact, values of about 1500 K
persisting for more than 5 ps have been reported in
1L-WSe, already for fluences one order of magnitude
below the ones employed in this work [13]. In addi-
tion to the narrowing dynamics, the contributions in
the DAS2 indicate that the AT peak is further red-
shifted at higher fluences. We suppose that this origin-
ates from the band gap shrinkage associated with the
elevated temperature of the high-energetic phonon
subsystem. This occupation of vibrational modes may
slightly displace the mean positions of the atoms, thus
modifying the energy of the optical transitions.

As a third step in the temporal evolution of the
TA signal, we observe the reduction of the fluence-
dependent red-shift of the AT peak within tens
of picoseconds. The DAS3 for the higher fluences
exhibit a positive feature at the low-energy side and a
negative one at the high-energy side of AT, translating
to a blue-shift. As we interpreted the initial red-shift
of AT at high excitation densities in terms of an elev-
ated (phononic) temperature, the DAS 3 corresponds
to a further cooling of the electronic system and the
hot phononic subsystem. Now, the low-energy phon-
ons come into play, yielding a thermal equilibrium of
both the whole lattice and the excited species. Hence,
the balance between carriers and excitons tips in favor
of the latter, thus simultaneously reducing the broad-
band FT contribution, which was associated with free
carriers. For the lowest fluence, in contrast to the
higher ones, the peaks in the DAS 3 happen to match
the positions of the excitonic features A* instead of
marking the red and blue tail of AT. Ergo, the amp-
litude of the TA signal is reduced, indicating that
recombination of excitons also plays some role on
this time scale. In fact, recombination in monolayer
TMDCs is known to proceed nonexponentially over
tens up to hundreds of picoseconds, being governed
by diffusion and trapping [18, 19]. Consequently, the
spectral amplitude related to the final signal decay will
be split up between the two slowest exponential com-
ponents in our fit.

Indeed, recombination and the corresponding
signal decay are what characterizes the final stage of
the dynamics. The shape of the DAS 4, unlike in the
two preceding steps, is largely independent of flu-
ence, indicating a thermally rather equilibrated sys-
tem. Furthermore, this underlines that the broaden-
ing and shift dynamics embodied by the DAS 2-3 do
not result from the mere excited populations them-
selves but from the heat exchange with the lattice. If
solely the density of the excited species were respons-
ible for those effects, the differences in spectral shape
between different fluences would persist until the
end of the recombination. However, the shape of
the DAS 4 is nearly identical for all excitation dens-
ities. Moreover, their two bands at about 1.9eV and
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2.0 eV match the A* contributions to the TA spec-
tra, hence describing a mere decay of the remaining
signal.

All of the discussed signatures occur in the other
investigated TMDCs in a similar manner, as we show
in the SM, figures S7 and S8. Here, unfortunately,
multiple excitonic bands lie in the visible range. Their
overlapping clouds the peak narrowing as well as
shifts and thus poses a major restriction on the dis-
entanglement of the dynamics.

Finally, we discuss the trends in the time con-
stants of the four discussed processes, as different flu-
ences were applied, see figure 2(b)—(e). For 7, to 73,
we find a clear increase, ergo a deceleration of the
dynamics with rising excitation density. This means
that the thermalization and cooling - the energy redis-
tribution steps - are slowed down at higher fluences.
Chi et al [52] explained this phenomenon addu-
cing three fundamental, nonlinear mechanisms. First,
while a large population of excited species thermal-
izes, the target states will continuously build up a
relevant occupation. For the remaining, still unther-
malized particles, this results in less free states to
relax into, constituting a bottleneck and thus slowing
down the process. Second, excited populations induce
Coulomb screening that might weaken the electron-
phonon coupling. A final point results from the hot-
phonon effect under the impression of the high flu-
ences employed [52-54]. In this scenario, the cool-
ing of the electronic system is accompanied by the
creation of a substantial population of hot phonons,
as discussed above. Consequently, electron-phonon
coupling will not only result in creation of phonons
anymore but will also include their reabsorption as
well. This, in turn, represents a heat transfer back into
the electronic system, hence slowing down its cool-
ing and keeping the temperatures at a high level. The
higher the excitation density, the more balanced the
dynamic equilibrium between phonon creation and
reabsorption will be, thus prolonging the cooling pro-
cess. T4, in contrast, exhibits no systematic fluence
dependence. Here, major fluctuations arise from the
inaccuracy of the fit, owing to the limited investig-
ated time interval and the nonexponential nature of
the recombination. On top of that, the (normalized)
signal evolution has been proven independent of the
fluence [19]. However, the saturation of the excitonic
peaks at high fluences near or above the Mott density
could cause an apparent deceleration of the decay. In
this regime, the signal amplitude barely changes with
increasing fluence. Ergo, it does not change either
as the excited species recombine, until their density
falls below the saturation threshold. As a result, the
observed decay occurs in a delayed or slowed-down
fashion. Nevertheless, we can conclude that the val-
ues for 73 and 74, which contain the signal decline,
are in line with the typical recombination timescales
reported for 1L-TMDCs [16, 18, 19, 44, 48].
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All in all, the dynamics in 1L-WS, is character-
ized by three major steps: First, the excited species
thermalize into a balance of carriers and excitons.
Second, a cascade-like cooling of the electronic system
takes place, initially by coupling to high-energy phon-
ons and successively involving the lower-energetic
ones. Lastly, the cooled species recombine.

4. Oscillatory signatures of Raman modes

Generally speaking, all three investigated TMDCs
share the basic characteristics of the transient signals
discussed above (see also SM, section 2.1). In a similar
manner as for 1L-WS,, the 2D map for 1L-MoSe; in
figure 3(a) incorporates pairs of a short-wavelength
negative and a long-wavelength positive peak each.
They result from the discussed photoinduced red-
shift of the original, static absorption bands. Here,
the higher number of band transitions in the respect-
ive wavelength region manifests in numerous TA con-
tributions. The low-energy side of the spectrum is
characterized by the transient signatures A~ and B*
attributed to the excitonic A and B direct band gap
transitions, which are typical for TMDCs [40, 41].
The presumed A™ peak already resides outside of the
investigated spectral region. On the high-energy side,
we find the footprint of the C transition that arises
from band nesting [12, 19]. Again, the sequence of
positive CT and negative C~ indicates a photoin-
duced absorption red-shift. Finally, the broad F* fea-
ture occurs, dominating especially the center of the
spectrum and superposing C*. Up to this point, the
spectral signatures of both materials follow the same
pattern.

Yet, there is a new feature to discover in 1L-MoSe,
compared to 1L-WS,. A closer look at the TA map
reveals an oscillatory contribution in the early tem-
poral evolution, which could not be seen as easily
in 1L-WS,. These periodical signatures are of funda-
mentally different nature than the electronic dynam-
ics discussed up to this point, which all proceed
monotonously. To capture the oscillations in detail,
we repeated the TA measurement employing a shorter
time axis ending already at 4 ps to 5ps but in turn
using fine, equidistant spacing of the time points. To
isolate the oscillations, we again fitted the 2D data
with three exponential decays. Unlike in section 3,
the time trace for each wavelength pixel was analyzed
separately to increase the fit accuracy. Subsequently,
the fit result is subtracted from the data to obtain a
residue that contains solely the oscillating part of the
dynamics (see figure 3(b)). Indeed, we find a periodic
pattern of negative and positive absorption changes
lasting for several picoseconds. Interestingly, this pat-
tern spans almost the entire spectral region, albeit
with varying amplitude. Furthermore, the phase of
this oscillation appears remarkably constant in the
middle of the spectrum and changes only gradually
towards the rim. To isolate and separate the frequency
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Figure 3. Oscillations in 1L-MoSe; TA data. (a) 2D TA
signal for 1L-MoSe,. (b) 2D Residue of a three-exponential
fit onto the short-term TA signal. The plot clearly shows
temporal oscillations that are in phase over a large spectral
region and persist for several picoseconds. Note that the
measurements for (a) and (b) were conducted under
identical conditions except for the time axis. The former
employed logarithmically spaced time points up to 100 ps
while the latter used small, equidistant steps and ends at

R 4.2ps. (c) 2D FFT amplitude map of the data shown in
(b). The striking feature is a frequency band at around

7 THz that spans most of the investigated wavelength range.

components present in the oscillatory residue of the
TA data, we perform a fast Fourier transform (FFT)
analysis. Comparing the frequencies found in the res-
ulting spectra to known resonances of the material
allows for the identification of the underlying phys-
ical processes. Indeed, the FFT analysis confirms a
single peak at around 7 THz, shown in figure 3(c).
This points towards a single characteristic vibrational
mode being at play.

In fact, previous studies on different TMDCs have
attributed temporal oscillations of similar frequen-
cies as belonging to the AI1 Raman mode [28-30, 34].
To confirm this assignment, we performed Raman
spectroscopy on the same samples that were investig-
ated in TA measurements beforehand. These spectra
should include all optically active modes that could
be excited by the pump pulse [57]. Figure 4 com-
pares the Raman spectra (bright lines) to the FFT
signal (dark lines) of spectrally averaged time traces
(see SM, section 3.3 for details) for each of the three
materials. In the case of 1L-MoSe,, the clear separa-
tion between the Raman modes [55, 58, 59] facilitates
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Figure 4. (a) Assigning the FFT bands to corresponding Raman modes of each TMDC. For all three materials, the major peak of
the FFT spectrum resides slightly red-shifted from the corresponding Raman peak of the A; mode. In 1L-WS;, we find an

additional FFT signature, whose frequency of 10.5 THz lies slightly lower than the E’ Raman mode. Peak labeling follows [55, 56].

(b) Real-space illustrations of the two discussed vibrations.

an unambiguous attribution of the FFT peak to the
A, mode. Yet, we note that there is a slight frequency
mismatch between the two, with the maximum of the
FFT curve occurring at lower values, i.e. red-shifted.
This frequency shift will be discussed later. For 1L-
WSe;, diverse Raman peaks gather in the vicinity of
the FFT band around 250 cm ™. Especially the A/1 and
E modes may even lie indistinguishably close to each
other [32, 55, 56, 60]. To test which of the two the TA
oscillation belongs to, Jeong et al [28] exploited the
dependence of the vibrational mode on the number of
layers. They found that the FFT band follows the fre-
quency increase of A| from monolayer towards bulk
WSe, whereas E becomes softer. Thus, the frequency
found in the TA signal corresponds to the slightly
red-shifted AI1 Raman peak. In 1L-WS,, in turn, the
two major modes are well-separated again. The dom-
inant FFT band lies a few cm™! below the faint A,
Raman signature at about 12.5 THz. Surprisingly, we
find another peak in the Fourier spectrum, which is
also confirmed by a characteristic phase feature at
the same position (see SM, figure S14). This second
frequency band occurs consistently for excitation at
530 nm but disappears when pumping at 595nm,
as shown in the SM, figure S11(f). Its wavenumber
matches the (again slightly red-shifted) E’ mode. This
finding draws particular interest, as such a compon-
ent neither occurs in the other two TMDCs nor in
previous studies.

To possibly explain the emergence of this E', we
first have to dive into the induction mechanism of the
oscillations in general. Here, two possibilities exist,
namely ISRS and DECP [22, 23]. In the former model,
pump photons will scatter at the lattice, transferring
energy onto the nuclei and thus starting their motion

from the equilibrium position. Hence, the oscillatory
signal will start at zero displacement. For DECP in
contrast, the excitation of excitons or free carriers will
alter the covalent bonding between the atoms, there-
fore shifting the equilibrium configuration. As the
inert nuclei cannot adapt as quickly, they still reside
at their original coordinates. Subsequently, they will
begin to oscillate, starting at the maximum displace-
ment with respect to their new equilibrium position.
In agreement with the earlier studies, we find a max-
imum of the temporally oscillating TA signal at time
zero (see SM, figure S15), thus concluding a DECP.
In this light, the coherent excitation of vibrational
modes is not specifically restricted to any single mode
but generally possible. Although it has been stated
that only the highly symmetric A, modes facilitate a
DECP [22, 29], the broken inversion symmetry in 1L-
TMDCs undermines this argumentation. However,
the E' mode is expected to cause much weaker TA sig-
nals than A; [28]. Nevertheless, the amplitude of the
oscillation is also influenced by the coupling strength
of each phonon mode to the electronic system, which
probably still depends on the pump wavelength. The
underlying reason is that different photon energies
excite different electronic states with correspond-
ingly varying charge distributions. For instance, the
absorption band of the B exciton lies around 530 nm
in 1L-WS, and might couple strongly to E as well.
Classic Raman spectroscopy has similarly shown a
strong spectral dependence of the ratio between E
and A;: It so happens that in 1L-WS,, the coupling
for E' in relation to the A| mode reaches a maximum
around 530 nm, giving rise to the observed peak [60].
Near 600 nm, in turn, A/1 prevails. Likewise, the E
mode plays at most a minor role in 1L-MoSe, for
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both excitation wavelengths [58, 59]. In 1L-WSe,, as
these two Raman bands lie too close to each other,
we would not be able to distinguish them in the FFT
spectra of the TA residue time curves. A contribu-
tion from other, close-lying modes cannot be fully
excluded. In fact, we observe a slight spectral shift of
the oscillation frequency in 2D FFT maps (SM, figure
S10(b) and (e)). Here, the occurrence of a second fre-
quency band with a possibly different spectral amp-
litude could provide an explanation. Concluding, we
find a strong coupling between the electronic and
phononic system that facilitates the coherent excita-
tion of lattice vibration. Although the A fingerprint
prevails in the TA signal, the mechanism seems to
apply to E as well.

Now, we turn from the origin of the coherent
phonons towards their effect on the TA spectrum.
Figure 5(a) depicts the spectral distribution of the
oscillation amplitude for all TMDCs, as obtained
from integrating the 2D FFT spectra over the fre-
quency interval of the peak. For comparison, the TA
signal at a delay of 1ps (b) as well as the 2D maps
of the short-term TA fit residue (c)—(e) are shown.
In general, the amplitude spectra illustrate a broad
TA response to the oscillations, spanning almost the
entire wavelength range. This unstructured, wide-
spread imprint of the A} mode onto the TA sig-
nal rules out excitonic effects as the major cause
for the spectral response, as they would emerge as
defined bands in the spectrum. Yet, in agreement
with the residue maps, the oscillations only weaken
towards the rim of the spectral range. Even this
might be an effect of the worse time resolution there,
which smears out the sinusoidal characteristics. For
the same reason, the oscillation amplitude is much
weaker in 1L-WS, compared to the other two TMDCs
(figures 5(c)—(e)). The higher oscillation frequency
of ~12.5 THz corresponds to a semi-period of 40 fs,
which is close to our experimental time resolution of
45fs. This confirms that we are able to resolve even
this lattice vibration, albeit with a much lower TA sig-
nal amplitude than for the other two TMDCs.

In addition to their generally broad shape, the
amplitude spectra exhibit certain modulations in the
vicinity of the TA peaks. In fact, local minima in
the oscillation strength coincide with zero crossings
between the excitonic contributions in the TA. The
maxima, accordingly, match the TA extrema. In this
light, there seems to exist a—supposedly excitonic—
mechanism that weakly couples the coherent phon-
ons to the amplitude of the TA spectrum. All in all,
we find a major TA response to the coherent phonons
that is independent of specific electronic or excitonic
transitions. On top of that, the lattice vibrations
appear to have only a minor effect on the transient
peaks. In previous theoretical attempts, the oscillation
amplitude spectrum was approached by band struc-
ture calculations in dependence of the nuclei elong-
ation following the A; Raman modes [28, 29, 34].
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Figure 5. (a) Normalized FFT amplitude spectra integrated
over the frequency band of the dominant oscillation for the
three investigated TMDCs. They all show a broad
contribution over the spectral region with modulations at
or around the excitonic bands. At the rim of the
investigated wavelength interval, the amplitude tends to
drop. (b) TA spectra for the three monolayers at 1 ps and
F=1000 u2J cm~2. (c)—(e) 2D TA fit residues (equivalent to
figure 3(b)). The oscillations are in phase over a broad
fraction of the visible spectrum. Phase changes towards the
shortest/longest wavelengths proceed gradually, without
any phase flips. The data in (e) was smoothed and scaled for
clarity.

Here, the displacement of the atoms leads to a band
gap renormalization that in turn causes a shift of the
excitonic absorption bands. Hence, their peak pos-
itions would oscillate, manifesting in two key char-
acteristics of the corresponding TA fingerprint. As a
first point, this model predicts a characteristic spec-
tral amplitude caused by the coherent lattice vibra-
tions. In the flanks of the peak, where the slope is
the steepest, the TA signal will change the strongest if
the peak is shifted. In the center or far away from the
flanks, however, a spectral displacement of the peak
will barely alter the TA signal. As the second point,
a periodically shifting peak would result in oppos-
ite phases of the signals on its two sides, respect-
ively. When the absorption band spectrally moves
from its original position towards higher energies,
the signal will increase on its blue side while it is
reduced on the red side. In total, for every absorp-
tion band that shifts periodically with the AIl vibra-
tion, one would obtain two distinct peaks in the
oscillation amplitude spectrum, which are character-
ized by opposite phases. While this phase flip was
observed and accurately described for at least one
absorption band in 1L-MoTe, [34], this model lacks
accuracy in the case of 1L-MoS, [29]. Likewise, it
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does not account for the broad nature of the amp-
litude spectra we observe. Moreover, we do not find
any phase flips associated with a periodic peak shift.
Admittedly, the oscillation phase shifts close to the
edges of the spectrum (see figures 5(c)—(e) and SM,
figure S15). However, this proceeds continuously
rather than abruptly. Consequently, the off-drifting
phase is most probably caused by residual probe chirp
owing to inaccuracies of the zero point correction
employed in the TA analysis (discussed in detail in
the SM, section 3.4). In the center of the investigated
spectral range, both phase and amplitude are remark-
ably stable, in stark contrast to the aforementioned
theoretical model. With this in mind, we rule out
a periodic shift of the (excitonic) absorption bands
as the dominating mechanism behind the oscillatory
fingerprint on the TA signal.

These findings point towards a spectrally rather
constant background being induced by the coherent
lattice vibrations. Altogether, they indicate at most a
minor contribution of band and peak shifts. To our
best knowledge, a suitable model to describe such a
broadband response is still missing. Thus, our res-
ults leave room for and encourage more comprehens-
ive explanations of the mechanism that imprints the
coherent phonons onto the transient signal and that
defines their spectral signature.

Given the coherent nature of the excited phonons,
we move on to investigate their behavior as a collect-
ive excitation whose effect on the material is tuned
by varying the pump fluence. In order to quantify
impact of the excited species density on the oscilla-
tion, we focused on spectrally averaged time traces as
above. Fitting an exponentially decaying cosine, we
extract the oscillation frequency, lifetime and amp-
litude, which are depicted in figure 6. To quantify
their uncertainties, we varied one of the parameters,
respectively, then kept it constant while fitting the
others, to see when the fit quality decreases signific-
antly. The details of this procedure can be found in
the SM, section 3.3 and figure S12. For comparison,
we also plot the maxima positions of the FFT peaks
as a different approach to obtain the frequency. In
this case, however, the peak width and thus the fre-
quency resolution are essentially limited by the finite
time interval, in which the oscillation does not decay
completely. Ergo, a detailed discussion of the values
obtained from the FFT does not appear reasonable
and we focus on the fit results instead. For the sake of
clarity, we restrain ourselves to the parameter values
for 1L-MoSe;,, while findings for the tungsten-based
materials can be found in the SM, section 3.3. and
figure S13. To bring measurements at different excit-
ation wavelengths into line, we plotted the paramet-
ers over the TA signal around 0.2 ps and from 500 nm
to 520 nm as a measure of the excited species dens-
ity. Here, the signal strength scales rather proportion-
ally with the excitation fluence, as opposed to espe-
cially the A* and B* features, which saturate already
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Figure 6. Excitation density dependence of oscillation
frequency (a), lifetime (b), and amplitude (c) as obtained
from fitting (and FFT) of the spectrally averaged 1L-MoSe;
residue data. The x-axis shows the TA signal (500 nm to
520nm at 0.2 ps) as a (pump wavelength-independent)
measure for the excitation density. Solid symbols represent
TA scans with a logarithmic time axis, while open symbols
stem from scanning in small, equidistant time steps. The
uncertainty bars are derived using the procedure described
in the SM, section 3.3 and figure S12. Frequency and
oscillation amplitude fall/rise almost linearly with signal
strength and the results obtained from 595 nm excitation
are in line with those yielded from pumping at 530 nm. The
lifetime, in contrast, drops only at the highest fluence, while
the long-wavelength excitation stands out with a
significantly prolonged decay.

at the lowest fluences applied (see SM, figure S3 and
S5). Likewise, the oscillation amplitude grows almost
linearly with the excitation density (figure 6(c)). This
observation holds for the other two TMDCs as well,
see SM figure S13 (c) and (f).

The second consistent behavior is the decrease of
the oscillation frequency at higher excitation dens-
ity by 6cm™! to 8cm™! for all three TMDCs. Note
that for the lowest fluence, the frequency discrep-
ancy with respect to the Raman spectra (see figure 4)
shrinks to no more than a few cm™!. In other words,
the A; mode softens at strong excitation compared
to the quasi-zero fluence values in continuous wave
experiments. We conclude that a high density of elec-
tronic excitations gives rise to a decelerated lattice
vibration. This phenomenon can be understood in
terms of the electronic states constituting the covalent
bonds. As optical excitation lifts electrons into higher,
i.e. antibonding orbitals, the bond strength weakens.
On the one hand, this causes the DECP discussed
above. On the other hand, a weak bond typically
appears as a relatively flat energetic minimum. Thus,
a high density of excitations will also globally lower
the potential curvature around the equilibrium pos-
itions of the nuclei, manifesting in a softened vibra-
tional mode with a reduced frequency. Alternatively,
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a similar effect could be induced by anharmonicit-
ies in the bonding potential [27]. However, they
would cause higher harmonics emerging as additional
bands in the FFT spectra, which we do not observe.
All in all, regardless of the underlying mechanism,
the present excitation density dependence provides
another tunability of the vibrational modes, along-
side temperature [32, 33] as well as doping, strain and
layer number [31].

Finally, we turn to the oscillation lifetime plot
of figure 6(b). Here, we generally find a tendency
towards shorter lifetimes at higher excitation densit-
ies, albeit by far not as clear as for the previous para-
meters. For this parameter, the uncertainties appear
to be rather overestimated, given that they drastically
exceed the actual differences between the data points.
In the case of 1L-MoSe,, we note an acceleration of
the oscillation amplitude decay only for the highest
fluence. The data point originating from pumping at
at 595nm, in turn, protrudes with a clearly longer
lifetime. Intuitively, this points towards a thermal
effect, where a higher excitation excess energy or lar-
ger fluence result in a raised electronic temperature.
Consequently, electron- or exciton-phonon scatter-
ing is enhanced, which promotes dephasing of the
coherent phonons. However, the distinction between
595 and 530 nm does not remain as clear when look-
ing at the other TMDCs (shown in the SM, figure S13
(b) and (e)). Hence, the nature and heterogeneity of
the initially excited electronic states as well as how
this translates to a broadening of the A; phonon peak
appear to play the major role [27].

Concluding, the oscillations associated with the
coherent lattice vibrations most notably undergo a
deceleration with higher excitation density owing to
an overall weakening of the covalent bonds. On top
of that, the dephasing of the coherent phonons pro-
ceeds faster.

5. Conclusion

This work focuses on the TA changes in 1L-TMDCs
induced by ultrashort optical excitation as well as
the coupling of phonons to the electronically excited
states. The TA spectra are characterized by a shift
and broadening of the excitonic absorption bands.
Additionally, we observe and discuss a broad, over-
laying feature correlated to free carriers that emanate
from the thermal dissociation of excitons. The follow-
ing dynamics are governed by consecutive thermal-
ization steps, first involving only the electronic sys-
tem, then spreading to strongly coupled hot phonons
and finally equilibrating the whole lattice. The limited
availability of high-energy vibrational modes consti-
tutes a phonon bottleneck decelerating the cooling at
high fluences.

On top of these incoherent processes, coher-
ent phonons are displacively excited, again prov-
ing a strong coupling to the electronic system.
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While the A} Raman mode dominates, we addi-
tionally find a contribution of E" in 1L-WS, exclus-
ively. These coherent lattice vibrations cause a
broad spectral response plus small modulations of
the excitonic bands. Finally, especially the phonon
frequency decreases while enhancing the excita-
tion density, demonstrating a certain degree of
tunability.

In summary, the electronic and phononic sys-
tems of monolayer TMDCs have been proven to
be strongly coupled. On the one hand, their inco-
herent interactions govern the cascade-like cool-
ing of excited species. On the other hand, exciton-
phonon coupling during the optical excitation gives
rise to coherent lattice vibrations, which in turn
imprint a spectrally broad response onto the transient
signal.
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1 Setup for transient absorption spectroscopy

Transient absorption (TA) spectroscopy forms the basis of our work. However, the investigation
of ultrafast processes in atomically thin transition metal dichalcogenides (1L-TMDCs) poses
particular requirements regarding time resolution and sensitivity. To achieve these, we modified
the standard scheme for TA spectroscopy 2.

1kHz

Ti:Sa amplifier ogré)()%A ( Q\ % <]
800 nm, 50 fs \ 500- nm

500 Hz
Chopper
250 Hz

®

Chirped E
mirror % Intensity
\compression

tuning
k= N
00
N\ V4 SF
Polarizers

Figure S1: Schematic illustration of the experimental TA setup.

The schematic of the setup it depicted in figure S1. A titanium:sapphire (Ti:Sa) amplifier
serves as the feed, emitting pulses with a duration of 50fs at a rate of 1kHz, centered around
800 nm. This fundamental near-infrared (NIR) beam is split up into two parts to generate pump
and probe pulses independently, but from the same light source. Accordingly, the probe pulses
are directed over a linearly movable delay stage that adds a defined length to the beam path,
thus tuning its arrival time at the sample spot with reference to the pump pulses. The latter
are created in a noncollinear optical parametric amplifier (NOPA)3, converting the fundamental
NIR light into visible laser pulses of 530 or 595 nm. They are subsequently compressed using ar
pair of chirped mirrors, resulting in pulse lengths below 20fs. Afterwards, the combination of
one rotatable and one fixed wire grid polarizer provides the possibility to continuously tune the
beam intensity while retaining the orientation of the linear polarization. The latter can then be
adjusted with a half-wave (%/2) plate. Finally, a spherical mirror focuses the pump beam onto
the sample.

For the probe light, on the other hand, a broad spectrum is desired to investigate the absorption
change of the sample over a large regime of the spectrum. Here, we use a broadband NOPA
(BrOPA)*, covering the range from 500 nm to 800 nm. This light is also focused onto the sample
and its transmitted part is dispersed onto a camera, allowing for the spectrally resolved detection
of the probe light. At this point, the distinctive features of this setup with respect to the typical
ones come into play. Firstly, we use off-axis parabolic mirrors for the probe focusing, yielding
1/e2-spot sizes below 15pm, which define the spatial resolution. Secondly, we chop both pump
and probe beam at one quarter and one half of the laser repetition rate, respectively. This creates
a period of four shots with different pulse configurations. In the case, where both beams are
blocked, the detection measures only (electronic) background that can be subtracted from all
other configurations’ intensity. If only the pump pulse is transmitted, we detect the scattered
excitation light. Transmitting solely the probe beam allows for measuring the static absorption

2
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of the sample, that means in the unexcited state. Finally, when both pulses reach the sample,
the pump will create an excitation while the probe arrives with a defined delay At. Therefore,
it probes the absorption at that specific time after pumping the system. Here, the intensity
measured in the pump-only configuration is subtracted to eliminate contributions that do not
stem from the BrOPA light. At this point, the ratio of the probe intensities with versus without
preceding excitation usually yields the change in the absorption/transmission of the sample. In
this setup, however, we also track the intensity of the probe light separately from what happens
in the sample, which constitutes the third and final modification of the setup. After the beam
chopping, we split the probe beam using a wedge plate. While the reflected signal part proceeds as
described above, the transmitted portion serves as a reference. Without any sample interaction,
it is dispersed onto the reference camera and thus enables tracking the unaltered, original probe
light intensity. In this way, any spectral fluctuations can be monitored and corrected before
calculating the TA signal. It is expressed as the change in absorbance AA, that is the negative
decadic logarithm of the ratio of the probe transmissions with (7*) versus without (7p) the pump
pulse exciting the sample first:

*

AA = —logy To (1)

Since the time resolution of the experiment is of pivotal importance for the observation of
ultrafast processes and especially the coherent phonons, we quantify it in the following. To this
end, we take a closer look at the rising edge of the TA signal around time zero. However, for
atomically thin TMDCs, the signal is relatively week and the zero point artifact prevails (see
figure S6). To overcome this issue, we perform the technique on another sample with a stronger
absorption. We use a thin membrane of polymethyl methacrylate (PMMA), in which molecules of
the dye 1,6,7,12-tetraphenoxy-N,N’-bis(2,6-di-isopropylphenyl)-3,4,9,10-perylenedicarboximide
(Perylene Red, PR) are incorporated.
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Figure S2: Rising edge of the TA time trace of a PR:PMMA thin film excited at 530 nm and probed at
585 nm. The horizontal dashed lines mark start and end level of the signal rise, the dotted ones represent
the 10 and 90% completion of the build-up. The temporal distance between these two points amounts to
45 fs, serving as a measure for the time resolution of the setup.

Figure S2 depicts a time trace of this system, acquired at a probe wavelength of 585 nm in
the middle of the BrOPA spectrum under similar conditions as the TMDC measurements. In
fact, we observe an ultrafast signal rise that can be quantified to 45fs, in terms of the duration
from 10 % to 90 % of the rising edge. This demonstrates that the setup is indeed able to resolve
oscillations like the coherent phonons with periods down to 80fs.
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2 TA dynamics of 1L-MoSe, and 1L-WSe,

2.1 Fluence-dependent TA spectra

In the main body of this paper, we discuss the transient absorption (TA) signals of WS, and
MoSey. We explicitly show the 2D TA maps for both materials as well as the fluence-dependent
spectra for WS,. Here, we present the complementing data for MoSe, as well as the measurements
on WSe,, which have not been discussed in detail yet.
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Figure S3: 1L-MoSe, TA spectra at characteristic probe delays for various pump fluences. The C*- and
F*-features strongly overlap and therefore cannot be distinguished. Note that the different spectra are
offset for clarity but share the same, original scaling.

Figure S3 shows the fluence-dependent TA spectra of 1L-MoSe, at various time delays. They

exhibit similar features as for 1L-WS, (see figure 1 in the main body), especially the photoinduced
shift of the static absorption bands. This manifests in pairs of a negative and red-shifted positive
peak each. The major differences to WS, arise from the higher number of absorption bands
in the examined wavelength range in MoSe,?%. Especially the excitonic A and B peaks lie
close to each other, resulting in partial overlapping of the corresponding transient features. In
combination with the presumed AT peak falling out of the spectrum, this arrangement largely
veils all broadening and shifting dynamics of the positive peaks.
In contrast to the excitonic A and B contributions, the C peak originates from band nesting” *.
On top of that, the corresponding transient features C* scale relatively linearly with fluence at
short times, while the excitonic contributions saturate already at the lowest fluences. Over time,
C~ seems to shrink and CT to grow. In the light of what we learned from the spectra in WS,,
we suppose that this rather originates from the underlying and growing, broad F* feature than
from actual dynamics of the C* peaks. F1 is associated with free carriers and already emerged
in the spectra of WS, as an unstructured feature covering most of the visible range (see figures
1 and two of the main body).

We now turn to the TA signal of 1L-WSe,, as depicted in figure S4, that bears striking
similarities to the data of 11-MoSe,. Again, the A* peak pair resides at the low-energy edge of
the spectrum, while C~ marks its blue margin. Interestingly, we observe neither a clear C* nor
some distinct B* contributions. However, literature shows that both the B exciton band as well
as the band nesting absorption are less pronounced and sharp than in the other transition metal
dichalcogenides (TMDCs)!?. Consequently, the strong FT feature prevails in the center of the
spectral range and even in its short-wavelength regime at longer times.

All in all, taking the different static absorption spectra of the three materials into account, the
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Figure S4: TA dynamics of 1L-WSe, (a) 2D TA map for a fluence of 1000 p1J cm~2. In addition to the
rather monotonously proceeding signal decay as well as peak shifting and narrowing, there is a strong
oscillatory contribution to the temporal evolution at short times. This component appears to be in phase
over the whole spectral range. (b) Spectra at characteristic probe delays for various pump fluences.
The B*- and C*-peaks are relatively weak in this material'® and thus cannot be distinguished from the

strong, spectrally constant F-feature. Note that the different spectra are offset for clarity but share the
same, original scaling.

transient spectral features follow an identical pattern. They consist of pairs of positive and
negative peaks due to the photoinduced red-shift of the original, static absorption bands plus a
superposing broad contribution associated with free charge carriers.

2.2 TA signal linearity and saturation under varying pump fluence

For high excitation fluences, the TA signal of 1L-TMDCs may become subject to saturation
effects. Most prominently, excitation in the range of or above the Mott density (= 1 X
10" em=2112 ~ 400pJ cm™2 at 530nm) will result in spatial saturation of the crystal with
excitons. Hence, additional electron-hole pairs will dissociate, thus capping the amplitude of
(transient) excitonic absorption bands. Peaks of other nature, in contrast, may continue to
grow. However, as the ground state is significantly depopulated, the absorption of the material
will bleach, constituting an upper limit for the excitation density and correspondingly for the TA
signal strength as well. To investigate these effects, we take a closer look at the signal amplitude
around characteristic excitonic versus non-excitonic features.

Table 1 lists the corresponding spectral regions and time ranges that were used to obtain
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Table 1: Wavelength and time intervals used to evaluate TA signal strengths in figure S5.
Material | Peak | Wavelength | Time range | Peak | Wavelength | Time range
range [nm| | [ps] range [nm| | [ps]
WS, F* 500-550 1-2 A~ 600-640 0.19-0.21
WSe, F* 650-680 0.2-0.5 A~ 600-640 0.19-0.21
MoSeq C~ 500-520 0.19-0.21 B~ 680-720 0.19-0.21

averaged values for the TA signal strength of the various contributions. In the case of the
tungsten-based TMDCs, we choose the F™ and A~ peaks as representatives of nonexcitonic and
excitonic features, respectively. For MoSe,, A~ resides already at the rim of the investigated
spectral region, so we replaced it with B~. Likewise, since F* is heavily superposed by other
spectral components, we investigate C~ as a nonexcitonic band. The respective time intervals
were selected based on the results of the dynamics evaluation (figures 2 in the main body as well
as S7 and S8 in this SM). These spectral and temporal restrictions should ensure that the peaks
are as isolated as possible and not overlayed by another feature.

0.01 T
< F _- -
7
o o) o -
_-7®
) -7 ‘
So.003} o - A
= A PRGN = &
£ <
© E ‘ _ g
< 4-
- m WS,: m(F) O(A)
0.001F : 7 WSe,: ®(F) O(A)
P
B MoSe,: A(C) A(B)
”~
5E-4 - 1 1 1 1
200 500 1000 2000

Fluence [puJd/cm?]

Figure S5: Scaling of excitonic (open symbols) and non-excitonic (solid symbols) TA contributions in
1L-TMDCs in dependence of the pump fluence for excitation at 530 nm. The corresponding wavelength
and time intervals, in which the signal strength was extracted, are listed in table 1. The dashed line
represents a perfectly linear relation for comparison, i.e. with a slope of 1. The Mott density is indicated
by the vertical dotted line.

Based on aforementioned time and wavelength regions, figure S5 shows the TA amplitude

of the above-named peaks in dependence of the pump fluence. As expected, the values for the
excitonic peaks (open symbols) exhibit a clearly sublinear growth or even a reduction with rising
fluence. The saturation results from strong excitation near or above the Mott density. The
signal decrease at the highest fluences, on the other hand, presumably stems from superposition
with the FT band, which is characterized by an opposite sign and a differing fluence dependence.
Owing to the broad nature of FT, this overlaying cannot be entirely circumvented.
The nonexcitonic features (solid symbols), in contrast, grow almost linearly with fluence, even
far beyond the Mott density. Consequently, they provide a suitable measure for the excitation
density. Their comparably weak saturation behavior at the highest fluences probably indicates
the limit of how many photons the monolayer can absorb.

2.3 Decay processes and their spectral signatures

In the main body, we present a global fit to the dynamics of the WS, TA signal to separate
and characterize the individual occurring processes (see main body, figure 2). Here, we apply
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the same procedure to the remaining two TMDCs to compare the findings. The fitting function
employs four exponential decays and one exponentially decaying cosine. It reads as follows:

1 —|—erf(t fo) (

AA(Nt) = Z A;( e_%i + Agsc(A) - e Tom - coS(27 fose - t — aosc)> (2)

with the four decay-associated amplitude spectra (DAS) A;(\), the corresponding global time
constants 7;, and an oscillation with the amplitude spectrum Aqg.(A), a decay time 7,5, as well as
a phase agsc. The oscillatory part of the fit, however, is not discussed here but will be analyzed
more thoroughly and by more precise means in section 3.

Around time zero, however, the coherent artifact prevails, see figure S6. It comprises various
nonlinear interactions of pump and probe mediated by the optical nonlinearity of the sample and
especially the substrate material. As a result, is exhibits a complex shape that is difficult to fit.
Therefore, to avoid the results being distorted by the strong coherent artifact around time zero,
we restricted the fit to probe delays beyond 0.2 ps. Hence, the signal rising edge around time
zero plays only a minor role for the fit, so we fixed tg = 0 and assumed a FWHM time resolution
of 40fs, i.e. a Gaussian width of the error function of wy = 24 fs.

To gain an impression of the fit accuracy, data and fit for various wavelengths are compared

in figure S6. Under this scope, all three TMDCs exhibit a similar behavior. The fit matches the
data best in the spectral region where the broad F* feature dominates. For longer wavelengths,
though, the spectra are largely shaped by the partially overlapping excitonic peaks. As the
positive ones are subject to significant changes in width and even position, the resulting dynamics
cannot be accurately described with the given exponential functions. Hence, the fit deviates
significantly from the data, especially at longer times. Here, the saturation behavior of those
peaks, their transforming shape and the presumably diffusion-mediated exciton recombination
dynamics add up to a truly nonexponential time evolution of the signal.
Nevertheless, the fit largely yields a good agreement with the data. Albeit some aspects of the
dynamics cannot be described in a quantitatively accurate fashion, the qualitative results still
provide clear and valuable information on the different processes and mechanisms at play in these
systems. They shall be thoroughly discussed in the following.

For 11-MoSe,, the dynamics start similarly to 1L-WS,. Figure S7 (a) illustrate DAS 1 to be
characterized by a spectrally broad, negative feature that actually describes the growth of the
positive contribution F™. Again, the amplitude scales more or less linearly with fluence while
the corresponding time constant increases as well. However, in this case, the DAS1 drops to
zero beyond 550 nm, while in DAS2, a complementary component appears in the exact same
region. This suggests that F' is still broad in this material, yet the dynamics of its emergence
depends on the probe wavelength. A retarded growth of C* might be possible. Simultaneously,
the excitonic transitions do not leave any significant fingerprints in DAS 2. In WS, as opposed to
this, strong changes of A™ occurred on this timescale. There, we observe the coupling of carriers
and hot phonons, drastically reducing the collisional broadening of the positive excitonic peak.
However, since the A* and BT contributions heavily overlap in MoSe, and A7 falls out of the
investigated spectral range, these narrowing dynamics are largely concealed in these data sets.
Correspondingly, the evolution of F™ determines the time constant 75 as well. Here, we observe
a deceleration of the process with increasing fluence. It appears that the two fastest processes
tend to converge. Consequently, they may just represent a short- and long-term contribution
to the same nonexponential dynamics, namely the thermalization of the electronic system after
excitation.

DAS 3, in agreement with the analysis of the WS, data, embodies a partial decay of the F* feature
plus a fluence-dependent shift of the positive peaks. We assign this signature to the cooling of
the electronic system via coupling to low-energy phonons as well, as opposed to DAS2. There
is no consistent trend of 73 though, possibly arising from the strong overlap of multiple peaks
with different saturation behavior. Finally, the mere signal decay is represented by DAS 4. Here,

7
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Figure S6: Comparison of measured (dots) and fitted (lines) time traces of monolayer WS, (a), WSe,
(a), MoSe, (c) at characteristic wavelengths. The shortest wavelength each corresponds to a spectral
region dominated by FT, while the longest wavelength marks the high-energy side of the A™ peak,
respectively (see Figures S3, S4 as well as figure 1 of the main part for comparison.). Around time zero,
the experimental data is dominated by the coherent artifact.

the spectral shape is essentially independent of the fluence, indicating a thermally equilibrated
system. Due to the long-term inaccuracy of the global fit that was already discussed in the main
body, the time constants do not follow a systematic trend.

For 1L-WSe,, the third material, a global fit with 4 exponentials (plus the oscillation
component reflecting the coherent phonon fingerprint) frequently ran into unstable results. We
attribute this to the location of AT right at the low-energy edge of the spectrum, disguising
most of the expected narrowing dynamics, similar to MoSe,, as discussed above. We therefore
removed one exponential decay to obtain a stable fit yielding consistent results.

Once more, the dynamics start with the emergence of the broad FT feature. Besides the value
of 7 for the lowest fluence, this process slows down at higher excitation density. As mentioned
above, the coupling of hot phonons to the electronic system, which would follow, leaves no clear
trace in the investigated part of the spectra and is hence omitted in the fit. Subsequently, the
DAS 2 represents the next step in the cooling cascade, namely the involvement of lower energetic
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Figure S7: Global fitting analysis of MoSe,. (a) Decay-associated spectra corresponding to four
exponentials for various pump fluences. DAS 1 and 2 are dominated by spectrally broad, negative features
and are consequently associated with the growth of the F¥-contribution. For DAS 3, the low-energy side of
the spectrum is characterized by fluence-dependent shift signatures, similar to Figure 2 of the main body.
Furthermore, FT starts to decay. In DAS 4, the peak positions are largely independent of the excitation
density. Here, the signal simply decays. (b-e) Fluence dependence of time constants corresponding to
the DAS, respectively. While the fastest process decelerates and the second one accelerates with rising
fluence, there is no clear systematics for the two largest time constants. Note that the fitted 74 for the
lowest fluence takes essentially infinite values and is therefore not depicted in (b).
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Figure S8: Global fitting analysis of WSe,. (a) Decay-associated spectra corresponding to four
exponentials for various pump fluences. All four DAS1 are dominated by a spectrally broad, negative
feature and are consequently associated with the growth of the FT-contribution. For DAS2, the
low-energy side of the spectrum is characterized by fluence-dependent shift signatures, similar to Figure 2
of the main body. Furthermore, FT starts to decay. In DAS 3, the peak positions are largely independent
of the excitation density. Here, the signal simply decays. (b-d) Fluence dependence of time constants
corresponding to the DAS, respectively. While the slowest two processes decelerate with rising fluence,
there is no systematics for 7.

phonons. This leads to a thermal equilibrium between lattice and excitons plus free carriers at
a much lower temperature, hence causing a blue shift the AT peak and a partial decrease of
F*. Here, the phonon bottleneck effect prolongs the process. Finally, the recombination of the
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excited species follows, leading to a decay of the signal, while the spectral shape is conserved.
Consequently, DAS 3 simply grows with rising fluence. Simultaneously, the corresponding time
constant 73 increases as well. In this case, such a decelerated decay may arise from the saturation
of the A* peaks. When increasing the excited species density above a threshold, they quickly
level at a certain saturated amplitude. In turn, as the excited species recombine, their density has
to fall below that threshold again, before substantial changes in the amplitude can be observed.
This process takes longer at higher initial densities, assuming an identical temporal evolution of
the normalized excitation densities for different fluences®. Thus, the apparent decrease of the
signal amplitude will be retarded, as observed.

10
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3 Detailed analysis of transient oscillations

3.1 Oscillatory residue after multiexponential fitting of 1L-WSe, and 1L-WS,
TA signal

To be able to analyze the oscillatory component of the TA signal separately from all other
dynamics, we performed a multiexponential fit that was subsequently subtracted from the data.
In contrast to section 2.3, where the interpretation of these monotonous dynamics formed the
focus, we now aim at the highest accuracy in describing the non-oscillatory signal contributions.
To that end, we increased the degrees of freedom for the fit, by replacing the single global time
constants 7; from equation 2 by a wavelength-dependent one 7;(\). Furthermore, we observe
a second signal rise around 1ps or 1.5ps, depending on the sample substrate thickness. As
these times exactly match the doubled light path through the substrate, we conclude a second
excitation by the pump being reflected at the back of the cover slides that carry the TMDC
flakes. To correct for this signal echo that supposedly follows a similar dynamics as that of the
main excitation AAg(\,t), we added a shifted and attenuated replica of the original fit function.
This means three more wavelength-dependent parameters, namely the time delay tecno(A), the
temporal width wecho(A) of the rising edge fie(A,t) and the relative amplitude aecno(A) of the
echo. To avoid disturbances by the coherent artifact, we again restricted the time interval to
start only at 0.2 ps. Therefore, we omitted the original signal rise in the fit. On the other end of
the time interval, we cut the data of the long-term measurements (¢yax = 100 ps) after 3 ps, as
from this point, the time steps were too large to properly capture the oscillations. Due to this
shorter time, we reduced the fitting function to three exponentials instead of four. All in all, we
obtain the following formula:

t

AAg(\,t) ZA e T

AA()\a t) = AAO()H t) + aecho()\) : fre(wecho()\) echo( )) AAo()\,t - techo)

3 L 1+ erf(t teChO(A)) 3 g
= <Z Ai(\) -e > + echo(A) - ZA (3)
=1

with the error function erf that describes the rising edge for a presumably Gaussian temporal
profile of the excitation pulse. Starting with this, all further analyses were performed using
Matlab R2022a. In contrast to equation (2), this fit represents exclusively the monotonous
contributions to the dynamics and contains no oscillatory part. Hence, to extract the latter from
the data, we subtract the fit result from the measured signal.

Figure S9 shows the so-obtained residues for the two tungsten-based TMDCs. For WSe,, we
observe distinct temporal oscillations, similar to the case of MoSe, in the main body, figure 3
(b). They occur over almost the entire spectral region and start also in phase, with only minor
drifts towards the rim of the spectrum. However, on a closer look on longer times, the quasi
horizontal areas of positive and negative signal extrema at the beginning of the dynamics seem to
slightly tilt or bend at longer times. This may indicate a possible, minimal frequency discrepancy
between the green and red spectral region, which we will investigate in the next subsection.
The residue of the WS, data appears a bit more complex. Diagonal, curved bands of increased
or reduced absorbance cross the 2D plot, superposing the oscillations. These features dominate
especially at longer times and in the spectral region of the excitonic TA peaks, changing sign
exactly at the zero crossing of the TA signal at 640 nm. Thus, they most probably arise from
fluctuations of the pump intensity, resulting in modulations of the signal strength during the
measurement. At this raw stage of the data, these fluctuations belong to one single spectrum
that is assigned to one particular (measured) time point, hence lying horizontally in the plot.
With the zero point correction of the 2D data (see section 3.4 for details) in the course of its

11
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Figure S9: TA signal residue of WSe, (a) and WS, (b) after subtracting the result of a 4-exponential fit
for each wavelength. The original scans were performed using equidistant time points. (a) The 2D map
shows clear oscillations that start in phase over the whole investigated spectral range. Over time, a slight
phase difference between the red and blue part of the spectrum seems to accumulate. (b) Note that the
color scale spans one order of magnitude less than in (a), meaning that the oscillations are drastically
weaker. Thus, signal fluctuations emerge (diagonal, curved features) and superpose the oscillations.
Nevertheless, the latter seem to be in phase. The strong horizontal signal around 1 ps is a zero point echo
originating from a second excitation by the back-reflected pump pulse. The data in (b) is smoothed to
obtain a clearer picture.

processing, they get shifted or distorted, following the chirp of the probe pulse. On top, we find
a strong horizontal feature at about 1ps that is attributed to remains of the echo of the zero
point coherent artifact.

Nevertheless, we clearly observe signatures of oscillations, in particular at short times, albeit
roughly one order of magnitude weaker than in the other two materials (compare scales of figure
S9 (a) and (b)). This attenuation likely arises from the higher oscillation frequency in WS,.
Generally, any finite experimental time resolution At will attenuate the observed oscillation
amplitude. For a given At (approx. 40fs in our experiments), this effect strengthens at higher
oscillation frequencies. Thus, a lower observed amplitude for WS, does not necessarily imply
an actually smaller elongation. In total, despite the superposed fluctuations and artifacts, the
residue for WS, also exhibits consistent oscillations.

3.2 Fourier transform amplitude and phase

To obtain the wavelength-dependent frequency spectrum of the oscillations, we performed a fast
Fourier transform (FFT) on the 2D residue data discussed in the previous subsection. As this
results in generally complex numbers, we plotted their amplitude and phase separately in figure
S10. For MoSe,, the former was already shown in the main body, figure 3 (c). In comparison with
the phase, we find that the relevant frequency band at about 7 THz manifests in an amplitude
peak and a simultaneous sharp phase drop. In the closer environment of this major band, the
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Figure S10: FFT amplitude (a-c) and phase (d-f) maps, obtained from the data shown in Figures 3(b) and
S9. MoSe, and WSe, each exhibit one single frequency band near 7 THz marked by a striking amplitude
feature and a spectrally stable phase, respectively. For WS,, the background is much stronger in relation
to the signal, especially around the positions of the excitonic TA peaks. Nevertheless, we observe a strong
band around 12.5 THz. Additionally, a weak amplitude signature and a roughly stable phase counterpart
can be found at 10.5 THz (dashed, rectangular outlines in (c¢) and (f)).

phase is rather constant with a slight wobble on it, which coincides with minor side peaks in the
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amplitude FFT spectra. These two features stem from the limited time interval, where the data
ends before the oscillation has fully faded away. They do not represent physical contributions to
the spectrum.

For WSe,, the FFT yields similar results, with a single band at slightly higher frequencies of
7.3 THz. However, it exhibits a weak curvature, i.e. a red-shift above 650 nm as well as on the
high-energy end of the spectrum. In the case of WSy, owing to the smaller measured oscillation
amplitude, the FFT spectra are subject to strong noise, mostly induced by pump intensity
fluctuations. These contributions, as already discussed for the TA residues in figure S9 (b),
prevail in the range of the excitonic TA peaks from 590 nm to 690 nm. Nevertheless, we observe
a clear band of an elevated amplitude as well as a spectrally stable phase feature with a frequency
of 12.5 THz. On top of that, a close look reveals an area with a second phase drop and amplitude
peak that spans from 540nm to 590nm at 10.5 THz (black, dashed box in figure S10 (c¢) and
(f)). In contrast to the chaotic phase pattern that dominate the rest of the map, this one lies
horizontally, i.e. stable in frequency over a larger spectral region. A clearer distinction from the
background noise is also presented in figure S14. As we already discussed in the main body with
reference to figure 4, we assign this second band in WSe, to the E' Raman mode. With this in
mind, the apparent frequency shift in WSe, may result from a second vibrational mode as well.
In this material, A’1 and E’ lie close to each other, inhibiting a clear distinction between the
two. If they now cause different impacts on the spectrum, ¢.e. different amplitude spectra, one
or the other mode will prevail in a certain spectral region. Transitioning from one’s dominance
to the other’s, the frequency would spectrally drift between the values for the two characteristic
phonon modes.

3.3 Fourier transform and fitting of spectrally averaged residual time traces

In the following, we compare the oscillations at different measurement parameters, namely pump
wavelength and fluence. To obtain a higher accuracy of the residual data that allows for such
comparison, we start from spectrally averaged time traces. We aim to consider a wavelength
region where the oscillations can be clearly seen and appear in phase for the given zero point
correction. Thus, we calculated the mean time trace in the range from 550 nm to 700 nm for
MoSe,, 550 nm to 650 nm for WSe,, and 540 nm to 590 nm for WS,, respectively. The resulting,
averaged curves were processed in terms of an FFT as well as fitting an exponentially decaying
oscillation.

Figure S11 compares the averaged curves at different excitation wavelengths and fluences
with the corresponding fits on the left side and depicts the equivalent FFT spectra on the right.
The three panel rows correspond to the three different materials. Especially for the Se-based
TMDCs, where the coherent phonons exhibit a lower frequency and their collective excitation
is less smeared out, we observe clear oscillations. Consequently, the fits show a good agreement
with the data, allowing for an analysis of the extracted parameters (see figures S13 and figure
6 of the main body). For the lowest two excitation fluences in WSe,, however, we observe that
between 1.5ps to 2 ps, data and fit accumulate a phase mismatch which partially vanishes after
some time. Since the fit - by definition - follows a constant frequency, this means that the data
runs out of phase for a limited period of time. We conclude a lag by the delay stage that tunes
the probe delay and therefore omit these two scans for further analysis.

In the case of WS, due to the lower oscillation amplitude, the curves are strongly superposed by
fluctuations, especially for the lower fluences. Nevertheless, we can distinguish the oscillations
at higher excitation density and especially for the more detailed, equidistant scans (upper two
curves of each panel, see gray boxes). Here, the data is accurately fitted.

Regarding the FFT spectra of MoSe,, we note a single, distinct peak that red-shifts with higher
fluence. This shift is in line with the results from the curve fitting as depicted in the main body,
figure 6. Minor side peaks that rather appear as a wobbly background result from the limited
time window, within which the oscillation has not fully faded at the end of the scan. In WSe,,
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Analysis of spectrally averaged residual time traces for different fluences and pump

wavelengths. As the gray boxes indicate, the upper two traces of each panel represent detailed scans with
equidistant time points while the lower four stem from full-range scans that implemented a logarithmic
time spacing. The latter were cut at 3 ps. If not noted otherwise, the excitation wavelength was 530 nm.

(a-

c¢) Spectrally averaged TA residues (dots) and corresponding fits (gray lines).

For the two lowest

excitation fluences applied to WSe,, the data slowly dephased and then rephased again. (d-f) FFT
spectra corresponding to the data shown left. Exclusively when exciting WS, at 530 nm, a second peak
shows at a lower frequency than the major signature. The curves are offset for clarity.

15



149 Incoherent and coherent phonons in 1L-TMDCs - SI

the findings are similar. Yet, the phase drift from the averaged residue curves for the two lowest
fluences translates into distorted peak shapes, so we discard those. Still, the red-shift from the
(low-density) excitation at 595nm to the higher pump fluences at 530 nm occurs here as well.
For WS,, the major FFT band again red-shifts at higher fluences. The thrilling feature, however,
is the emergence of a second peak around 10.5 THz, as already discussed in the main body, figure
4. Tt is more or less present for all fluences when pumping at 530 nm, but appears neither in the
other TMDCs, nor after long-wavelength excitation in WS,. As already discussed in the main
body, this is probably due to a different wavelength-dependent exciton-phonon coupling strength
for the two Raman modes of the three materials > 1.
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Figure S12: Determination of the uncertainty of the fitted frequency value for MoSe, excited at 530 nm
with a fluence of 1000 1J cm~2, scanned using a logarithmic time axis. (a) SSR in dependence of the
frequency, which is fixed, whereas all the other parameters are fitted. The black square marks the optimal
values for frequency and SSR. The colored triangles represent the upper and lower limit, respectively.
(b) Residual curves for the fits corresponding to the three constellations marked in (a). The limit cases
exhibit oscillations around the curve for the optimum fit.

Based on the FFT spectra and fits of the averaged traces, we turn to the excitation density
dependence of the oscillations, namely their frequencies, lifetimes and amplitudes. To quantify
the uncertainties of the fitted parameters, we applied the following procedure. Even at their
optimal values as obtained from the fit, there will still be some residual deviation of the fit
from the data, which can be quantified in terms of the sum of the squared residuals (SSR). As
this is the quantity optimized by the fit, it reaches its minimum at the corresponding optimum
parameter set. Now, one chooses an element of the latter p;, e.g. the frequency to investigate
its uncertainty. To that end, the chosen parameter is increased (decreased) a little bit and then
kept constant, while all the remaining parameters are fitted again. The SSR of this not quite
optimal fit will lie a bit higher than the minimum one. Thus, one further raises (lowers) p; and
repeats the fit of the other p;;, until the SSR crosses a certain threshold. This means, that the
fit result has moved away from the data that the quality of its result has diminished significantly
compared to the original fit, where all parameters were fitted. The value of p; at this threshold
point represents the upper (lower) boundary for the confidence interval of this parameter. For
illustration, the frequency dependence of the SSR plus the deduced upper and lower limit are
depicted in figure S12 (a). The described procedure can be conducted for all other p; as well to
receive a complete set of uncertainties for the initial, optimal fit.

The crucial point for this analysis is a reasonable choice of the threshold. We used a 30%
increase of the SSR compared to its minimum as a criterion. To confirm that this is a reasonable
choice, we can take a look at the residuals that result from subtracting the fit from the data, i.e.
the averaged time traces. These residue curves are plotted in figure S12 (b) for the optimum fit
and the upper and lower limits concerning the frequency, as defined in the previous paragraph.
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Even for the optimal parameters (black curve), the residual significantly deviates from the zero
line. It most probably contains a track of the laser fluctuations. Yet, if we look at the two
curves with an SSR right at the threshold - the upper and lower limit - we observe oscillatory
components emerging especially at longer times. This indicates that for the corresponding
frequency variations, the fit already starts to run out of phase with the data. Hence, we conclude
that the corresponding boundaries extracted for the frequency parameter are a rather cautious
measure for its uncertainty. Especially for the lifetime, the limits may lie far off the optimal
value. This is due to the relatively short investigated time interval, in which the oscillations do
not fully decay. Thus, the SSR is relatively insensitive to changes in the lifetime, in particular to
an increase. For WS,, the low signal-to-noise ratio even leads to constellations, where the SSR
does not reach the threshold at all. In this case, the aforementioned approach to estimating the
uncertainties seems to fail.
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Figure S13: Fit and FFT peak parameters as extracted from figure S11 for WSe, (a-c) and WS, (d-f) in
dependence of the excitation density, as represented by the TA amplitude. The frequency falls with rising
fluence, the same tendentiously holds for the lifetime. The oscillation amplitude grows roughly linear with
the strength of the TA signal. Generally, open symbols represent detailed scans with equidistant time
points while solid dots stem from long-term scans that implemented a rather logarithmic time spacing.
The uncertainty bars for WSe, stem from the procedure described in the previous paragraphs. For WS,,
they are omitted as they drastically exceed the variance between the different values. The WSe, results
for lowest two fluences at 530 nm were excluded from this graph due to the phase drift.

The yielded confidence intervals are incorporated in the evaluation of the fit parameters.
Similar to figure 6 of the main body, which shows the respective behaviors for MoSe,, figure
S13 depicts the same parameters for the tungsten-based materials. The measurements on WSe,
(figure S13 (a-c)) essentially reproduce the trends already found in MoSe,, despite the lacking
data points for the two lowest fluences at 530 nm excitation. Here, as a measure for the excited
species density, the x-axis represents the mean TA signal from 650 nm to 680 nm and 0.2 ps to
0.5ps. This marks the C~ peak before the superposing F* contribution has gained a significant
amplitude and therefore exhibits a relatively linear growth with fluence and mirrors the excitation
density. The frequency decreases with rising TA amplitude, i.e. higher excitation density. Here,
the FFT peak position (dark symbols) and fitted frequency (bright symbols) yield similar values.
For the lifetime, we also observe a reduction from lower to higher fluence, albeit insignificant
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given the large uncertainties. However, owing to the missing data points, we cannot conclude
whether accelerated decay indeed originates from the increasing number of excitations or whether
some effect may be attributed to the different pump wavelength. Nevertheless, the normalized
time traces in figure S11 (b) show a rather long-living oscillation for 595 nm excitation compared
to all curves for the green pump pulses. This observation is in line with the behavior in MoSe,.
Finally, the oscillation amplitude exhibits a rather linear growth parallel to the TA signal, both
showing only weak saturation even at the highest fluences.

For WS,, in turn, the trends are less distinct owing to the unfavorable signal-to-noise ratio, see
figure S13 (d-f). Here, we used the TA signal from 500 nm to 550 nm and 1ps to 2ps, i.e. the
fully grown FT feature to mirror the excitation density given on the x-axis. In this case, the
uncertainties exhibit values far beyond the variance between the individual data point and are
therefore omitted. Nevertheless, one can find some of the general tendencies discussed in the
two selenides. Again, the frequency falls with increasing fluence, albeit less clearly than for the
selenides. Moreover, the discrepancy between the data points obtained from the FFT peaks
and those from the fits is significantly enhanced. The tendencies in the lifetime observed in the
other materials can barely be found here, most probably due to the strong fluctuations in the
time traces for the lowest fluences. At least, the roughly proportional scaling between excitation
density in terms of TA signal versus oscillation amplitude holds in this case as well.

Summing up, the two tungsten dichalcogenides essentially confirm the fluence-dependent
parameter trends originally described in MoSe,. However, the findings are less clear, taking
the measurement uncertainties into account.

After focusing on the fit results, we now dive into a feature specific to the complex FFT
analysis, namely the phase spectrum as the counterpart to the amplitude that was already
thoroughly analyzed in the main body figure 4 as well as figure S11 (d-f). We now directly
compare phase and amplitude spectra, 7.e. the two polar coordinates of the complex FFT values
calculated from the averaged time traces in figure S14. Here, we choose the detailed, linear scans
after excitation at 530 nm, as they offer a maximum signal-to-noise ratio. For the two selenides,
one single amplitude peak dominates the spectrum. At the exact same positions, the FFT phase
undergoes a sudden drop, while beyond that narrow frequency interval, it changes only gradually
plus exhibiting some minor fluctuations. Thus, this phase drop serves as a second marker of
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Figure S14: Normalized FFT amplitude and phase spectra obtained from high resolution time scans
with equidistant time points, employing a pump fluence of 1000 11J cm~2 (see figures 3 (b) and S9). The
dominant amplitude peaks are each accompanied by a downward step in the phase spectrum, respectively.
Likewise, the second, smaller peak at 10.5THz in the WS, spectrum exhibits a corresponding phase
feature. The curves for the different materials are offset for clarity.
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relevant frequency bands. Turning to WS,, we now observe a second, smaller amplitude peak
at approximately 10.5 THz in addition to the main signature. The former was already assigned
to the E' Raman mode in the main body, figure 4. To prove a real contribution as opposed to
background wobbles, we check the phase trend at this frequency. Indeed, a small but distinct
sudden reduction of the phase occurs. Aside from these two frequency bands, in contrast, the
phase changes rather continuously. Ergo, we conclude that the second peak exhibits a true
physical origin and confirm the attribution to the E' vibrational mode.

3.4 Phase spectra

Although the FFT phase serves as a second marker for frequency bands to distinguish them from
background artifacts, its intuitive translation to the overall observed oscillation appears difficult.
A fit, in contrast, provides a more direct manner to determine its phase, also in dependence of
the probe wavelength. Thus, we separately fitted each time trace for all three materials with an
exponentially decaying phase-shifted cosine.

The so-obtained phase spectra are displayed in figure S15. Again, the results for the Se-based
TMDCs match each other quite well, showing a relatively flat phase curve in the center of the
spectral range. Here, where the oscillation is strongest and the zero point determination most
reliable, the phase levels approximately at w. Given the input cosine function, this corresponds
to the oscillations starting at maximum negative elongation. This points towards a displacive
excitation of the coherent phonons, as discussed in the main body. Towards the rim of the
spectrum, however, the phase falls continuously. We suppose that this phase shift originates
from inaccuracies in the zero point determination. In TA spectroscopy, a chirped probe pulse
means that its various colors arrive at the sample at different times. Ergo, the time zero, i.e.
the starting point of any TA dynamics, shifts over the spectrum. To correct this, all time traces
have to be corrected to match a unified time-axis with only one single time zero. To define
a common reference point, one uses a characteristic flank, maximum or zero crossing of the
zero point artifact that is created where and when pump and probe pulse overlap temporally.
However, this artifact exhibits varying shapes at different wavelengths. Eventually, this may
cause a drift in the zero point correction, which would in turn manifest in a spectrally changing
phase for the oscillations, even if they are actually in phase over the whole wavelength range.
Given the coherent lattice vibrations as the underlying mechanism for the oscillations, it seems
reasonable that the time traces are indeed strictly in phase. Any deviations probably result from
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Figure S15: Oscillation phase spectra for different TMDCs as obtained from fitting the respective 2D
residues (figures 3 (b) and S9) pixel-wise with an exponentially decaying cosine. For MoSe, and WSe,,
where the oscillations are strongest, the phase levels at 7 in the middle of the spectrum. In the case
of WS,, the curve is strongly modulated near the excitonic TA peaks. Generally, the phase decreases
towards the rim of the investigated wavelength range.
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the discussed zero point corrections.

For WS,, the phase behavior seems unfortunately more chaotic, experiencing strong modulations
in the spectral region of the excitonic TA peaks from 1.9eV to 2.1eV. They probably result
from the superposition of the actual oscillations with the TA signal fluctuations associated with
a slightly volatile pump fluence during the experiment.
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