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Abstract

Compared to conventional semiconductors, organic semiconductors host a number of
unique properties that give rise to a variety of interesting optical and electronic phe-
nomena. These include singlet fission and excimer formation, both of which are pro-
cesses highly desirable in certain technological applications in the realms of solar cells
and illuminants. Although extensively studied in various systems, the specific e [edts of
temperature and material quality on the above-mentioned kinetic processes are still un-
clear in many cases. In order to properly exploit the aforementioned qualities of organic
semiconductors, detailed investigations of the underlying mechanisms are required. This
dissertation aims to address these aspects, using time- and polarization-resolved exper-
imental studies of model systems, complemented by theoretical calculations and kinetic
models.

The soft lattice in molecular crystals results in strong electron-phonon coupling, which
significantly a[edts the energetic relaxation dynamics. However, how these processes
take place microscopically is still unknown in many cases. In particular, part of this
thesis deals with the investigation of the phonon-driven relaxation pathways between
di Lerknt excitonic states originating from the Davydov splitting in oligoacene single
crystals. Calculations are performed on pentacene and tetracene to compare their
relaxation dynamics. Complementary time- as well as polarization-resolved photolumi-
nescence (PL) and absorption measurements are conducted on a thin tetracene single
crystal at di Lerent temperatures to compare the Davydov peak characteristics with the
calculations. It is found that optically dark states play a vital role as intermediates in
the transition from the higher to the lower Davydov state. Additionally, in pentacene
an accumulation of excitons in a dark state is observed, leading to a phonon-bottleneck.
However, this seems to be absent in tetracene, most likely due to the lower energetic
separation between the two states compared to pentacene, making energetic relaxation
via electron-phonon scattering more e [cieht. The obtained model could thus be a
valuable tool for predicting the occurrence of phonon-bottlenecks in other oligoacene
systems. Likewise, the time- and polarization-resolved PL and absorption measure-
ments used provide a way to experimentally confirm the presence of this phenomenon
in a given system.

Tetracene is a material in which endothermic singlet fission is known to occur, along
with the reverse triplet-triplet annihilation process. The resulting interconversion be-
tween singlet and triplet excitons has been demonstrated to have a significant impact



on the total di[udion lengths, which could be beneficial for the design of organic solar
cells. However, the exact e [edt of temperature on the fission process is still unknown, as
is the role of crystal quality, which has been shown to significantly a [edt spectral signa-
tures. Part of this work focuses on investigating these factors, by performing spectrally-,
spatially- and time-resolved photoluminescence measurements on two tetracene single
crystals of diLerkent quality at varying temperatures. In order to elucidate the underly-
ing temporal population changes and to extract the kinetic parameters governing the
exciton diludion and transition processes, a kinetic model is fit to the experimental
data. Crystal quality is shown to strongly a [edt spectral as well as spatial dynamics at
decreased temperatures, spectrally shifting the emission signature and modifying the
total singlet diludion length. The model reveals that the temperature-activated step
for the process of singlet fission is the dissociation of the correlated triplet-pair. It also
suggests that a single radiative emission and fission constant is insu Lcieht to explain
the observed dynamics in the pristine sample. Instead, the model must rely on multi-
ple species with dilerknt kinetic parameters to accurately reproduce the experimental
data. The study reveals crystal quality and temperature to act as possible turning
knobs for optimizing singlet fission in tetracene. Moreover, the derived kinetic model is
suitable for obtaining robust sets of parameters by simultaneously reproducing several
experimental datasets.

Even though organic semiconductors exhibit the unique qualities mentioned previously,
they also have some significant drawbacks compared to their inorganic counterparts,
one of which being their exciton transport properties. One way to remedy this issue is
to integrate organic semiconductors in a heterostructure with materials that comple-
ment their weak points, such as monolayer transition metal dichalcogenides (TMDs).
Although theoretically a fascinating proposition, to date not much experimental re-
search has been performed on such systems. One reason for this is a lack of available
heterostructures with controlled orientation of the molecular lattice. The final part of
this thesis deals with the construction of a heterostructure consisting of an ionic organic
crystal, pyrenemethylammonium chloride, and a monolayer of tungsten disulphide via
physical stacking. The structure is studied using time- as well as polarization-resolved
and steady-state photoluminescence measurements at di [erknt temperatures to probe
for evidence of successful electronic coupling between the compounds. A significant
guenching of the PL of the organic crystal is observed in the heterostructure. Inter-
estingly, this trend is observed both for the mobile excitonic as well as the localized
excimer species. This, together with the emergence of a red-shifted, linearly polarized
emission, seemingly arising from an interfacial state, suggests the presence of e [cieht
electronic coupling. The study thus provides a method for the controlled fabrication of
organic/TMD heterostructures.



Kurzbeschreibung

Im Vergleich zu konventionellen Halbleitern weisen organische Halbleiter eine Reihe
einzigartiger Eigenschaften auf, welche die Grundlage fur interessante optische und
elektronische Phanomene bilden. Dazu gehdren die Singulett-Spaltung (SF) und die
Excimer-Bildung, zwei Prozesse, die fir bestimmte technologische Anwendungen im
Bereich Solarzellen und Leuchtmittel von groRer Bedeutung sind. Obwohl diese Phano-
mene in zahlreichen Studien untersucht wurden, ist der Einfluss von Temperatur und
Materialqualitat in vielen Fallen noch unklar.

Der vergleichsweise schwache intermolekulare Zusammenhalt in molekularen Kristallen
fuhrt zu starken Elektron-Phonon-Kopplungen, welche die energetische Relaxations-
dynamik signifikant beeinflussen. In vielen Féllen ist jedoch noch unklar, wie diese
Prozesse auf mikroskopischer Ebene ablaufen. Ein Teil dieser Dissertation beschaftigt
sich mit der Untersuchung von phonon-aktivierten Ubergangen zwischen verschiedenen
exzitonischen Zusténden, die aus der Davydov-Spaltung in Oligoacen-Einkristallen re-
sultieren. Theoretische Kalkulationen werden an Tetracen und Pentacen durchgefiihrt
um deren Relaxationsdynamiken zu vergleichen. Zusatzlich werden zeit- und polarisa-
tionsaufgeloste Photolumineszenz- (PL) sowie Absorptionsmessungen an einem beson-
ders dunnen Tetracen Einkristall durchgefuhrt um die Charakteristiken der Davydov
Peaks mit den Ergebnissen der Rechnungen zu vergleichen. Es zeigte sich, dass die op-
tisch dunklen Zustande eine essentielle Rolle als Zwischenzustande bei dem Ubergang
von hoher- zu niederenergetischem Davydov-Zustand spielen. Zusatzlich wurde in Pen-
tacen eine Anhaufung von Exzitonen in dunklen Zustanden beobachtet, was zu einem
Phonon-Bottleneck gefuhrt hat. Dies scheint jedoch nicht fur Tetracen zu gelten, ver-
mutlich aufgrund des niedrigeren energetischen Abstands zwischen den beiden Zustan-
den, was die Relaxation tber Elektron-Phonon Streuprozesse e [ziehter macht. Das er-
arbeitete Modell kénnte demzufolge ein wertvolles Mittel zur Voraussage von Phonon-
Bottlenecks in anderen Oligoacen-Systemen sein. AuRerdem stellen die verwendeten
zeit- und polarisationsaufgeldsten PL- und Absorptionsmessungen eine Mdglichkeit dar
die Présenz eines solchen Ph&anomen auch experimentell belegen zu kénnen.

Tetracen ist ein Material, in dem endotherme SF und Triplett-Triplett-Ausldschung,
der umgekehrte Prozess, stattfindet. Die daraus resultierenden Umwandlungen von
Singulett- und Triplett-Exzitonen haben einen signifikanten Einfluss auf die absoluten
Exziton-Di [udionslangen, was fur das Design von organischen Solarzellen nitzlich sein
konnte. Der genaue Einfluss der Temperatur auf den Aufspaltungsprozess ist jedoch



noch unbekannt. Gleiches gilt fir die Rolle der Kristallqualitat, die einen starken Ein-
fluss auf die spektralen Signaturen hat. Ein Teil dieser Arbeit beschéaftigt sich mit der
Untersuchung dieser Faktoren, indem zeit-, spektral- und ortsaufgeléste PL-Messungen
an zwei Tetracen-Einkristallen unterschiedlicher Qualitat durchgeftihrt werden. Die ex-
perimentellen Daten werden mit einem kinetischen Modell gefittet, um einen Einblick
in die zeitlichen Anderungen der Exzitonenpopulation zu erhalten und die kinetischen
Parameter zu bestimmen, welche die Exzitonendi[usion und die Exzitoneniibergénge
beschreiben. Die Kiristallqualitat hat einen starken Einfluss auf die spektrale und
raumliche Dynamik bei tiefen Temperaturen. Sie verursacht spektrale Verschiebun-
gen und verandert die absoluten Diludionslangen. Die Fit-Ergebnisse zeigen, dass der
temperaturaktivierte Prozess fur die Singulett-Aufspaltung die Dissoziation des korre-
lierten Triplett-Paar-Zustandes ist. Darlber hinaus wird deutlich, dass eine einzelne
Konstante fir PL- und Dissoziationsprozesse nicht ausreicht, um die gemessene Dy-
namik zu erkléaren. Stattdessen basiert das Modell auf mehreren strahlenden Popu-
lationen mit unterschiedlichen kinetischen Parametern, um die experimentellen Daten
reproduzieren zu kénnen. Die Studie zeigt, dass Temperatur und Kristallqualitat als
maogliche Stellschrauben fur die Optimierung des SF-Prozesses in Tetracen genutzt wer-
den konnen. Daruber hinaus ist das entwickelte kinetische Modell in der Lage, robuste
Parametersatze zu liefern, indem es mehrere experimentelle Datensétze gleichzeitig re-
produziert.

Obwohl organische Halbleiter einige einzigartige energetische Eigenschaften aufweisen,
haben sie auch einige Nachteile, wie z.B. die im Vergleich zu anorganischen Halbleitern
schlechten Exziton-Transporteigenschaften. Eine Maglichkeit, dieses Problem zu l6sen,
besteht darin, organische Halbleiter mit anderen Materialien zu einer Heterostruktur zu
kombinieren. Besonders geeignet sind Systeme, welche die genannten Schwéachen kom-
pensieren, wie z.B. zweidimensionale Ubergangsmetalldichalcogenide (TMDs). Obwonhl
das Konzept vielversprechend klingt, gibt es bisher wenig experimentelle Forschung an
solchen Systemen. Ein Grund dafir ist das Fehlen geeigneter Heterostrukturen (HS), die
eine kontrollierte Orientierung des Molekulgitters ermdglichen. Der abschlieBende Teil
dieser Arbeit beschaftigt sich mit der Herstellung einer HS aus dem ionisch-organischen
Kristall Pyremethylammoniumchlorid und einer Monolage Wolframdisulfid. Die Struk-
tur wird mit Hilfe von zeit- und polarisationsaufgeldsten sowie statischen PL-Messungen
bei verschiedenen Temperaturen untersucht, um Beweise fur eine erfolgreiche elektro-
nische Kopplung zwischen den Komponenten der HS zu finden. Die PL des organis-
chen Kiristalls ist in der HS signifikant abgeschwacht. Interessanterweise wird dieser
Trend sowohl fur eine mobile Exziton- als auch fur eine lokalisierte Excimer-Spezies
beobachtet. Daruber hinaus tritt in der PL der Heterostruktur eine rotverschobene
und linear polarisierte Emission auf, die von einem Grenzflachenzustand zu stammen
scheint. Diese beiden Entdeckungen deuten auf eine e [ziehte elektronische Kopplung
in der HS hin. Somit stellt diese Arbeit eine Methode fur die kontrollierte Herstellung
von organischen/TMD Heterostrukturen vor.
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1 Introduction

When it comes to past time periods, historians like to refer to them based on the most
prominent material people worked with. Continuing this trend, it would not be unrea-
sonable to claim that we are currently living in the semiconductor age. Semiconductors
have found their way into every aspect of our daily lives, from lamps, computers, cell
phones and cameras to laser diodes for global telecommunications and solar panels pro-
viding renewable energy, just to name a few.*’" As technology advances, the demand
for this class of materials is only growing and while traditional semiconductors o[en
many advantages, they also have some significant drawbacks, such as the high energy
demand or need for rare resources for their fabrication.8-1° To mitigate these drawbacks,
alternative types of semiconductors are being investigated, including organic semicon-
ductors (OSCs), which are in the focus of this work.

OSCs, as their name suggests, do not rely on rare elements. They consist mostly
of abundant carbon and hydrogen, and can be fabricated in low-energy environments
on a variety of substrates.!*'3 The light-matter interaction in OSCs is strong, result-
ing in e Lcieht absorption and emission of visible light as well as excitons with high
binding energies.'**® They are unique from traditional semiconductors in that they
consist of molecules that are only weakly bound to each other via van-der-Waals (vdW)
forces making their lattices comparatively soft.}* As a result, the energetic processes are
strongly influenced by lattice deformations, and electronic excitations can even be the
cause of these deformations.*”*® This can lead to the formation of so-called excimers,
localized excited dimer complexes that cause a reorientation of the surrounding lattice
to stabilize an excitation. Among other factors, the aforementioned soft lattice causes
OSCs to exhibit some unique energetic phenomena that are primed for technological
application, one of which is the phenomenon of singlet fission, in which a singlet exciton
splits into two triplet excitons. At the time of writing, many of the microscopic mech-
anisms governing these processes are not fully understood, such as the role of lattice
vibrations in the relaxation between energetic states, or the precise e [edt of tempera-
ture and sample quality on singlet fission or charge transport properties. In order to
e Ledtively exploit the beneficial properties of OSCs in the future, a deeper understand-
ing of the underlying phenomena is essential.

While they can be fabricated in low energy environments and exhibit high absorption
and emission characteristics along with unique energetic phenomena, OSCs lack behind
in other aspects, such as chemical stability or charge transport.'®-2 One approach to
mitigate these weaknesses is to combine OSCs with a complementary material system



such as transition metal dichalcogenides (TMDs).?223 Although such hybrid systems
have been investigated intensely using theory, there is a lack of experimentally pro-
duced heterostructures (HSs) with controlled layer orientations and proven electronic
coupling.

These unknowns are addressed in the three publications on which this work is based.
They are dealing with the following, more specific questions:

(1) What role do phonons and dark states play in the relaxation between di[erknt ex-
citonic states, which are energetically separated by the so-called Davydov-splitting?
(2) How do temperature and crystal quality a [edt exciton transport and interconversion
between singlet and triplet excitons in an endothermic singlet fission material?

(3) Can the construction of an OSC/TMD HS be achieved by using ionic molecular
crystals and does it exhibit signs of e [cieht electronic coupling?

(1) As mentioned previously, the dynamics of an excitonic system is significantly a [edted
by electron-phonon scattering. However, these phenomena have received less attention
compared to exciton optics,?* as there are fewer studies dealing with this topic.2>%°
Organic semiconductor systems are typically investigated theoretically using density
functional theory,?”?® the Bethe-Salpeter equation,?® GW approximation®® or Holstein-
like Hamiltonians.3132 These are capable to reproduce phenomena induced by excitons,
such as vibronic progressions®! or Davydov splitting.?® However, they are insu Lcieht
when it comes to describing phonon-driven exciton dynamics, especially dealing with
intermolecular phonons.®33* Here, we contribute with time- and polarization-resolved
photoluminescence studies on molecular single crystals to complement results based on
microscopic theory. There, the Wannier equation and density matrix formalism are
used to model the phonon-mediated excitonic processes in oligoacene crystals.

(2) Exciton transport in organic semiconductors and especially in the model system
tetracene (TET) has been extensively studied.>>=" This transport usually proceeds in
an incoherent fashion, with excitons "hopping" between molecular sites via Forster or
Dexter transfer.3® Forster transfer is generally more e Lcieht, providing longer di [udion
lengths. However, it is spin-forbidden for the longer lived triplet excitons, which conse-
quently propagate much more slowly.®® Recent studies have found a combined form of
transport for some singlet fission materials, where interconversion of singlet and triplet
excitons results in an increase in the total di[udion length of the photogenerated exci-
ton population.®—4° However, it is still unclear which factors, such as temperature and
crystal quality, a[edt this phenomenon and how it can be manipulated for technological
use. To study this phenomenon, spectrally-, spatially- and time resolved photolumi-
nescence measurements are performed on the well-researched model system TET.442
Feeding the experimental results into a two-dimensional kinetic model provides insight
into the underlying dynamics and the role of temperature and crystal quality on the
cooperative transport process.



(3) The combination of organic semiconductors with monolayer TMDs in HSs pro-
vides a way to merge the desired optical and electronic properties of both material
systems.??4® The excited state phenomena arising from electronic coupling between
these materials are of particular interest, as they can facilitate the splitting of excitons
into electrons and holes or the formation of charge transfer excitons, depending on the
binding energies and driving forces.3®44 Numerous theoretical studies have been carried
out on this topic,**¢ but a lack of available model systems prevents their experimen-
tal validation. This is largely due to the inability to deposit most organic crystals on
TMDs with defined packing motifs. If such an OSC-material could be obtained, the
degree of rotation between TMD and organic lattice could be used to tailor the result-
ing interfacial properties. Some progress has been made in that area by fabricating
and characterizing pentacene and perfluoropentacene/ TMD HSs.#"*8 The organic crys-
tals were grown directly on the TMDs, which is particularly di Ccullt to achieve in a
controlled manner. Electronic coupling was furthermore demonstrated for HSs consist-
ing of monolayer tungsten disulphide (WS;) and -perylene,*® as well as molybdenum
disulphide and phthalocyanines.®® This study aims to use mechanical exfoliation of an
ionic-molecular crystal in order to produce layered materials that can be physically
stacked on top of a monolayer TMD to produce heterostacks with defined orientation.
Characterizations via time- and polarization-resolved optical measurements are per-
formed to probe for evidence of successful electronic coupling between the compounds.

The thesis is structured as follows: At the beginning, Chapter 2 introduces the basics
of the studied material systems, first discussing the composition of and the underlying
energetic processes in molecules. The formation of states and the e [edt of vibrational
modes on isolated molecules are first emphasized before considering the impact of a
surrounding molecular matrix, as is the case in organic crystals. After elucidating the
mechanisms underlying the luminescence and absorption spectra of condensed organic
semiconductors, the focus is shifted towards phenomena specific to this class of materi-
als, such as singlet fission and excimer formation. Finally, the formation of the Frenkel
exciton in molecular materials is discussed, followed by the various transport mecha-
nisms available to this energetic species.

Chapter 3 presents the various samples and material systems used in the course of this
work, including their fabrication methods as well as peculiar properties that make them
interesting candidates for research. The most prominent of these is crystalline TET,
for which four di Lerknt samples are compared. These di[edin crystal dimensions, sam-
ple quality as well as morphological structure, which significantly a [edts their spectral
characteristics and makes each of them suiatble for the study of selected phenomena.
Furthermore, an ionic molecular crystal based on a pyrene chromophore is presented
and its spectral analogies and dilerknces to neat pyrene are discussed. The chapter
concludes with an overview of TMDs in general and WS, in particular.

Chapter 1. Introduction 3



Chapter 4 describes in detail the experimental and computational methods used. The
general setup for the time-resolved and steady-state optical measurements is presented,
which allows the acquisition of spectrally-, spatially-, temperature- and polarization-
resolved dynamics. This is followed by a chapter detailing the inner workings of the
employed streak tube, a component that grants experimental access to the observation
of excitation dynamics on a picosecond timescale. The method of obtaining di[udion
parameters from spatiotemporal measurements of the luminescence profile width is in-
troduced. Finally, the functionalities and the development process of a numeric, kinetic
model is presented, which is intended to reproduce the measured dil[udion dynamics,
thereby providing rate constants for the underlying energetic processes.

Chapter 5 aims to give an overview of the publications on which this work is based,
highlighting their aims, the employed experimental and theoretical approaches as well
as the final results. The work in Chapter 5.1 focuses on the transition between Davydov
states in oligoacene crystals and the role of phonons as well as optically dark states in-
volved in this process. The band structure, spectral signatures and exciton population
transfer via phonons are derived by theoretical modeling for pentacene and TET single
crystals. The calculated results are then compared with experimental data obtained
from a high-quality TET single crystal to validate the findings.

Chapter 5.2 deals with the influence of crystal quality and temperature on the spec-
tral, spatial and population transfer dynamics of excitons in TET single crystals. A
low and a high quality single crystal are studied at dilerent temperatures, revealing
distinct di Lerences in their spectral shape and signal lifetime. Furthermore, the exciton
di [udion dynamics are significantly aledted by the given crystal quality and are non-
uniformly influenced by temperature. The aforementioned kinetic model is fitted to
the spatiotemporal data, providing insight into the underlying temperature-dependent
dynamics of singlet-triplet interconversion and transport.

Chapter 5.3 presents a study in which an ionic molecular crystal is stacked on top of a
WS, monolayer, creating a HS that is probed for evidence of electronic coupling. Time-
resolved measurements are employed to check for quenching phenomena by comparing
the emission of the organic crystal within and outside of the heterostack. Transfer times
are calculated for di[erent emissive species and corresponding cross-interface transport
mechanisms are discussed. Polarization resolved photoluminescence measurements re-
veal the e[edt of the HS on the polarization of the PL emission as well as the presence
and possible origin of a newly emerging spectral signature.

The thesis closes with a brief summary of the central findings obtained over the course of
this work in Chapter 6, followed by a list of the relevant publications with contributions
of the author.



2 Organic Semiconductors

The main subject of this work are semiconductors consisting of molecular materials. In
the following a brief overview of their specific properties as well as their similarities and
di Lerknces compared to traditional inorganic semiconductors is given. The content of
the following chapter summarizes fundamental information about OSCs, their compo-
sition and their energetic processes. It is primarily based on textbooks by Bassler and
Kohler,'* Schwoerer and Wolf!® as well as Briitting.>*

2.1 Fundamentals of molecular materials

This chapter presents the microscopic composition of molecular materials and their
associated optical and energetic properties, from single atoms and molecules to the
condensed phase.

2.1.1 From atoms to molecules

The main building blocks of organic semiconductors are carbon and hydrogen atoms.
Their optical and electronic properties originate from the specific electronic structure
of the compounds. In its elementary form, carbon is able to form two valence bonds,
due to possessing two partially occupied 2p- and one fully occupied 2s orbital. Upon
approach of another carbon or hydrogen atom, the resulting stabilizing interaction de-
generates the energy of the 2s and 2p orbitals resulting in the formation of up to four
so-called hybrid orbitals, allowing for the formation of up to four valence bonds. The
type of hybridization determines the number of bonds and results in vastly dilerknt
material properties, well known examples being graphene (sp2-hybridization) and dia-
mond (sp3-hybridization).*

In the case of sp? hybridization, the degeneracy of the 2s, 2p, and 2p, orbitals results
in the formation of three sp? orbitals, positioned in the same plane, as well as an out-
of-plane 2p, orbital. For the example of ethene, see Figure 2.1, one of the sp? orbitals of
each carbon atom overlaps to forma bond, while the combination of two 2p, orbitals
is known asa bond. The electronic wavefunctions of the constituent atoms can either
overlap constructively or destructively. Increasing the electronic density in-between the
atomic nuclei results in a covalent type bond while decreasing the aforementioned den-
sity results in an enhanced repulsion of the nuclei.>?
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Figure 2.1: Schematic illustration of carbon atomic (a) and molecular orbitals (b). Energetic
dilérences between separate atomic and bonding as well as anti-bonding molecular orbitals
depicted, with inset of hybrid orbitals involved in formation of molecular orbitals (c).

The bonding character is usually favored, being energetically lower situated than the
individual atomic orbitals, whereas the repulsive, anti-bonding configuration exceeds
the energy of the individual states. This e[edt is especially pronounced for -bonds, as
they are formed on the molecular axis and in-between the carbon nuclei. This leads to a
large charge overlap and energy splitting between the bonding and anti-bonding state.
In contrast, -bonds, which are formed from the overlapping p, orbitals, are located
above and below the molecular axis and thus contribute less to the total cohesion of
the molecule. This results in a significantly lower energetic split between the bonding
and anti-bonding -orbitals. In certain larger molecules, multiple p, orbitals are able
to overlap, delocalizing the electrons across the molecule and reducing the transition
energies. Therefore, depending on the size of the -electron system, electronic tran-
sitions can be excited with photon energies in the visible spectrum. This makes the
material class of OSCs a favorable candidate for device applications such as illuminants,
photo-sensors or solar cells.>?

2.1.2 Frontier orbitals and electronic states
When examining transitions in OSC molecules via absorption or photoluminescence

(PL) measurements, the transition energies are largely determined by the frontier or-
bitals. The highest occupied molecular orbital (HOMO) and the lowest unoccupied

6 2.1. Fundamentals of molecular materials



molecular orbital (LUMO) show some functional analogies to the valence and conduc-
tion band in traditional semiconductors.** Electronic states in molecules refer to specific
occupation configurations of electrons and holes in the HOMO and the LUMO. When
excited, two kinds of states are dilerkntiated depending on the total spin quantum
number of the participating electrons, which is depicted in Figure 2.2. In case of an-
tiparallel electronic spins, the state is referred to as a singlet, shortened to Sy, where
x denotes the number of the excited molecular state, with Sy being the ground state.
When a parallel spin configuration with a total spin of one is present the state is known
as a triplet T,.

A So S T,
LUMO+2
LUMO+1
8 4 +— LUMO
[0]
c
w 1 A 1
V1 L2 —F HOMO
++ ++ +F— HOMO-1
—4— | —4+— | —4+— HOMO-2

Figure 2.2: Ground (Sp), excited singlet (S) and triplet state (T 1) depicted with contributing
frontier orbitals and corresponding electronic spins, visualized via arrows

Due to Pauli repulsion, its recombination is spin forbidden. As such, a triplet should
theoretically not be able to transition into a singlet state, including the ground state.
However, in reality triplet and singlet states can gain contributions from each other via
perturbations, such as spin orbit coupling, enabling a radiative recombination termed
phosphorescence. The rate of triplet recombination in molecules based on elements
with low atomic mass is very small compared to that of singlets, resulting only in faint
phosphorescence signals which exhibit long lifetimes.>*

At this point it should be noted that triplet states in OSCs are generally lower-energetic
compared to singlets. This results form the strong exchange interaction between elec-
trons in the HOMO and LUMO, which comes as a result of the low dielectric screening
present in organic materials. For triplet excitons, the Pauli repulsion prevents the
approach of electrons, thus reducing repulsive Coulomb interactions. Excited singlet
states, on the other hand, face stronger Coulomb interactions because they lack the
Pauli repulsion, which destabilizes these states and thus increases their energy. The
energetic separation between singlet and triplet excitonic states depends exponentially
on the electronic wave function overlap and is usually in the range from 0.7 eV to
1.0 gVv.54%5
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2.1.3 Optical transitions in single molecules

Compared to atoms, molecules experience additional degrees of freedom, some of which
being vibrational. The nuclei of the constituents oscillate with respect to each other,
periodically altering the potential energy of the molecule. This system of coupled oscil-
lators can be described along a normal mode by the change of normal mode coordinates
(Q), which are derived from the nuclear coordinates. As atoms belonging to the same
molecule approach each other, the resonance interaction, eluded to in Chapter 2.1.1,
reduces the total energy of the molecular state. The reduction in energy continues
until short-range Pauli repulsion forces dominate at lower Q, resulting in an energetic
minimum. This potential energy curve is similar in shape to the Morse-potential for
diatomic molecules, which can be approximated by a harmonic oscillator near the equi-
librium and an exponential increase, caused by the Pauli repulsion, towards lower Q,
see Figure 2.3(a).

When observing optical transitions between potential energy curves, the electronic as
well as the vibrational energies need to be taken into account. The latter are indicated
by horizontal lines in Figure 2.3(a,b), which are numbered as integers, increasing with
the potential energy of the corresponding state. Optical transitions take place between
electronic states to and from diLering vibrational levels, resulting in additional optical
signatures, which are spaced equidistantly in energy.
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Figure 2.3: Potential energy curve (black), being comprised of a harmonic potential (blue)
and Pauli repulsion (red). Vibrational states depicted as horizontal lines (a). Absorption

(blue) and emission (red) between vibrational levels of potential curves depicted via arrows.
Minima experience a positive shift of the configurational coordinate upon excitation (b).

Importantly, this model view results in mirrored PL and absorption spectra, as both
transition processes originate from the Oth vibrational level. In some cases these fea-
tures lie very close energetically, merging into a single observable peak. The likelihood
of a transition between vibronic states is dependent the overlap of their wavefunctions.
This probability of energetic transitions from the ground to a vibrational state m is

8 2.1. Fundamentals of molecular materials



know as the Franck—Condon-factor and denoted as Iy . It is connected to the Huang-
Rhys factor S via a Poisson distribution, if the vibrational energies are large compared

to the thermal ones. .

lo m = mexp S (2.1)

The Huang-Rhys factor is useful in so far as it is a measure of the electron-phonon
coupling via intermolecular vibrations. It provides the amount of phonons involved in
vibrational excitations as it represents the ratio between the total vibrational excitation
energy %k Q? and the energy associated with a single vibrational quanta h! ,. In this
case, k is the force constant, while ! ., is the angular frequency.

1 Q2
= = 2.2
S 2kh! m (22)

Furthermore S provides the intensity ratio of the main Iy ¢ and the first vibrational
peak lg ;.

[y

|
s= 20
0

(2.3)

o

As mentioned, absorption of light usually occurs from the Oth vibrational level of the
ground state and can be displayed as a vertical arrow, since the heavy atomic cores are
unable to move in the short time of the electronic redistribution. This physical concept
is called the Frank-Condon principle, while the general assumption of separate inves-
tigation of electronic and vibrational contributions is know as the Born-Oppenheimer
approximation. Optical excitation, as eluded to in Chapter 2.1.1, causes the transition
to an anti-bonding state, which reduces the electronic shielding of the nuclei. As a
result the potential curve is shifted along the configuration coordinate to a higher equi-
librium distance, as depicted in Figure 2.3. Excess vibrational energy is quickly lost to
the surrounding material via internal conversion in the form of phonons. Subsequently,
recombination of charge carriers takes place from the Oth vibrational level of the excited
state.

2.1.4 From molecules to organic solids

When moving from a single molecule found in a low density gas to a condensed phase,
the previously discussed energetic states are severely altered by the interaction of a
chromophore with its surrounding medium. The polarization of the chromophore and
the polarizability of the surrounding material play a key role in this phenomenon. Upon
excitation, the electronic distribution of the chromophore shifts, creating a dipole mo-
ment that is much larger in comparison to the ground state. The resulting electric
field in turn induces dipoles in the surrounding particles, see Figure 2.4(a). These
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interact electrostatically with the primary dipole, reducing its potential energy. As
mentioned previously, this eledt is less pronounced in the ground state, due to the
much lower dipole moment present, reducing the polarization interaction. The lowering
of the excited state energy results in a total reduction of the transition energy, which
is detectable as a red-shift of emission and absorption spectra for condensed molecular
materials compared to isolated particles, as depicted in Figure 2.4(b).

@ O S, S
N ES—0—
((\(“ E . —Q; ES

2| S V2N PR\ R\

Figure 2.4: Schematic illustrations: Excited chromophore, exhibiting increased electrical
dipoles , polarizing the surrounding matrix molecules, which in turn stabilize the excitation

(a). Energy diagram depicting energetic shift of excited and ground state when going from
isolated molecules to a condensed phase. The excited state experiences more energetic stabi-
lization in solids, resulting in the emission of lower energy photons compared to the gas phase

(b).

The e [edt of decreasing transition energies, when going from gas to a condensed phase is
termed polarization shift. It is enhanced for chromophores with a higher dipole moment
and matrix materials which are more polarizable, such as acenes with large, delocalized

-electron systems. Additionally, the distance and orientation of the constituents im-
pacts the degree of the polarization interaction.

In addition to polarization, statistical averaging e[edts determine the energetic sig-
natures in condensed molecular materials. As mentioned previously, the total energetic
shift to the gas-phase changes with distance, number and orientation of the surrounding
matrix elements. In solids and especially in amorphous materials these parameters are
statistically distributed. This causes a broadening of the transition energies, resulting
in a Gaussian distribution, which is centered around a mean value, as depicted in Fig-
ure 2.5(b). The spread is increased for higher energy states, due to the aforementioned
larger amount of polarization. To summarize: When going form a single molecule to
a condensed material, the energetic signatures are broadened and red-shifted due to
environmental polarization and statistical averaging e [edts.
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(a) A Low density gas (b) A Disordered solid

He

Energy
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Figure 2.5: Comparison of molecular energetic state distribution in low density gases (a)
versus disordered solids (b), with ¢ being the mean value and being the standard deviation.
Note the reduction of the mean energetic value and gaussian broadening when transitioning
from (a) to (b).

2.1.5 Electron phonon coupling in molecular solids

In organic semiconductors two types of vibrational interactions influence the present
energetic dynamics. One of which are the intra-molecular vibrations discussed in Chap-
ter 2.1.3. In PL or absorption spectra, these may express themselves as vibronic side
bands, replica of the 0-0 transition shifted to lower energies. The other type of vibration
that charge or energy carriers in OSCs can couple to are inter-molecular vibrations also
known as phonons, quantized lattice oscillations of the surrounding matrix. Coupling
to low energy phonon modes results in the broadening of spectral features, sometimes
referred to as a phonon-wing. The amount of electron-phonon coupling in a material
can be evaluated by comparing the relative integrated intensity of the phonon-wing to
the main peak, often referred to as zero phonon line. The ratio depends exponentially
on the temperature causing the zero phonon line to only be observable free from cou-
pling e [edts at low temperatures. In OSCs the electron or exciton-phonon coupling is
generally quite high, as can be gleamed from the clearly observable vibronic features
and linewidth broadening displayed in Chapter 3. This is a result of the weak inter-
molecular coupling between molecules in the crystal phase. The vdW interactions are
insu Ccieht to hold the molecules rigidly in place, which leads to significant displace-
ment of the molecules being possible, influencing the relative orientation within the
surrounding matrix and thus the energetic interactions, as depicted in Chapter 2.1.4.

2.2 Energetic processes in molecular solids

This chapter deals with the energetic processes present in OSCs, which are largely
absent in traditional inorganic semiconductors. Their optical and structural e [edts are
presented.
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2.2.1 Dimers and excimers

Molecular crystals are held together via vdW forces, which reduce the energy of the
solid state configuration in comparison to a gas. When excited, the polarization and
thus the Coulombic interaction between an excited chromophore and the dielectric en-
vironment increases, as stated in Chapter 2.1.4. In particular, the excitation on one
chromophore can be stabilized by the presence of a neighboring molecule, lowering the
total energy of the system and creating a physical dimer.%® Depending on the strength
of the vdW interaction between the constituent molecules, resonance splitting of the
excited state optical signatures can occur, leading to a doublet with a splitting on the
order of tens of meV, which can be observed in absorption. If the resonance interaction
is large enough to enforce a reorientation of the involved molecules upon excitation in
order to optimize their interaction, see Figure 2.6(a,b), the resulting bimolecular com-
plex is termed an excimer.>’
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Figure 2.6: Schematic crystal structure of molecules in herringbone (top) and sandwich-
herringbone packing motif (bottom), the latter favoring excimer formation. Free exciton de-
picted as green and localized excimer as red (a). Potential energy curves of the ground state
and excited state in the case of a physical dimer (top) and an excimer (bottom). Optical
transitions are indicated as arrows. Note the shift of the energetic minimum on the configu-
ration coordinate axis for the excimer, resulting from a structural reorientation of the excited
molecules (b). Schematic PL and absorption spectra of an excimer forming OSC with absorp-
tion in blue, free exciton emission in green and excimer emission in red (c).

The need for molecular reorientation might lead to the assumption that this phe-
nomenon would only be observable in liquids or solutions, where the particles are not
rigidly bound. Although they were fist discovered in solution,>® due to the weak inter-
molecular forces in molecular solids, excimers also form in these materials, appearing in
both amorphous films as well as single crystals.>®:%° They are most often encountered for
planar molecules with -conjugation, such as pyrene or rylenes, arranged in a coplanar-
sandwich or slip stacked packing motif. In these assemblies the molecules lie flat on
top of one another, thereby maximizing the interaction of their -electron systems,
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which stabilizes the excitation.'* A famous example of the impact of the crystal pack-
ing motif on excimer formation are the two polymorphs of the perylene crystal, which is
schematically depicted in Figure 2.6(a). The alpha polymorph shows a distinct excimer
emission, due to its sandwich packing motif, while this emission is absent in beta pery-
lene. The latter exhibits a herringbone crystal structure, thus lacking the pronounced

-system overlap necessary for excimer formation.® A similar relation of crystal pack-
ing motif and excimer emission has also been observed for partially fluorinated acenes.%?

Upon excimer formation the attractive forces between the molecules cause the excited
state energetic minimum to shift to a smaller Q in comparison to its position in the
ground state. This causes the molecules to approach each other in the excited state
and to repel each other after recombination to the ground state. Since excimers are
formed only after excitation of the molecule, they are not noticeable in the absorption
but only in the PL spectra, see Figure 2.6(c) There, the excimer features a particularly
broad signature, which is considerably red-shifted in comparison to the S; ! S, tran-
sition, due to the aforementioned energetic stabilization of the excitation. Its spectral
signature is broad and devoid of a vibronic progression, as is depicted in Figure 2.6(c).
During excimer formation, the lattice reorients in such a way as to e [edtively localize
or trap the stabilized exciton, a phenomenon also known as self-trapping.53:64

2.2.2 Singlet fission

Singlet fission (SF) refers to a phenomenon in which an excited singlet exciton is able
to split into two triplet excitons, each containing around half of the original quasi par-
ticle‘s energy, see Figure 2.7.%°
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Figure 2.7: Energetic depiction of singlet fission and triplet fusion.

This spin allowed process occurs when a molecule in an excited state electronically
couples with another molecule in its proximity, which is still in the ground state.®®
The triplets are generated through a correlated triplet pair state, which may dissociate
into two free triplets or recombine into a singlet, depending on whether or not this is
energetically favorable.®’
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The reverse process, a combination of two triplets into a singlet with double the en-
ergy, known as triplet fusion, is also possible if the combined energy of the two triplet
excitons is approximately equal to the energy of a singlet exciton, or if SF is slightly
endothermic. In materials for which this is the case, the interconversion of triplet and
singlet excitons can occur in both directions, with significant impact on the lifetime as
well as the transport properties of the involved excitons,*® which will be examined in
detail in Chapter 5.2.

2.2.3 Frenkel excitons

In order to explain collective excitations within a molecular crystal, one can envision an
array of N identical molecules, which are coupled via vdW interactions. Disregarding
all vibrational or spin contributions, the ground state energy of the aforementioned sys-
tem is equal to the sum total of the individual molecules minus the polarization shift,
which results from vdW interactions and is responsible for stabilizing the crystal phase.
When a molecule in this array is excited, the excitation can be exchanged between the
coupling molecules in the ground state. Since the molecules are identical, a number of
N degenerate cases needs to be considered, in which all ground state molecules interact
energetically with the excited one. In order to simplify this issue, only the interaction
of the excited state with its two direct neighbors is considered and a periodic boundary
condition is assumed. This leads to a solution with N dilerknt energetic levels for
the excited state, which have a total energetic spread equal to the fourfold resonance
interaction , see Figure 2.8. For large N, as is the case in real crystal lattices, the
resulting states, called Frenkel exciton states, form a quasi continuous energetic band.
The exciton itself is a quasiparticle that can be understood as a bound electron-hole
pair capable of moving through the molecular array with a defined momentum, trans-
porting energy.®®
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Figure 2.8: Frenkel exciton band dispersion with depicted bandwidth equal to four times the
exchange energy .
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In an ideal crystal at 0 K this transport would continue in a wave-like manner until
electron and hole recombine, emitting the stored energy. In reality, crystal structures
are never perfect so scattering with phonons and crystal defects need to be taken into
account. Additionally, the energy levels in real crystals experience disorder, being dis-
tributed in a Gaussian manner around a mean.

If these influences are small in comparison to the coupling between molecules, the
exciton transport remains wave-like and is termed coherent transport. If the perturba-
tions on the other hand exceed the coupling strength between molecules, the coherence
of the exciton is lost. This is usually the case for experiments at finite temperatures,
due to the increased presence of phonons, which causes the exciton transport to ensue
in an incoherent or "hopping™ fashion, where the excitation jumps from molecule to
molecule.5%-"%

2.3 Transport processes in organic semiconductors and
heterostructures

This chapter introduces the various energetic transport processes in OSCs, both within
the bulk and across interfaces. They are compared in terms of speed and energetic
driving force.

2.3.1 Exciton dilusion

Energy or charge are transferred in OSCs via two primary mechanisms. Forster reso-
nant energy transfer (FRET), see Figure 2.9(a), is based on a dipole-dipole interaction,
for which a significant overlap between the absorption spectrum of the acceptor chro-
mophore and the emission spectrum of the donor chromophore has to be present.”? The
other form of transport is known as Dexter transfer, in which actual electron transfer
between the donor and acceptor takes places, see Figure 2.9(b).”® This process can
occur up to a molecular separation of 1 nm. It requires significant orbital overlap
and decreases exponentially with the distance r between donor and acceptor.>*"# Since
FRET remains e Lcieht over longer distances (1-5 nm),”® decreasing with r 8,7 it is
the dominant mechanism for the di[udion of singlet excitons.

Triplet excitons on the other hand are exclusively transported via Dexter transfer,
as they are unable to recombine radiatively, thus lacking the prerequisite for Forster
transport.3® This, combined with the aforementioned ranges, causes significant di [er-
ences in the transport speeds of triplets and singlets in OSCs, resulting in much faster
singlet transport on short timescales.”’
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Figure 2.9: Schematic depiction of Férster (a) and Dexter transfer (b) from donor (D) to

acceptor (A) molecules. Downhill migration in disordered molecular solids shown for 295 K
and 80 K, with orange and blue arrows respectively. The excited exciton (green) dildses in
x-direction by relaxing into energetically lower lying states (purple). For low temperatures
this continues to local minima with the DOS, freezing further exciton dildsion. At elevated
temperatures, the exciton can remain in higher-energetic regions in the DOS through thermal
activation, which enables elgient hopping transport due to lower spatial separation of acces-
sible states (c). Adapted from Ref [36].

Real condensed systems consisting of molecules experience a significant amount of dis-
order, caused by irregularities in the crystal structure as well as chemical defects, which
leads to an approximately Gaussian distribution of the HOMO and the LUMO energy
levels.”® Upon photo-exciting a molecule in such a system, the generated exciton will
move to a neighboring molecule if it is situated lower energetically. When only this
transfer mechanism is considered, the process will continue until the exciton finds the
locally lowest lying energetic state or recombines.”® This phenomenon can be observed
for singlet excitons as a redshift in the PL signature on a timescale of about 100 ps.
However, thermal energy provided by phonons prevents this total relaxation at elevated
temperatures, enabling hopping transport in higher density of states (DOS) regimes.
Therefore, the energetic equilibrium, which the exciton finds itself in at the end of this
process, is determined by the temperature of the system and the standard deviation of
the Gaussian distribution of the DOS.8°

For low temperatures, this "downhill migration™ process is the dominant form of exci-
ton transport in disordered systems. It is quick at first, but once the DOS decreases
at low energies the transport via Forster and especially Dexter transfer becomes slow
and very unlikely due to the large spatial separation of the sites at comparatively low
energies, see Figure 2.9(c). At higher temperatures, the thermal energy is su [cieht to
keep excitons in domains with higher DOS. This enables the aforementioned incoher-
ent hopping transports to occur more often before recombination, which results in a
comparative increase in di[dion length at higher temperatures.8%:82
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2.3.2 Energy and charge transfer across interfaces

After discussing the movement of excitons within an organic semiconductor, this chap-
ter will tackle the transport across material interfaces. This situation is technologically
relevant, since it forms the basis for harvesting the energy generated in organic solar
cells, for example.8% When an exciton reaches a material interface, the subsequently
observed dynamics are dependent on the band alignment of the constituent materials,
which is the driving force behind these processes.?4
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Figure 2.10: lllustration of electronic transfer across a type-I- (a) and type-Il- (b) hetero-
junction from donor (D) to acceptor molecule (A). The former shows the transfer of an entire
exciton while the latter depicts the separation of electron and hole, as well as the possibly
forming CT-exciton. Original charge carrier positions are depicted as transparent. Schematic
PL spectrum of the type-II-HS with red shifted and highlighted CT emission (c).

In the case of type-1 band alignment the LUMO energy of the donor material lies ener-
getically higher than the corresponding energy level of the acceptor, while the HOMO
level of the latter is situated higher than the HOMO of the donor, see Figure 2.10(a).
This results in the transfer of both the electron as well as the hole towards the material
with the smaller energy gap, eledtively transferring the entire exciton. In case of a
type-11 band alignment, meaning the HOMO and the LUMO are energetically shifted
downwards in the acceptor compared to the donor material, the electron is transferred
into the LUMO of the acceptor material after excitation of the donor. The same results
can also be achieved when exciting the acceptor, causing the generated hole to transfers
to the HOMO level of the donor as seen in Figure 2.10(b).

If the energetic drive via the band alignment is stronger than the binding energy of the
exciton, electron and hole are separated, creating a potential di [erknce desired in solar
cells.®5 Due to the low dielectric shielding present in OSCs, the exciton binding energies
are usually quite large, on the order of 0.5 eV, impeding charge separation.'® If they are
not split, electron and hole can form a Coulomb-bound complex across the interface,
which is know as a charge transfer (CT) exciton. In PL spectra, these usually show
considerably red-shifted emission due to the lower energetic separation of electron and

Chapter 2. Organic Semiconductors 17



hole compared to the exciton in the donor material, as is depicted in Figure 2.10(c).8®
The aforementioned signatures are an indicator for the presence of electronic coupling
and charge transfer across an interface.8” They are not only observed and extensively
studied at OSC interfaces, but also occur between HSs incorporating other material
systems, such as transition metal dichalcogenides, which is the topic of Chapter 5.3.

As is evident from the multitude of phenomena discussed in this chapter, the ex-
cited state dynamics in crystalline OSCs are complex and therefore require detailed
experimental investigation. The study of the extrinsic and intrinsic influences of these
dynamics in the materials mentioned is subject of this work and will be discussed in
the following chapters.
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3 Materials

In the following chapter, the material systems and individual samples investigated in
the course of this thesis are presented. Their fabrication processes as well as their
characteristic optical and energetic properties are detailed.

3.1 Tetracene

The majority of the research of this thesis focuses of the model system tetracene (TET).
TET is a molecule belonging to the acene family and consisting of four fused benzene
rings, with the molecular formula of CigHy,. It exhibits high absorption as well as
emission strength in the visible region, with the transition dipole moment of its ener-
getically lowest exciton state oriented parallel to the short molecular axis. In this work,
the organic semiconductor was investigated in its crystalline form, in which it adopts a
herringbone packing motif, with two atoms per unit cell, as can be seen in Figure 3.1.88
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Figure 3.1. Schematic depiction of TET molecules in crystal structure with black orbs
indicating carbon and light blue orbs indicating hydrogen atoms. Dimer pair with molecular
transition dipole moment (TDM) depicted as red arrow and -electron system as dotted blue
line (a). TET crystal structure as viewed from the a-axis, with indicated unit cell (b). TET
crystal structure as observed from a dilérent angle, highlighting its herringbone packing motif
(c). Crystal structure obtained from the CCDC database8°

(a) (b)

In crystalline TET, an energetic splitting of the spectral features, known as Davydov
splitting, can be observed. This is a phenomenon that occurs in OSCs with multiple
molecules per unit cell. According to their di Lerknt orientations within the crystal ma-
trix, the energy signatures of the underlying Frenkel excitons are split in the PL and
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absorption spectra. The polarizations of the excitonic transitions are determined by
the linear combinations of the individual transition dipole moments. In PL, the higher
energy signature is usually short lived, with decay times on the order of hundreds of
femtoseconds due to excitation transfer to the energetically favorable lower Davydov
component. 415

TET is a singlet fission material 8% which means a single photoexcitation can be used
to generate four charge carriers, see Chapter 2.2.2. In material systems like pentacene,
an acene consisting of five benzene rings, for which the singlet energy is considerably
higher then the energy of two triplet excitons, this fission process is exothermic and
thus highly e [cieht and non-reversible. This results in a PL decay in the femtosecond
time range,® after which the vast majority of radiative singlet excitons are transformed
into dark triplet excitons. Contrasting with the previous example, in TET the energetic
di Lerence between two triplet and one singlet exciton is comparatively small, allowing
two triplet excitons to undergo fusion back to the singlet state.®* This interconversion
process between a short-lived emissive and a long-lived non-radiative species causes an
e [edtive increase in the singlet exciton lifetime, resulting in a lingering PL detectable
tens of nanoseconds after the initial PL should have subsided.®? Measurements on the
following TET samples formed the foundation for the spatiotemporal results presented
in Chapter 5.2.

3.1.1 Pristine single crystals

While in most cases it seems obvious to only use the highest quality material avail-
able for experimental research, in reality the employed samples are often still far from
perfect. Thus, determining the e [edt of crystal quality on the measured excitation dy-
namics is vital. To accomplish this, the exciton optics and dynamics of TET crystals
of intentionally varied quality were investigated over the course of this work. In this
chapter, the single crystals exhibiting the highest purity were termed pristine single
crystals (PSCs), whereas more defected samples were termed defective single crystals
(DSCs).

Thick crystal

The large, high quality single crystals investigated in this work were grown from solu-
tion. A saturated TET/toluene solution was slowly cooled down, similar to the proce-
dure used in the publication by Valencia et al.® The controlled cooling process results
in a continuous reduction of solubility and thus in the growth of highly ordered TET
crystals that extend up to multiple millimeters in the azimuthal plane and exhibit a
thickness of >70 um. The crystal surfaces are exfoliated afterwards from both sides in
order to produce smooth, even surfaces for the subsequent optical measurements, see
Figure 3.2(a).
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In the PL spectra of all investigated TET samples, three separate peaks are identi-
fiable at lower temperatures, depicted in Figure 3.2. The dominant two peaks can be
attributed to the main S; Sy transition and its vibronic, red shifted side band, see
Chapter 2.1.3.42%4 This is further corroborated by time-resolved measurements yielding
similar dynamics for both peaks, see Chapter 5.2. At very low temperatures, a relative
enhancement of the main peak is identified due to superradiance, a process in which
multiple emitters can coherently interact with a common light field, producing photon
emission at rates proportional to N2, where N is the number of emitters. This process is
known to occur only for the main relaxation pathway and thus increases the ratio of the
main peak to the sideband PL intensity with decreasing temperature, which is clearly
visible for the PSC sample, see Figure 3.2(a).*4?% Furthermore a faint long lived peak
at around 2.03 eV (610 nm) is observed, which has been attributed to a possible excimer
or defect state in the literature, due to its broad, structureless nature.%

Thin crystals

The need for thin crystals arises from a phenomenon called self-absorption. As a result
of the small Stokes shift in TET, the emission and absorption spectra of the material
overlap significantly. This causes radiation emitted from inside the material to be par-
tially absorbed by other surrounding molecules. This process may repeat itself before
the PL is emitted from the sample. Since the overlap is pronounced for the higher
energy region of the emission spectra, self-absorption causes an e [edtive red shift of
the spectrum, which intensifies with increasing sample thickness.'*°” This reduction in
intensity of the high energy part of the spectrum is especially problematic for a quan-
titative analysis of the absorption spectra, for example regarding the intensity ratio of
the two Davydov components. The additional signal reduction induced by significant
amounts of self-absorption makes the detection of this signature nigh impossible for all
but samples with thicknesses of only tens of nanometers.

The thin single crystals used in this work were fabricated via the drop cast technique,
in which a larger TET single crystal is partially dissolved in a drop of toluene. The
drop expands on top of the substrate and starts to evaporate. Upon evaporation of the
solvent, a distribution of small single crystals remains, with up to 100 um in azimuthal
diameter. Employing a microscope setup, a particularly thin crystal was identified via
its minimal contrast. Comparisons with the absorption spectra of samples grown with
controlled thicknesses revealed the sample to have a nominal thickness of about 30 nm.%
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Figure 3.2: Micrograph images of luminescent TET samples, excited with UV-radiation
(360-380 nm), (left) with their corresponding emission spectra recorded for the temperature
range of 80 K to 290 K (right). A multiple micrometer thick pristine single crystal (PSC)
(a), a defective single crystal (DSC), showing yellowish PL at 80 K (b), tens of nanometer
thin single crystals (thin PSCs) grown via drop casting (c), and a polycrystalline thin film
(PCF) displaying crystalline domains with diérent orientations (d). % The luminescence of
the visible domains depends on their transition dipole moment's relative orientation to the
polarizer positioned in front of the recording camera.
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3.1.2 Defective single crystals

The sample labeled here as DSC was produced by liquid mediated organic molecular
beam deposition, similar to the procedure employed by Liu et al.®® A saturated silicon
oil/ TET solution is over-saturated by externally adding additional TET molecules. The
solution is spin-coated on a quartz glass substrate and positioned in a vacuum chamber.
In this chamber, TET is evaporated from a Knudsen cell, thus over-saturating the sili-
con oil solution, which, given the right parameters, results in the growth of TET single
crystals. These appear to be similar to the PSC samples at first glance, but when cool-
ing them down to around 80 K, a stark shift in the emission spectrum is visible even to
the naked eye, from a vibrant green to a bright yellow coloration. In the PL spectrum
of the DSC three distinct peaks can be identified at room temperature. They appear
at similar wavelengths to the PSC spectra when crystal thickness related spectral shifts
are taken into account. Upon cooling the crystal down however, the second and third
peak get enhanced, while the green peak diminishes, see Figure 3.2(b). This contradicts
the assumption that the second peak in the DSC results from a vibronic progression.
Instead, it can be attributed to a defect state, which is well known in the literature®
that inconveniently overlaps and obscures the vibronic side band in the DSC sample,
making the spectral separation of the features di Cculkt.

The exact nature of the yellow emission band is disputed in the literature. There
are reports of it originating from trap states®”:°° or excimers,®+19%.191 though the latter
assumption does not seem entirely convincing. Excimer formation is typically encoun-
tered in crystal structures with a coplanar sandwich packing motif, which is absent in
TET, see Chapter 2.2.1. An additional proposed origin for the yellow emission band
are structural defects caused by an incomplete phase transition.'%? During the mea-
surements conducted for this project, the signature appeared also at RT from freshly
prepared samples above the reported phase transition temperatures of TET in the range
from 130 K to 200 K, discrediting this idea.

Another recent explanation for the origin of the yellow emission band was the emission
from a correlated triplet state via Herzberg Teller coupling. It was assumed that a
dark state (triplet-pair) can couple via vibrational distortions to a bright state (singlet)
and thus borrow from the oscillator strength of the latter, obtaining a finite radiative
transition rate.'%® A problem with this notion is the fact that the observed PL signature
does not match the energy one would expect from such a process. According to the
transient absorption results obtained by Thorsmglle et al., the triplet state energy is
on the order of 1.25 eV.2%* As such, one would expect the triplet-pair emission to be
blue shifted to around 2.5 eV compared to the main singlet peak at around 2.35 eV,
which has not been observed. The idea of an emissive triplet-pair state also contradicts
an observation made by Cruz et al., who saw the PL of the yellow emission band dis-
appearing in time-resolved measurements while the delayed singlet emission caused by
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recombining triplet excitons was still present.% This implies that the species responsi-
ble for the yellow emission band is not involved in the interconversion process of singlet
and triplet excitons in TET. It is therefore unlikely to be a precursor state of either.

3.1.3 Polycrystalline thin film

The polycristalline film (PCF) with a thickness of around 2 um was prepared on a KCI
substrate using organic molecular beam deposition under high vacuum conditions. The
ionic substrate is required in order to guarantee the fabrication of smooth surfaces.
The small dimensions of the TET molecules cause it to be relatively volatile and highly
mobile at the preparation temperature of around 313 K. On SiO,, this leads to partial
dewetting, resulting in island growth with areas containing either thick TET films or no
material at all. The periodic ionic potential of KCI, however, provides a rigid structure
which forces the organic molecules into an even formation via the Coloumbic attraction
to the ions of the substrate. This prevents the dewetting process and results in smooth
films with larger crystallite domains in the range of tens of micrometers. Thus, the KCI
substrate aids in the growth of films that deviate a lot less from their nominal thick-
ness, whereas weaker interacting substrates such as SiO, result in samples consisting
of inhomogeneous material distributions. This causes a reduction in the PL emission
relative to the nominal thickness of the sample, since not the entire illuminated surface
is covered by TET.93:106.107

Spectrally, the PCF resembles the PSC signatures, as can be seen in Figure 3.2(d),
with a strong excitonic signal dominating even at lower temperatures, which indicates
a lack of emissive defects. The absence of a pronounced yellow emission band is some-
what surprising, since the presence of grain boundaries should provide ample amounts
of structural defect sites. There are two explanations for this. Either the crystalline
domains are so large that the laser manages to exclusively excite an ordered portion of
the sample or the emission is not caused by structural but rather chemical defect sites.
The latter point seems to be more likely, since the shape of the PL signal remained
constant even when varying the measured position.

3.2 Pyrene based organic inorganic heterostructures

For the construction of vdW bound HSs an ionic molecular crystal with a pyrene based
chromophore was employed. In order to better explain its properties and excitation
dynamics, the characteristics of the neat molecule will be discussed first.
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3.2.1 Pyrene

Pyrene, similar to TET, is a flat molecule consisting of four fused benzene rings with the
molecular formula of CigH0, See Figure 3.3(a). A particular property of the molecule
is that when dissolved in high concentrations or condensed in a crystal lattice, the
emission spectra di [er strongly from the emission of isolated molecules. In absorption,
pyrene displays a structured signature with its energetically lowest peak appearing at
3.29 eV. The emission spectra of pyrene crystals, on the other hand, are dominated
by a massively red-shifted peak at 2.64 eV.19%81%° This behavior has been attributed
to the formation of an excimer, which is a dimer complex forming upon photoexcita-
tion, see Chapter 2.2.1. In the crystal phase, the pyrene molecules are oriented in a
sandwich-herringbone packing motif, allowing for the face-to-face packing required for
the e [cieht formation of excimers, as is shown in Figure 3.3(b,c).

Another peculiarity of the molecule is the forbidden nature of its So ! S; transi-
tion. In Pyrene, the Sy ! S, transition absorbs much more strongly then the So! S,
transition, which is a result of only the latter being symmetry allowed.'*® The S; ! S
emission and corresponding absorption peak is thus only faintly visible due to the in-
tramolecular vibrations, which soften the underlying selection rules.*!!

3.2.2 Pyrenemethylamonium-chloride

In this work, pyrenemethylamonium-chloride (PyMACI) was chosen for the construction
of heterostructures due to its ability to form ionic crystals. Pyrene and ion-pair layers
alternate,''* forming a crystal structure, which, similar to transition metal dichalco-
genides, is prone to layered separation, see Figure 3.3(d). The pyrene layers are held
together via - and CH- interactions. The ions, on the other hand, form a two-
dimensional hydrogen bond network between the ammonium cations and the chloride
anions.'** The layered structure makes PyMACI a unique candidate for mechanical
exfoliation to obtain samples with only a few defined molecular layers. For organic
crystals, this is usually problematic because, unlike for example graphene or transition
metal dichalcogenides, see Chapter 3.2.3, they are not inherently layered materials and
show more interwoven packing motifs.

The samples employed in this work were exfoliated from a bulk PyMACI single crys-
tal, which was grown via recrystallization of a commercially available compound (1-
pyrenemethylamine hydrochloride, CAS: 93324-65-3, obtained from Sigma-Aldrich) from
hot ethanol solution.
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Figure 3.3: Schematic depiction of pyrene molecule with black orbs indicating carbon and
light blue orbs indicating hydrogen atoms. Transition dipole moment (TDM) of monomer

fluorescencé!'? represented as red arrow and -electron system as dotted blue line (a). Pyrene
crystal structure as viewed along the c-axis with indicated unit cell (b). Crystal structure as

observed from dilérent angle, highlighting sandwich-herringbone packing motif of pyrene (c).
PyMACI's slip-stacked, ionic crystal structure as viewed from the b-axis with nitrogen atoms

in red and and chlorine atoms in green (d). Crystal structure of pyrene obtained from the
CCDC databasé'® and PyMACI structure obtained from Ref. [114].

3.2.3 Tungsten disulphide

Tungsten disulphide (WS,) belongs to the material group know as transition metal
dichalcogenides, which are comprised of hexagonal metal layers, sandwiched between
two chalcogenide layers, see Figure 3.4.1'° These layers, comprised of covalently bound
atoms, are kept together in the crystal structure via comparatively weak vdW forces
acting between the layers. This enables the separation of individual monolayers form
the bulk. When stripping away all except for a single monolayer, TMDs change from
indirect to direct semiconductors. The resulting exciton binding energies are compara-
bly high to OSCs due to the lack of dielectric screening from other layers, resulting in
high Coulombic forces.1>-117

These 2D materials show promise for applications in various fields, including photo-

and electro-catalysis, solar cells and batteries.**® In comparison to OSCs, they show
large spin orbit coupling, a rigid structure and good transport properties.
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On the other hand, they lack the chemical tunability of OSCs and their absorption
e Lciehcy is capped at around 20 %, as they are limited to only a single layer.?22343

Figure 3.4: Schematic depiction of WS unit cell viewed from b-axis (a) and c-axis (b), with
sulfur atoms indicated as yellow and tungsten atoms as blue. WSlayered crystal structure
as seen from the edges (c) and from the surface (d). Crystal structure obtained from CCDC
database, which is based on Ref [119].

A process called mechanical exfoliation takes advantage of the strong intra- but weak
inter-layer cohesion to separate the layers by repeatedly peeling a crystal with adhesive
tape. The result is a distribution of TMD flakes of di [ering layer count. The identifica-
tion of monolayers among the flakes can be tricky. When looking at micrograph images,
such as displayed in Figure 3.5(a), the dilerknces in contrast are very low in-between
few layer TMDs, which is why even trained personnel or image recognition software
often only obtain mixed results, making the search for single layers a time consuming
task. In the case of WS,, distinguishing of monolayers is made easier by the fact that
their direct band gap emission is in the visible spectral range at around 620 nm. As a
result, individual monolayer flakes can be identified by the naked eye under the micro-
scope based on their red luminescence, which is absent in multilayer flakes.20:121

As mentioned, TMDs change from indirect to direct semiconductors, when the layer
count is reduced to one. This is caused by a combination of quantum confinement and
lack of electronic layer interaction.*3122 Coulomb repulsion between p, orbitals of the
chalcogenide elements belonging to diLerent layers is absent in an isolated monolayer.
These energetic alterations result in a reduction of the valence band maximum at the

-point, making the direct transition at the K-point energetically favorable, which re-
sults in the enhanced emission of a signal, origination from the so called X, exciton,
at around 2.1 eV.8122 Depending on sample quality, a faint higher energy signature
can be observed in absorption, usually blue shifted by around 380 meV and known as
the Xg-exciton, which is shown in Figure 3.5(b) This second signal originates from the
spin-orbit splitting of the valence band, which results in energetically separated bands
with di[erkent spin states, associated with di[erknt transition energies.*31%3
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In bulk TMDs, the inversion point lies in-between the layers. By reducing the ma-
terial to a single layer, the inversion symmetry is broken, which causes the diLerent K
valleys to be no longer equivalent. This results in spin-valley coupling, which causes
electrons in the K+ and K- valley to have distinct spin orientations, which is depicted
in Figure 3.5(c).124-126

Figure 3.5: Microscope images of W§ flakes recorded under white light (top) and excited
with blue light (bottom), with only the monolayers showing pronounced red PL (a). WS,
normalized dil@rential transmission spectra taken from Ref. [127], showing A, B and C exciton
peaks with ascending energy (b). Schematic of targeted excitation of excitons to K or K
valleys in TMDs depending on the handedness of the incoming polarization as well as the
photon energy. Red and blue arrows indicate the electron spin configuration in the respective
valence band (c).

The combination of high spin-orbit as well as spin-valley coupling in 2D materials at-
tracted attention as it bears the potential of allowing for the excitation of charge carriers
to specific k-vectors, as depicted in Figure 3.5(c). This technique, known as valleytron-
ics, might be used to store and encode information in the valley index of a generated
exciton.116.128

The dilerknce in spin as well as large momentum separation between valleys was ex-
pected to prevent e Lcieht scattering between them, resulting in long lifetimes, crucial
for information storage and processing. The high spin-orbit coupling in combination
with specific optical selection rules allows the targeted photo-excitation of electrons
into a specific valley by the handedness of the excitation‘s circular polarization. This
information can be probed optically, enabling signal storage and reading.12%-131

3.2.4 Fabricated heterostacks

The heterostacks of monolayer WS, and few-layer PyMACI were fabricated by phys-
ically stacking both compounds. The exfoliated WS, flakes were transferred onto a
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SiO,/Si substrate employing the viscoelastic stamping technique, with the use of a
polydimethylsiloxane (PDMS) gel.*3? Carefully lifting the PDMS left the TMD mono-
layer attached to the substrate. To fabricate the HS, the process was repeated with
PyMACI, stamping a few layered crystal on top of the WS,. The study of this material
system is detailed in Chapter 5.3.
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4 Methodology

This chapter presents the experimental methods used to acquire the measurement data
shown in the results section of this thesis. In addition, the inner workings of a streak
tube, the component that enables time-resolved measurements, and the process of ex-
tracting spatiotemporal dynamics from raw data sets are described in detail.

4.1 Optical setups for absorption and photolumines-
cence measurements

The optical measurements conducted in the course of this work can be roughly split
into emission and absorption measurements, with the corresponding setups being both
depicted in Figure 4.1. Absorption measurements were carried out in transmission
geometry using a tungsten halogen lamp as a continuous light source. Transmission
spectra were obtained via the use of a spectrometer (Andor Kymera) coupled with a
high sensitivity EMCCD-camera (Andor iXon). The use of an analyzer in the detection
path allowed for the probing of specific polarization directions.

The steady state and time-resolved photoluminescence (TRPL) measurements were
performed in reflection geometry. In both cases, a laser was used to excite the sample,
which was focused on the material through a microscope objective. The photolumines-
cence (PL) emitted by the sample was collimated using the aforementioned objective
and led into the detection path via a dichroic longpass mirror or beam-splitter. A long-
pass color filter removed the remaining laser radiation from the PL signal, before the
signal was focused onto the entrance slit of a monochromator with a coupled detector.

In the case of static PL measurements on the heterostacks, see Chapter 5.3, a polarizer
was added to the detection path in order to explore the anisotropy of the emitted PL.
Note that these particular measurements were not conducted on the exact setup shown
in Figure 4.1, but on a comparable one. The excitation source was a frequency doubled
Nd:YAG laser, emitting at 2.33 eV (532 nm), which was focused using a 40x microscope
objective, resulting in a spot size of around 2.5 um on the sample surface. A nitrogen
cooled CCD camera attached to an imaging monochromator (Princeton Instruments
Acton SP2300) captured the PL signal.

For time-resolved PL measurements, a titanium sapphire laser (Spectra Physics Tsunami)
was chosen as the excitation source. Its wavelength can be tuned from 720 to 950 nm
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Figure 4.1: Schematic of time-resolved photoluminescence, as well as steady state absorption
setup, with yellow beam indicating white light, blue beam indicating exciting laser light and
green beam indicating photoluminescence beam path.

and frequency doubled using a nonlinear beta barium borate crystal to produce radi-
ation suitable for optical excitation of the organic materials under study. The laser is
operated in pulsed mode at 80 MHz with a pulse duration of 100 fs. The combination
of a /2-waveplate and a polarizing beamsplitter allowed for the adjustment of the laser
power in the excitation path, while the remaining power was absorbed by a beam trap,
see Figure 4.1. Focusing the laser using a 50x microscope objective results in a spot
with a diameter of around 5 pm on the samples surface. The PL signal was focused on
the entrance slit of a monochromator (Bruker, model no. 250-30) coupled to a streak
camera (Hamamatsu C6860), which allowed for simultaneous temporal as well as either
spectral or spatial PL signal resolution.

For the measurements, the samples were placed inside a helium flow microscopy cryo-
stat (CryoVac Mini-Cryo), which could be cooled down to 77 K using liquid nitrogen or
to 10 K using liquid helium. A temperature controller adjusted the voltage applied to
a heating element inside the cryostat as well as the voltage applied to a magnetic valve
controlling the cryogen flow rate, enabling temperature controlled measurements. The
ability to cool down the samples allowed for probing of thermally activated processes
as well as the contribution of phonons to various excited state phenomena, which are
detailed in the results part of this work. During measurements, the cryostat was evac-
uated to around 10 ® mbar, which enabled e Lcieht cooling as well as minimizing the
exposure of the samples to oxygen. This prevented significant photodegradation when
the OSCs were densely excited with high-energy photons,* as was the case for the PL
measurements performed.
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4.2 Time-resolved photoluminescence measurements

In order to resolve the temporal evolution of the photoluminescence (PL) signal on a
picosecond time scale, a streak camera was employed. The setup, also shown in Fig-
ure 4.1, consists of a monochromator that splits the incoming PL signal spectrally in the
horizontal direction using a grating, the streak tube that resolves the signal temporally
in the vertical axis and a CCD camera, that captures the resulting image. As depicted
in Figure 4.2, the spectrally resolved photons impinge on a photocathode, releasing
electrons, which then are accelerated inside the streak tube towards the anode via the
applied voltage. An additional sinusoidal time-dependent electric field, synchronized
to the repetition frequency of a mode-locked laser, shifts the electrons in the vertical
direction.

Figure 4.2: lllustrated components and working principle of a streak tube, with exemplary
depiction of a resulting image dataset with color coded intensity (left).

Due to the coupling with the pulse frequency, the degree of vertical deflection of the
electrons is correlated with their time delay with respect to the excitation of the sample.
In order to increase the signal-to-noise-ratio, the electrons impinge on a micro-channel
plate. Depending on the selected level of gain, the voltage applied to this plate is in-
creased. As a consequence, the charge carriers colliding with the channel walls cause
the emission of secondary electrons, enhancing the recorded signal.

Eventually the electrons are converted back into optical photons by hitting a phos-
phorous screen, which is imaged by a CCD camera. By integrating over multiple pulse
cycles, a quasi-3D dataset is acquired where the horizontal axis displays the photon
energy, the vertical axis shows the time and the intensity recorded at each pixel cor-
responds to the number of detected photons. This dataset, often called a heatmap,
contains a plethora of information, which can be extracted by analyzing selected parts
of the data.
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The heatmap consists of hundreds of spectra at di [erent points in time. By analyzing
the absolute and relative change of these spectra, di[erent luminescent species can be
identified. In vertical direction, a heatmap contains transients for a wide range of pho-
ton energies, giving insight into the decay dynamics of diLerknt parts of the spectrum.
This allows for the identification and di[erkntiation of the present emitting species,
such as excitons, excimers and vibronic side bands. Depending on the slope of the
rising edge of a transient, charge and energy transfer processes can also be detected.

4.3 Photoluminescence dilusion measurements

As mentioned in Chapter 4.1, measurements of exciton di [udion are also conducted with
a streak camera, with only minor adjustments. The main dilerknce compared to the
spectral measurement is the observed di [raction order, selected via the monochromator
settings. By projecting the 0™ order into the streak tube, the horizontal axis of the
recorded heatmap no longer displays the photon wavelength but rather a signal, which
is proportional to the spatial distribution of the luminescence spot. In most materials
the width of this profile increases over time, indicating the diludion of the radiative
populations generated by a laser pulse with a Gaussian beam profile.

In order to quantify this di [udive behavior, the profile is fitted with a Gaussian function
and the change in its variance 2 with respect to the initial PL profile is calculated.
The recorded profile consists mainly of the spatial convolution of two Gaussian distri-
butions, the charge carrier population and the point spread function of the microscopy
setup, the latter being an Airy disc pattern of the emitted photons, which is typically
approximated by another Gaussian. The convolution of two Gaussians results in the
sum of their variances. Thus, as long as the spectral shift over time is small, the impact
of the point spread function can be neglected when subtracting the variances of two
profiles. This enables the acquisition of the change in the charge carrier profile at a
time t from the measured variance:3°

‘M= ) 0 (4.1)

The change in variance can then be used to calculate the diludion constant D of the
di [dive species®®:

2(t) = 2Dt
_ (4.2)
D= %

Where is the di[udion exponent. Note that =1 is only true for strictly linear, regu-
lar di [udive behavior, lower values often indicate di [udion hampered by the presence

Chapter 4. Methodology 33



of disorder and defects, while higher values result from ballistic or band like transport,
both resulting in time dependent di [udivity.39134

The data that can be extracted from the spatiotemporal measurements are the variance
2 and the time dependent change in variance  2(t), which will be referred to as mean
squared displacement (MSD) in the following.

Figure 4.3: Heatmap of an exemplary charge carrier dilision measurement of a IlI-V semi-
conductor (a). Comparison of intensity distributions at 0 and 1 ns after excitation, with
evident profile broadening (b). Linear fit of recorded MSD values over time shows a constant
dildsion coelgdient (c).

The total average diludion length of a given population L., Can be calculated by
first obtaining the corresponding average MSD value,  2,,. The value is obtained by
averaging over all MSDs Sop(t) weighted by the PL intensity |y, for each time t:

R 2
. 2 0(1) Tpop()clt

= R 4.3
The average di [udion length Lp.,0p is derived from the square root of this value:
q__
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5 Results

The contributing publications are summarized in this chapter. An overview of the
employed approaches and the main findings is provided, as well as how the results fit
into the broader context of the literature.

5.1 Electron-phonon interactions in oligoacenes

Organic semiconductors are an interesting class of materials for technological appli-
cations due to their high absorption and emission of visible light and their ability
to be chemically modified. To fully utilize the potential of OSC, it is necessary to
understand the microscopic origins and parameters that influence the aforementioned
processes. Due to the soft lattice of molecular crystals, inter- and intramolecular vibra-
tions strongly influence the excitation dynamics, as described in the Chapters 2.1.3 and
2.1.5. This study deals with the Davydov states in oligoacene molecules, the energetic
transfer from the higher to the lower energetic states and which role intermediate dark
states as well as phonons play in this process. Theoretical calculations were performed
in order to investigate this behavior in pentacene (PEN) and TET. To validate the
results, suitable TET single crystals were grown and spectroscopically investigated us-
ing polarization resolved absorption as well as TRPL measurements. Based on these
combined experimental and theoretical e Lants, the role of optically dark states in the
transition between Davydov states was determined and criteria for the formation of a
phonon bottleneck e [edt were obtained.

5.1.1 Microscopic model

To calculate the energetic states and transitions in an oligoacene herringbone lattice
with two relatively rotated molecules per unit cell, the tight-binding formalism was ini-
tially used, with the necessary parameters taken from the literature.?®13%136 This model
is useful when free electrons are not suitable to explain the observed situation, which is
the case for organic semiconductors due to the low dielectric shielding between electrons
and holes in these systems.'3” The tight-binding model allows for the construction of
an electronic band structure using the HOMO and the LUMO of both molecules, which
are occupying the unit cell. The coupling between the acene molecules lifts the degen-
eracy of their energetic states, resulting in the emergence of two bandgaps for PEN
and TET at the and M valleys, with the MM bandgap being the global bandgap, see
Figure 5.1(a).
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Figure 5.1: Calculated band dispersion of a PEN crystal in the (001) plane with two direct
transitions at the  (orange) and M valleys (red). The relative dipole orientation of both

transitions and an in-plane slice of the Brillouin zone are additionally shown as inset. Figure
reproduced from Ref. [1].

Subsequently, the Wannier equation, which describes the interaction of electrons and
holes in an excited state via Coulomb interaction, is employed. It is utilized to calculate
excitonic binding energies and wavefunctions at the valleys of the band structure.

The excitonic states that can be formed in this crystal structure do not only include
those at direct transitions, but also two momentum-dark transitions, in which the elec-
tron and hole are positioned in di[erent valleys, see Figure 5.1(b).**%1%° The Davydov
splitting is calculated from the energetic di [Lerknce of both bright excitons. The values
obtained for PEN (140 meV) and TET (95 meV) are in good agreement with results of
previous studies.*1140

As the exciton optics are probed experimentally via PL and absorption spectroscopy, the
Elliot formula for optical absorption and emission is employed.**'42 For the modeling
of experimental data, this formula, which yields steady-state absorption and emission
spectra, is derived through the semiconductor luminescence equations'*® from Heisen-
berg’s equation of motion.1#

Iabs = H Im - (5.1)

The Elliot formula for absorption, Formula 5.1, can be broken down into a few fun-
damental constituents. denotes a specific valley configuration for electron and hole,

refers to the excitonic wavefunction, resembling the one from a 2D hydrogen atomic
orbital and stands for the polarization direction of the absorbed light. The main con-
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tributors to the absorption spectrum are the optical matrix element M , the photon

energy h! and the exciton binding energies E® . describes broadening of the opti-
cal signatures due to singlet exciton losses in the form of singlet-triplet fission. Finally,

denotes the line broadening due to exciton-phonon coupling, including both inter-
and intramolecular vibrations. The Elliot formula for PL dilerk in that the exciton
occupation N must also be taken into account.

o= 20 ML 2
T MER i+ ) (5.2)

In order to calculate the time-dependent evolution of the excitonic species, a system of
semiconductor Bloch equations was derived. These account for the exciton-phonon- as
well as exciton-light-interactions.*3%143 The result is a Boltzmann scattering equation,*
which describes the exciton relaxation via optical and acoustical phonons, arising from
inter- and intramolecular phonon modes.'*414> Thus, from an initially excited  pop-
ulation, the transfer to and between the other excitonic species can be calculated over
time. This enables tracking of the total given population for each species.

5.1.2 Microscopic modeling of exciton dynamics

PEN and TET crystals exhibit a herringbone packing motif, with their transition dipole
moments oriented along the short molecular axis, as seen in Figure 3.1. The combina-
tion of these facts means that the polarization direction of exciting light in relation to
the crystal axis has a significant impact on transition dynamics and must therefore be
taken into account in the model.

The TDM of the MM-exciton is polarized along the a axis of the crystal, hereafter

referred to as y-polarization. The x-polarized light is 90° rotated with regard to y, being

almost parallel to the b lattice vector. In the case of x-polarization, the MM feature is

absent due to the 90° angle between the excitation dipole and transition dipole moment.

In contrast, the transition dominates the dynamics in x-polarization, especially at

early times. Since the dipoles of the two excitons are not completely orthogonal, a faint
signal is still visible, when excited with y-polarized light.

At this point it is assumed that the exciton population of the investigated system is
thermalized according to a Boltzmann distribution. This was reinforced by calculated
PL spectra, which showed only an MM signature at 30 K, regardless of the exciting
polarization direction. Only when the available thermal energy was increased, would
the higher energy PL signature become visible as a separate peak when the system
was excited in x-direction. The calculated absorption spectra revealed a 140 meV Davy-
dov split, which is, as mentioned in Chapter 5.1.1, in good agreement with the literature.
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Solving the Boltzmann scattering equation, as outlined in Chapter 5.1.1, enables the cal-
culation of the transitions between the four exciton species, displayed in Figure 5.1(b),
including the dark M and M states. Under the assumption of an x-polarized pulsed
excitation source, mainly coherent excitons are generated. These then quickly con-
vert within the first 100 fs via polarization-population transfer into a large incoherent
population.143146 In a subsequent step, intraband scattering spreads the momentum
distribution on a timescale of a few hundred femtoseconds, reducing the population
in the observed window. Finally, interband scattering, which is mediated by optical
phonons, causes relaxation between bands and thus shifts the population ratio between
the species, as shown in Figure 5.2(a,b). The small energy di Lerknce between the higher
energetic and the lower lying M exciton permits rapid relaxation under emission
of optical phonons. This causes a population drain to the M state on a picosecond
timescale, as shown in Figure 5.2(a,b) for the case of PEN and TET, respectively.

Since the bands in PEN are relatively flat and the distance between valleys in momen-
tum space is large, further relaxation to the lower lying M or MM states is signifi-
cantly slowed down, occurring on nanosecond timescales. This phenomenon, known as
a phonon bottleneck, is caused by insu Lcieht energy transfer from phonons between
the upper / M and lower lying M /MM energetic states. Such a finding suggests
that dark excitons play a crucial role, acting as transfer channels during the relaxation
from upper to lower Davydov states in herringbone oligoacenes.

Though fascinating, the experimental validation of these results for PEN is not possi-
ble, due to its tendency to undergo e [cieht SF on a timescale of around 100 fs.147148
The bright singlet exciton population is rapidly converted into non-radiative triplet ex-
citons, diminishing the desired PL signal heavily and making it very di [cullt to detect.
In contrast, TET, which as stated shares many properties with PEN, undergoes SF on
a timescale of 100 ps,87149150 making its temporal dynamics accessible via the streak
camera setup mentioned in Chapter 4.2. The calculations were therefore also performed
for TET. To validate the calculated dynamics, suitable TET crystals were grown and
measured.

5.1.3 Experimental work on tetracene single crystals

For a detailed description of the sample fabrication and selection process, please refer
to 3.1.1. In summary, a distribution of thin crystals was grown via the drop casting
technique. After tests on multiple individual crystals and thin-films, the need for a
particularly thin sample was discovered, in order to prevent the loss of the PL sig-
nature due to self-absorption. A particularly thin crystal was identified via micrograph
investigation. Comparisons of PL signatures and XRD-data on larger crystals revealed
that the orientation of the b-crystal axis and thus the dipole moment of the MM-exciton
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Figure 5.2: Calculated exciton dynamics from the initially excited coherent  population
with a 100 fs Gaussian pulse in x-orientation, including schematic of relaxation pathways for
PEN (a) and TET (b). Calculated population ratio of higher energy states in comparison to
lowest lying (MM) state (c). Colors correspond to equally colored states in (a,b) with crosses
denoting values for TET and circles for PEN. The black line shows the predicted Boltzmann
distribution. Figure reproduced from Ref. [1].

could be identified via the strength of the emitted PL signal. Thus, the crystal axis of
the sample could be determined even though the sample itself was too thin for XRD
measurements.

The thickness of the crystal was indirectly derived by the position of its absorption
peaks. When measuring TET in absorption geometry, the white light employed par-
tially excites the material, resulting in reemission. Due to the lower energetic nature of
the PL signature, this results in a red-shift that increases with sample thickness. The
aforementioned phenomena can be used in order to estimate a sample’s thickness, by
comparing the measured absorption spectra with those of other samples with known
thicknesses.®® In order to account for the low total absorption expected of a sample with
such a small thickness, a spectrometer coupled to a highly sensitive EMCCD-camera
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was employed. Temperature controlled absorption measurements were conducted using
the setup outlined in Chapter 4.1. The results are presented in Figure 5.3(a,b). A
polarizer allowed for separate probing of the signal in the x- and y-direction. Due to
the fast relaxation from the into the dark excitonic states, the PL signal needed to
be time-resolved, which is why the aforementioned TRPL setup was used, see Chapters
4.1 and 4.2.

Figure 5.3: TET absorption spectra recorded in x- and y-direction, displaying almost ex-
clusively the MM (a) and the (b) exciton. Linewidths of absorption peaks for each
species plotted against temperature (c) with theoretical fits that allow for the extraction of
the electron-phonon coupling strength in TET crystals based on the experimental data (d).
Figure reproduced from Ref. [1].

5.1.4 Comparison of theoretical and experimental results

To compare the results of the model with experimental data, the calculations men-
tioned in Chapter 5.1.1 were repeated for TET with adjusted structural and electronic
parameters. The results show a Davydov splitting of 95 meV, which is a significant
reduction from the 140 meV for PEN, while the phonon dispersion remains roughly the
same.'#®> Combined, these factors allow for more e [cieht intraband relaxations in TET,
reducing the relaxation time to lower-lying excitonic states to only tens of picoseconds.

Looking at the simulated population distribution displayed in Figure 5.2(c), it becomes
evident, that for TET the trend follows that of a Boltzmann distribution, indicating the
absence of a phonon bottleneck, since there is no build-up of the high-energy M state.
This suspicion is further solidified by comparing panels (a) and (b) of Figure 5.2, as the

emission shows comparatively weaker PL at later times when excited in x-direction.

Comparing the absorption measurements with the polarizer oriented in x- and y-

direction, a Davydov split of 70 meV was found, which is slightly smaller than the
calculated value. From the evolution of the peak width as a function of temperature
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in Figure 5.3(a) and (b), it becomes evident, that the MM exciton peak experiences an
increased amount of broadening, when compared to that of the exciton. Since the
profile broadening is caused by exciton-phonon scattering, the scattering rate can be
extracted from the evolution of the linewidths with temperature.’>* The experimentally
obtained linewidths as well as the corresponding fits are displayed in Figure 5.3(c) and

(d).

The lower broadening of the high energy state is surprising, since higher energy
states usually have access to larger amounts of scattering channels. The discrepancy is
attributed to a more e [cieht exciton-phonon coupling of the MM compared to the
state in TET.15!

Figure 5.4. Comparison between theory (a,b) and experiment (c,d) PL of MM and  exciton
at 30 K (a,c) as well as 290 K (b,d). Figure reproduced from Ref. [1].

Comparing the PL profiles extracted from the TRPL measurements shown in Figure 5.4,
it becomes evident that the experimental spectra show a striking asymmetry compared
to the calculated spectra. The slower falling low energy flank in Figure 5.4(c) and (d)
most likely originates from a vibronic progression spectrally overlapping with the main
emission peak, see Chapter 2.1.3, which was not taken into account in the calculations.
Alternatively, the faster falling high-energy flank might also be the result of the self-
absorption phenomena mentioned in Chapter 3.1.1. As stated previously, this e [edt,
caused by the small Stokes shift in organic semiconductors, is more pronounced for
higher energy photons because the absorbance increases with energy, resulting in a rel-
ative intensity decrease for high energy signatures. Comparing the spectra at 30 K and
290 K, it is noteworthy that the peak is only detectable as a high energy shoulder
in x-direction at 290 K. This shows that the exciton is not substantially occupied
even in the x-polarization direction and for early time ranges, as presented in Figure 5.4.
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Although theoretical and experimental data generally seem to agree well in terms of
energetic position and line shape, the experimental intensity of the signature in
x-direction is significantly reduced compared to the theoretical results. Instead, the
spectrum is dominated by the MM signature even at these early times, which is most
likely due to self-absorption e [edts that attenuate the higher energy signals. In addition,
exciton recombination via crystal defects broadens the signal unilaterally.

5.1.5 Conclusion

In conclusion, this study highlights the importance of non-radiative exciton species
as intermediates in the phonon-driven relaxation between Davydov states. Microscopic
modeling reveals a phonon bottleneck in PEN, which hinders the transition from the M
to the lower lying MM state, leading to an accumulation of the former. In TET, however,
this e [edt seems to be absent due to a lower energetic separation of the involved states,
resulting in more e [cieht interband exciton transitions. This was further confirmed
experimentally by means of TRPL and allows for the prediction that in herringbone
oligoacenes a phonon bottleneck is likely to occur, if strong intermolecular interactions
are present, leading to dispersive bands and thus large energetic separations. This
phenomenon would be enhanced by a lack or suppression of high energy phonon modes,
preventing e [cieht exciton scattering between bands. By tuning this parameter via
chemical or structural modifications the aforementioned hypothesis could be confirmed
in future studies. Furthermore, the experimentally observed change of the absorption
linewidth with temperature allowed for the extraction of the electron-phonon coupling
strength in TET single crystals.
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5.2 Exciton dildsion dynamics in tetracene

The investigation of the transport properties in OSCs is of fundamental interest for the
development and improvement of organic solar cells. Excitons generated by photoab-
sorption first have to be split into electrons and holes in order to generate a potential
dilerknce. To do this, they have to travel to an interface where the alignment of band
energies facilitates the splitting. However, first the exciton has to reach the interface
before it can recombine, losing the gained energy radiatively or non-radiatively. There-
fore, studying the di [udion length in OSCs and identifying the parameters that influence
this phenomenon should be of high priority.

Another interesting property of some OSCs is the tendency to undergo SF, as dis-
cussed in Chapter 2.2.2. This leads to the creation of four charge carriers from a single
photoexcitation, which would theoretically be a way to surpass the Shockley-Queisser
limit and raise the e [ciehcy of solar cells to new heights.*52-1%4

The transport of excitons at finite temperatures usually occurs in an incoherent or
hopping fashion, see Chapter 2.3.1. This results in faster transport of the short-lived
singlet species and slower transport of the long-lived triplet species, via the Forster
and Dexter transfer mechanism respectively.®® Recently, it has been reported that in
SF materials where an interconversion of these species is possible, a type of cooper-

ative transport has been found that actually improves the overall excitonic di[udion
|ength_35,37,39,40,155

As mentioned above, in order to manipulate these phenomena, it is necessary to identify
the mechanisms and parameters that aledt them. Therefore, a study was conducted
to investigate the role of disorder and defects as well as temperature on the exciton
transport in SF materials. The latter is of particular interest, since there are conflicting
reports on its role and e[edts on SF and exciton transport in molecular crystals. As
a model system, TET was selected and studied using spatially and spectrally resolved
TRPL measurements. The molecule was chosen because its exciton energetics are well
understood*!*® and it can be grown in the form of high quality single crystals.t>® A
kinetic model was used to reconstruct the measured data and elucidate the underlying
population dynamics.

5.2.1 Samples

To investigate the role of defects and crystal quality, two bulk single TET crystals were
studied, see capter 3.1, termed pristine single crystal (PSC) and defective single crys-
tal (DSC). After the crystals were identified as suitable candidates for measurements,
they were exfoliated from both sides in order to remove small crystallites and produce
smooth, uniform surfaces. XRD measurements were performed, which identified both
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samples as (001)-oriented TET bulk crystals. One di[erknce is that the DSC shows less
intense higher order (00n) reflections, indicating a lower crystalinity and thus a larger
amount of disorder and defects. Both crystals were sandwiched between two quartz
glass plates in order to mount them in a cryostat, see Chapter 4.1. TRPL measure-
ments for both samples were performed spectrally and spatially in a temperature range
of 80 K to 290 K.

As mentioned in Chapter 3.1, the significant dilerknce in the spectral signatures of
the samples is revealed at low temperatures. At room temperature, both samples show
a green emission with a main peak at about 2.30 eV (538 nm) and a weaker lower
energy signature at about 2.18 eV (568 nm). While the main peak at 2.30 eV remains
dominant throughout the entire temperature range for the PSC, the DSC shows a yel-
lowish emission at lower temperatures caused by an enhancement of the lower energy
signature at 2.17 eV (572 nm).

Figure 5.5: SPectrally integrated transients extracted from TRPL measurements for the

PSC (a) and the DSC (d). Heatmaps displaying TRPL data of the PSC (b) and the DSC (e)

at 80 K. Time dependent spectra extracted from (b,e) from temporal windows with a size of
t=0.2 ns shown for the PSC (c) and DSC (f). Figure reproduced from Ref. [2].

The dilerknt temperature behavior of the lower energy signatures suggests that they
actually have dilerknt origins. The comparison of the transients in Figure 5.5(a) and
(d) supports this assumption, since the PL decay of the PSC remains approximately
monoexponential, while for the DSC the decay becomes multiexponential at lower tem-
peratures, indicating the presence of a second radiative species. For the PSC, the
identical decay rate of the high and low energy peak observed in Figure 5.5(b,c) indi-
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cates that the "yellow™ peak is a vibronic replica of the main peak, which has the same
origin as the green emission, namely the excitonic S; ! Sy transition. Figure 5.5(d-f),
on the other hand, shows that the yellow emission band of the DSC actually increases
in relative PL intensity and lifetime below 140 K. This fact, together with a faster
depopulation of the signature at 2.3 eV, as seen in Figure 5.5(b,e), indicates a charge
or energy transfer towards the lower energy species, which is absent in the PSC.

However, it should be noted that an accurate observation of the transfer process is
not possible with the available setup. The long lifetime of the defect PL exceeds the
time delay between two laser pulses, resulting in an overlap of multiple emission signals,
thus making a detailed investigation of the transient rise with respect to the exciton
decay time impossible. Therefore, it cannot be stated with certainty that the transfer
occurs directly from the exciton to the defect emission.

5.2.2 Origin of the yellow emission band

Our investigation shows that the PL of the samples depends on the preparation method
and sample quality, thus pointing to an extrinsic factor responsible for the yellow emis-
sion band, as discussed in Chapter 3.1.2. This would make sense since literature reports
show large variations in the intensity ratio between the main peak of the S; ! S transi-
tion and the yellow emission band.67:94:102.105.157 1t a0 appears that the yellow band and
SF do not share the same origin due to the long-lived emission seen in Figure 5.5(b,c)
prior to excitation in the PSC, likely arising from triplet-triplet-annihilation (TTA),
which was not observed for the DSC.

Structural or chemical defects seem to be the most likely candidates responsible for
the yellow emission band. The liquid-assisted growth in silicone oil used to produce
the DSC, appears to be more susceptible to photooxidation, as the oil was also exposed
to air and daylight. The latter of which contains UV light, which is a known cause
of the aforementioned degradation. Further investigations performed in the group of
Prof. Witte (Marburg) point to a possible integration of oxidized TET molecules, TET
quionones, into the crystal structure as the culprit,%58 although further studies of
the exact causes are needed. While a definitive statement on the origin of the yel-
low emission band cannot be made at this time, its e [edt on exciton transport can be
observed.

5.2.3 Transport measurements

When measuring exciton transport, the evolution of the MSD over time is expected to
show a linear trend, indicating a time-independent di [udion constant. However, looking
at the results, the dynamics of the two organic crystals studied in Figure 5.6 appear to
be more complex. In order to qualitatively compare these trends, the MSD have been
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split into three time domains. The early time domain from 0 ns to 0.27 ns shows the
highest di[udivity ranges, followed by a segment of decreasing slope from 0.27 ns to
0.6 ns and the dynamics at later times from 0.6 ns to 2 ns.

When only investigating the early time segment, there is very little di [erence between
the samples and temperatures, see Figure 5.6(a-c). However, the later time segments,
depicted in Figure 5.6(d), vary widely, especially for the PSC, where the positive slope
at 80 K decreases with increasing temperature and even becomes negative at room tem-
perature. This "negative di [udion” may seem counterintuitive at first, but it was also
reported in previous works by Berghuis et al., who investigated similar timescales.3’

Figure 5.6: Measured and fitted MSD curves for the PSC (a) and the DSC (c) for tempera-
tures from 80 K to 290 K, with solid lines as guide to the eye. In order to preserve readability
only selected curves are shown. El@ctive dillsion coeldients extracted from linear fits in
the early (0 ns to 0.27 ns) (b) and late time regime (0.6 ns to 2 ns) (d). The dotted lines
show linear fits of dillision coeldients as a function of temperature to indicate general trends.
Figure reproduced from Ref. [2].

The broadening and subsequent shrinking of the luminescence profile can be explained
by the presence of both a highly di [udive species with a short lifetime accompanied by
a second less mobile species with a longer lifetime. At early times the mobile species
dominates the PL signal, causing a rapid broadening of the spatial profile. Over time,
the relative intensity of the less mobile, longer-lived species starts to dominate over
that of the more mobile one, resulting in an e[edtive shrinkage of the visible profile.
Intuitively, this would make sense for the DSC sample at lower temperatures, due to the
presence of two radiative species, one of which is highly localized due to the nature of
the defect states. In the later time regime, however, the singlet exciton PL has already
decayed at low temperatures, as is confirmed by the heatmaps in Figure 5.5(c). Since

46 5.2. Exciton dildsion dynamics in tetracene



the population distribution of a localized subspecies should not change significantly over
time, the MSD curve would be nearly parallel to the x-axis at later times. Its di[udion
should be zero, but this was not observed, which is why an emissive trap state alone is
unable to explain the observed profile shrinkage.

To explain the phenomenon in the PSC, which exhibits a single dominant radiative
species, one has to consider the nature of TET as an endothermic SF material.%6:105.159.160
Berguis et al. investigated this phenomenon and concluded that singlet excitons are
the mobile species in question, while the longer-lived, more localized emission arises
from the recombination of triplet excitons, which repopulate the singlet state via TTA,
causing delayed emission of singlet excitons. Since they can only move via Dexter
transfer, triplet excitons formed from the SF of the originally excited singlet excitons
di [uge slowly but have long lifetimes due to the fact that their recombination is spin
forbidden, see Chapter 2.1.1.

Since TTA is a bimolecular process, its rate is dependent on the square of the to-
tal free triplet population. Therefore, the process is most e Lcieht in the center of the
excitation spot with a high triplet population. This leads to an e [edtive shrinkage of
the delayed emission profile, which at later times can be spatially even narrower than
the original excitation profile.3’

Looking at the observed temperature evolution in the PSC, an increased di[udion at
lower temperatures is observed, probably caused by the higher amount of mobile sin-
glets at later times. This observation is consistent with temperature activated SF.
Interestingly, the e [edtive negative di[udion for the DSC was observed in the 0.6 ns to
2 ns regime for all temperatures studied. As mentioned previously, an emissive trap
state is unable to explain this behavior in the DSC, due to the rapid decay of the sin-
glet state and the immobility of the localized subspecies. The observed trend rather
suggests an increased amount of SF and subsequent triplet fusion in the DSC material
at lower temperatures.

5.2.4 Modeling exciton transport and decay using rate equa-
tions

The first step to comprehend the di[udion and decay dynamics captured in our mea-
surements was to simulate the di [udion of excitons in TET based on kinetic parameters
from the literature, employing the model proposed by Wilson et al.®’

A 2D Gaussian intensity profile was simulated on a 101x101 grid with a cell size of
350 x 350 nm. This size was needed in order to prevent excitons from di[uding out of
the observed window, which would otherwise result in artifacts. For the initially excited
distribution a full width half maximum of 5 um was assumed. This was similar to the
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size of the PL spot, which was confirmed via spatial calibration of the setup, using a
resolution test target. Excitation power Pgy, wavelength 4 and laser repetition rate
frep Were matched to experimental values, providing a photon population Ney of:

Pex ex
Nex = .
& f rep hC (5 3)

The two-dimensional population profile g(x;y) is assumed to be of Gaussian shape:

2 2
90Gy) = Ao exp( ) 54)

The observed thickness of the excited volume is set to d,=100 nm. Combining this with
the excitation profile and an absorption coe [cieht of g1 =3.5 um™ for TET taken
from the literature,® an initially excited singlet exciton population Ng(x;y;t = 0) can
be calculated:

Ns(X;¥;0) = Nex (1 exp( 1er d)) g(xy) (5.5)

After this starting point, 500 consecutive time intervals of 4 ps were set for a total
duration of 2 ns, corresponding to the experimentally accessible time window. Thus,
the cellular population change induced by the rate constants was calculated and applied
for each time step. The following set of rate equations is numerically solved:

% = Ns(ko+ Kss + Kap) + N7 Kius (5.6)
Ns’kssa + N7t%krra + Dgr Ns

dg? = N7 (Kaiss + Kius) + NsKss (5.7)

d% = Nrkupae + 2KaissN1r Nt 2kra (5.8)

deTtrap = Nrrap Kirapdec + Nt 2kra (5.9)

It was assumed that an initial singlet population Ns was created after excitation through
a laser pulse. The singlet excitons were able to di[ude, recombine radiatively with ko,
undergo SF with k ¢5, thus creating a triplet-pair, or get trapped into localized "defect™
states with Ky , for visual representation see Figure 5.7. The interconversion of di Lert
ent species generates the need to track them and their changes separately, even though
they might not contribute to the PL by themselves, resulting in a total of four species
to keep track of during the simulation.
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Figure 5.7: Model of excitonic transitions between singlet, triplet, triplet-pair, trap and
ground state employed for the simulations, with arrows indicating transition channels. Figure
reproduced from Ref. [2].

The trapped singlet species Ny, Was assumed to be localized and was thus unable
to dilude, but could only recombine to the ground state with Kiapgec. A factor — de-
termines the relative oscillator strength of the trap state emission. For the correlated
triplet-pair distribution N1t either dissociation into free triplet excitons with Kgiss OF
recombination back into the singlet state with ks is assumed. The free triplet excitons
Nt were able to recombine via triplet-triplet annihilation with kita i.e. fusing into
singlets or decay via e.g. intersystem crossing with Kyipgec -

In reality, triplet excitons are able to di[ude via Dexter transfer, as eluded to in Chap-
ter 2.3.1. However, their reported diludion coe [ciehts are around 10° times lower
compared to values reported for singlet exciton. Therefore, the impact of triplet exci-
ton di[udion was deemed to be negligible at the investigated time scales and was not
tracked by the model in an e[ant to save computing power. Combining the profile of
the radiative recombination from free and trapped singlets, a combined PL diludion
profile was extracted, which should ideally match our measured data.

Later on, a singlet exciton decay mechanism via singlet-singlet annihilation (SSA) with
kssa was added, which was expected to possibly influence the change of the PL profile.
SSA is a type of non-radiative recombination that occurs noticeably in systems with
high charge carrier density. Two singlet excitons "collide™ and subsequently one relaxes
into the ground state, while the other is excited further. This higher excited state then
quickly thermalizes back into the S, state, resulting in the e [edtive loss of an exciton.

This bimolecular process is dependent on the square of the singlet exciton population

and would therefore be more common in the center of the assumed Gaussian shaped
exciton distribution generated upon laser excitation. The increased exciton decay in
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the center of the spot flattens the top of the Gaussian profile and artificially broadens
the distribution, resulting in a sudden rise in the MSD curve at earlier times.3” SSA did,
however, not play a significant role during our measurements, due to the low excitation
densities used, around 1:17 1017cm%. Even when experimenting with up to a hundred
times higher simulated initial densities the process was unable to explain the observed
dynamics, while providing accurate transients.

The initial assumption was that the spectral and spatial di [erences between the DSC
and the PSC samples would originate from localized trap states at around 2.19 eV. It
was therefore decided to run the simulation once with a high trapping rate and once
completely without. Interestingly, this produced MSD profiles that closely resembled
the measured curves at 80 K, although the simulated MSD was an order of magnitude
lower compared to the experimental data, giving the impression that perhaps higher
di [udion coe Lciehts should be assumed for the short time windows studied here.

In order to extract the Kinetic parameters needed to simulate and explain the mea-
sured data, a fitting routine was developed, in which certain parameters, seen in Table
5.1, were varied. The goal was to generate PL evolutions that matched both the mea-
sured spatial as well as temporal intensity trends, thus producing robust results. In
order to achieve this, the profiles of radiatively recombining excitons via Ko and Keapgec
were added up to fabricate transients and MSD curves, which could be compared to
the measured PL dynamics. This will be further discussed in Chapter 5.2.5.

Table 5.1: Kinetic parameters used for modeling and fitting of the dildsion dynamics. Pa-
rameters that were varied to approximate the experimental data are labeled as "free", while
the remaining values were extracted from literature and kept fixed. Ref. [40] abbreviated as
a.

Description Kin. parameter Value
Radiative decay of singlets Ko 8 10's @
Singlet fission K ss 83 10s 'a
Fusion from correlated triplet-pairs Ksus 1.0 10’s 12
Dissociation into free triplets Kaiss free
Decay of free triplets Keripdec 5:0 10’s 2
Trapping of singlets Kirap free
Decay of trapped excitons Kirapdec free
Rel. oscillator strength of trap emission free
Singlet-singlet annihilation Kssa 2:0 10 °cmds 2
Triplet-triplet-annihilation Kt 1:7 10 8cmds 1
Di [udion constant of singlets Ds free
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5.2.5 Interpreting results and adjusting the model

As detailed in Chapter 5.2.4, the employed model was initially tested by using literature
values. While attempting to reproduce the measured MSD profiles, it was found that
the room temperature trends could qualitatively be recreated with the assumed values.
The results of which are depicted in Figure 5.8. Similar to the measured profiles shown
in Figure 5.6, three time regimes with di[erent trends were distinguished. The knowl-
edge of the underlying population distributions obtained from the calculations allows
for a more detailed explanation of the observed dynamics.

First a rapid linear increase in the MSD profile is observed, as the initially photoexcited
singlet exciton population spreads out. In the second regime, a flattening of the curve
is observed, as the initially excited singlets are depopulated by trapping and SF. They
give way to the emission of singlet excitons generated via recombining triplet-pairs,
which are less mobile, due to their non-radiative nature, see Chapter 2.3.1. Eventually
the reserve of triplet-pairs is depleted, causing the recombining singlet excitons to orig-
inate mainly from free triplet excitons, which re-populate the singlet state via TTA,
as explained in Chapter 5.2.4. This regenerated singlet exciton populations emits in a
narrower spatial region, causing e [edtive negative di[udion. Interestingly, this general
trend is visible with and without the emission of the trapped excitons, as their relative
oscillator strength, was set to zero in the first simulations.

Although qualitatively in agreement, the calculated MSD values were an order of mag-
nitude lower than the experimental ones. One explanation for this could be the rapid
artificial expansion caused by SSA. However, this is unlikely to be the case, since the
fluences used were too low.3” Additionally, the measured PSC transients did not show
a sudden drop at early times, which would be expected in the case of SSA, as its e [edt
would diminish with decreasing singlet exciton density as the measurement progressed.
To confirm this, fluence-dependent measurements were performed. The obtained power-
law fits and steady decay dynamics further confirmed the lack of significant SSA for the
excitation density employed. They are presented in the supporting information (SI) of
Chapter 7.2.

While attempting to fit the measured data with the established model, an e [ant was
made to keep certain parameters fixed to literature values, which are listed in Table 5.1,
and only let them deviate if it was absolutely necessary. It soon became apparent that
the PSC curves at low temperatures could only be approximated using high di[udion
coe [ciehts (40 cm/s? to 60 cm/s?), which are at least an order of magnitude higher
compared to literature values.3>374% However, the negative slopes at later times, which
are present at higher temperatures, were unable to be rationalized by the model to
that extent. It turned out that the only way to accomplish this was to significantly
increase the TTA rate by up to two orders of magnitude from the literature value of
1:7 10 *cmis 1. This is presumably caused by an inadvertently induced accumulation
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Figure 5.8: Simulated 2D exciton dildsion based on experimental parameters and rate
constants extracted from literature. #0-67.155 Heatmap of spatial PL profile (a). Extracted decay
dynamics (b) and temporal change of MSD profiles (c) for simulated singlet, free triplet,
triplet-pair and trap population. Change in one-dimensional profile width over 0.5 ns (d).
Extracted decay dynamics (e) and temporal change of MSD profiles (f) for total emitted PL,
singlet exciton PL and trap PL. Qualitatively, the simulated data based on literature values
resembles the experimental data well, even though fitting the model to our experimental data
yields higher dillsion coeldients, as further detailed below. Figure reproduced from Ref. [2].

of free triplet excitons due to their lifetime exceeding the 12.5 ns duration between two
laser pulses, resulting in an e [edtive increase in the amount of TTA. By implementing
this change, the MSD curves of both samples could be fitted over the entire measured
temperature range.

5.2.6 Fit results

It became eviden that the early time regime could be described by a temperature in-
dependent SF rate, which is the likely cause of the kink in the MSD curves visible at
0.27 ns, as the prompt singlet exciton species is depopulated and replaced by recom-
bining triplet excitons. The temperature dependence instead appears to arise from a
temperature-dependent triplet-pair dissociation rate, shown in Figure 5.9(a), which is
needed to reproduce the MSD slope at later times and lower temperatures. This results
in a higher total di [udion at later times, since excitons e [edtively remain in the mobile
singlet state for longer. Thus, our results suggest that the endothermic SF character in
TET is the result of a thermal barrier for correlated triplet-pair dissociation.
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Figure 5.9: Rate constants and parameters extracted from model fit of experimental MSD
curves. Triplet-pair dissociation rate (a), singlet trapping rate (b) and relative trap oscillator
strength (c) are shown for temperatures from 80 K to 290 K. Figure reproduced from Ref. [2].

However, this barrier is not observed for the DSC sample, which shows negative slopes
at later times for all temperatures studied. The behavior is not caused by the localized
nature of the trapped species, since this would result in a constant MSD, as mentioned
previously. This finding is consistent with an observation by the group of Arias et al.,5?
who found that the SF rate in single crystals is temperature dependent for TET bulk
crystals, but independent for polycrystalline thin films. In the latter case it seems to
be influenced by grain size, suggesting a link to the defect and interface density in a
material, which is also an indicator of crystal quality.

The di[udion constants obtained from the fits, as can be seen in Figure 5.10, were on
the order of tens of cm?/s, which is significantly higher than other literature values.
The discrepancy is neither caused by SSA nor by an error due to a faulty imaging scale,
as the latter was calibrated with a test target. Instead, it could be due to the time
window observed here. The streak camera, used with a temporal resolution of 40 ps,
generates a lot of data points with high SNR at early times, which is not the case
with techniques such as transient absorption microscopy, which was often used in other
studies. These also did not focus on the mentioned time range, but rather investigated
longer timescales and were thus possibly not able to resolve the observed dynamics.374°
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Figure 5.10: Dilusion coeldients derived from fits of the kinetic model for the PSC and the
DSC sample at temperatures from 80 K to 290 K. Figure reproduced from Ref. [2].

Experimental data together with the fitting results are presented in Figure 5.11. The
initial high dil[udion does not seem to be caused by thermally activated hopping, as
is indicated by the temperature independence of the trend. The high Ds values could
instead be caused by downhill migration, see Chapter 2.3.1. The excitons initially exist
in a high DOS regime and move by phonon emission through lower lying states into
more localized ones. While this initial transport is fast, at some point exciton transport
is only possible via thermally activated hopping when reaching lower and lower DOS, .

It should be noted that although the initially fitted parameters seemed to be reasonable
at first glance, when they were put back into the simulation to recreate the temporal
evolution of the PL intensity, the resulting transients deviated significantly from the
measured data. The signal was decaying far too fast, with the intensity dropping by
two orders of magnitude within the instrument response function of the streak camera.
This presented a significant problem. Since the streak camera measurements produce
data sets that contain both the spatial as well as the temporal evolution of the signal,
an attempt was made to fit both the time evolution of the MSD and the PL intensity
simultaneously, as shown in Figure 5.11. Focusing on fitting the model to only one of
these data sets resulted in parameters that could not replicate the other. Fitting both
signals simultaneously proved to be much more di [Ccult, with the fits not converging,
especially for the PSC system.

The model was unable to simultaneously explain the decrease in the e[edtive dilud
sion coe Lciehts at higher temperatures, while maintaining the monoexponential decay
of the transients measured for the PSC. The only solution that could be found was to
implement a variable trapping decay rate. Good agreement with the experimentally ob-
served transients of the PSC was found by relying on the slow decay of a second emitting
species, while still allowing the di [udive behavior to be governed by the singlet exciton
dynamics. This assumed "trapped™ species significantly influences the decay dynamics
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Figure 5.11: Measured MSD datapoints compared to model fits, displayed as continuous
lines, for the PSC (a) and the DSC (b). For readability only every seventh datapoint is shown.
Corresponding measured and fitted decay curves plotted below (c,d). Figure reproduced from
Ref. [2].

in both samples, leading to the conclusion that the PL at later times originates from
TTA as well as localized singlet excitons that have not undergone SF.

The presence of radiative trap states is more obvious for the DSC sample at low tem-
peratures, as the yellow emission band has been attributed to emissive trap states in
the past.®® Surprisingly, however, the PSC data can also only be fitted by including a
delayed emissive species. This species shows very little oscillator strength with respect
to the singlet population, see Figure 5.9(b). Furthermore, from the time-resolved PL
spectra, see Figure 5.5(b,c), it becomes obvious that there is no significant di Lerknce
in the emission spectra of the "trapped" species and the S; ! Sy emission in the PSC,
as the spectral shape does not change over investigated time frame. Thus, it cannot be
very di Lerent from the initially excited singlet excitons. It may be that a single SF rate
is too simplistic to explain the dynamics for real crystals, where defects and disorder
change the environmental parameters that seem to heavily influence SF rates.'%* Thus,
rather a distribution of SF rates should be considered, i.e. the Kkinetic trap and trap
decay rate could be interpreted as parameters for the population and dissociation of
states with di[ering SF constants.

In the following, another phenomenon is discussed that could explain to some extent
the observation of long-lived PL despite the fast SF in the PSC sample. As men-
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tioned in Chapter 3.1.1, self-absorption is a phenomenon in which high-energy photons
emitted by a sample are absorbed by other chromophores within the same molecular
matrix if absorption and emission spectra overlap significantly. As noted previously,
this results in an observable redshift with increasing sample thickness, as the chance for
self-absorption increases. The high energy portion of the emitted spectrum is artificially
reduced, resulting in a redshift that increases with sample thickness. While performing
TRPL measurements on TET samples with diLerknt thicknesses, it became clear that
self-absorption not only shifts the emission spectrum to lower energies but also a [edts
the PL lifetime of a sample.

To decouple this e[edt from crystal quality, only high quality samples are compared,
such as the PSC sample that is the subject of this work, and mini-crystals of di [erkent
thicknesses, grown from PSCs as described in Chapter 3.1.1. Figure 5.12 shows the
spectra and transients of three high quality PSC samples at 80 K and 290 K. The PSC
with a thickness of multiple micrometers is termed "thick™, the crystal measured in
Chapter 5.1 with a thickness of around 30 nm is referred to as "thin" and another
crystal obtained by dropcasting with a thickness of about 100 nm is labeled "medium®.

Figure 5.12: Comparison of TRPL data from high quality TET crystals of dilérent thick-
nesses. The normalized spectra for 80 K (a) and 290 K (c) are shown with the corresponding
normalized transients (b,d).

As expected, the spectra of the thick crystal, shown in Figure 5.12(a), are significantly
redshifted at both temperatures, while the thinner samples diLer only slightly as they
are much closer in thickness. Looking at the transients in Figure 5.12(b,d) a clear
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trend of increasing PL lifetime with increasing sample thickness is visible for 80 K and
290 K. As noted previously, the need for a "trap™ species in the modeling of the PSC
dynamics arose from the inability to otherwise reproduce the comparatively slow decay
of the transients measured for PSC. As self-absorption, scaling with sample thickness,
also leads to a slower decay while preserving the spectral profile, it may be one of the
underlying mechanisms behind the trap rates seen for the PSC in Figure 5.9(b,c).

5.2.7 Impact of crystal quality and temperature on dilusion
length

Finally the influence of the thermally activated TT dissociation and trapping on the
di [udion length was investigated. As a measure of these processes, the singlet exci-
ton contribution to the absolute di[udion length was calculated. The proposed kinetic
model was used to disentangle the singlet exciton population from the other popula-
tions. Thus, its contribution to the MSD and the total PL intensity for each time step
could be isolated and inserted into equation 4.3 and 4.4 to calculate the average singlet
exciton di[udion length.

The results in Figure 5.13 show that sample quality seems to significantly influence
the diludion length. This can be understood by the presence of e [cieht trapping in
the DSC, which seems to be relevant at all temperatures, while in the PSC only SF
hinders the e [edtive dil[udion length. This leads to higher dil[udion at lower temper-
atures where thermally activated dissociation of triplet-pairs is suppressed, increasing
the proportion of the mobile singlet exciton population and thus their contribution to
the total di[udion.

In the PSC, a singlet di[udion distance of 600 nm is calculated for room temperature,
increasing to 800 nm at 80 K, as shown in Figure 5.10. It should be noted, that these
results are higher than previously reported values.'®® Bassler and Vaubel, for example,
saw a similar temperature trend and attributed it to temperature-activated fission, but
calculated a di [udion length of only 60 nm. The discrepancy most likely arises from the
fact that their samples were measured along the c-axis of the TET molecular crystal,
along which transport is one order of magnitude slower due to the lack of significant
overlap between -orbitals. In a more recent study, Zhu et al. investigated exciton
transport along the a- and b-axes of TET and calculated singlet exciton di [udion val-
ues on the order of 300 nm, which is more consistent with our results.3®

5.2.8 Conclusion

In summary, it is important to keep in mind that TRPL studies are only sensitive to
bright species and thus unable to directly probe dark populations such as triplet exci-
tons, which play such a significant role in the observed processes. One way to remedy
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Figure 5.13: Total singlet exciton dilusion derived from fits of the kinetic model for the
PSC and the DSC sample at temperatures from 80 K to 290 K. Figure reproduced from Ref.

[2].

this would be the use of transient absorption measurements in future studies, which
are capable of measuring triplet exciton dynamics. Combining results obtained in this
way at later times, with the high signal-to-noise-ratio data sets measured here for the
early time regime would be preferable. Together, they might be able to reveal a more
complete picture of the discussed dynamics. In addition, a thorough investigation of
lateral transport could provide insight into the underlying DOS, which is particularly
important for disordered systems.

A central finding of this work was that trapping into defect states, likely resulting
from the incorporation of tetra-quinone molecules, competes with SF, which inhibits
cooperative transport. Additionally, thermally activated transport was not observed in
TET on a 2 ns timescale, as the measured transport mechanisms appear to be domi-
nated by the interconversion of singlet and triplet excitons, as well as the temperature
dependence of this process. This may be the case for a larger group of endothermic
SF materials and warrants further research. Finally, the kinetic model and fitting pro-
cedure derived in the course of this work should be applied to other measurements
frameworks as well as material systems that are less explored.
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5.3 Charge transfer and photoluminescence anisotropy
in organic/TMD heterostacks

Heterostructures (HS) of TMDs and OSCs are potentially capable of merging the ad-
vantages of both materials, which complement each other well for the use in technical
applications.??2343 The chemical tunability and high absorption coe [ciehts of OSCs
and the good charge transport characteristics of TMDs would prove valuable in the
construction of transistors,'52-164 solar cells!®® or chemical sensors.166:167

TMDs also exhibit valley polarization due to high spin orbit-coupling, a property that
could potentially be used in binary signal storage and transport applications, see Chap-
ter 3.2.3. The ability to combine and tailor the aforementioned properties can be
achieved via the construction of vdwW bound HS, by physically stacking both materials.
This way, the need for epitaxial growth could be eliminated, where lattice mismatch
can prevent the formation of smooth interfaces.4°:168.169

Although the compounds are only weakly bound, they can still influence each other‘s
exciton dynamics, which might lead to charge or exciton transfer, see Chapter 2.3.2, or
hybridization e [edts.*> As discussed, this could cause the formation of charge-transfer-
excitons or facilitate charge separation at the interface of a type-I1 HS, which is desired
in solar cells.

The microscopic understanding of such a system is challenging due to the combina-
tion of Frenkel and Wannier exciton concepts. Theoretical studies have been conducted
on this topic, although there is a distinct lack of available model systems and experi-
mental investigations in the literature. This is mainly caused by a shortage of organic
compounds, that can be deposited on TMDs with defined packing motifs, as the tuning
of molecular orientation on TMDs is di Ccult, although there has been some progress
in that area.*”48170

In this work, an ionic molecular crystal of pyrenemethylammonium chloride (PyMACI)
is used for comparatively easy exfoliation using the (001) crystal facet. It is then
physically stacked with a tungsten disulphide (WS,) monolayer to produce a HS. The
structure is investigated via spatially and polarization dependent photoluminescence
spectroscopy and TRPL at dilerent temperatures. Using these techniques, evidence
for electronic coupling between the two material systems is found.

5.3.1 Spectroscopic characterization of PyMACI

PyMACI absorption and emission spectra of molecules in solution and in the crystal
phase were measured and compared. Notably, the signatures of both PL and absorp-
tion are similar to the ones known from pyrene. As can be seen in Figure 5.14(a,b), the
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Figure 5.14: The absorption data of the PyMACI crystal was obtained from dildse re-
flectance measurements performed by the group of Dr. Heine (Marburg). Comparison of
PyMACI absorption spectra in solution and crystal form, as well as crystal PL spectrum (a).
Zoom-in of the low intensity Sop ! S; absorption in both media (b). Heatmap displaying
TRPL data of PyMACI, with highlighted short lived, higher energy free exciton and long
lived, lower energy excimer (a). Figure reproduced from Ref. [3].

So! S; transition shows comparatively little oscillator strength at 3.31 eV (375 nm),
due to the symmetry forbidden nature of the transition, see Chapter 3.2.1.

The absorption edge is expectedly red shifted in the solid phase, see Chapter 2.1.4. A
tauc plot,'’* depicted in the Sl of Chapter 7.3, provides a bandgap of 3.19 eV (389 nm),
assuming a direct semiconductor. Here, the gain in oscillator strength of states near
the absorption edge causes a pronounced redshift, which in pyrene was attributed to
the admixture of higher electronic states.'°>17? The lowest resonance, i.e., the So! S;
transition in solids only shows a small shift of ca. 50 meV compared to solution. For
pyrene it was argued that this is due to the lowest excitonic state being more localized,
while intermolecular interactions and a higher degree of delocalization cause a more
pronounced redshift of the higher excited states, see Chapter 2.1.4.

The crystal PL spectra show two main features. One of these is a faint signal at
higher energies around 2.92 eV (425 nm), which coincides with the energy range re-
ported for emission of monomeric pyrene in solution. This is assigned to the lowest
free exciton emission. The pronounced redshift compared to the absorption spectrum
might be caused by self-absorption e [edts as discussed in Chapter 3.1.1, or by a partial
structural relaxation as well as disorder e [edts, forcing excitons into local minima of the
DOS. Additionally, a broader, more intense peak is observed at lower energies (1.9 eV
to 2.4 eV), which is indicative of an excimer emission. As mentioned in Chapter 3.2.1,
the dimeric character of pyrene molecules in the crystal structure, caused by sandwich-
herringbone packing motif, supports the formation of excimers due to the coplanar
molecular orientation. The red-shift in PyMACI appears to be more pronounced than
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in pyrene. The increased amount of energetic stabilization is likely caused by the di Lert
ence in crystal structure. The slip-stacked ionic crystal enables -stacking of a larger
amount of molecules compared to the dimer arrangement in pyrene, which could lead
to a higher amount of stabilization and potentially also structural relaxation, explain-
ing the increased redshift. With the employed technique the discrepancy cannot be
elucidated with certainty, but the emission is still assigned to an excimer state for the
mentioned reasons.

5.3.2 Time-resolved and temperature dependent measurements

Multilayer PyMACI and monolayer WS, samples were fabricated as described in Chap-
ter 3.2 and physically stacked to create a HS with the organic crystal being deposited
on top of the TMD. The fabricated system was first investigated using the TRPL setup
as detailed in the Chapters 4.1 and 4.2, with a selected total time window of 460 ps.
The excitation energy was set to 360 nm via second harmonic generation from a fun-
damental laser wavelength of 720 nm. A temperature series from 20 K to 300 K was
performed using liquid helium.

Since temperature exhibits a strong influence on the diludion of free excitons, see
Chapter 2.3.1, the phonon population and the activation of certain non-radiative chan-
nels, a temperature series was measured, comparing neat PyMACI with emission from
the HS. The results should provide insight into the competition of decay channels for
the PL of the HS, including the desired exciton or charge transfer between materials.

The neat PyMACI spectral dynamics depicted in Figure 5.14(c) support the idea that
its PL indeed shows a higher energy free exciton emission and red-shifted excimer emis-
sion, as speculated in Chapter 3.2.2. The 500 ps lifetime of the former is dwarfed by
that of the excimer signal, which lives longer than the 12.5 ns time window between
laser pulses, as is evident from the signal visible before the impingement of the exci-
tation pulse. The long lifetime of the excimer state likely arises from a comparatively
weak spatial overlap of electron and hole, whereas the free exciton has a higher oscil-
lator strength, which increases its recombination rate. Furthermore, free excitons are
expected to have higher mobility compared to the localized excimers, allowing them to
reach non-radiative centers more e Lciehtly, further accelerating PL decay. The tempo-
ral dynamics of excitons (2.88 eV to 2.95 eV) and excimers (2.29 eV to 2.58 eV) will be
investigated separately going forward.

Heating the PyMACI sample accelerates its PL decay, as seen in Figure 5.15(a,b,e),
likely caused by thermal activation of non-radiative channels. Interestingly, the ex-
cimer emission, as shown in Figure 5.15(c-e), exhibits the opposite trend, which is
unexpected and not explored in detail in the literature, although a similar influence of
temperature on excimer formation has been observed in other organic compounds.1”3-17°
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Figure 5.15: Exemplary transients from the spectral regions of free excitons (2.88 eV to
2.95 eV) and excimers (2.29 eV to 2.58 eV) are compared for neat PyMACI and the HS (a-d),
with the black, dotted line indicating biexponential fits. Dynamics are shown for 20 K (a,c)
and 290 K (b,d). Amplitude average lifetimes for both material systems are compared for
the spectral region of exciton (upper panel) and excimer (lower panel) (e). Figure reproduced
from Ref. [3].

Incorporating PyMACI into the HS significantly aledts the PL dynamics of the for-
mer, speeding up the decay by one order of magnitude. This behavior is indicative of
e Lcieht electronic coupling between the compounds, likely leading to exciton or charge
transfer from PyMACI to WS,, which explains the faster decay. Similar interfaces
have been studied theoretically using DFT. The results suggested the formation of a
type-11 heterojunction with hybridization between the molecular orbitals of pyrene and
the band structure of WS,, although, to the knowledge of the author, no experimental
work has been performed on this material system.*> Consequently, the electron as well
as exciton transfer from PyMACI to WS, could be expected, plus a subsequent hole
transfer from WS, in the latter case.

Interestingly, the aforementioned PL quenching is also observed for the excimer emis-
sion at all temperatures. Making assumptions about the exact transfer mechanism is
di Cculit due to the unknown nature of the excimer energy levels involved. Additionally,
the rearrangement of the organic lattice during the process of excimer formation has to
be considered. It is noteworthy that the excimer emission overlaps with the A exciton
emission of WS,,1”® which is a prerequisite for Forster resonance energy transfer, see
Chapter 2.3.1. However, the suspicion of the underlying excimer transfer mechanism
cannot be definitively confirmed with the available experimental methods.
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It was not possible to obtain TRPL data for a selective WS, excitation, which also
prevents commenting on probable transfer channels based on measurement data. How-
ever, in PL micrographs, see Sl of Chapter 7.3, the relative emission of WS, in the HS
seems to be decreased compared to neat WS,, indicating a hole transfer, as expected
from a type-I1 junction. This discredits the idea of the formation of a type-I junction in
this system, which is consistent with the work done by other groups on similar systems
based on TMD monolayers.17178

Analysis of the transients obtained at di[erent temperatures shows that the dynam-
ics can be fitted well using a bi-exponential decay function convolved with the in-
strument response function of the streak camera, see Figure 5.15(a-d). Notably, the
bi-exponential model function is a simplification, since the statistical distribution of
non-radiative centers and transfer times at the heterointerface should result in multi-
exponential decay dynamics. For comparison, the amplitude average lifetime was cal-
culated from the extracted fitting parameters.1’®

The results depicted in Figure 5.15(e) show an increase of the free exciton lifetime by
a factor of three upon cooling down, which is mirrored in the trend of the HS, though
in the latter case the absolute lifetimes were shorter by one order of magnitude, most
likely due to the quenching of excitons by the WS, layer. The temperature-dependent
decay dynamics are most likely caused by thermally activated transfer processes, which
increase the access of excitons to non-radiative sites. Focusing on the excimer emission,
the opposite trend is revealed, with the PL decay accelerating at temperatures below
150 K. This can potentially be attributed to the localized nature of excimers. Unlike
singlet excitons, excimers cannot dil[ude into non-radiative centers and subsequently
get quenched, which can potentially explain the slow dynamics at elevated tempera-
tures. Additionally, in some systems, excimer formation itself appears to be hampered
at lower temperatures!’317* giving more weight to underlying faster dynamics.

Based on the extracted dynamics from PyMACI and the HS, the timescale of exciton
or charge transfer can be estimated, with the proposed transfer mechanisms schemati-
cally depicted in Figure 5.16(a,b). For the calculations a competition between radiative
decay ( ;), non-radiative decay ( ) and transfer between materials ( ) is assumed.
Thus, the total PL dynamics of the HS ( ys) is derived via:

N
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+
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Assuming that the transfer mechanisms to WS, are the only di Lerence in PL dynamics,
the transfer time is calculated via:

1 1

1_ HS py
e (5.12)

py HS

Looking at the transfer times shown in Figure 5.16(c), the values for the free excitons
and excimers are remarkably similar even though a mobile and a localized species are
compared. Additionally, an increase of the transfer times with decreasing temperature
is observed for the free exciton. This could be explained by the need for excitons gen-
erated in PyMACI to travel to the interface, possibly through several organic layers, in
order to be quenched. As the exciton mobility decreases with temperature, see Chap-
ter 2.3.1, the transfer process becomes less likely, reducing the quenching.

Figure 5.16: Schematic depictions of electron and excimer transfer from excited PyMACI
to WS, (a) and hole transfer from excited WS to PyMACI. Transfer times for the exciton
and excimer spectral region are calculated for temperatures from 20 K to 290 K (c). Note
that the error bars are not visible due to their extent being on the order of the displayed data
point size. The data points at 120 K are severe outliers and have thus been omitted in order
to preserve readability. Figure reproduced from Ref. [3].

However, as mentioned previously, a di [udion mechanism is unlikely in the case of ex-
cimers due to their localized nature. Instead, the temperature-independent transfer
times could potentially be explained by the FRET mechanism that is also tempera-
ture independent. When discussing this option it should be noted that momentum
conservation needs to be fulfilled for FRET in the organic/TMD HS. This might in
certain cases cause a temperature-dependent transfer rate, if a thermal population of
states in momentum space is required to satisfy the condition of energy conservation.*’
For the present materials however, the broad excimer emission should overlap with the
A-exciton of WS, at k=0, so the need of an activation energy is not expected for the
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possible transfer. In summary, the e Lcieht quenching of the excimer emission could be
explained by FRET and occur from ranges up to a couple of nanometers away from the
WS, monolayer, which explains the experimental transfer time of about 100 ps and the
independence from temperature.3®

5.3.3 Polarization resolved steady state measurements

Polarization resolved steady-state PL measurements were conducted on the heterostacks,
as detailed in Chapter 4.1. The intention was to exclusively excite the WS, with a pho-
ton energy of 2.33 eV (532 nm), which is well below the absorption edge of PyMACI,
see Chapter 3.2.2, to study the impact of the HS on the emission characteristics of the
monolayer TMD. Despite the low excitation energy, however, a broad yellow emission is
observed from the organic compound, suggesting a weak absorption present in PyMACI
below the absorption edge, which is supported by the observed faint absorption tail dis-
cussed in Chapter 5.3.1. This emission could originate from defect states or possibly
weak coupling of the excimer to the ground state.

Looking at the polarization resolved data shown in Figure 5.17(e) and comparing it
with polarization resolved measurements on neat PyMACI crystals depicted in the SI
of Chapter 7.3, a rotation of the yellow emission direction with respect to the free
exciton is observed. For the organic crystal, transition dipole moments with di[erknt
orientations are expected due to the anisotropic molecular configuration in the crystal
structure.*® The polarization of the yellow emission could originate from crystal defects
associated with a certain structural configuration of the lattice or from a weak coupling
of the excimer to the ground state. However, the present experimental data does not
allow for a definitive statement on the origin of the yellow PL. This could be elucidated
in future experiments by selectively varying the relative orientation of the TMD and the
organic layer while probing the e [edt on the polarization behavior of the yellow emission.

The spectral overlap of the A-exciton with the broad yellow emission makes extracting
information about the former di Ccult due to its comparatively weak PL intensity. If
there was indeed a hole transfer from WS, to PyMACI that quenches the PL of the
former, this problem would even be exacerbated. To nevertheless gain insight into the
signatures of the A-excitons, the steady-state PL spectra of HS and PyMACI were
compared. By normalizing both spectra to the PyMACI maximum emission peak and
subtracting the neat PyMACI PL, di[erence spectra were calculated, as shown in Fig-
ure 5.17(a,b)

The di[erknce spectra show the characteristic X, exciton peak of WS,, allowing for the
study of the polarization dependence. Additionally, slightly blue shifted from the WS,
peak, a negative part in the di[lerknce spectrum is observed, which indicates a relative
reduction of PyMACI emission in the HS. This could be caused by exciton or excimer
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Figure 5.17: Results of angle resolved steady state polarization measurements on neat Py-
MACI and the HS. Steady state spectra normalized to the high energy region at around 2.1 eV
(a). The dilérence spectra overlayed with a WS spectrum, revealing an X, and a red shifted
emission peak in the former (b). Heatmaps showing the recorded spectra for each polarizer
position for the HS (c) and the dilérence spectra (d). Polar plots of the recorded intensities
depending on polarizer position for emission of neat PyMACI and Wg(e) as well as WS and
RSE emission in the HS (f). Figure reproduced from Ref. [3].

transfer to WS,, as depicted in Figure 2.10, which is expected to be strong in regions of
spectral overlap between the emission spectrum of PyMACI and the absorption spec-
trum of the X, exciton.

Furthermore, a broader red-shifted emission (RSE) at about 1.7 eV is detectable in
the dilerknce spectra. Such a signature could originate either from a radiative defect
state specific to this interface or from an interlayer excitonic state, which has been re-
ported for other organic/ TMD systems.*5164 This would further indicate the presence
of electronic coupling in the fabricated system.

Looking at the results in Figure 5.17(c-f), PyMACI shows a distinct polarization direc-
tion inside and outside of the HS, as is expected due to the anisotropic nature of the
molecular transition dipole moment and crystal structure. The emission of neat WS,
on the other hand is expected to be isotropic.*® Interestingly, however, this seems to
change within the HS configuration, where the emission is clearly polarized, which is
also true for the RSE, with both signatures sharing the same orientation. The latter
suggests a specific configurational arrangement at the heterointerface, which the RSE is
associated with, resulting in a directional alignment of the transition dipole moments.
To rule out a simple filtering e[edt as the cause of the anisotropic emission of WS,
an inverse HS was created with WS, physically stacked on top of PyMACI, which is
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depicted in the Sl of Chapter 7.3. For this structure, the polarization directions of
the yellow PyMACI and X, emission were similar to the previous sample, rotated by
approximately 90° with respect to each other. The yellow and free exciton PyMACI
emission form an angle of about 45°, resulting in a rotation of around 45° between the
induced WS, anisotropy and the free PyMACI exciton. The polarization anisotropy of
WS, in the HS agrees well with previous findings of HS composed of WS, and pery-
lene,*® although the microscopic origin of this phenomenon is still unknown and requires
further investigation.

This research found strong evidence for electronic coupling mechanisms based on the
TRPL results, indicating an electron or exciton transfer from the organic crystal to the
TMD, and a speculative hole transfer in the reverse direction. This electronic coupling
was also indicated by the emergence of an RSE in the steady state PL, possibly resulting
from the radiative recombination of an interfacial state. The coupling could lead to a
lowering of the band structure symmetry of the TMD monolayer, resulting in di Lerent
energy dispersions along the M and K points compared to the M* and K* points, which
would lead to anisotropy of the emitted PL.*> Another cause for the symmetry lowering
might be uniaxial strain, which could result from the TMD monolayer being rearranged
in a more favorable configuration on the organic lattice.*®?

5.3.4 Conclusion

This work demonstrates a promising technique for fabricating TMD/OSC HSs with
well-defined molecular alignment of the ionic crystal. Moreover, these can serve as
model interfaces to study the eledt of molecular orientation on the interfacial elec-
tronic structure and on mechanisms of exciton and charge transfer, which is highly
relevant for device fabrication. Evidence for electronic coupling at the PyMACI/WS,
interface was found from time- and polarization-resolved PL measurements. Both the
PyMACI free exciton and the more localized excimer show e Lcieht transfer to the WS,
monolayer, the latter possibly being facilitated by FRET due to the spectral overlap of
excimer emission and X, absorption. This insight may allow the use of excimer states
as sensitizers for exciton transfer to TMDs in future works.

Aside from transfer processes, the presence of PyMACI also induces anisotropy in the
WS, emission. Additionally, a lower energetic PL signature at 1.7 eV is observed for
the HS, which could originate from an interfacial state, further corroborating the pro-
posed coupling between the compounds. Overall, a new approach for the fabrication of
tailored HS from TMD and ionic molecular crystals has been demonstrated and several
indicators of successful electronic coupling have been observed. For future theoretical
work aimed at investigating the underlying mechanisms of electronic coupling, it seems
crucial to take into account the strong electron-phonon coupling present in organic
compounds. The reconfiguration of the molecular arrangement near the interface as a
result of excimer formation must therefore be considered.
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6 Conclusions and Outlook

This chapter provides a summary and overview of the results obtained during the course
of the thesis.

Chapter 5.1 dealt with the role of phonons in the relaxation dynamics between Davy-
dov states in oligoacenes. Theoretical calculations were performed for PEN and TET
crystals, recreating the band structure, spectral signatures and excitonic population
evolution via phonon interaction. It was shown that the relaxation from the high en-
ergy to the lower lying MM exciton occurs through phonon-mediated transitions
via the dark M and M states. In PEN, the combination of the high energy di Lerence
between the bright transitions and band flatness leads to a phonon bottleneck e [edt.
The Davydov splitting in TET, however, was considerably smaller than in PEN, while
the materials otherwise show similar phonon dispersions. This was predicted to lead to
more e Lcieht interband scattering in TET, reducing transition times to the lower energy
states and thus preventing a phonon bottleneck in this material system. Since ultrafast
singlet fission prevents the experimental investigation of phonon bottlenecks in PEN,
TRPL and absorption measurements were conducted on TET. High quality thin TET
single crystals were grown and isolated. The polarization and temperature dependent
studies qualitatively reproduced the calculated Davydov peak ratios and linewidths for
both PL and absorption, reinforcing the validity of the model. In future studies the em-
ployed theoretical approach could be used to predict phonon bottleneck e [edts in other
oligoacene systems. Additionally, the insight gained into the role of phonons and dark
states in the transitions between Davydov components is an important step towards
understanding the microscopic origins of the energetic processes observed in OSCs.

In Chapter 5.2, the eledts of temperature and crystal quality on exciton transport
and interconversion between singlet and triplet species in TET were investigated. Two
TET single crystals grown by di Lerknt techniques display vastly di Lering PL dynamics
at lower temperature, which is attributed to a di Lerknce in crystal quality, confirmed by
XRD. The crystals are studied using spectrally and spatially resolved TRPL measure-
ments from room temperature down to 80 K. The origin of the yellow emission band,
inherent to the DSC sample, is discussed in the context of the literature. Structural
imperfections, possibly caused by incorporation of TET quinone molecules, were identi-
fied as the most likely cause. The spatial evolution of the exciton population over time
revealed complex dynamics depending on temperature and crystal quality. To rational-
ize the time-varying di [udion coe Lciehts, which even lead to negative MSD values, the
underlying exciton dynamics, namely singlet fission, annihilation of free triplet exitons
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or correlated triplet pairs and trapping into defects, had to be taken into account. A
kinetic model, mainly based on rate constants from the literature, was implemented
and was able to qualitatively reproduce the trends observed at high temperatures. To
investigate the e [edt of temperature, the model was fitted to the recorded MSD curves
and to PL transients over a broad temperature range and successfully reproduced the
dynamics for both samples. The results revealed a temperature dependence of the sin-
glet fission process, with the critical step requiring temperature activation being the
dissociation of correlated triplet-pairs. The fission dynamics in the defective crystal
show no temperature dependence, suggesting that defect sites may lower the thermal
barrier for triplet dissociation. Trapping appears to play an important role not only in
the defective crystal, where it is responsible for the yellow emission, but also the de-
cay dynamics of the pristine sample could only be reproduced by assuming a trapping
mechanism and longer-lived emission from those trapped excitons. Beside the presence
of a trapping mechanism, also self-absorption has been experimentally observed to pro-
long the PL lifetime with increasing sample thickness in pristine TET single crystals
of diLerkent thicknesses. However, within the scope of this work, it was not possible to
determine with certainty whether trapping, self-absorption or both are responsible for
the slow PL decay dynamics observed. Singlet diludion dynamics are revealed to be
significantly hampered by trapping in the defective crystal, resulting in reduced e [ed-
tive singlet di [udion lengths, especially at low temperatures. Since triplet dissociation
is additionally hindered in the pristine crystal due to the lack of thermal energy, the
dominant and more mobile singlet species causes higher e [edtive di [udion lengths in this
sample. The implemented model proved to be capable of accurately reproducing both
temporal and spatial dynamics simultaneously, and is thus a valuable tool that should
be applied to similar datasets for other material systems in order to study the under-
lying dynamics of the exciton populations. The microscopic origin of the endothermic
singlet fission process in TET was identified and its impact on exciton transport as well
as its relation to crystal quality may prove valuable for targeted optimization of singlet
exciton transport in organic solar cells.

Finally, Chapter 5.3 demonstrates the construction of a TMD/organic ionic crystal
heterostack and the spectral phenomena resulting from electronic coupling between
the constituents. A HS was successfully fabricated via physically stacking a PyMACI
flake on top of a WS, monolayer, both prepared by mechanical exfoliation. Time- and
polarization-resolved PL spectra were obtained at dilerknt temperatures, comparing
the results of neat PyMACI with those of the HS. Analogous to pyrene, a free exciton
as well as a red-shifted excimer emission were identified in both systems. Within the
HS, the lifetimes of both species were reduced by one order of magnitude, suggesting
e [cieht electronic coupling not only of the free exciton but also of the localized excimer
state. The latter was presumably transferred via FRET due to the spectral overlap of
the emission signature with the absorption of the X, exciton of WS, and the lack of
temperature dependence of the calculated transfer rate. Polarization resolved measure-
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ments revealed a lifting of the isotropic emission characteristic of the WS, within the
HS, potentially originating from anisotropic electronic coupling or uniaxial strain in-
duced by a template e[edt of the organic lattice. Additionally, a red-shifted, linearly
polarized emission feature is observed at 1.7 eV, possibly originating from an inter-
face state, further confirming electronic coupling within the HS. In summary, the use
of ionic molecular crystals in the construction of a TMD/OSC heterostack has been
demonstrated, successfully achieving electronic coupling of both material systems. As
such, the employed procedure can serve as a template for the controlled fabrication
and further study of these HSs, desired for technological applications. Moreover, e [=_1
cient transfer of excimer states from OSCs to TMDs has been demonstrated, which is a
further indication of electronic coupling between the aforementioned material systems.
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7 Publications

This chapter presents the contributing publications as well as the author’s own contri-
butions to them.

7.1 Singlet-exciton optics and phonon-mediated dy-
namics in oligoacene semiconductor crystals

7.1.1 Abstract

Organic semiconductor crystals stand out as an e [cieht, cheap, and diverse platform
for realizing optoelectronic applications. The optical response of these crystals is gov-
erned by a rich tapestry of exciton physics. So far, little is known on the phonon-driven
singlet-exciton dynamics in this class of materials. In this joint theory—experiment work,
we combine the fabrication of a high-quality oligoacene semiconductor crystal and char-
acterization via photoluminescence measurements with a sophisticated approach to the
microscopic modeling in these crystals. This allows us to investigate singlet-exciton
optics and dynamics. We predict phonon-bottleneck e [edts in pentacene crystals, and
find that dark excitons act as crucial phonon-mediated relaxation scattering channels
in both pentacene and tetracene. While the e [cieht singlet fission in pentacene crys-
tals hampers the experimental observation of this bottleneck e [edt, we reveal both in
theory and experiment a distinct polarization and temperature dependence in absorp-
tion and photoluminescence spectra of tetracene crystals, including microscopic origin
of exciton linewidths, the activation of the higher Davydov states at large tempera-
tures, and polarization-dependent quenching of specific exciton resonances. Our joint
theory—experiment study represents a significant advance in microscopic understanding
of singlet-exciton optics and dynamics in oligoacene crystals.

7.1.2 Own Contributions

| identified the sample suitable for the planned optical measurements together with
Sebastian Anh&user. | conducted the time resolved photoluminescence and absorption
measurements. | analyzed and curated the measurement data together with Marina
Gerhard.
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7.2 Transport, trapping, triplet fusion: thermally re-
tarded exciton migration in tetracene single crys-
tals

7.2.1 Abstract

E Lcieht exciton migration is crucial for optoelectronic organic devices. While the trans-
port of triplet excitons is generally slow compared to singlet excitons, triplet exciton
migration in certain molecular semiconductors with endothermic singlet fission appears
to be enhanced by a time-delayed regeneration of the more mobile singlet species via
triplet fusion. This combined transport mechanism could be exploited for devices,
but the interplay between singlet fission and triplet fusion, as well as the role of trap
states is not yet well understood. Here, we study the spatiotemporal exciton dynamics
in the singlet fission material tetracene by means of time resolved photoluminescence
micro-spectroscopy on crystalline samples of di Lerent quality. Varying the temperature
allows us to modify the dynamic equilibrium between singlet, triplet and trapped ex-
citons. Supported by a kinetic model, we find that thermally activated dissociation of
triplet pairs into free triplet excitons can account for an increase of the di[udion length
below room temperature. Moreover, we demonstrate that trapping competes e [ciehtly
with exciton migration.

7.2.2 Own Contributions

Marina Gerhard and | initiated this project. | performed the time resolved measure-
ments together with Anton Kriger. | built the setup and wrote the software for ex-
traction of the diludion data. | analyzed the data together with Marina Gerhard. |
developed the kinetic di[udion model and fitting routine with help from Marina Ger-
hard. Sebastian Anh&user, Marina Gerhard and myself prepared the figures. I, along
with the other authors, contributed to the writing of this manuscript.
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7.3 Electronic coupling and photoluminescence
anisotropy in van-der-Waals-stacks of tungsten
disulphide with molecular single crystals

7.3.1 Abstract

Heterostructures comprised of organic semiconductors and transition metal dichalco-
genides are promising candidates for device applications. In order to promote e [cieht
charge or exciton transfer, the arrangement of the molecules at the heterointerface is
crucial. However, to complement theoretical e [ants, there is presently a lack of model
systems to comprehensively study electronic coupling phenomena. Here, we explore
heterostructures of tungsten disulphide with monocrystalline thin flakes of the organic
compound pyrenemethylammonium chloride. The ionic character of the organic com-
pound enables controlled fabrication of heterostructures via exfoliation of single crystals,
thus minimizing structural disorder in the molecular compound. In order to explore the
optical properties and the photoexcitation dynamics related to the heterointerface, we
employ time and polarization resolved photoluminescence spectroscopy. Evidence for
electronic coupling is provided by three experimental findings: First, a faster decay of
the luminescence of the organic compound in the region of the heterostructure indicates
exciton or charge transfer, which is also surprisingly e Lcieht for the structurally relaxed
localized excimer state. Second, we find that the organic compound introduces a po-
larization anisotropy into the emission of tungsten disulphide, potentially due to the
lowering of symmetries in the band structure. Third, we identify a weakly emissive fea-
ture at an energy around 1.7 eV, which could be related to an interfacial state. Overall,
ionic molecular systems could serve as a versatile platform for combined experimental
and theoretical studies of the interactions at the heterointerface.

7.3.2 Own contribution

I performed steady state polarization resolved photoluminescence measurements on
pyrenemethylammonium-chloride crystals. The measured time and polarization re-
solved data was analyzed by Marina Gerhard and me. | prepared the figures with help
from Marina Gerhard. 1, along with the other authors, contributed to the writing of
this manuscript.
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List of abbreviations

DO o Density Of States
DS Defective Single Crystal
HOMO ... e Highest Occupied Molecular Orbital
HS HeteroStructure
FRET Forster Resonant Energy Transfer
LUMO i Highest Unoccupied Molecular Orbital
MO D Mean Square Displacement
O S Organic SemiConductor
PO Polycrystalline Thin Film
P PhotoLuminescence
P S C Pristine Single Crystal
PYMACT PyreneMethylAmonium-Chloride
RSE . Red-Shifted Emission
S Singlet Fission
SO A L Singlet-Singlet Annihilation
T DM Transition Dipole Moment
TR e e Tetracene
TMD o Transition Metal Dichalcogenide
TRPL o Time-Resolved PhotoLuminescence
T A Triplet-Triplet-Annihilation
VAW van-der-Waals
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