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Abstract

The present thesis focusses on exciton dynamics and excitonic coupling in organic thin films
on Au(111) surfaces. Two model systems are investigated. Thin a-sexithiophene (6T) films
are deposited by molecular beam epitaxy and mixed self-assembled monolayers (SAMs) of
azobenzene-functionalized and pure alkanethiols are prepared in a wet-chemical procedure.

6T is a model molecule of an organic semiconductor. The material class of organic semicon-
ductors is used, e.g. in organic light emitting diodes and organic solar cells. A fundamental
dynamical process occurring in both devices is the formation and decay of excitons. In the
present dissertation exciton population dynamics were studied in dependence of the excitation
energy and the film morphology by means of time-resolved two-photon photoemission (2PPE)
spectroscopy. Two aspects of the population of excitons in organic semiconductors are addressed,
which have been currently under debate: the exciton formation pathway and the dephasing time
needed for population after initial excitation. In this work it is shown that a resonant excitation
of the lowest optical transition in a 6T aggregate leads to a population of an exciton state
within the duration of the exciting fs-laser pulse. Higher excitation energies in the range of the
vibrationally broadened absorption band lead to vibronic excitations. Modelling the vibrational
relaxation dynamics based on rate-equations it has been shown that the population of the
higher vibrational levels of the excited state can be probed through our 2PPE experiments.
The excess energy stored in vibrations is dissipated into heat on the femtosecond time-scale.
After one picosecond, it cannot be distinguished anymore, whether the system was excited
resonantly or with excess energy. The relaxation dynamics of the excitonic state are dominated
by an energy transfer into the substrate. Furthermore, | show that the exciton population
dynamics is influenced by the film morphology significantly. In amorphous films grown at low
temperature, the local environment of the molecules varies stronger in contrast to crystalline
films grown at room temperature. This results in a diffusion process in which the excitons hopp
to energetically more favorable sites within the film and competes with substrate-mediated
quenching of the exciton. The downhill migration process is observed to happen on a time-scale

of a few picoseconds.

The second investigated sample system are azobenzene-functionalized SAMs. Azobenzene
is a model-molecule of a conformational switch. By optical excitation in the ultraviolet
and visible spectral range the molecule can be reversibly switched between its trans and cis
configuration. In SAMs the molecules are strongly interacting and therefore excitonic coupling
may lead to cooperative switching. In the present work, 2PPE is established as a method
to quantitatively measure photoswitching of the SAM via changes of its work function. This
allowed monitoring the switching kinetics for various excitation energies across the excitonically
broadened absorption band. It is shown that excitonic coupling does not lead to an amplification
of the ensemble switching in terms of the number of molecules switchable into the cis form
or the time needed to establish a new photostationary state. There is no cooperative effect

observed, independent of the chromophore density.



Zusammenfassung

Die vorliegende Arbeit beschéaftigt sich mit der Untersuchung der Dynamik exzitonischer An-
regungen und Kopplungen in diinnen Molekiilschichten auf der Au(111)-Oberflache. Hierbei
stehen zwei Modelsysteme im Fokus. Zum einen werden wenige Monolagen dicke, im Vakuum
aufgedampfte, a-Sexithiophen (6T)-Filme, sowie zum anderen nasschemisch préaparierte selb-
storganisierte Monolagen (SAM) aus Gemischen von Azobenzol funktionalisierten und reinen

Alkanthiolaten untersucht.

6T ist ein organischer Halbleiter, die in Leuchtdioden und Solarzellen verwendet werden. Fiir
diese Anwendungen spielt sowohl die Erzeugung als auch der Zerfall von Exzitonen eine fun-
damentale Rolle. In Rahmen dieser Dissertation wird die Populationsdynamik von Exzitonen
in Abhéngigkeit von der Anregungsenergie und der Filmstruktur mit Hilfe von zeitaufgeloster
Zwei-Photonen-Photoelektronenspektroskopie (2PPE) untersucht. Die detaillierte Analyse
des Anregungsmechanismus und der zur Population des exzitonischen Zustandes benétigten
Dephasierungszeit beleuchtet zwei derzeit strittige Aspekte. Es wird gezeigt, dass eine resonante
Anregung des niedrigsten optischen Ubergangs in 6T-Aggregaten innerhalb der Laserpulsdauer
zu einer Besetzung des Exzitonzustandes fiihrt. Die Verwendung von hoheren Anregungsen-
ergien innerhalb der vibrationsverbreiterten Exzitonenbande fiihrt zu vibronischen Ubergingen
und damit zur Besetzung vibrationsangeregter Zustande. Das Auftreten dieser Zustande in den
2PPE-Daten konnte ich mit Hilfe einer auf Ratengleichungen basierenden Modellierung der Re-
laxationsdynamik der vibrationsangeregten Zustinde zeigen. Die Umwandlung der zusatzlichen
Energie in Warme erfolgt innerhalb weniger Femtosekunden. Nach etwa einer Pikosekunde kann
nicht mehr unterschieden werden, ob das System resonant oder mit Uberschussenergie angeregt
wurde. Der Zerfall des angeregten exzitonischen Zustands ist maBgeblich vom Energietransfer
in das Goldsubstrat beeinflusst. Darliber hinaus wird gezeigt, dass die Populationsdynamik der
Exzitonen von der Morphologie des Films abhdngt. In amorphen Filmen unterscheidet sich die
lokale Umgebung der Molekiile starker, als in kristallinen Filmen. Die Relaxation der Exzitonen-
population wird von einem Diffusionsprozess in energetisch niedriger liegende Energieniveaus

begleitet. Der Diffusionsprozess findet auf einer Zeitskala von wenigen Pikosekunden statt.

In Azobenzol-funktionalisierten SAMs, wird die Rolle der exzitonischen Kopplung im Hinblick
auf die photoinduzierte Isomerisierung der Chromophore untersucht. Azobenzol lasst sich
optisch zwischen seiner trans- und cis-Form reversibel schalten. Fraglich war, ob die Kopplung
zwischen den Molekiilen durch kooperative Effekte das Schaltverhalten des Ensembles beeinflusst.
Im Rahmen dieser Arbeit wurde die 2PPE als Methode zur quantitativen Bestimmung der
Schaltkinetik der SAMs etabliert. Detaillierte Untersuchungen der Austrittsarbeit der Proben
in unterschiedlichen photostationdren Zustdnden zeigen, dass es zu keiner Verstarkung des
Schaltprozesses kommt. Weder hangt die Anzahl der in die cis-Form schaltbaren Molekiile von
der intermolekularen Wechselwirkung der Ubergangsdipolmomente ab, noch andert sich die
Schaltgeschwindigkeit zwischen verschiedenen photostationdren Zustanden durch die Kopplung.

Unabhangig von der Packungsdichte treten keine kooperativen Effekte auf.
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Chapter 1

Introduction

Organic materials open new perspectives in device fabrication in diverse fields of application,
since they offer a number of advantages in comparison to their inorganic counterparts. Just
some examples: Organic materials have a much higher mechanical flexibility and lower weight
than inorganic materials, they are chemically inactive and have lower manufacturing costs. One
of the fast developing fields during the last years is the design of modern display technologies
based on organic light emitting diodes (OLED). OLEDs are an advancement of LEDs, which
became commercially available in the 1960's. The inorganic semiconducting materials used
in LEDs are here replaced by organic semiconductors. Flat panel displays, computer monitors
or displays of portable devices as mobile phones, tablets or smart watches can be fabricated
using OLEDs. In order to exploit the mechanical flexibility offered by organic materials, leading
technology companies released a series of patents concerning bendable or foldable displays
during the last years. Another fast developing field of application of organic semiconductors
during the last decades was the invention of organic solar cells (OSC). Recent research focusses
on strategies to improve the efficiency of both types of devices [1-4]. Two main fundamental
processes in these technologies are the absorption (OSC) or the emission (OLED) of light.
These processes go along with the creation and decay of excitons. Excitons are quasiparticle
excitations, consisting of electron-hole pairs dressed by a Coulomb interaction. In the present
work, a model system of an organic semiconductor/metal interface, namely a-sexithiophene
(a-6T) on Au(111), is studied by two-photon photoemission to investigate the fundamental
time scales of the exciton formation and decay processes. The investigation of exciton dynamics
in organic semiconductors has been of great interest during the last years [5-9]. However,
most studies were focussing on the conversion of singlet into triple excitons, called singlet
fission, whereas the singlet exciton formation process is still under discussion. The present
thesis addresses this topic and furthermore emphasizes the role of the film morphology on the

electronic structure and exciton dynamics.

A second important class of organic materials on which the research focus was drawn within the
last years are molecular switches [10-12]. Recently, the pathbreaking character of experiments
using molecular switches to build molecular machines working like artificial muscles or nano-cars
was underlined by awarding the Nobel Prize in chemistry to Jean-Pierre Sauvage, James Fraser
Stoddart, and Bernard Feringa in 2016. The idea behind the use of such molecules in surface
science is the modification of surface properties by external stimuli. Therefore, inorganic
substrates are coated with organic switches to create a functionalized surface. The second

sample system investigated in the present thesis, self-assembled azobenzene-functionalized



alkanethiolates on Au(111), is a model system for this category. Azobenzene is reversibly
switchable by light between its trans and cis conformation. The two conformations have
different static dipole moments, which allows for switching the polarity of the surface and
hence its hydrophilicity [13]. Also the spatial extension of the molecule changes upon switching.
This allows for varying the thickness of the molecular layer by light, an important property for
the application in organic field effect transistors [14]. As already mentioned, the absorption of
light, which is needed to switch azobenzene molecules optically, comes along with the creation
of excitons. Light can only be absorbed, if it has the right polarization with respect to the
orientation of the corresponding transition dipole moment (TDM). In well-ordered SAMs, the
TDMs of all molecules, which correspond to a specific transition, are aligned. This leads to a
coupling between them, which results in a delocalization of the excitation within the molecular
layer. In the following, this coupling will be named excitonic coupling. The role of the excitonic
coupling in the switching process is currently under discussion and will be investigated in the

present work.

Before going into detail about the results obtained in the present thesis, an introduction
into the basic terms and theoretical models of molecular excitons will be given in Chapter2.
Exciton based phenomena as excitonic coupling or exciton dynamics have been studied by
means of two-photon-photoemission (2PPE) spectroscopy in the model systems of Au(111)
surfaces functionalized with thin «a-sexithiophene films or azobenzene-based self-assembled
monolayers. In order to interpret the 2PPE data a basic knowledge about the morphology and
the optical properties of the model systems is necessary, which was gained through photoelectron
emission microscopy and differential reflectance spectroscopy. A short introduction into all three
techniques is given in Chapter3. Chapters4 and 5 focus on the presentation and interpretation
of the experimental results obtained for the two model systems. The final part of the thesis,
Chapter 6, comprises a summary of the thesis and points to some open research questions,

which could be addressed in future works.

2 CHAPTER 1. INTRODUCTION



Chapter 2

Excitons in Organic Layers

In the present chapter the most important concepts regarding exciton formation in thin organic
layers are introduced. Starting from the description of excitons as interacting electron-hole
pairs, their spatial extension - or delocalization - depending on the screening of the interaction
by the surrounding matter will be discussed to tackle the difference between inorganic and
organic semiconductors. Regarding organic semiconductors, different aspects of delocalization
will be distinguished, considering a single molecule and a molecular aggregate. Fundamental
aspects of intramolecular band formation due to the extension of the electronic wave function
over the whole conjugated molecule and the intermolecular band formation due to an excitonic
coupling between aggregated molecules will be discussed. In the case of excitonically coupled
molecules, the initial excitation is delocalized, but after dephasing the excitation localizes on a
single molecule. The coupling of the electronic excitaton to nuclei coordinates will be discussed
as an origin for dephasing. Considering the relaxation dynamics of the exciton population,
hopping models as the exciton transfer between adjacent molecules via Forster transfer will be
introduced in the second section of this chapter. Finally, in the last section, the two model
systems chosen for experiments, thin a-sexithiophene films and azobenzene-functionalized
alkanethiolate self-assembled monolayers on Au(111), are introduced, focussing mainly on the

aspects of exciton formation and excitonic coupling.

2.1 Exciton: Definition and Flavors

The exciton theory is a basic concept in the context of optical properties of semiconducting and
insulating materials. It essentially describes the difference between the electronic or "transport"
gap and the optical gap of a material. The transport gap is the energy gap between material's
valence and conduction bands. To measure this gap, ultraviolet photoelectron spectroscopy
(UPS) and inverse photoelectron spectroscopy (IPES) can be used. In contrast, the optical gap
is the energy a photon needs to be absorbed by the material. The optically excited electron and
its hole form a Coulomb-coupled pair, which is called exciton. Due to the attractive Coulomb
force between the two particles, the energy of the quasiparticle is lower than the energy of the
non-coupled particles. This difference in energy is called exciton binding energy Fp. Figure?2.1

schematically illustrates the difference between the optical and the transport gap.

As pointed out by Kasha in the 60ies [16], the term exciton is very widely used. Hence, it
is important to discriminate between different contexts. Since this work deals with organic
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materials, the theoretical introduction will not be focussed on the Wannier-Mott exciton limit
[17], which is relevant for inorganic semiconductors, but on molecular excitons in the frame of
Davydov theory of molecular crystals and aggregates (Frenkel excitons) [18]. The difference

between these different flavors will be described in the next sections.

2.1.1 Frenkel Excitons

Excitons are grouped into different categories according to their spatial extensions. The so
called Mott-Wannier exciton is an exciton in inorganic semiconductors. Such excitons are
delocalized over a certain lattice area, which means that their electron-hole distances, i.e.
exciton radii 7, extend over several lattice sites (r > a). On the contrary, in a Frenkel exciton
[19], both charges, electron and hole, are on the same molecule, which represents one lattice
site in the molecular crystal (r < a). Between the two limits, a third exciton flavor, the charge
transfer exciton, can be defined. In this case electron and hole are sitting on adjacent lattice

sites (r = a). All three flavors are schematically depicted in Fig.2.2.

Considering a single molecule, the electronic gap (or transport gap) is the energy difference
between a singly-ionized molecule having one hole in the highest occupied molecular orbital
(HOMO) and the singly negatively charged molecule, having an additional electron in the lowest
unoccupied molecular orbital (LUMO). In contrast, the optical gap is the energy needed for
an intramolecular excitation, where the electron is optically excited from the HOMO into a
state where the electron and the hole it created in the HOMO are still interacting via Coulomb
interaction (excitonic state). Note that excitons are created as well through excitations from
lower occupied towards higher unoccupied states, since excitons are created whenever light is

absorbed by a molecule in a molecular crystal.

From the point of view chosen so far to introduce the different exciton flavors, which focusses on
the spatial distance between electron and hole, the Mott-Wannier exciton could be also defined
as "delocalized" and the Frenkel exciton as "localized". However, the term "delocalized" is often
used in literature in combination with Frenkel excitons. This will be clear when considering two

further contexts.

4 CHAPTER 2. EXCITONS IN ORGANIC LAYERS
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Fig. 2.2: Exciton flavors defined through their spatial distribution in the lattice. In the case of Mott-Wannier
excitons, the electron-hole pair is delocalized over several lattice sites ( > a), whereas in Frenkel excitons both
particles are localized at one lattice site (r < a). In the intermediate case of a charge-transfer exciton, electron
and hole occupy adjacent lattice sites (r = a).

The first context considers the delocalization with respect to the dimensions of the molecule.
Here, the degree of delocalization distinguishes between an exciton localized at a specific part
of the molecule and an exciton spread over the entire molecule. The latter happens in so-called
m-conjugated systems. A classical example is a benzene ring, where the p-orbitals of the six
carbon atoms forming the ring overlap and build 7-orbitals. In this way, the system has 6 7
electrons occupying orbitals that spread over the whole ring and the remaining single bonds are
bridged. In molecules consisting of chains of such rings, the conjugation extends over the whole
molecule. When considering the limit of an infinitely long molecule, it becomes clear that, in
analogy to an inorganic material, the HOMO and the LUMO can be considered as valence
band and conduction band respectively. In the following, the term "organic semiconductor" will
be used to describe m-conjugated systems. An exciton created in an organic semiconductor is
delocalized over the whole molecule. Typical optical band gaps in organic semiconductors are
in the order of a few eV [20]. Hence, light in the visible or ultraviolet range is needed to excite
an exciton. The main technique used in this work is two-photon photoemission (2PPE), where
a first laser pulse is employed to excite the exciton and a second pulse to probe the excited
state. Details about the technique and the experimental set-up are given in Sec. 3.1.

The second context in which the Frenkel exciton can be considered as delocalized concerns
excitonic coupling between the molecules sitting in the molecular crystal and forming an
aggregate. In aggregates, an exciton band formation is observed. This means that it cannot
be assessed which molecule hosts the Frenkel exciton created by an optical excitation of the
aggregate. The excitation is delocalized over the aggregate. Aggregate formation will be
explained in detail in Sec.2.1.2.

Dielectric Model

As mentioned at the beginning of this section, the simplest way to understand an exciton is

to consider it as an electron-hole pair coupled by a Coulomb interaction. This two-particle

CHAPTER 2. EXCITONS IN ORGANIC LAYERS 5
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system, dealing with a negative and a positive charge, can hence be considered in analogy to
the hydrogen atom system, yet considering the relative dielectric constant € of the medium in
which the exciton is located. The corresponding Coulomb potential experienced by an electron
at the distance r from the hole is hence given by
2
ec 1
Vo = — (2.1)

dmeg er’

where e is the elementary charge and ¢q is the dielectric constant of vacuum. Solving the
Schrodinger equation for this system gives the exciton binding energy (exciton Rydberg energy)
Ep and the exciton radius rex as a function of the Rydberg energy R, and Bohr radius ag of
the hydrogen atom:

J7!
EFg=——=R 2.2
B Me €2 0 (22)
and
me
T, = 760107 (23)
ex ILL

with the reduced mass v of the electron-hole pair and the mass of an electron m,. Figure2.3
shows the exciton binding energy and the exciton radius as a function of €. Depending on the
material, electrons and holes may have different masses; in this case it is assumed, that both
electron and hole have electron mass. This graphic enables us to qualitatively understand at a
glance the difference between an inorganic and an organic semiconductor. Inorganic materials
have high dielectric constants. Therefore excitons formed in such materials have large radii and
low binding energies. On the contrary, organic materials have low dielectric constants. Hence
an exciton formed in an organic semiconductor is more localized and more energy is needed to
separate the charges. Since the dielectric constant is a macroscopic quantity, the model is
expected to fit better for the description of Mott-Wannier excitons in inorganic semiconductors.
However, Knupfer et al. [21] showed that this model is still a good estimate for the exciton

binding energies when considering molecules.

6 CHAPTER 2. EXCITONS IN ORGANIC LAYERS
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The exciton binding energy in a molecular crystal is the difference between Eey, i.e. the energy
of a bound electron-hole pair (exciton) sitting on one molecular unit, and E,},, the energy of
the same two charges when they are independent and uncorrelated and are located on two
different lattice sites [21]:

Ep = Ecp — Eex. (2.4)

The binding energy has to be overcome to separate the charges. As Knupfer showed in 2003,
the Coulomb potential U is the dominant quantity entering the exciton binding energy in an
organic semiconductor. Based on quantum-chemical calculations in the literature, he concluded
that the binding energy can be approximated by Eg ~ U + 0.1eV. Knupfer proved this
approximation by calculating the Coulomb potential U by modeling the conjugated molecules
as prolate ellipsoids and comparing his results for Eg with experimental studies performed
on oligomers and polymeres (cf. Fig.2.4). The gray shaded area in Fig.2.4 represents the
results of his simulation for the binding energy as a function of the length of the molecule,
while the markers give literature values from experiments. In the present work the organic
semiconductor a-sexithiophene will be used, which has a total length of 21.9 A [22]. According
to the simulations of Knupfer, the exciton binding energy of this molecule is expected to be in
the range of 0.4 to 0.8 €V. Experimental studies hint that the actual value is at the lower end
of this range [20, 23].

2.1.2 Aggregate Formation and Davydov Theory of Molecular Excitons

So far, the attention was focussed on the single molecule in which the exciton is created,
neglecting that it is part of a molecular lattice. Organic molecules build molecular crystals due
to van der Waals interactions. Crystal formation leads to a shift of the absorption bands D,

compared to the free molecule due to the change in the environment [24].

The theory of molecular excitons, developed by Davydov [25, 26], applies the concept of Frenkel
excitons to molecular crystals or aggregates with more than one molecule per unit cell.

CHAPTER 2. EXCITONS IN ORGANIC LAYERS 7
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Excitons are closely related to optical transitions. An optical transition is characterized by the
corresponding transition dipole moment p;. lts orientation indicates the polarization of the
|2

light needed to create an exciton, whereas the square of its absolute value |p;|* determines the

probability that the light is absorbed.

When considering a molecule surrounded by other molecules, the dipole moments interact with
each other, which influences the systems potential energy landscape. Hence, the geometrical
arrangement of the transition dipole moments of the individual molecules in the molecular

matrix must be accounted for.

Excitonic Coupling - Aggregate Formation

The coupling of the transition dipole moments of individual molecules is called excitonic
coupling and can lead to an additional shift of the absorption bands. Depending on whether
the energetic shift of the absorption line is to lower energies (or longer wavelength, hence red
shifted) or higher energies (shorter wavelength, hence blue shifted), one distinguishes between
J- and H-aggregates. The nomenclature "J-aggregate" stems from Jelley, who first discovered a
red-shift of the absorption band due to dye-formation in solution in 1936 [27], whereas the term
"H-aggregates" comes from the arising hypsochromic shift. In a J-aggregate, the transition
dipole moments of the individual molecules are oriented in a head-to-tail way, whereas in
H-aggregates they have a side-by-side alignment. Since the wavelength of the exciting light
is much larger than the dimensions of the molecules, only the in-phase arrangements of the
transition dipole moments result in an exciton state, which can be excited by an optical dipole
transition [28]. This results in a lowering of the excitation energy in the case of J-aggregates
and an increase for H-aggregates, as schematically visualized in Fig.2.5. The left side of the
figure shows energy diagrams for dimer formation with a parallel or head-to-tail arrangement
of their transition dipoles. The rectangles represent the individual molecules and the arrows
the orientation of the transition dipole moments. The excited state splits for the dimer in two
bands, due to the in-phase and the out-of-phase combination of the dipoles. The dashed lines
are used to point out that the out-of-phase alternative is forbidden for an optical transition.

The right side of the figure extends this concept to a linear molecular polymer, assuming
that it consists of NV identical molecular units. The excited state splits in IV discrete excited
states due to the dipole-dipole interaction of the transition dipole moments, but again only
the in-phase arrangement is allowed, as indicated by the solid line and the transition arrow.
In the case of the head-to-tail arrangement, the in-phase combination is again the lowest in
energy. The exciton wave-function has here no excitation node. The higher the number of
excitation nodes, the higher the energy of the excited state, as indicated by the vector diagrams
below the energy-level diagrams. Exciton nodes are marked by vertical lines between transition
dipole moments pointing in opposite directions. If equal amounts of dipole moments point to
opposite directions, the absolute value of the total dipole moment becomes zero. Those states

have no oscillator strength, which means that they are not excitable by light.
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Fig. 2.5: [Figure adapted from Ref. [28, 29]] Energy-level diagrams for exciton band structure in molecular dimers
(left) and linear molecular polymers (right) with head-to-tail and side-by-side arrangements of the transition
dipole moments. The small arrows represent the orientation of the single molecule transition dipole moments.
Energy levels drawn with solid lines correspond to in-phase oscillations of the interacting dipoles (exciton wave
function has no nodes), whereas the exciton wave functions corresponding to the dashed lines do have nodes,
since the interaction dipoles are oscillating out of phase. In the latter case the eigenstate has a non-vanishing
wave vector k and therefore an excitation via an optical dipole transition is not possible. Large solid and dashed
arrows mark allowed (k = 0) and forbidden (k # 0) transitions, respectively.

The side-by-side arrangement can be discussed in an analog way. The only difference is that
here the in-phase arrangement of the dipole moments is the energetically highest and the

highest number of nodes is reached in the lowest state.

The cases discussed above always assume only one molecule per unit cell. In the case of two or
more molecules per unit cell, their dipole moments do not align. Figure2.6 exemplarily shows
the case of two molecules per unit cell, where both transition dipole moments are tilted by 45°.
In this case the dipole moment of a molecule has to oscillate in phase with all molecules at the
similar site in the unit cell to be optically excitable. In this way two states are getting oscillator
strength, either with a total dipole moment parallel to the chain or perpendicular to it. The
energetic difference between these states is called Davydov splitting. In general, there are as

many allowed exciton transitions as molecules per unit cell.

Considering further the example of two molecules per unit cell in a 1D molecular chain, the
change in the energy levels of the excited states F;, of a molecule in the molecular crystal in

comparison to the states of a single molecule E? can be described as follows:
Ey = E’+ D, + U,. (2.5)

U, is an energy shift due to an excitonic coupling.! The Davydov splitting is given by 2U,,. In

!Note that, when changing from 1D to 3D molecular arrangements, the energies of the lower and higher
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ALTERNATE
TRANSLATIONAL

Fig. 2.6: [Figure adapted from
Ref. [28, 29]] Exemplary excitonic cou-
pling in the case of two molecules per
unit cell whose transition dipole mo-
G A ments are canted by 45° from the

: vertical and are either mirrored on the
(A% 15\ A% ) vertical or on the horizontal plane with
respect to each other. The dashed ar-
rows mark the resulting total dipole

(e AN A2 ) moments of a 1D chain.

the simplest model, U, is determined by the strength of the dipole-dipole interaction and thus
proportional to p2/R3, where R is the distance between the molecules.

2.2 Dephasing and Exciton Decay Mechanisms

In the previous section excitonic coupling between molecules within a molecular crystal was
discussed. In this case, the absorption of a photon leads to a coherent excitation of the
excitonically coupled molecules. One key aspect of this thesis is the study of population
and relaxation dynamics of excitons in organic layers by means of time-resolved two-photon
photoemission. To populate the excitonic states dephasing is necessary. One mechanism leading
to dephasing is the coupling of the electronically exited state to the nuclei coordinates.

Including vibrations, weak and strong coupling of the molecules due to dipole-dipole interactions
can be distinguished in optical spectroscopy. When strong coupling occurs, the intramolecular
electronic and vibrational wave functions of the molecule are separable, which is not the case
for weak coupling [28, 30]. Hence, in case of weak coupling, the molecules are only little
affected by their environment and can vibrate for many periods before the excitation energy is
transferred to another molecule. The electronic states interact with the vibrational motion of
the nuclei. A combined electronic and vibrational excitation is called vibronic excitation. On
the contrary, in the strong coupling case the excitation is transferred faster from one molecule
to another than the duration of a vibration period. Hence, the electronic states do not interact

with the nuclei vibrations.

In weakly coupled systems, each vibronic sublevel shows a Davydov splitting. The magnitude
of this energetic splitting scales quadratically with the transition dipole moment. In the case

of vibronic transitions the vibrational overlap integral S,/ between the ground state and the

Davydov component do not have to be symmetric with respect to EC + D,,.
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Fig. 2.7: Schematic illustration of the influence of the coupling strength in a molecular crystal with two
molecules per unit cell (bottom row) on the spectral shape of an absorption band with respect to the monomer
band (top row). In the case of weak coupling (left) the Davydov splitting of the vibronic levels is small, leading
only to a small broadening of the peaks. For intermediate coupling (middle) the splitted states clearly separate,
cross and overlap energetically with other sublevels. In the strong coupling case (right) no vibrational substructure
is excited and only the Davydov splitted electronic level appears.

excited state enters the transition dipole moment leading to different energetic splittings for the
vibrational sublevels. An indication for the coupling strength can be found in absorption and
emission spectra of a molecular crystal. In order to illustrate the effect of excitonic coupling on
the shape of absorbance spectra, Fig.2.7 shows schematically the absorbance of a molecular
crystal with two molecules per unit cell compared to the corresponding spectrum of a monomer.
In the case of weak coupling, the rather small splitting of the vibronic sublevels leads only to a
broadening of the peaks. If the coupling gets stronger, the splitting of each sub-level increases.
Each level appears twice, the splittings cross and overlap, so that the spectral shape changes
completely. If the coupling gets so strong that no vibrations are excited, only two sharp lines

appear with a separation equal to 2U,,.

Simpson and Petterson [30] defined criteria for strong and weak coupling depending on the
exciton band width U and the total Franck-Condon band width Ae of the considered molecular
electronic transition. Strong coupling occurs in systems in which QA—U€ > 1 holds, whereas for

the weak coupling case % < 1 applies.

A third intermolecular exciton transfer category is the so called Forster vibrational-relaxation
resonance transfer mechanism. In a Forster transfer, energy can be transferred radiationless

from one molecule to another via a dipole/induced-dipole interaction, if the emission spectrum
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of the excited molecule overlaps with the absorption spectrum of the acceptor molecule. In
contrast to Simpson's concept, Forster considered the individual vibronic band width A€
in his model. According to Kasha [28], the following expressions for the excitation transfer

rates k (number of exciton transfers per second) in the different coupling categories can be found:

Strong-coupling Weak-coupling Forster transfer
9 Z gxtgu/sjy/
b~ (£00), ke (500)) S gians2, ke~ (5600) g

The parameters used in these expressions are the oscillator strength f of the electronic transition,
the distance r between the interacting molecules and a geometric function ©(0) including
the angular dependence of the dipole-dipole interaction. Whereas in the strong-coupling case
the oscillator strength is integrated over the whole electronic band, in the weak coupling
case the overlap of the vibrational sub-levels is considered. Hence, the expression used for
strong-coupling excitons is multiplied with the sum over the vibrational levels of the ground
state v and of the excited state v/, the populations of the excited state g7, and the ground
state g, and the vibronic overlap integrals S,,/. At large distances the Foérster transfer can
dominate in comparison to the weak coupling case [28]. The expected orders of magnitude for
the transfer rates in the different coupling categories are k > 10'2s~! for the strong coupling,
k ~ 1012571 for the weak coupling and k < 10's~! for Férster transfer [28].

In an energy transfer process, the exciton moves through the sample. Hence, its energy is
transferred from one lattice site to another. As depicted in Fig. 2.8, there are two different
processes for energy transfer: migration and fusion. In a migration process, one exciton is
transferred from one excited molecule to a previously non-excited one, whereas in a fusion
process the exciton is transferred to another excited molecule, leading to a fusion of the two
excitons and the creation of a higher excited state. Exciton fusion is hence strongly related to

exciton annihilation.

Exciton transfer rates k are given by the spectral overlap of the emission from the excited

migration fusion
Sh
gl & s+
CKKK>QO%O OOO0 OO0
OO0

QOO QRO OORO
O000 OOO0O O000 OO00O

Fig. 2.8: Schematic illustration of exciton migration (left) and exciton fusion (right) processes in a molecular
lattice. In a migration process the excitation is transferred to a molecule in the ground state, whereas in a fusion
process to another excited molecule, leading to a decrease in the number of excited molecules.
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state and the absorption in the ground state, or in the case of fusion, the absorption of the
excited state. Exciton migration dynamics strongly depend on the coupling strength between
the molecules. The stronger the interaction, the faster the energy transfer among the molecules.
Hence, the strong coupling case applies to delocalized excitons, which means that there are
collective excitations. Band shifts and band splittings are observed in this case, as discussed
above. On the contrary, weak coupling applies to localized excitations. In this case, the
energetic states of the coupled molecules are closer to those of the single molecule. In the
case of thin molecular films, in the vicinity of the substrate, the exciton energy can also be
transferred to the substrate creating an electron-hole pair there. In the case of a metal substrate
like gold the interaction between electron and hole is screened on an attosecond timescale.

Subsequently the independent charge carriers decay towards the Fermi level on a fs timescale.

Within the molecular film the amount of excited molecules can decrease via exciton annihilation.
This may happen via either an intramolecular decay of the exciton or exciton-exciton annihilation
in a fusion process. In the second case an exciton hops onto a molecular site with another
exciton, which leads to the formation of a very short-lived higher-excited state. As a matter of

fact, this process annihilates one exciton [31].

A third process which can reduce the Frenkel exciton density within the film are charge transfer
processes. In a charge transfer process electron and hole separate from each other. The charge
transfer exciton is a pre-stage, as both charges are still coupled to each other. Charge transfer
excitons play an important role in molecular films or layers with different molecules, where
one type serves as donor molecule and the other type as acceptor, or at organic/inorganic

donor/acceptor interfaces [32, 33].
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2.3 Exciton Formation in Two Model-Systems

The present section applies the theoretical concepts exposed above to the two model systems,
which are experimentally investigated in this thesis. The model systems belong to two material
classes which were extensively studied during the last decades in the context of device fabrication:
organic semiconductors and molecular switches. Since in this work thin films are studied on

Au(111) surfaces, a particular focus is drawn to the self-assembly on such surfaces.

2.3.1 The Organic Semiconductor a-Sexithiophene

Organic semiconductors play a crucial role in devices like organic solar cells or light-emitting
diodes [34-39]. Oligothiophenes represent good model systems to study basic properties of
this material class. In this work, a-sexithiophene (6T) is chosen to study exciton formation
and relaxation dynamics. 6T consists of six thiophene units. One thiophene unit contains four
carbon atoms and one sulfur atom, as depicted in Fig.2.9. In a-sexithiophene, the connection
of the rings is located at the a-carbons, which are the ones next to the sulfur atom. In single
Fig. 2.9: 2D projection of a bal- M

and-stick model of an a-sexithiophene
molecule including the orientation of the

transition dipole moment p; with respect ) 9;
to the molecular axes L, M and N. The © o H
three different atoms (Carbon, Sulfur and

Hydrogen) are shown with circles of differ-

ent size and color, as shown in the legend >
at the right. N L

crystals, 6T has a quasi-planar all-trans configuration [40], meaning that adjacent thiophene
units have opposite orientation in M direction (short molecular axis, cf. Fig.2.9). In this
configuration, the molecular point group of 6T is Ca}, and hence its electronic levels transform
according to the irreducible representation of this point group [41]. The Frenkel exciton, which
will be discussed in Ch.4, is the lowest singlet (S1) excited state in a 6T molecule. The
corresponding transition dipole moment p; is oriented parallel to the long molecular axis L
[41-43], as depicted in Fig.2.9. The irreducible representation of the lowest singlet excited level
is 1By. In the crystalline phase the 6T molecules form a monoclinic unit cell of the space group
P2, /n [40]. Figure2.10 shows at the right the four molecules per unit cell in their herringbone
arrangement. The interaction of the transition dipole moments of the single molecules leads
to a Davydov splitting in four different states ag, a, and bg, by, [44, 45], as indicated in the
energy-level diagram in Fig.2.10, but only a, and b, are accessible by one-photon spectroscopy
[44]. Muccini et al. [44] report that the a, component is found to be negligibly weak and
completely polarized along the b crystal axis (cf. Fig.2.10). In contrast the b, is polarized in

the ac crystal plane.

Absorption and emission studies on 6T single crystals and thin films showed that the 'B,
transition couples to vibrational modes, especially the ring-breathing mode with ~180 meV [42,
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Fig. 2.10: [Figures taken from
Ref. [44]] Energy-level diagram re-
garding the ground state (1'A,)
and the first excited state of a
single 6T molecule and in a 6T
crystal with the unit cell shown
at the left. The quasi-planar 6T
molecules arrange in a herring-
bone structure with four molecules
per unit cell (labeled with numbers
1 to 4). This leads to a Davydov
splitting of the first excited state
(1'B,) into four states, namely 1'A,
bg/u and ag/y. Wherea_s_in a s_ingle Molecule Crystal
molecule the S; transition dipole

moment points along the L axis

of the molecule, in a crystal the

transition dipole moments are ori-

ented along the b axis and in the

ac plane of the crystal.

< = oD m
[

45-48]. Hence, a series of vibronic replica of the a, and b, states is observed. The magnitude
of the Davydov splitting has been under debate for many years. The values are ranging from
0.2eV [49] to 1.1eV [47, 50].

Aggregation in Thin Films on Au(111)

When 6T attaches to surfaces, it does not directly grow in its crystalline growth mode, since its
growth is strongly influenced by the bonding to the surface. In this work, thin 6T films grown
on Au(111) are studied. As scanning tunneling microscopy (STM) measurements showed, the
first monolayer of 6T absorbs with the long molecular axis (L-axis) parallel to the surface
[51]. This is shown in Fig.2.11a. The molecules arrange in a side-by-side fashion, which hints
towards H-aggregation. To figure out how strong the interaction between the molecules is, one
has to compare the absorption spectrum of the thin film with that of the single molecule. Since
the 6T molecule is very flexible, it has to be embedded into a molecular matrix to measure
the absorption spectrum of a planar 6T molecule. This was done by Horowitz et al.. They
investigated 6T embedded in a polyethylene matrix by means of photoluminescence. The
absorbance (excitation) and emission spectrum are shown in Fig.2.11b. The spectra show the
180 meV vibrational progression which was already mentioned before. The lowest vibrational
level is detected at 2.5€V in the absorption spectrum. Absorption and emission spectra overlap,

which would allow for Férster transfer between single 6T molecules.

In the master thesis of Malte Wansleben [52], we showed that the S; absorption band of a
one monolayer thick film of 6T on Au(111) has its maximum around 2.4eV (cf. Fig.2.12).
This is slightly red-shifted with respect to the single molecule spectrum observed by Horowitz
et al., which could stem from the change of the environment when the 6T molecule is part

of a 6T molecular crystal in comparison to the single 6T molecule studied in a polyethylene
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Fig. 2.11: (a) [Figure taken from Ref. [51]] Room temperature monolayer arrangement of 6T molecules on
Au(111) studied by scanning tunneling microscopy with submolecular resolution (10x10 nm?, -0.18V, 0.6 nA).
The structure can be described by an oblique unit cell with a single molecule basis. (b) [Figure taken from
Ref. [50]] 6T molecules embedded in a polyethylene matrix. The left curve shows the photoluminescens emission
spectrum for excitation at 450 nm and the right curve the photoluminescence excitation spectrum for emission
at 550 nm. The measurements are performed at 10 K.

matrix. A further difference between the absorbance of a 6T molecule in the monolayer film on
Au(111) and the single molecule is the absence of the vibrational substructure in the case of
the monolayer. This can be explained by a strong coupling of the molecules to the substrate

which quenches vibrations of the molecules.

A common strategy to measure the absorption bands on isolated molecule is to measure the
molecule in solution. However, this is not possible in the case of 6T since the molecule does
not keep its planar geometry in solution, but the individual thiophene rings within the molecule
twist against each other, which shortens the conjugation length [53, 54].
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Wavelength (nm)

Fig. 2.13: [Figure adapted from Ref. [52]] Coverage 2?0 3?0 4?0 5?0 6?0 IS?O
dependent negative differential reflectance (-Alg(R)) O p-polarized — gaussian fit

of s- and p-polarized light (red and blue curves re- O s-polarized 10
spectively) of thin 6T films on Au(111) as a function 2

of the photon energy of the exciting light. Since the 3

Alg(R) only contains the reflectance of the molec-

ular film (the reflectance of the gold substrate is 65 ML

subtracted), for reasons of comparability the signal
obtained for film thicknesses of a few monolayers is
multiplied with the factors written at the left side of
the graphs. The Si absorption band of 6T /Au(111)
is observed around 2.5 eV. Whereas 1 ML coverage
shows a structureless broad band, 3 ML thick films

already show a substructure, that evolves with in- 4 ML
creasing coverage and can be clearly seen in 65 ML X718
films as a vibrational progression with 180 meV split-

ting (vibrational levels are numbered with 0 to 3). X5

The band-bottom shifts slightly to lower energies
with increasing coverage. The polarization contrast _h
is low, confirming an orientation of the molecules AL R A S aa
parallel to the surface plane. 5 4 3 2

-Alg(R) (arb. unit)

Photon energy (eV)

The optical gap of the non-coupled non-planar molecule was studied in dioxane solution as
previously done by other groups [42, 53]. The dashed blue curve in Fig.2.12 shows the
absorbance measured for 6T in the dioxane solution. The S; absorption band is centered at
~2.9 eV, which is significantly blue-shifted with respect to the single 6T molecule measured in

a polyethylene matrix.

To estimate the absorbance of a thin 6T film grown on non-transparent substrates such as
Au(111), the reflectance of the film is studied. Since the change in reflectance due to the
adsorption of thin films is small, Fig.2.12 shows the difference signal to a clean Au(111)
surface. Here and in the following the y-axis gives the negative differential reflectance (DR)
signal, which in first order approximation mimics the absorbance of a thin film. The response
of the monolayer (ML) 6T on Au(111) to s- and p-polarized light agrees with the flat-lying
arrangement of the molecules determined by STM.

Coverage dependent differential reflectance spectroscopy (DRS) shows that the absorption band
remains energetically stable even for higher coverages, but a vibrational substructure appears
in the band (cf. Fig.2.13). 10 ML films already show a vibrational substructure in the S;
absorption band, which strongly reminds of 6T single crystal studies. As the exemplary fit for a
65 ML film shows, the spectrum can be described by four equidistant gaussians with decreasing
intensity. The separation of the individual gaussians is 180 meV, which can be assigned to the
ring-breathing mode. The same behavior was observed in reflectance difference spectroscopy
at 6T films grown on Cu(110)-(2x1)O [49]. The authors claimed that 6T crystallites form
on top of a two monolayer wetting layer. Such a growth mode was observed by the group of

Thorsten Wagner in Linz through photoelectron emission microscopy (PEEM) measurements
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on 6T films grown on Ag(110) [55, 56]. In a collaboration with Thorsten Wagner the growth of
6T on Au(111) was studied in real time by means of PEEM. As discussed in Ch. 4, we observed
the formation of a two monolayer thick wetting layer in the case of 6T /Au(111) as well, but
there are significant differences in the size of the crystallites formed on top of this layer in
comparison to the silver surface. A detailed study of the development of the optical properties
by monitoring the DRS signal during the growth process is reported in Ch. 4.

2.3.2 Excitonic Coupling in Azobenzene-Based Alkanethiolate
Self-Assembled Monolayers

The second model-system is a gold surface functionalized with the molecular switch azobenzene.
As in the case of the sexitiophene films described above, azobenzene-functionalized alkanethiolate
SAMs tend to form H-aggregates considering the transition dipole moments of the S transition
[57-59]. The main question regarding these studies was, whether the excitonic coupling between
the molecules opens an additional channel which allows for switching. Therefore, | will first
shortly introduce azobenzene and its switching mechanism as well as the terms and concepts

relevant for optically induced switching.

The Conformational Switch Azobenzene

The conformational switch azobenzene was discovered by Mitscherlich in 1834 [60]. It consists
of two phenyl rings that are connected via a dinitrogen bridge, as it is shown in Fig.2.14. In
the ground state azobenzene is found in the trans configuration, where the two phenyl rings
are on opposite sides with respect to the nitrogen double bond. The cis form of azobenzene
(cf. Fig.2.14), where the phenyl rings are on the same side with respect to the dinitrogen
bridge, was discovered by G. S. Hartley hundred years later during a solubility study [61]. The
cis state is metastable, which results in thermal back-switching to the trans state. Azobenzene
is photochromic. Under exposure to UV-light it changes from the trans to the cis state.
Blue light illumination accelerates the back-switching process with respect to the thermal

back-isomerization.

In the present work a derivate of azobenzene was used, where the chromophore is attached
via an oxygen atom to an alkyl chain with a length of eleven carbon atoms, as shown at the
bottom of Fig.2.14. In the following this derivate is called Az11. The black curve in Fig.2.15
shows the absorbance of Az11 dissolved in methanol in the pristine pure trans case. The
relevant intramolecular transitions in the context of this work are the S and Sy transition. The
signature of the S; transition (n7*-transition, where an electron is excited from the HOMO) is
rather weak in the pristine case. For a pure trans-azobenzene this transition is forbidden due to
the inversion symmetry of the molecule. This symmetry is broken in the case of Az11.

The dominant transition is the So transition, which is a w#*-transition, where an electron is
excited from the HOMO-1 to the LUMO. The absorbance of the molecule changes drastically,
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when it is switched to its cis form. To measure the absorbance of the cis isomer, the solution
is illuminated with 365 nm light during the measurement (cf. dotted magenta line in Fig.2.15,
Ref. [57, 62]). 365 nm light excites in the lower energetic part of the So-band and thereby
mainly triggers trans-cis isomerization. The Sy absorption band of the cis isomer is shifted to
higher energies (lower wavelengths) with respect to the trans form and the maximal absorbance
is reduced to one third. In contrast, the S; band is more intense. Hence, light in this energy
range is mainly absorbed by cis molecules and therefore triggers mainly the cis-trans back-
switching. The blue dashed double-dotted curve in Fig.2.15 shows exemplarily the spectrum
for illumination with 455 nm. The spectral shape is closer to the pristine case than to the cis
spectrum. However, the pure trans sample cannot be reproduced under illumination. The
reason for the non-complete back-switching can be found in the fact that both isomers absorb
photons of this wavelengths. The optically induced switching process can be described with
rate equations. Assuming that the total amount of present molecules N can be divided into
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two reservoirs, containing respectively a certain number N, of trans molecules and N, of cis
molecules, we can define switching rates 7. and 7. for trans-cis- and cis-trans-isomerization.
The change in the amount of cis molecules per time unit under illumination is hence the number

of trans molecules switching into the cis form minus those switching back from cis to trans :
Ne = 14Ny — 1ot Ne = 14 N — (7t + 7et) Ne. (2.6)

After a certain illumination time, the average number of cis molecules in the ensemble does
not change any longer, even though single molecules keep on switching back and forth. The so

called photostationary state (PSS) is reached and N, becomes zero:
N. = 0. (2.7)

Hence, the cis fraction x. of molecules in a PSS depends only on the rates for the two
isomerization directions:
N Ttc
Xe =N 7 Tee + et (28)

Note that, when calculating ., it has to be considered that 7., = rgft + riherm s not only

optically induced, but includes a thermal back-switching rate as well.

The optical rates depend on the photon flux j and the isomerization cross-section cisom of
the illuminating light (rct = Jj - Gisom,ct)- The isomerization cross-section is related to the
probability of inducing switching. The higher the isomerization cross-section, the higher the
switching probability. The isomerization cross-section depends on the absorption cross-section
Oabs, Which is a measure of the fraction of incident photons that is absorbed, and on the
isomerization quantum yield ¢isom, Which is the probability that an absorbed photon triggers the
isomerization (Cisom = Tabs * Pisom)- 10 understand the difference between the absorption and
the isomerization cross-section, it is necessary to have a look at the potential energy landscape
for the isomerization process. As calculated by Conti et al. [63], the dominant pathway in the
isomerization of azobenzene is the torsion around the NN double bond. Figure2.16 shows a
simplified diagram of the potential energy surfaces of the ground state Sy and the first excited
state S; for the torsion angle £ as reaction coordinate according to the calculations done by
Conti. A trans molecule excited with UV light from the ground state to the second excited
state moves to the S; potential energy surface, from where it can relax back to the Sy potential
energy surface. If it completes the torsion or rotates back into the trans form is statistically
described by the isomerization quantum vyields. A similar process can happen to a cis molecule
that is excited to the first or second excited states.

Excitonic Coupling in Alkanethiolate-Based Self-Assembled Monolayers

For surface functionalization with the molecular switch azobenzene, it is necessary to lift the

NN double bound from the surface to preserve its switching ability. One well-established
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Fig. 2.16: Simplified diagram of the poten-
tial energy surfaces of azobenzene along the
torsion coordinate £ representing the CNNC
angle, discussed by Conti et al. [63]. The
global minimum of the Sy ground state is
reached for the trans configuration. After
exciting a trans molecule from the ground
state to the Sy potential energy surface with
UV light, the relaxation path to the ground
state (red dashed curve) goes through the
S7 and the S; potential energy surfaces. If
the CNNC angle reaches 94°, the excited
molecule could either twist back and reach
" N P the So ground state at the trans side of the
180 o4 4 § potential barrier or twist further to the cis
trans cis side. The probability for the latter is given by
the isomerization quantum yield Qc.

method to do this is to use an azobenzene derivate like Az11, which was described before. The
end of the chain without chromophore is then linked via a sulfur atom to the gold surface.
The attachment to the surface reduces the orientational degrees of freedom of the molecules.
The average orientation of the chromophores in a close-packed Az6 SAM was determined by
near-edge x-ray absorption fine structure (NEXAFS) measurements [64] and yielded a tilt of
the chromophore C1-C4 axis of ¢ = 30° from the surface normal. Calculations by McNellis [64]
showed that the transition dipole moment (TDM) of the So transition is rather parallel to the
molecular axis (axis connecting the centers of the two benzene rings, cf. Fig.2.17). The TDM
of neighboring molecules will hence couple in a side-by-side fashion and form an H-aggregate,

which can be proven by DRS measurements. The uppermost solid black curve in Fig.2.18

Fig. 2.17: Orientation of the
azobenzene chromophore in an
Az6 close-packed SAM. The tilt
angle of the C; - C4 axis of the
lower phenyl ring from the surface
normal was determined by NEX-
AFS [64] to be ¥ = 30° in a closed
packed SAM. The Sz transition
dipole moment (TDM) was cal-
culated to be oriented parallel to
the connection line between the
centers of the two benzene rings.

shows the DRS signal of a pristine close-packed Az11 SAM on a 300 nm thick Au(111) film on
a mica substrate. We focus on photon energies in the interval between 3 and 4.5€V, where
the So band is located. The Sy band is split in two parts, one remaining in the same region

as the So band for non-coupled Az11 molecules in solution and a second, more intense part,
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Fig. 2.18: [Figure taken from Ref.[57]] Nega-
tive differential reflectance data observed for p-
polarized light illuminating mixed Az11l and C12
SAMs/Au(111) with different Az11 concentrations
©(Az11) (given at the right side above the corre-
sponding curves) in comparison to single molecule
absorbance in solution as a function of the photon
energy (bottom). Samples containing Az11 are mea-
sured in the pristine case (solid black curves) as
well as under 365 and 460 nm illumination (dashed
black and solid gray curves respectively). The given
photon energy range covers the range of the S; to
S3 absorption bands of the azobenzene monomer in
methanol solution. In the pristine (trans) case the
S, band shows highest absorbance. In solution the
PSS reached under 365 nm illumination can be con-
sidered as the all-cis case (x. =97+3%). Here the
S band is shifted to higher energies and has lower
absorbance. The amplitude of the Se band at 380 nm
can be seen as a measure for the fractions of trans
molecules. The DR signal shows a broadening and
a shift of the maximum of the trans Sz band with
increasing Azl1 density due to excitonic coupling
between the molecules. For a pure 100 % Az11-SAM,
the DR signal under 365 nm illumination is close to
the pristine case. A reduction of the Az11 coverage
to 92 % is already sufficient to allow for switching.

which is shifted to higher energies (excitonic So band), as expected for H-aggregate formation.
The energetic shift is about 0.5eV. The dashed lines in Fig.2.18 are the DRS results under
365 nm illumination. For the close-packed Az11 SAM there is almost no change with respect
to the pristine all-trans case. The switching is prevented by steric hindrance [64-66]. To allow
switching, the chromophore density has to be reduced. This is done by producing mixed SAMs
of Az11 and C12 (1-Dodecanethiol) [57]. As shown in Fig.2.18, already a small reduction
in the packing density of Az11 to 92 % is enough to induce significant differences between
the pristine case and the case under 365 nm illumination. When reducing the Az11 coverage
besides the steric hindrance, the excitonic coupling is reduced as well, which results in smaller
shifts of the excitonic So band with respect to the monomer band known from solution. In
addition, due to the lower packing density, the average tilt angle of the C1-C4 axis with respect
to the surface normal increases to 45° in the case of 15% Az11 coverage [57], while the tilt of

the C11 linker chain remains 30°.
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Chapter 3

Experimental Methods

In order to gain the necessary insight in the systems under study, a combination of different
techniques was used in this thesis. The main part of the experiments was performed using
time-resolved two-photon-photoemission spectroscopy (tr-2PPE), described in Sec. 3.1. In order
to apply this pump-probe technique, it is necessary to know which photon energies are needed.
As described before, the photon energies needed to drive specific optical transitions can be
determined by absorption or, in the case of a thin film grown on an intransparent substrate, by
differential-reflectance spectroscopy (DRS), outlined in Sec.3.2. To gain information about
the multilayer film structure and growth mode of multilayer films, photoelectron emission
microscopy (PEEM) was performed, illustrated in Sec.3.3. This allows us to assign the
electronic structure measured with 2PPE to different phases in the multilayer growth. The
experiments performed with the two latter methods were done in collaboration with Thorsten

Wagner at the Johannes-Kepler university in Linz (Austria).

3.1 Time—Resolved Two—Photon Photoemission Spectroscopy

Time-resolved two—photon photoemission is a pump-probe technique based on the photoelectric
effect. Here, two photons are needed to induce photoemission. The first photon, the pump
photon, excites the object of investigation from its ground state into an excited state. The
second photon, the probe photon, leads to emission of an electron. To study the population
and relaxation dynamics of the excited state, the second photon is sent to the sample with a
variable time delay with respect to the first one. This is realized by a laser system generating
ultrashort laser pulses. To perform the time-resolved measurements, the pump and the probe
photon have to origin from different pulses which are sent to the sample with a respective
time delay. The present section contains an introduction to the methodology of photoemission

(Sec.3.1.1) and the experimental set-up needed to realize tr-2PPE measurements (Sec. 3.1.4).

3.1.1 Single-Photon and Two-Photon Photoemission

The principle of photoemission was first explained by A. Einstein [67]. He described the
photoelectric effect, where a photon absorbed by a sample induces the emission of an electron,
if the photon energy hv is higher than the work function ® = F,. — EF of the sample, which
is determined by the difference in energy of the vacuum level Ey,. and the Fermi level Ep
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of the sample. To use this effect for the analysis of the band structure of solid surfaces, a
monochromatic beam of photons is sent to a sample to create photoelectrons. The kinetic
energy of the photoelectrons Fy;, allows to determine the binding energy F}, of the state from

where the electron is emitted trough the relation
FEyin = hv — & — Ey,. (3.1)

Here, the binding energy FEj, is referred to the Fermi level (Ey, = Ep — E).! If the photon
energy is higher than the work function, excitation by a single photon is sufficient to induce
photoemission, as shown in the left energy diagram in Fig. 3.1. In this case the process is called

direct or single-photon photoemission.

E & PE 2PPE tr-2PPE

Fa
F 3 F 3 f
Evac

hv,
A
§ A Ny |
E- \%0 A, A.

"‘1.0 'Hb

0 t

A J

Fig. 3.1: Schematic illustration of the principle of single-photon photoemission (PE, left), 2PPE (middle) and
tr-2PPE (right). In single-photon photoemission an incident photon has enough energy hv to lift an excited
electron above the vacuum level of the sample, whereas in 2PPE excitation of the same electron with two photons
is necessary to induce photoemission. The relaxation dynamics of an excited state created by the absorption of
the first photon can be studied by introducing a time delay between the first and the second photon in tr-2PPE.

In contrast to single-photon photoemission (PE), in two-photon photoemission (2PPE) the
energy of the photons sent to the sample is not high enough to induce direct photoemission.
As shown in the middle part of Fig. 3.1, a second photon transferring its energy to the electron
excited with the first one is needed to induce photoemission. 2PPE can be performed by
simultaneous illumination with photons of different color (bichromatic 2PPE) or with both
photons having the same energy (monochromatic 2PPE). Since the probability for a 2PPE
process goes with the square of the probability of a single excitation process, the excitation
density needed in a 2PPE measurement is much higher than in single photon photoemission.

The necessary excitation densities can be obtained by ultrashort laser pulses, as described

LIt is also common in photoemission to define the binding energy as the energetic distance of a state to the
vacuum level. The difference of values of the binding energies in the two definitions is given by the material’s
work function.
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in Sec.3.1.4. In contrast to single-photon PE, which enables to investigate only occupied
states, 2PPE allows for studying the unoccupied band structure of the sample through resonant
excitation from the occupied states into the unoccupied states, which are then probed by
the second incoming photon. Introducing a delay between the two photons, the evolution
of the population density of the unoccupied band structure after excitation can be studied,
as schematically shown in the right part of Fig.3.1. This technique is called time-resolved

two-photon photoemission.

3.1.2 Analysis of Two-Photon-Photoemission Data

Figure 3.2 gives an example of a static 2PPE spectrum. The investigable spectral range is
delimited by the sample work-function and the Fermi edge. The sample work-function defines
the low-energy cut-off of the spectrum. The high energy cut-off, the Fermi edge, results
from electrons excited from the Fermi level. It is hence given by the sum of the two photon

energies. Between those two limits, spectral features appear, which may have three different

Fig. 3.2: Example spectrum of
a static 2PPE measurement. The
measured 2PPE intensity is plot-
ted as a function of the final state
Low-energy Spectral hv, =247 eV energy of the detected electrons.
cut-off feature hv, =4.22 eV The spectra show a low energy

\ cut-off at a final state energy cor-
. responding to the sample work-
A function. The high-energy cut-off

‘ Fermi Edge is given by the Fermi level. Spec-
| tral features detected between
these two cut-offs correspond to
projections of unoccupied states
below the vacuum level, the pro-
jection of occupied states with
4 5 6 7 binding energies F,, < —(hvy +
Final state energy (eV) hve — @), or to final states.

2PPE intensity (arb. unit)

origins: they are projections of occupied energy levels (initial states) with binding energies
up to By, = —(h(v1 + 1) — @), projections of unoccupied energy levels (intermediate states)

below the vacuum level, or final states that are resonantly excited in the two-photon process.

Low-Energy Cut-Off

The low energy cut-off in the 2PPE spectra is defined by the sample work-function.? To extract
the value of the work function from the spectra, the low energy cut-off is mathematically

2Note that the kinetic energy of the emitted electrons is measured with respect to the vacuum level of the
analyzer. If the work function of the sample is lower than the one of the analyzer, it is necessary to apply a
bias voltage to the sample to lift the Fermi level of the sample by more than the work-function difference in
order to detect the low energy cut-off.
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described by a step function followed by an exponential decay representing the secondary

A- e¥ for £ > ®
I(E) = (3.2)

electron background:

0 for E<®

where A is the amplitude and d the decay constant of the secondary electron background.
Secondary electrons are those electrons which lose energy due to inelastic scattering processes,
as electron-phonon or electron-electron scattering, on their way to leave the sample. Actually,
in an experiment, the cut-off is broadened due to the finite spectrometer resolution. Therefore,

in the fit function the step function is convolved with a gaussian:

N

I(B)=A e (‘;)2+“‘lﬁ.erfc<\/g_d+(®_E)), (3.3)

\/§ -0
where o is the width of the cut-off and hence the energy resolution of the electron detection

system.

Assignment of Spectral Features

As mentioned before, a spectral feature observed in a 2PPE experiment may result from an
initial, an intermediate or a final state of the sample. To understand this, we first concentrate
on a monochromatic 2PPE experiment, where pump and probe photon come from the same
laser beam. Figure 3.3a schematically shows the principle of two-photon photoemission from a
defined initial state Ej. The pump photon excites an electron from the occupied initial state
into a virtual intermediate state. This state has no lifetime. Hence, the second photon needs
to probe this state instantaneously after the pumping step. This process is similar to single
photon photoemission with a photon of twice the energy used in the 2PPE process. The kinetic

energy of the emitted electron will hence be
Ey=FE +2- hv. (3.4)

Performing the same experiment with another photon energy FEo = hio, which is e.g. higher as
the first one E7, will result in a final state energy two times the difference of the two photon

energies higher than in the first experiment.

Considering the emission of an electron from an intermediate state, the pump photon will excite
an electron from the available occupied states into an unoccupied state and the second photon
will emit the electron from this state. As long as the photon energy of the incident light is
large enough to populate the intermediate state, a final state at the energy:

Er = Eint + hy (35)

is reached. Since the energy of the unoccupied, intermediate state is fixed, only the photon
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Fig. 3.3: States detectable by 2PPE at the example of monochromatic 2PPE. (a) Initial state: An electron is
excited from an occupied state into a virtual intermediate state, from where it is directly emitted by the second
photon. When changing the photon energy to E», the final state energy of the electron Ef changes with two
times the difference in photon energy with respect to the previous photon energy F1, i.e., AEy =2 (Ey — En).
(b) Intermediate state: An electron is excited into an unoccupied energy level of the sample. In this case, the
change in the final state energy of the emitted electron is equal to the difference in photon energy with respect
to the previous photon energy F1, i.e., AFEs = E2 — E1. (c) In the case of a final state, the energetic position
of the corresponding peak in the spectrum will not change when changing the photon energy, i.e., AE; = 0.

energy of the probe photon changes the final state energy at which the electron will be detected.

Final states appear at the same energy independent of the photon energy of the incident light,
as shown in Fig. 3.3c.

Analyzing Population and Relaxation Dynamics

Considering a three-level system consisting of an occupied state, which is the initial state |i) of
the excitation process, an unoccupied intermediate state |n), where the electron can be excited
to and from where it is excited to a final state |f) of the photoemission process with a second
photon, the electrical fields of the pulses will lead to a coherent overlap of these eigenstates.
In the wave function formalism, the resulting state is given by a linear combination of the

eigenstates:

) =D Akt k), (3.6)
k

with k& € {i,n, f} and population amplitudes Ay(t). The laser induced coupling between
eigenstates of the system is called polarization of the transition between the involved states.
The population of the intermediate state is only reached due to quasi-elastic scattering processes,
which induce dephasing and hence lift the coherence with the incoming light. A common
approach to describe the population dynamics in time-resolved 2PPE data is to use the optical
Bloch equations, given by a set of differential equations based on the density matrix formalism
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[68—71]. The matrix elements pi; = (k| p|l) of the density operator p
p=_p;ls) (Wl (3.7)
J

give the probability p; of the system to be in the state |1);). The diagonal elements of the
density matrix pgi thereby give the population probability of a state k, whereas the off-diagonal
elements p; = py; (p is self-adjoint) describe the polarization of the transition between |k)
and |l). The temporal evolution of the density operator in the context of the three-level system
can be described by the Liouville-von Neumann equation [69, 70]:

. 1 - ~
Pkl = %[Ho + V., plir — Tkt pra (3.8)

including the Hamiltonian of the unperturbed three-level system Hy, the interaction with the
electric field of the pulses V, the density operator p and the damping matrix elements I'y;.
The damping matrix in this formalism includes spontaneous decay rates of the population
of the involved states I'y, which define the lifetimes 7, = i/T';, of these states, as well as
pure dephasing rates I'}; due to quasi-elastic scattering processes that do not influence the
population. The damping matrix is phenomenologically introduced and is restricted to an
exponential behavior of the decay and dephasing processes.

Assuming that the pump pulse with an envelope of its electric field & (¢t) mediates only
transitions from the initial state to the intermediate state and the probe pulse £2(t’) from the

intermediate state to the final state, one can define V as:

A

V = [i) p1 (n| + |n) p2 (f| (3.9)

with
p1 = E1(t) (i pin In) and po == Ex(t — Ta) (n| png [ £)
neglecting higher order corrections. The coupling strength between the two states is described

by the dipole operator @ and the time delay of the second pulse with respect to the first one is
T,.

Applying the rotating wave approximation, considering finite detunings Ay = hwy — (B, — E;)
and Ag = Twy — (Ey — Ey,) of the pulse energies with respect to the energy levels Ej, involved in

the optical transitions (i.e. off-resonant excitations) and using pz(?ll) = ety pgf) = e2lp, ¢
and pl(j’c) i= elwrtw2)t )y, . one finally obtains the optical Bloch equations [70]:
) 1 « (1)

pii = +5Im (pmm )

) 1 « (1 1 « (2

Pnn = _%Im (pmg,}) + %Im (prng)) - anpnn

A 1 . (2

prf=—7im (pgpf@}) (3.10)
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D _ _IaA W) ) RPN ¢
Pin 7 1Pin thzplf + 2hp1(pnn pzz) inPin
(3) (2)

(2 i 2 (A i
Pi} = —ﬁAng} + ﬁplpif + ﬁp2(pff — pnn) — F"fpnf
(1) (3)

) _ A A ,® L L @)

The optical Bloch equations allow for simulating energy and time-resolved 2PPE data.

In the case of non-resonant excitations or dephasing times much smaller than the pulse duration,
a simplification of the optical Bloch equations to a rate equation system allows for deriving a
simple equation to describe the 2PPE intensity Ioppg as a function of pump-probe delay [72]:

Loppe(7) & / Ixo(t — )0 (t)e Tt (3.11)

where Ixc is given by the intensity cross-correlation of the two laser pulses, ©(¢') is a Heaviside
step function and T' is the decay rate. This model is limited by the cross-correlation of the
two laser pulses. Processes which are faster than the pulse width of the laser pulses can be
identified by a shift of the maximum of the 2PPE intensity with respect to ¢y [68].

In the present work, the cross-correlation of the two laser pulses was determined by evaluating
the Shockley surface state (SSS) of a clean Au(111) surface [73] at the beginning and at the end
of each measuring day. Figure3.4a shows an exemplary time-resolved 2PPE measurement on a
clean Au(111) surface. In the shown case, photon energies of hi=2.47 €V and hy=4.26 €V were
used, which results in a projection of the occupied surface state in the final state range of 6.25eV
to 6.45¢eV. The transient of the 2PPE intensity as a function of pump-probe delay integrated
over this energy range is plotted using orange markers in Fig. 3.4b. The single pulses have a
gaussian pulse shape, which leads to a gaussian profile of the convolution of both intensities
with a full width at half maximum (FWHM) FWHMxc = \/(FVVHM&)2 + (FWHMg, )2. A
gaussian fit to the data is shown by the black curve. The fit yields FWHM = (86 + 1) fs in

the case of this example measurement. In the experiments presented in this thesis different

wavelength combinations were used, resulting in a variety of cross-correlations with FWHM
down to 60 fs in the most compressed cases. With Ixc being a gaussian function, Eq.3.11 has
the same functional form as Eq. 3.3, which was introduced to fit the low energy cut-offs of the

spectra.

When investigating the population decay of excitons in thin films of organic materials, it is
often not possible to fit the data with a single exponential decay, but a multi-exponential decay
behavior is observed [7, 74-76], due to diffusion processes and different decay rates depending
on the distance of the molecule hosting the exciton to the substrate, as it will be discussed in
Sec.4.3.
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Fig. 3.4: (a) Correlated 2PPE signal of a Au(111) single crystal surface measured with photon energies
hv1=2.47 eV and hr;=4.26 €V as a function of final state energy £ — Er and pump probe delay. In the final
state range of 6.25 to 6.45¢€V, the final state projection of the Shockley surface state (SSS) is detected. (b)
Integrated 2PPE intensity in the range of the Shockley surface state (6.25€eV to 6.45€V) as a function of
pump-probe delay to determine the cross correlation of the two laser pulses.

3.1.3 Two-Photon Photoemission of Molecular Thin Films

As described before, in 2PPE experiments photon energies in the range of a few eV are transferred
into kinetic energies of valence electrons of the investigated sample. The information depth is
limited by the inelastic mean free path (IMFP) of the electrons. The IMFP of the electrons
depends strongly on their kinetic energy [77]. In the case of kinetic energies up to 5€V, which
are relevant in this work, electrons from at least a few layers below the vacuum interface are
expected to escape from the sample. Theoretical studies of the IMFP of organic materials
suggest values in the same order of magnitude as for inorganic materials [78]. As long as the
film thickness is in the order of the escape depth, electrons excited within the molecular film
as well as in the underlying substrate can escape the sample. In this way it is possible to
detect states corresponding to the electronic structure of the organic film and of the substrate

simultaneously.

Furthermore, interactions between the substrate and the organic film have to be considered.
Charge and energy transfer between both might serve as population or relaxation channels.
Figure 3.5 shows possible population channels for unoccupied molecular orbitals (right) and exci-
tonic states (left). Unoccupied molecular orbitals may be populated due to charge transfer from
the substrate into the molecules. Here, the primary excitation takes place in the substrate and
not in the molecules. Excitonic states within the organic film are excited through intramolecular
(Frenkel exciton) or intermolecular excitations (Charge Transfer Excitons). Electrons are excited

from the occupied molecular orbitals into the excitonic states.

Whereas a hole created in an occupied state or an electron populating a previously unoccupied
state can be described as single-particle states, excitons have to be considered as two-particle
states. Xiaoyang Zhu discussed the problems arising from referring both, single-particle and
two-particle states, to a common energy scale [15]. Let us consider e.g. the ionization potential
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Fig. 3.5: Optical excitation channels of electronic states of an organic thin film on a metal substrate. The
excitation of electrons within the substrate may lead to the population of unoccupied molecular states via charge
transfer (right), whereas intramolecular excitations lead to exciton formation (left).

of a HOMO and the one of an exciton, created via an excitation from the HOMO level. The
initial state for the excitation of an electron from the HOMO level is the ground state of a
neutral molecule, whereas the final state is a hole in the HOMO and an electron at rest at the
local vacuum level. In the case of an exciton, the initial state for the emission of the electron
from the excitonic state is a hole in the HOMO. The common state of both cases is hence the
final state with a hole in the HOMO and an electron at rest at the local vacuum level, whereas
the initial states of the two excitations are different. The reference energy would hence be the
ionization potential of the conventional HOMO level with respect to the local vacuum level.
The problem in the application of this model is that in 2PPE not the local, but the global
vacuum level is measured, which is not an appropriate reference energy for a common energy

scale.

If not stated differently, the reference energy given in the 2PPE spectra shown in this work is
the Fermi level of the Au substrate, even though this might not be the most proper reference
for the excitonic states compared to the transport levels of the molecules.

3.1.4 Experimental Set-ups for Two-Photon Photoemission Spectroscopy

The experimental set-up for static and time-resolved 2PPE experiments combines a laser system
for the generation of ultrashort light pulses with two ultra-high vacuum systems, which can be
used alternately for the analysis of samples in a clean and stable environment. A schematic
illustration of the complete set-up is shown in Fig.3.6. A part by part description of the
components of the laser set-up and the UHV systems is given in the following two paragraphs.
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Fig. 3.6: Experimental set-up for the 2PPE experiments comprising an amplified Ti:Sapphire-laser system and
two different UHV chambers which can be used alternatively. A homebuilt Ti:Sa oscillator is pumped with a
continuous wave (cw) pump laser (Verdi G18/20) operating at 532 nm. Within the oscillator, fs light pulses
of 790 nm are generated. For amplification, those pulses are stretched and sent into a regenerative amplifier
(RegA). The amplified pulses are then recompressed and guided into optical parametrical amplifiers (OPAs). The
OPAs allow for generation of photons in a broad wavelength range. To reach the UV range, second harmonic
generation (SHG) with those pulses is necessary. To preserve the shortness of the pulses, prism compressors are
added after each wavelength change. In tr-2PPE experiments, one of the two used laser beams has to pass a
delay stage, as shown here through the UV beam in the upper part of the figure. The beam paths sketched here
refer to those utilized in this thesis. In the experiments performed in the SAM-project, in addition to the fs-laser
system, a cw laser working at 450 nm was sent to the investigated samples. Some parameters, concerning power,
wavelength or compression are given to characterize the optical components. A more detailed description is
given in the main text.

Amplified Ti:Sapphire—Laser System

An amplified Ti:Sapphire-laser system including optical parametrical amplification (OPA) and
second harmonic generation (SHG) enables us to produce femtosecond laser pulses and vary
their wavelength in the ranges from 230-760 nm and 1000-1550 nm. This allows for system

specific wavelength selection for resonant and off-resonant excitation.

As shown in the scheme of the set-up in Fig. 3.6, an optically pumped semiconductor laser
(Coherent, Verdi G18/G20) working at 5324+2nm is used to pump a homebuilt oscillator
set-up for pulse generation at 790 nm. The pump laser is thereby set to an output power of
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13.6 W, of which 30% are used to pump the oscillator and 70% to pump the Ti:Sapphire crystal
of a regenerative amplifier (Coherent, RegA 9050). The amplified pulses are then sent into
OPAs and SHG units to be able to generate short pulses with a variety of different central
wavelengths [79-81]. In the following, some details about the different steps of pulse generation
and modification needed to create the desired output will be given without making claim of
completeness. For a more general overview or details about ultra short laser pulses see Refs. [82,
83].

Pulse Generation: Pulse generation takes place in the oscillator part of the set-up. A short
pulse can be described by a wave package, created by the interference of monochromatic waves
in a given frequency range Av. The initial pulse in the oscillator set-up is created via a short
modification of the resonator lengths, by a fast movement of one of the end mirrors. In this
way a time-dependent phase shift of the resonator modes is caused, leading to the formation of
a wave package. To create a short and stable pulse, the frequency components contributing to
the wave package need to have a well defined phase relationship, which is achieved by so called
modelocking techniques. The oscillator set-up used here is a self-modelocked Ti:Sapphire laser.
The first successful generation of laser pulses with a pulse duration of a few tenths of fs with
this technique was accomplished by Spencer et al. [84].

Ti:Sapphire is a non-linear material with a linear dependence of its refractive index n on the
intensity I(t) of incident light [82] due to the optical Kerr effect: n(w, ) = no(w) + ng - I(t).
Here, ng(w) is the material refractive index in the absence of light and na the Kerr coefficient.
The linear dispersion described by ng(w) leads to a spatial splitting of the contributing
frequencies, whereas the non-linear contribution to the refractive index leads to a spectral
broadening due to an intensity dependent frequency shift of the waves interfering in the pulse.

To understand this effect a plane wave
E(t,z) = €' = Eye(wot=hz) (3.12)

with & = wp/c - n(t) can be considered as a simple example [85]. Since the instantaneous

frequency is the time derivative of the phase:

= 0 5t) = g — L0 97(1)
w(t) = 8tq§(t) i vt d (3.13)
the frequency variation is given by
B o wong 0I(t)
dw(t) =w(t) —wo = T~ o & (3.14)

In the case of a positive value of ng, which applies for Ti:Sapphire, low frequencies are added
in the leading edge of the pulse envelope and high frequencies at the tailing edge in every
phase-modulation process. The temporal dispersion of the pulse is called chirp. Since the

phase modulation is caused by the pulse itself when passing through the nonlinear material,
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the process is called self-phase modulation.

Furthermore, due to the gaussian intensity distribution of a laser beam across its profile,
significant changes in the refractive index of the Ti:Sapphire crystal are induced spatially across
the crystal when the beam passes through. The modulation of the refractive index operates as
a lens and hence leads to a self-focussing of the beam. The self-modelocking process described
here is called Kerr lens modelocking.

To compensate the temporal chirp of the pulse due to the modulation process, the oscillator
set-up contains specially coated mirrors to recompress the pulse in every round trip. The output

pulses of the oscillator reach a pulse duration < 30fs, but pulse energies of only a few nJ.

Regenerative Amplification: In order to drive optical parametric amplification for wavelength
selection, pulse energies in the order of pJ are necessary. To reach such high pulse energies,
the oscillator pulses are amplified through the technique of regenerative amplification [86]. The
RegA set-up contains another Ti:Sapphire crystal, which is pumped by the Verdi 532 nm laser.
To realize a high population inversion, the quality factor ) of the laser cavity is reduced by an
acousto-optic modulator®. Every ~ 3.33 ps, Q is enhanced and simultaneously a pulse coming
from the oscillator (seed pulse) is injected by a second acousto-optic modulator, called cavity
dumper. The seed pulse is then amplified usually within 28 round trips in the cavity. The output
pulses are generated with a repetition rate of 300 kHz and a pulse energy of =~ 6 pJ. After
each pulse ejection, () is reduced again so that the population inversion within the Ti:Sapphire

crystal can be regenerated.

As shown in Fig. 3.6, the oscillator pulse is first stretched, before it enters the RegA. Otherwise
the amplification of the maximal intensity within the pulse would exceed the damage threshold
of the Ti:Sapphire crystal. Consequently, the pulse has to be recompressed after amplification
in the RegA. In the stretcher the pulse passes four times a grating compressor and a concave
mirror. The grating compressor spatially disperses the different wavelengths within the pulse
and the concave mirror recollimates the beam. When the pulse passes the stretcher it gets
a positive chirp. Chirps induced in the stretcher and the RegA are later compensated in the
compressor part.

Optical Parametric Amplification and Second Harmonic Generation:*

The compressed
790 nm beam is split and used to pump two optical parametric amplifiers, one with a visible
output (Coherent, OPA 9450), called Vis-OPA , and one with an output wavelength in the
infrared range (Coherent, OPA 9850), called IR-OPA. The output signal of the Vis-OPA is
tunable in the range from 460 nm to 760 nm, whereas the IR-OPA can generate output pulses

in the wavelength range from 1000 nm to 1550 nm. Some experiments shown in the present

3The working principle of an acousto-optic modulator is the generation of an optical grid by sound waves in a
solid transparent material. In this way, incoming light is bent and frequency shifted [87].
*A more detailed description of the fundamental processes discussed here can be found in Refs. [83, 88, 89].
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work are performed with both photon energies in the UV range. In this case, second harmonic
generation (SHG) was performed once with the Vis-OPA output and twice with the output of
the IR-OPA.
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Optical parametric amplification is based on the physical concept of difference-frequency
generation (DFG) in non-linear materials. Here, two beams with different frequencies overlap
within the non-linear material. In the photon picture shown in Fig. 3.7, photons of the first
beam with frequency w; drive a virtual excitation and the photons from the second beam
with frequency wsy induce stimulated emission, while additional photons with a frequency
corresponding to the difference in frequency of the two incoming ones, wi — ws, have to be
emitted to fulfill energy conservation. The two beams needed to perform DFG are generated by
splitting the 790 nm beam in two paths. In one of the paths the beam is focussed to a sapphire
crystal. Sapphire is a non-linear material, hence a chirped pulse with a broad spectral range is
created through the Kerr effect. Here, so many new frequencies are generated that a white
light continuum is created. This chirped white light pulse is then focussed to another non-linear
crystal, namely a barium boron oxide (BBO) crystal. Within the BBO crystal, the white light
pulse overlaps with the other path of the original 790 nm beam to induce DFG. In the case
of the IR-OPA, the 790 nm beam is used directly, whereas in the Vis-OPA frequency doubling
is needed to reach the desired output frequencies. Frequency doubling, or SHG, takes place
in a BBO-crystal as well. In the photon picture, two photons with frequency w add up their
energies to drive a virtual excitation, which results in the spontaneous emission of a photon
with the frequency 2w (cf. Fig.3.7). To transfer energy from the fundamental wave into the
second harmonic, their phase velocities have to match in the propagation direction. So called
phase matching can be achieved by tilting the optical axis of the BBO-crystal with respect to
the incoming light. The phase matching angle has to be adjusted for the specific wavelength
of the incoming light. The wavelength of the amplified pulse is set by the delay between the
chirped white light pulses and 790 nm pulses (or 395 nm pulses in the case of the Vis-OPA). To
recompress the pulses after the wavelength tuning processes, prism compressors are installed
after OPA and SHG units in the set-up.

Continuous Wave Laser: To perform the experiments described in Ch.5, additionally to
the pulsed laser beams, a continuous wave (cw) laser (Oxxius, 450 nm) was focussed onto the

sample to induce photoswitching without inducing photoemission. The cw laser works at a
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maximal output power of 70 mW.

Determination of Beam Parameters: In a photoemission experiment, the pulsed or contin-
uous laser beams described above have to be focussed onto a sample placed in a UHV chamber.
To this aim, a small bread board is attached to the chamber and decoupled from the laser table

containing the optical set-up described so far.

Figure 3.8 shows the basic elements needed to focus the beam into the chamber and to
characterize its properties. To characterize the beam entering the chamber, its power P, its
central wavelength A (and hence photon energy E,p,) and the area A the beam illuminates at
the sample have to be measured to determine the photon flux density j:

P 1
| = —— -« —. 3.15
I= B A (3.15)
To calculate the photon density per pulse one has to divide j by the repetition rate of the laser

system, which in the present case amounts to 300 kHz.

A movable power meter (Melles Griot 13PEMO001) is used to detect the average power per
second, which is usually in the range of few mW. It has to be taken into account that
some percent of the detected power gets lost through the reflectance at the mirrors and the
transmission through the entrance window of the chamber. As window material, UV fused silica
has been chosen, because it allows transmission in a broad range of wavelengths, especially
in the UV range. Knowing the energy of the incoming photons, the number of impinging
photons per second can be calculated. When removing the power meter from the beam path,
the beam can be directed to a spectrometer (Avantes, Avaspec 2048) to detect the central
wavelength and the spectral width of the beam. Example measurements for an output beam of
the Vis-OPA and the two times frequency doubled output of the IR-OPA are given in Fig.3.8b
and c, respectively. The measured central wavelength is converted to the corresponding photon
energy via:

Eph:hyzh)-\(:%1240e;/-nm. (3.16)
The spectral width (FWHM of the spectral amplitude distribution) is inversely proportional to

the pulse duration [90].

After measuring the spectrum, the mirror directing the beam towards the spectrometer is
removed, so that the beam passes through a plane mirror and a focussing mirror through the
entrance window of the chamber. If not stated differently, the incoming beam is p-polarized,
i.e., its electric field is polarized parallel to the plane of incidence. To determine the sample
area covered by the beam, a modified® CCD camera (DMK 21AU04) is positioned at the same

distance from the focussing mirror as the mirror has to the sample, but outside of the chamber.

®In order to allow for detection of light in the UV range, the protective glass in front of the CCD-chip is
removed from the camera.
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Fig. 3.8: (a) Sketch of the set-up used to characterize the pulsed laser beams and to focus them onto the
sample placed in a UHV chamber. A movable power meter allows for measuring the average beam power.
Adding a removable mirror into the beam path, the beam can be sent to a spectrometer to determine its spectral
profile. The spatial profile is measured by a CCD camera placed at the same distance to a focussing mirror as
the mirror has to the sample surface. To lead the beam to the camera, a removable mirror is placed just before
the entrance window into the UHV chamber. When the beam is entering the chamber, it hits the sample surface
under an angle of 45°. (b) Example spectrum of the output generated by the Vis-OPA. (c) Example spectrum
of a UV pulse, generated by the IR-OPA followed by two SHG units. (d) Example of a spot profile measurement
with the camera. Line profiles for a horizontal (top) and a vertical (right) cross-section through the center of the
imaged beam are used to determine its widths a and b at 1/e of the maximal intensity in both dimensions. The
intensity distributions can be described with single gaussian functions.

Therefore, another additional mirror must be put into the beam path, as shown in Fig. 3.8a.
An example image taken by the camera is shown in Fig.3.8d. Line profiles in horizontal and
vertical direction through the center of the spot allow to fit the diameter of the 2D projection of
the beam profile. Usually, the projection is not completely circular, but elliptic. Therefore, the
horizontal and the vertical line profiles are fitted with gaussian curves and their width at 1/e of

the intensity in the maximum are used as the semiaxis a and b of an elliptic area. Since the
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beams are hitting the sample with an angle of 45°, the lateral dimension has to be multiplied
by (cos45°)~! = /2. The sample area illuminated by the laser beam is hence calculated by

A=V2-7-a-b.

In tr-2PPE experiments, two laser beams enter the chamber with a small angle of maximal
2° with respect to each other. The beams have to overlap spatially and temporally at the
sample position. For this purpose, a 100 pm pinhole and a photo diode can be placed at the
position of the chip in the camera. Since the beam diameters exceed 100 pm, the beams will
at least partially overlap if both are centered to the pin hole. The optimization of the spatial
overlap is performed via adjusting maximal count rates resulting from the correlated signal in
the temporal overlap. The delay between the pulses from the two beams can be reduced down
to 100 ps by reading out a fast photo diode (ThorLabs DET10A/M) with an oscilloscope. As a
trigger for the photo diode, a second diode is used, which is placed in the first part of the set-up
before the OPAs. The exact overlap is then determined by measuring the dependence of 2PPE

signal on the pump-probe delay at a suitable sample for the chosen wavelengths combination.

Ultra—high Vacuum Apparatuses

Photoemission experiments have to be performed in ultra high vacuum chambers in order to
minimize the contamination of the surface of the investigated sample with gas molecules. Since
the two different sample systems investigated in this work have different needs in terms of
preparation and measuring conditions, two different UHV set-ups were used.

6T project: Thin 6T films on Au(111) required in situ preparations. Those are performed in
a set-up with two separable vacuum chambers — preparation and analyzer chamber — to prevent
contaminations with organic molecules of the spectrometer due to molecule evaporation. The
set-up was originally designed and constructed by Christian Eickhoff [91]. Samples can be
transferred in the preparation chamber with a transfer rod and placed on a manipulator, which
can be moved in 3 dimensions and rotated around its axis. The base pressure in both chambers
was below 3 - 10~ mbar. A homebuilt evaporator for organic molecules designed by Daniel
Brete [92] was installed in the preparation chamber. In contrast to the original design, the
evaporator possesses two separate crucibles, each tilted by 3.5° with respect to the normal of
the base plate, so that the molecular beams meet in the 100 mm distant sample plane. To
reduce the contamination of the vacuum chamber with organic molecules, a 11.7 cm long
shield with an opening slit of 1cm in diameter was constructed and fixed to the base plate
to surround both of the crucibles. The modified evaporator design is shown and described in
detail in appendix A.1. To measure the flux of the evaporated organic molecules, a quartz micro
balance was mounted on a tilt stage, so that its sensor can be moved to the sample position.
Furthermore, the preparation part is equipped with a low energy electron diffraction (LEED)
optic, which was used to proof the quality of the Au(111) surfaces by checking regularly for the
herringbone surface reconstruction. To clean the gold single crystal surfaces, a sputter gun and

38 CHAPTER 3. EXPERIMENTAL METHODS



3.1. TIME-RESOLVED TWO-PHOTON PHOTOEMISSION SPECTROSCOPY

an argon gas line are connected to the chamber. The argon is dosed via a leak valve. During
sputtering, a constant argon flow of ~ 10~%mbar is used. Sputtering was performed in a
normal incidence geometry. For subsequent annealing of the sample surface, the sample slot at
the manipulator is equipped with an oven for heating via electron bombardement. Heating and
cooling rates are automatically controlled with a PID temperature controller (Eurotherm), which
regulates the filament current. Furthermore, a mass spectrometer (Pfeiffer, PrismaPlus QMG
220) is installed at the chamber, which is used to perform thermal desorption spectroscopy for

investigating the surface coverage with the 6T molecules.
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To perform the photoemission experiments, the sample is moved on the manipulator to the
analysis chamber, where the laser beam can enter the chamber as shown in Fig.3.8a. The
analysis chamber is equipped with a photoelectron spectrometer (Phoibos 100, SPECS).
The spectrometer contains a hemispherical analyzer and a 2D-CCD detector. A schematic
representation of the spectrometer is shown in Fig.3.9. Electrons emitted from the sample
first have to pass through a lens system, that accelerates them towards the entrance slit to a
specific pass energy Fpae. With this kinetic energy they pass through the entrance slit of the
hemispherical analyzer. The analyzer contains an inner and an outer hemisphere, which are
operated with a difference in their potential energies defined by the pass energy. Only electrons
reaching Epass £ 10 % at the entrance slit will have a trajectory ending in the detection area.
All other electrons will be deflected towards the inner or outer hemisphere. The central kinetic
energy of electrons being able to pass the hemispherical analyzer is termed Fyi,. The concept
of electron detection used in the Phoibos spectrometer allows to distinguish electrons in the
energy range of Eji, +0.1- Fp,s and hence allows to detect the whole spectrum in this range at
once. The detector contains a stack of two multi-channel plates (MCPs) for signal amplification.
The number of incoming electrons is increased by eight orders of magnitude. Those electrons
are then accelerated to a phosphor screen. The emitted photons from the phosphor screen
are imaged by a CCD camera with the help of an optical lens system. Camera and optics
are mounted outside of the vacuum chamber. Besides distinguishing between different kinetic
energies of the electrons, the analyzer also separates the electrons by their emission angles,
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thus allowing for angle resolved spectroscopy.

To minimize influences of external magnetic fields, a p-metal shielding is installed, which
surrounds the lens system of the spectrometer as well as the part of the analysis chamber
where the sample has to be placed to face the spectrometer. To bring the entrance part of the
spectrometer closer to the sample, the original set-up was modified by mounting a micro-tip at
the spectrometer front. The distance between sample and spectrometer entrance was ~4 mm

during the experiments.

The most frequent used parameters for the measurements performed on the 6T films were
Exin = 5V and Epues = 25V in the low angular dispersion (LAD) mode, which allows to
detect emission angles in the range of £7.5° around normal emission. Figure 3.10 shows an
exemplary dataset acquired with this setting. In the left part of the figure, the horizontal axis
shows the detection angle and the vertical axis the final state energy. In the given setting, for
energies below 4.5 eV, the spectrometer starts to fail in correct imaging of the arriving electrons.
Therefore, it is necessary to apply a bias voltage to the sample when the sample work-function
is 4.5€eV or lower. The complete angle range is correctly imaged up to 6.6€V. In the range
from -2.5°to 2.5°, electrons can be detected up to 7.2€eV. Angle integrated spectra presented
in this thesis will consider only this small angle range. The integrated spectrum determined
from the angle resolved dataset is shown in the right part of Fig.3.10. Below the low energy
cut-off, an artifact appears due to the incorrect imaging of some electrons, so that the signal

does not abruptly go to zero.

SAM project The ex situ prepared azobenzene-based self-assembled monolayers on Au(111)
are investigated in a second ultrahigh vacuum chamber, which is equipped with a time-of-flight
spectrometer (Themis 1000, SPECS). The Themis spectrometer was developed to enable
angle-resolved detection of photoelectrons. Therefore, the usual drift tube is replaced by a lens
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Fig. 3.11: [Adapted from Ref.[93]] Schematic illustration of the longitudinal section of an angle-resolved
time-of-flight spectrometer. All lens elements that can be individually changed are sketched as separate elements.
The lenses T4 to T7 are always at the same potential. The pin hole in lens element T3 can be used to manually
change the acceptance angle of the spectrometer and to catch stray field electrons.

system, which contains in total ten conical and cylindrical lens tubes, as shown in Fig.3.11.
The lens system allows for electron detection resolved in energy and in a two-dimensional
k-space or real-space. To assign the right energies and angles to the detected electrons, the
trajectories of the electrons have to be simulated in the specific measuring modes to define
conversion matrices. As in the set-up described before, a p-metal shielding surrounds the
lens system of the spectrometer and the sample to reduce influences due to external magnetic
fields. As in the case of the hemispherical analyzer, the electrons are accelerated within the
lens system to Epass. The Themis spectrometer contains a 3D delay line detector (Surface
Concept, DLD 3636). A detailed description of the Themis spectrometer and the calculations
of the transformation matrices can be found in the PhD thesis of Thomas Kunze [93], who
developed the spectrometer in cooperation with SPECS GmbH. The spectrometer can be
operated in different modes. In the present work, the drift mode and the wide angle mode
(WAM) were used for experiments. In the drift mode, the lens system operates as a normal
drift tube. Hence, only electrons in a small solid emission angle of 47 - d/(2L) are detected.
Here, d is the diameter of the MCPs and L the length of the drift tube. In contrast, the WAM
accepts emission angles in the range of £15° around normal emission. In the present work, only
energy-resolved spectra are shown, since no dispersive states are discussed in the SAM-project.
The WAM was used only to achieve better statistics. The data presented in Ch.5 are summed

over the whole range in k-space.

The vacuum chamber, in which the spectrometer is mounted, has a base pressure in the range
of 107! mbar. Between the experiments, the samples are stored in a garage in the transfer
part, which is separated from the main chamber by a valve. The base pressure in this part
was in the upper 10719 mbar range. Besides the slot for movable sample plates, a Cu(111)
crystal is mounted on the manipulator. The Shockley surface state of the clean copper surface
is used to determine the cross correlation of the two pulses in the time-resolved measurements
to determine the time resolution. The copper crystal is cleaned by Ar~ ion bombardment and

subsequent annealing up to 773 K via direct current heating. The crystal temperature is thereby
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manually controlled using a pyrometer. The quality of the copper surface can be checked with
a LEED optic, which is mounted in the chamber. As in the case of the other UHV-system, the
laser beam enters the chamber via a UV fused-silica window and hits the sample with an angle

of incidence of 45°.
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3.2 Differential-Reflectance Spectroscopy

Differential-reflectance spectroscopy (DRS) is an optical spectroscopy technique. Since the
optical properties of molecular ensembles depend sensitively on their structural arrangement,
optical spectroscopy yields information not only about optical interactions, but also about the
structure of the sample [94]. Optical spectroscopy methods rely on the wavelength dependency
of investigated material's absorbance. This means, that the intensity loss of light passing
through a sample is studied as a function of its photon energy E. If the sample is transparent,
its absorbance can be studied by comparing the intensity of the transmitted light I to the
intensity of the incident light Iy in normal incidence. The absorbance A is thereby defined as
the negative decadic logarithm

A=—lg(T) (3.17)

of the transmittance T' = I /I of a material. In case of thin films down to monolayer or even sub-
monolayer thickness grown on non-transparent substrates (e.g. metal substrates), differential
reflectance spectroscopy is a suitable method to gain information about the absorption bands
of the adsorbate [94-97]. In this technique, not the transmitted light, but the reflected light
is measured to detect the absorption bands of the investigated thin film. To distinguish the
optical properties of the thin film with thickness d from those of the substrate, it is necessary to
study the change in reflectance with and without the adsorbate AR(F,d) = R(E,d) — R(E,0)
normalized by the reflectance of the clean substrate R(E,0) [95]:
AR(E,d)  R(E,d)— R(E,0)

DRS = ="~ = RE0 (3.18)

The reflectance itself is defined analogously to the transmittance as the ratio of the intensity of
the reflected light to that of the incident light. In analogy to the definition of the absorbance
given in Eq.3.17, DRS spectra are plotted as the negative differential reflectance

— Alg(R) = —[lg(R(E, d)) — 1g(R(E, 0))]. (3.19)

It is important to notice that the DRS signal does not only originate from adsorbate’s absorbance,
but is influenced as well by changes in the optical constants of the underlying surface due
to the adsorbed film. For this purpose, Nitsche et al. [98] developed a numerical algorithm
to extract both real and imaginary part of the complex dielectric constant of the film using
the Kramers-Kronig transformation. To apply this method, it is necessary that the spectrum
covers an entire molecular absorption band, so that the signal tends to zero at both ends of the
spectrum, which is often not the case. Nevertheless, DRS measurements allow for determination
of the position of the absorption bands in an organic thin film, even though it is not possible

to directly read off absolute values of the absorbance.

In the present thesis, besides the identification of the spectral range of the S; absorption bands
of the investigated materials, DRS was used to link changes in the optical properties of an
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Fig. 3.12: [Adapted from Ref.[99]] DRS setup for monitoring changes in the optical properties of films of
organic semiconductors during the growth processes. The collimated beam of a white light LED hits the sample,
which is placed in a UHV chamber, with an angle of 65° with respect to the surface normal. The reflected
beam is split and sent to two spectrometers to measure the s- and p-polarized components of the reflected light
separately. An evaporator attached to the UHV chamber is used to deposit molecules to the sample surface
during the acquisition of DRS data. DRS and photoelectron emission microscopy measurements described in
Sec. 3.3, can be performed simultaneously. Therefore, the sample surface faces the microscope in the setup.

organic thin film to changes in the film morphology and its electronic structure.

The DRS experiments which are presented in Ch. 4 were performed during a research stay in the
group of Thorsten Wagner at the Johannes-Kepler Universitat in Linz in April 2016. The set-up
in Linz allows real-time monitoring of the reflected light of the sample during the growth process
of a molecular film by in situ vapor deposition. A detailed description of the set-up, which
is sketched in Fig.3.12, is given in Ref.[99]. A white light LED placed at a viewport of the
vacuum chamber is used to illuminate the sample in a broad wavelength range. The collimated
LED beam hits the sample with an angle of 65° with respect to the surface normal. The
reflected beam at the surface can leave the UHV chamber through another viewport. Behind
the viewport, the beam is split by a polarizing prism in its s- and p-polarized components,
allowing for determining the orientation of the adsorbate’s optical transition dipole moments.
Both components are measured separately by two spectrometers (Ocean Optics, STS-VIS) of
the same type. Before starting the vapor deposition, the spectrum of the bare surface of the
substrate is measured as a base line, which is subtracted from every spectrum taken during
deposition to extract the optical properties of the film.
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3.3 Photoelectron Emission Microscopy

Concerning photoelectrons, so far the focus was on the spectroscopic investigation of a sample,
but photoexcited electrons can be used as well for real-space imaging of the sample surface.
The corresponding technique is called photoelectron emission microscopy (PEEM). In this
thesis PEEM experiments are used to detect the growth mode of a-6T on Au(111) surfaces
(cf. Sec.4.2.1) as well as to image photo-induced work-function changes in azobenzene-based
self-assembled monolayers on Au(111) (cf. Sec.5.4). In the following, a short introduction into
this technique will be given, concentrating on the details that are relevant for this thesis. A
broader overview about PEEM can be found e.g. in Ref.[100] and [101].

Nowadays, most PEEMs comprise an electron lens system which allow for two operation modes:
real-space imaging and reciprocal space imaging. In the present work, PEEM setups were used
only for real-space imaging of the samples. As an example of a PEEM set-up, Fig. 3.13 shows
a sketch of the basic parts of the Focus IS-PEEM used for measuring the growth mode of
6T /Au(111). A sample is placed inside a vacuum chamber in front of the PEEM instrument
at a distance of a few millimeters. The beam of an external light source is focussed onto the
sample to excite photoelectrons, which are accelerated to the opening of the PEEM with a
high voltage. In the PEEM experiments presented in Sec.4.2.1 and 5.4, photoelectrons are
produced via sample excitation with the light emitted from Xe and Hg lamps, respectively. In
general, other light sources as lasers or synchrotron radiation can be used as well to perform
PEEM experiments. The objective lens, also called extractor, is the main part of the PEEM,
allowing for magnified real imaging. It is followed by an aperture to catch stray electrons and
an octupole stigmator to correct for axial astigmatism. The two projection lenses allow for
further magnification. The PEEM is furthermore equipped with an energy filter comprising the
entrance lens and the grids behind to perform spectroscopy. In this thesis, the energy filter was
switched off to operate the PEEM in the standard non-filtered mode. To achieve a spatially
resolved detection of the electrons, a stack of a MCP and a phosphor screen is used. The

screen is imaged by a camera for data acquisition.

Counting the electrons as a function of the region of the surface from where they are emitted,
PEEM is sensitive to local work-function variations at the sample surface. A homogeneous signal
over the whole image indicates that no significant work function variations can be observed in
the probed area. This is expected for flat single crystal surfaces and surfaces uniformly covered
with e.g. organic films. Films growing in a layer-by-layer fashion show small PEEM contrasts
as long as a layer is incomplete, whereas the often observed Stranski-Krastanow growth mode
(wetting layer formation and crystallization on top) shows usually high work-function variations
between the crystallized islands and the substrate or wetting layer [55]. Besides changes in the
work function, differences in the density of states for different materials in the sample result in
different PEEM contrasts. For example, in the case of a molecular layer on a metal substrate,
electrons can be emitted directly from the molecules, if the photon energy of the light source

exceeds the ionization potential of the molecules. As a consequence, different light sources
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Fig. 3.13: [Adapted from the FOCUS IS-PEEM data sheet.] Schematic image of the FOCUS IS-PEEM used at
the JKU Linz. Photoelectrons emitted from the sample pass through an array of electron lenses: an objective
lens for real space imaging, an aperture and a stigmator to catch stray electrons and correct for astigmatism, a
pair of projection lenses for further magnification and an energy filter to allow for spectroscopy before they hit a
multichannel plate followed by a phosphor screen. A CMOS camera takes images from the screen.

working with different photon energies result in different contrasts in the images [56].

Set-up at the JKU Linz: The PEEM data of a-6T films presented in Sec. 4.2 are recorded
with the set-up used by the group of Thorsten Wagner at the Johannes Kepler university (JKU)
in Linz. Here, the microscope (Focus, IS-PEEM) is attached to a UHV chamber with a base
pressure of 5 - 107'Y mbar. The UHV system includes an evaporator for organic materials that
is attached in a way to direct the molecular beam to the sample stage of the microscope. In
this way, PEEM images can be recorded during the film deposition. The images are acquired
with a sCMQOS camera, which limits the lateral resolution to ~ 150 nm by its pixel resolution.
PEEM image are detected with a frame rate of 1 frame per second, which allows for real-time
monitoring of changes in the PEEM contrast during the deposition. The photoelectrons are
excited by a super quiet Xe lamp (Hamamatsu). The lamp has a rather continuous spectrum
with a maximum photon energy of 7.75¢€V, which is high enough the excite photoelectrons from
the bare Au(111) surface (¢ay(111) = 5-4€V) and after functionalization with a-6T molecules.

Set-up at the FU Berlin: The PEEM data recorded for the self-assembled monolayers
presented in Sec.5.4 are performed with a prototype of the METIS 1000 spectrometer by
SPECS, which is a time-of-flight PEEM originally designed by Gerd Schénhense [102]. The
microscope is equipped with a 3D (kx, ky, t)-resolving delay-line detector to allow for spatially
resolved spectroscopic investigations of the sample [103]. The UHV set-up containing the
momentum microscope was operated at a base pressure in the upper 107!° mbar range. In this
thesis, the spectrometer was used in the standard non-energy-filtered mode. A Hg lamp was

used as light source to induce photoemission.
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Chapter 4

Morphology, Electron and Exciton

Dynamics in Thin a—Sexithiophene Films
on Au(111)

Organic semiconductors play a crucial role in modern device fabrication, since their mechanical
flexibility and low production costs allow for new designs including bending or large size surfaces.
Usually organic films are part of a layered system, as in the case of an organic solar cell or
an organic light emitting diode [34-37]. To establish the functionality of those devices, it is
necessary to create excitons in the organic films and to find the right level alignments at the
interfaces of the different layers to allow for charge transfer. It has been under debate, whether
a resonant excitation and instantaneous population of the S; Frenkel exciton (FE) in the model
molecule a-sexithiophene (6T) is possible or whether excess energy is needed to first populate
a higher excited state and to relax from there into the FE [7].

Based on the comprehensive discussion of the relation of film morphology and electronic
structure presented in Sec. 4.2, it will be shown that the population and relaxation dynamics of
the Frenkel exciton strongly depend on the film morphology (Sec. 4.3). At room temperature
the 6T molecules form crystallites on top of a two layers thick wetting layer. It will be shown
that the creation of FEs with longer lifetimes than a few femtoseconds is only possible in the
crystallites and that instantaneous population is observed for resonant excitation as well as
excitation with excess energy.

Parts of the physical contents presented in Sec. 4.2 are published in W. Bronsch et al., Interplay
between morphology and electronic structure of a-sexithiophene films on Au(111), Journal of
Physical Chemistry C 123, 7931-7939 (2019).
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4.1 Sample Preparation and Film Thickness Characterization

All 6T films were prepared on Au(111) single crystals. The crystal surface was treated by argon
ion bombardment (sputtering) and subsequent annealing to 873 K. Within each cleaning cycle,
the crystal was sputtered for 10 min at a sputtering current of 5-8 pA. The target temperature
was hold for 10 min. Heating and cooling rates were set to 1K/s. Below 470 K the cooling rate
was even lower than 1 K/s. For film preparation at room temperature (RT) the sample was
first equilibrated with the air conditioned laboratory environment, which was set to 296 K. To
grow films at lower temperatures, the cryostat of the manipulator holding the gold sample was
cooled with a constant flow of liquid nitrogen. Film deposition was started when the sample

temperature was not changing anymore. In this case the sample temperature was ~120 K.

The molecular powder was evaporated by a homebuilt evaporator originally designed by Daniel
Brete [92]. The crucible filled with the molecules was heated to 533 K for evaporation. A
quartz micro balance positioned in a geometry similar to the gold crystal was used to monitore
the flux of the molecules before and after the actual film preparation to control the amount
of molecules sent to the surface. To determine the actual surface coverage, temperature
programmed desorption (TPD) spectroscopy was performed while removing the molecules from
the surface via thermal desorption. As discussed in the PhD thesis of Kristof Zielke [104], TPD
measurements show different desorption energies for the multilayer and the second layer, while
the monolayer does not desorb. The average surface coverages given in this thesis are based on
the assumption that the packing density of the molecules does not significantly change from

the monolayer to higher layers.
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SEXITHIOPHENE FILMS ON AU(111)

4.2 The Interplay of Morphology and Electronic Structure in
Thin Sexithiophene Films on Au(111)

On several metal substrates, 6T molecules show a well-ordered flat-lying arrangement in the
monolayer range [51, 105-111]. However, this growth mode is not expected to be conserved in
thicker layers. Growth studies of 6T on silver surfaces show the formation of crystallites on top
of a two layers thick wetting layer [55, 56, 112-115]. The size of the crystallites thereby strongly
depends on the surface orientation and the deposition temperature. In contrast to scanning
tunneling spectroscopy, which is able to detect the electronic structure of single molecules but
only in a narrow energy range around the Fermi level, photoemission measurements investigate
the electronic structure of the sample over an area with a diameter of a few hundred pm. To
interpret the electronic structure and dynamics correctly, it is therefore necessary to know the

morphology of the organic film.

4.2.1 Real-Time Monitoring of Coverage-Dependent Changes in Film Growth
and Optical Properties

All data presented in this section have been recorded during a research stay in the group of Dr.
Thorsten Wagner at the Johannes Kepler Universitat in Linz. A combined study of PEEM and
DRS measurements allows to detect changes in the morphology and the optical properties of

the film at the same time.

Real-Time Photoemission Electron Microscopy

The PEEM set-up described in Sec. 3.3 allows for imaging during film deposition and hence
monitoring changes in the PEEM contrast in real time. The PEEM data presented here were
analyzed by Thorsten Wagner. We recorded a series of PEEM images during the deposition
of 6T onto a Au(111) surface. The gold single crystal was held at room temperature during
the deposition. Figure4.1 shows a selection of PEEM images for coverages of 0.6, 1.2, 1.7,
2.3, 4 and 9 ML obtained during the deposition. Up to 4 ML the electron yield changes
almost homogeneously across the whole image with increasing coverage. For coverages higher
than 4 ML, small bright spots appear on top of the grayish wetting layer (WL) in the PEEM
images, as can be seen in the image with an average coverage of 9 ML. Such spots are equally
distributed over the probed area and are interpreted as 3D crystallites. The average size of
the crystallites can be determined from the PEEM images. In contrast to the growth of 6T on
single crystal silver surfaces at room temperature or elevated temperature [55, 56, 112-114],
we observe comparatively small 6T crystallites on Au(111) with diameters in the order of
1pm. To determine the surface area covered with these small-sized crystallites in comparison
to the surface area covered by the wetting layer only, histograms, giving the frequency of

the occurrence of a specific local electron yield (LEY), can be generated and analyzed for
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Fig. 4.1: PEEM images for average sample coverages of 0.6, 1.2, 1.7, 2.3, 4 and 9ML 6T molecules on a
Au(111) surface at room temperature. Each image shows a 30 pm x 30 pm large cut of the probed area. The
inset below the 9 ML image shows the histograms of the images taken at coverages of 2.3, 4 and 9 ML, plotting
the frequency of the occurrence of each measured local electron yield (LEY). While the histogram taken at a
nominal coverage of 2.3 ML can be described by a single gaussian distribution, the histograms taken at 4 and
9 ML are fractioned in a contribution of the wetting layer (red) and the 3D crystallites (green). In the case of
the 9 ML film 60 % of the surface are covered by crystallites.

each PEEM image. Figure4.1 shows such histograms for the PEEM images with a nominal
coverage of 2.3, 4 and 9 ML. While the histogram taken at 2.3 ML can be described by a single
gaussian distribution, the distribution of LEY for 4 and 9 ML must be fitted with the sum of
two gaussian distributions, one for the wetting layer and one for the crystallites. Comparing the
portions of the two gaussians in the case of 4 ML nominal, one can conclude that the crystallites
cover f3p = (45 £ 2)% of the surface, whereas Oy, = (55 & 2)% of the surface are covered
only by the wetting layer. In contrast, in the case of 9 ML nominal coverage, we determine
Osp = (60 £ 2)% and Owr, = (40 £ 2)%. The comparable sizes of the sample areas covered
with the WL and the 3D crystallites lead to the conclusion that 2PPE experiments on sample
coverages higher than two layers should show contributions from the electronic structures of

wetting layer and crystallites.

To determine the thickness of the wetting layer, the histograms of the LEY are plotted in
Fig.4.2 as a function of the deposition time. The histograms are represented by the green
shadowed curve, plotted against the left axis. The deposition time is plotted on the top axis of
the figure. To interpret the histograms, the average electron yield Y. is plotted as a dark green
curve in the same figure. Furthermore, the right axis gives the normalized standard deviation
(NSD) o /+/Ys, shown as a function of the deposition time by the red curve. The standard
deviation ¢ is normalized with the square root of the mean electron yield, since the electron
detection system, consisting of a stack of MCPs and a camera, follows Poisson statistics.
Following the evolution of the mean electron yield, it shows a local minimum after ~220s
deposition. This minimum is attributed to the closure of the first layer (cf. bottom axis). The

NSD reaches a plateau when half of the monolayer is filled. Later it reaches a minimum some
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seconds before the minimum in the Y, is reached. This indicates that the filling of the second
layer already starts before the first one is completely closed. Continuing the deposition, Y,
increases almost linearly, while the NSD reaches a local maximum at about 1.7 ML. This means
that the gaussian distribution of the LEY broadens up to this coverage, indicating an increasing
inhomogeneity in the LEY. Afterwards the gaussian peak narrows again, i.e., the NSD decreases,
while the absolute value in the LEY further increases, as it was shown in the histograms in
Fig.4.1. We interpret this observation as the formation of small islands within the second layer
whose lateral extent is just below the resolution limit of the PEEM for the given measuring
conditions (ca. 150nm). This causes speckles in the PEEM images, but no sharp contrast
boundaries, since the intensity measured in one pixel of the camera is given by the weighted
average of the monolayer emission and the emission from the island in the second layer. As
soon as more than one half of the sample is covered with the second layer, the layer starts
to close and the PEEM images become more uniform again, which causes a narrowing of the
gaussian distribution. The second local minimum of the NSD is hence interpreted as the closing
of the second layer. This is reached for a nominal coverage of 2.3 ML, which indicates that the
packing density of two closed layers is higher than that of the monolayer. However, since the
coverage determination of the 2PPE experiments bases on the coverage determined for one
monolayer, all coverages are given as a multiple of the monolayer coverage to get comparable
values. Afterward the second minimum in the NSD curve the Gaussian peak starts to broaden
again. Hence, the NDS increases again and reaches a plateau from 2.8 to 4 ML. For coverages
higher than 4 ML, bright features with sharp borders start to appear in the PEEM images and
the distribution of the LEY becomes asymmetric, which causes an increase in the NDS. Those
sharply edged bright features are interpreted to be 3D crystallites formed by 6T molecules
on top of the wetting layer. Since there is no indication in the data that a third layer closes,

we conclude that the wetting layer consists of two layers. The onset of the crystallization is
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hence expected to take place in the coverage interval from 2.3 to 4 ML. Based on previous
experimental works performed by Thorsten Wagner on the growth of 6T on silver surfaces, we
can assume that the pre-stage of the formation of the crystallites is a 2D gas of molecules
moving freely on top of the wetting layer [56, 112-114]. It is expected that nucleation first sets

in at defect sites of the surface and later on homogeneous nuclei.

Since we assume the wetting layer to be two layers thick and have a nominal coverage of 2.3 ML,
we can calculate the average height of the crystallites from their portion on the surface. For an
average coverage of 9 ML, we determined a portion in surface coverage of 60 %. This translates
into an average height of 12 ML above the wetting layer. The thickness of the wetting layer
is far below the escape depth of the electrons excited in the 2PPE experiments shown in the
following, which means that electrons from 6T molecules in the crystallites and the wetting

layer, as well as from the substrate can be probed.

Real-Time Differential-Reflectance Spectroscopy

Simultaneously to the PEEM images, DRS data have been recorded during the deposition of
the 6T molecules onto the Au(111) surface (cf. set-up shown in Fig.3.12). Figure4.3a shows
the negative differential reflectance as a function of deposition time (bottom axis) and photon
energy (left axis) for p-polarized light. The top axis shows the translation of the deposition
time to an average film thickness according to the PEEM data discussed in the previous part
of this subsection. Before starting the deposition of the 6T molecules, some spectra of the
clean gold surface were recorded to determine the base line, which is subtracted in the DR
spectra. A selection of DR spectra from the map is presented in Fig.4.3b. The films with a
nominal coverage of 1, 2.3, 4, 6 and 10 ML are highlighted by different colors. As described in
Sec.2.3.1 for DR measurements of 6T /Au(111) under ambient conditions, we observe the S;
absorption band in the range of photon energies from 2¢eV to 3€V. For photon energies higher
than 3 eV, the DR signal changes its sign. Such an effect may appear in DRS on the higher
energetic side of a strong absorption line as described by Wakamatsu et al. [116]. Focussing
first on the DR spectrum of an average coverage of 8 ML (blue curve in Fig.4.3b), we observe
the same splitting of the Sy absorption band in a series of sub-peaks as discussed in Sec.2.3.1.
The lowest sub-peak appears at a photon energy of (2.33 +0.02) eV. The second peak, which
is the most intense, is observed at (2.54 4 0.02) eV. At least two more peaks are observable in

the higher energetic shoulder of the second peak.

To learn more about the origin of the substructure in the S; absorption band and the relation
between the optical properties of the thin film and its phase of growth, the focus is now
drawn to average thicknesses up to 4 ML, which covers the regime of the wetting layer and
the beginning of crystallite formation. Figure4.4a shows a zoom into the map presented in
Fig. 4.3a for coverages up to 4 ML. For a coverage of 0.5 ML the DR signal becomes large
enough to be clearly distinguishable from the baseline. The maximum of the S; band appears
at (2.43 +0.02) eV and shifts then gradually upwards up to (2.51 4 0.02) eV until the first layer
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Fig. 4.3: (a) Map of the negative DR signal of thin 6T films on Au(111) as a function of the deposition time
and the photon energy for p-polarized light. The top-axis shows the average film thickness derived from the
deposition time according to the PEEM data. (b) Series of DR spectra from the map shown in (a). The average
coverages of 1, 2.3, 4, 6 and 10 ML are highlighted by different colors.

closes, as it is shown in Fig. 4.4b in the series of spectra taken from the map. The DR spectrum
of the monolayer according to the coverage calibration obtained by PEEM is highlighted in
black. The spectrum shows already a broadening of the higher energetic shoulder of the peak,
leading to a double-peak structure which appears when the second layer growths. From these
data, one would guess that the first layer is already completed earlier, namely just before the
peak broadens towards higher energies. The difference between PEEM and DRS might be an
indication that the second layer already starts to grow before the first one is completely closed.
Note that the DRS is more sensitive to such an effect than PEEM. The DR spectrum of the
completed second layer (red curve) then shows an onset of two more peaks, one at each side
of the band. For coverages higher than 2.3 ML, the peak at 2.3 eV becomes more and more
intense. Furthermore, the peak at 2.5€V gets more and more emphasized in comparison to the
peak at 2.7eV. This effect may at least partially result from the increase of the 2.3 eV peak,
since the peaks at 2.3eV and 2.5€V overlap to a certain degree. At a coverage of 4 ML the DR
spectrum contains already the same substructure as observed for higher coverages, but with

different ratios of the peak amplitudes.

Sun et al. [49] observed the first two peaks at similar energies on 6T /Cu(110)-(2x1)O surfaces by
means of reflectance difference spectroscopy and assigned them to the two Davydov components
ay and by, which leads to a Davydov splitting in the order of 200 meV. The higher peaks are
assigned to a row of rather equidistant sub-peaks originating from the excitation of the C=C
stretching mode with an energy of 180 meV. Since the peak at 2.3eV observed in the DRS
measurements presented in this work appears delayed with respect to the one at 2.5€V and

the ratio of the intensities of the two peaks changes with increasing coverage, | go along with
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Fig. 4.4: (a) Zoom in the map shown in Fig. 4.3 for average film thicknesses up to 4 ML. (b) Series of DR
spectra from the map shown in (a). The average coverages of 1, 2.3 and 4 ML are highlighted by different colors.

Sun et al. and assign the origin of this 2.3eV peak to the a,; and the peak at 2.5€eV to the
by, Davydov component. In this case the form of the absorption spectrum can be described
by a weak to intermediate coupling strength in an H-aggregate according to the theoretical

considerations of Simpson and Peterson [30] and Spano [117].

4.2.2 Coverage Dependent Electronic Structure

To investigate the electronic structure of 6T /Au(111), a series of monochromatic and bichro-
matic 2PPE experiments were performed at 6T film thicknesses of 1, 2, 3 and 10 ML. As
described in Sec.3.1.2, photon energy dependent changes in the detected final state energies

are monitored to distinguish between initial, intermediate and final states.

When working with thin organic layers, care has to be taken that the chosen measurement
conditions do not damage the investigated samples. STM measurements on monolayer thick
films of 6T grown on Ag(001) and Au(001) showed heat and light induced polymerization [111].
All measurements presented in this section are performed at room temperature, which is far
below 450 K, where Sander et al. observed heat induced polymerization on non-reconstructed
Au(001) surfaces. Furthermore, they observed a strong dependence of the heat induced
polymerization on the reactivity of the surface. Reconstructed and hence less reactive Au(001)
surfaces showed a 120 K higher threshold temperature. Light induced polymerization on Ag(001)
was observed to be dependent on the photon energy and the photon flux. Although no damage
was observed by IR light at 1.7¢eV, UV light at 3.5 and 3.8eV caused a fluence dependent
decrease in the photoemission intensity in PEEM measurements. Sander et al. concluded that

a single photon process triggers the polymerization. Additionally to the data presented, the
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authors stated that a similar drop in the photoemission signal was observed for photon energies
of 3.0, 3.9 and 4.2¢V.

The photon energies used in this work range from visible to UV light (2.14 — 4.25¢eV), which
covers the range of photon energies for which light induced polymerization was observed on
Ag(001). The Au(111) surface is the least reactive gold surface. Therefore we expect even
lower polymerization rates than on Ag(001). In the present experiments photon fluxes in the
order of 10% to 10° photons per nm~2s~! were used. Assuming polymerization rates determined
for Ag(001), the 6T-derived photoemission signals should completely vanish within the first 10
to 100 seconds. On the contrary, the light-induced decrease we observe on Au(111) amounts
in most cases to 5 to 10% within 80 minutes. In some cases the loss reached up to 30% of
the original signal. The effect was observed independently of the detected final state energy in
the range of the molecular electronic structure, which made us confident that the detected
signal stems from intact molecules. Furthermore, the coverage dependence of the intensity loss
described by Sander et al. was not observed. It has to be noted that slight losses in the laser
power during the measurement result in the same effect. Since the time-resolved measurements
presented in this work are measured with a series of non-equidistant pump-probe delays, it is
necessary to correct the measurement time-dependent intensity loss. The procedure applied to

the data is described in appendixA.3.1.

2D Wetting Layer

PEEM experiments presented in Sec.4.2.1 allowed the conclusion that 6T forms a two layers
thick wetting layer on top of the Au(111) surface. Scanning tunneling microscopy measurements
showed that the 6T molecules in a monolayer thick film are lying flat on the Au(111) surface
[51]. This layer is strongly bond to the surface, as it was shown by the fact that molecules
in this layer do not thermally desorb (cf. TPD experiments presented in Ref. [104, 118]). In
contrast, the second layer is bond less strongly and the onset of thermal desorption is observed
at ~455 K, which is about ~15K higher than the onset of the multilayer desorption. The
different desorption behavior of the monolayer and the second layer raises the question, whether
the wetting layer possess a uniform electronic structure or whether the electronic structure of
the second layer already resembles the one of the crystallites. To answer this question, the

focus is first drawn to the clarification of the electronic structure of the monolayer.

Figure 4.5a shows the evolution of the final state energies of the detected photoelectrons from a
monolayer film prepared and measured at room temperature for different monochromatic 2PPE
measurements with photon energies ranging from 2.32 to 4.20€V. The bottommost spectrum,
detected for excitation with 2.32 eV photons, shows the signal resulting only from three-photon
photoemission, since the sample work-function is higher than two times the photon energy. All
other spectra are dominated by the two-photon photoemission signal. For 3.11 eV excitation,
a pronounced peak can be observed close to the Fermi edge. Increasing the photon energy

further to 3.36 €V, the shape of the secondary edge still suggests a peak close to the edge. At
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final state energies above 6 €V, two additional smaller peaks can be distinguished from the
background. The spectra taken for 3.86 €V and 4.20 €V excitation show a prominent peak close
to the Fermi edge and a series of further peaks.

Fig. 4.5: (a) Series of single
(b) ] ] ] ] color 2PPE spectra for dif-
ferent photon energies.  The
spectra are measured at room
temperature with the follow-
ing parameters:  E,p=2.32eV
and Epp=3.11eV: Eyxn=5.0V,
Epass=25V, V5=0.200V,
100s exposure; Epn=3.36€V:
Exin=5.6V, Epass=35V, V=0V,
160s exposure; E,n=3.86€V and
Epn=4.20€eV: assembled spectra
measured with Vg=0.200V, 100s
exposure, which means that below
7€V the spectra are measured
with  Exin=5.5V, Epass=25V
and the higher energetic part
is measured with Exin=6V,
Epass=35V. In order to assemble
the two spectra with the different
settings, the offset determined in
the energy range below 3 eV was
subtracted and afterwards the
spectra were scaled to each other
at 7eV. In all spectra the applied
bias voltages Vg are already
subtracted in the given final
state energies. (b) Final state
energies (markers in the top part)
read-off from the spectra shown
in (a) plotted as a function of the
photon energy used for excitation.
Linear curves with a slope of 1
(black) connect states resulting
from the same intermediate
state while linear curves with a
slope of 2 (red) connect those
belonging to the same initial
state. The intercepts of the linear
curves with the y energy-axis
give the energetic position of
two intermediate states (IPS/IS
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To be able to assign the peaks in the spectra to the corresponding states of the sample, their
energetic positions are read-off and displayed as a function of photon energy in Fig.4.5b.
According to the procedure for assigning initial and intermediate states given in Sec.3.1.2,

linear curves with a slope of 2 (red lines) are used to connect final state energies resulting
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from initial states and linear curves with a slope of 1 (black lines) connect intermediate states.
The y-axis intercept marks the energetic position of the identified state with respect to the
Fermi level (E=0). In total, 6 well distinguishable states appear across the different spectra.
Their assignment is summarized in Fig.4.5b. The lowest lying states, which are only detected
for the two highest photon energies of 3.86€V and 4.20 €V are assigned to Au d-band states
in agreement with measurements of the clean surface (cf. Sec. A.2). As a starting point for
further assignments the 2PPE study of 6T /Au(111) presented by Varene et al. was used. They
determined two initial states at -0.8eV and -1.5€V, which they assigned to the HOMO and
HOMO-1 of the 6T molecule respectively. The same values have been found by Jackel et
al. [119] performing scanning tunneling spectroscopy at single 6T molecules adsorbed on a
Au(111) surface. Here, only in the spectrum obtained for excitation with 3.86 €V the peak
obtained at £ — Er=6.2€V could be assigned to an initial state at -1.5€eV. In contrast, three
detected peaks could be assigned to an initial state at -0.75+0.05 ¢V, but two of them also
fit to an intermediate state at 2.9+0.1€V. Varene et al. suggested the LUMO+1 to be found
at F — Erp =3eV. The strongest indication for an unoccupied state in this energy range is
the high 2PPE intensity measured close to the Fermi edge in the 3.11 eV excitation spectrum.
Such high amplitudes are only expected for resonant excitation, especially since the spectrum
observed for an only 150 meV higher photon energy does not show such a high intensity. This
could be an indication for the presence of an interface state just below the Fermi level. An

intermediate state at 2.1€V, as suggested by Varene et al., is not observed in the present work.

The 3PPE signal in the 2.32 €V can be assigned to the same intermediate state as the prominent
peaks close to the Fermi edge in the spectra observed for 3.86 and 4.20 €V excitation. The
intermediate state energy with respect to Er corresponding to this state, which is labeled
IPS/IS in Fig.4.5b is 3.8€V. Varene et al. [120] evaluated the dispersion of this state and
identified it as an image-potential state. An analysis of the energetic distance of the state to
the vacuum level for a series of one monolayer samples (cf. Sec. A.3.2, Fig. A.4) supports this
interpretation since the energetic position of the peak changes with the work function. The
binding energy with respect to the vacuum level is determined as E,,c — F = 0.76£0.02¢€V,
which is rather close to the binding energy of the image-potential state Ey,c — F = 0.8€V in
front of the clean Au(111) surface [121]. However, as it will be discussed below, the coverage

dependence of the peak questions the assignment to an image-potential state.

In the monochromatic experiments no exciton was observed. In the following bichromatic
2PPE experiments are performed in order to make the pump and probe energies independent
from each other. In this way the energy of the pump photons can be varied in order to look
for a resonant intramolecular excitation, whereas the energy of the probe photons stays the
same. Furthermore, in time-resolved 2PPE experiments, initial and intermediate states can be
distinguished by their dependence on the pump-probe delay. Figure 4.6a shows a false color plot
mapping the 2PPE intensity as a function of pump-probe delay (x-axis) and final state energy
(y-axis) for photon energies of hi1=2.32eV and hrs=4.20€V. Vertical line profiles through
this 2D map show the 2PPE spectra at given pump-probe delays. Figure4.6b shows a series
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Fig. 4.6: (a) 2PPE intensity as a function of pump-probe delay and final state energy measured with photon
energies hv1=2.32¢€V and hro=4.20eV. (b) Series of 2PPE spectra at time delays from 0 (red curve) to -90fs
(blue curve) in 5fs steps. (c) Series of 2PPE spectra at time delays from 0 (red curve) to 90fs (green curve) in
5fs steps.

of 2PPE spectra at negative delays (i.e., 4.20€V is the pump and 2.32€V the probe photon
energy). The spectrum observed when both pulses arrive at the sample at the same time (red
curve) shows a shoulder below the IPS/IS detected at a final state energy of 6.2¢€V for this
combination of photon energies.! Tracing the evolution of the 2PPE intensity with increasing
pump-probe delay, it can be seen that the shoulder has two components. 300 meV below the
image-potential state or interface state a state arises that is not visible for positive time delays
where the sample is pumped with 2.32€V and probed with 4.20eV (cf. Fig.4.6c). This state
is hence assigned to an intermediate state at 3.6 €V. Since the energy of the UV pulse is not
enough to perform an intramolecular excitation from the HOMO into an intermediate state at
3.6V, it is concluded that the population of this state arises from charge transfer of excited,
hot electrons in the gold substrate. The rather short lived state is hence interpreted as a higher
lying unoccupied state (LUMO+n). The second component of the lower energetic shoulder
accompanying the IPS or IS, observed at 5.8 eV, vanishes quite symmetric around ty and fits

energetically to the initial state energy of the HOMO.

Increasing the pump photon energy from 2.32€eV to 3.11 eV, another state appears at a final
state energy of 5.6040.03 eV (cf. Fig.4.7a,b).2 The maximum of this peak is clearly shifted to
positive time delay, meaning that it corresponds to an intermediate state at 1.38 eV excited

1The slight shift of ~ 60 meV in energy of the image-potential or interface state when comparing negative and
positive time delays results from a chirp of the 2.32¢€V laser pulse and not from an additional state pumped
and probed with the two pulses in the opposite order.

2|t has to be noted that the obtained spectra significantly differ from those shown by Varene et al. [120], even
though the photon energies are close to the ones used in their work. As it will be shown later in Fig. 4.9, the
monolayer spectrum found by Varene et al. resembles spectra corresponding to film thicknesses of at least
3ML. It is hence concluded that they underestimated their film thicknesses by a factor of 3, which has to be
multiplied with the given coverages in Ref.[120] to compare the data to those presented in this work.
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Fig. 4.7: 2PPE data of 6T/Au(111) films measured with hv1=3.11€V and hr2=4.22¢eV. (a) 2PPE intensity
map for a 1 ML thick film. (b) Spectrum at zero pump-probe delay taken from the map shown in (a). (c) 2PPE
intensity map for a 2 ML thick film. (d) Spectrum at zero pump-probe delay taken from the map shown in (c).

with 3.11 eV photons. Two possible origins of the peak can be discussed; it may either result
from an intramolecular excitation leading to an excitonic state or from the population of an
unoccupied molecular states with electrons from the substrate. In the case of an excitonic
state, it is disputable which optical transition is driven. The DRS measurements showed that
the S; absorption band is centered at 2.4 €V with a FWHM of almost 0.5€eV. Photon energies
of 2.3eV and 2.5€V should hence be sufficient for this excitation, but do not show a clear
signature in the tr-2PPE data since a series of other peaks is observed in the same final state
range (for 2.5eV pump photons cf. Sec. A.3.2 or Ref.[104]). On the other hand, the pump
pulse photon energy of 3.11eV is already at the onset of the next absorption band, but this
transition is much less intense in the DRS measurements than the S; band (cf. Fig.2.13). |
would hence exclude that the peak is originating from an excitonic state and assign it to the
lowest unoccupied molecular state of molecules in the first, chemisorbed layer populated by
charge transfer from the Au substrate. The short lifetime of the state supports this assignment
as well. In accordance with the coverage dependence which will be discussed in the following
the state will be denominated ML LUMO.

The wetting layer observed in the PEEM experiments consists of two layers. It can be assumed
that the second layer grows in a similar fashion as the first layer. However, the second layer is
less bound to the surface than the first layer, as it was observed in TPD experiments [52, 104].
The difference in bonding as well as the different screening of the charged states in the first
and second layer by the substrate electrons could lead to shifts in the energetic positions of the
molecular states with respect to the Fermi level. Figure4.7c shows time-resolved 2PPE data

with photon energies hi/1=3.11€V and hiry;=4.22 €V recorded for a two-monolayer thick film.
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For comparison, the intensity map is scaled to the same color scale as the monolayer map in
(a). The 2PPE spectrum extracted from the map at zero pump-probe delay, shown in Fig.4.7d,
is multiplied by a factor of 2 for better visibility of the features. The low-energy cut-off shifts
to lower energies for the 2 ML sample with respect to the 1 ML film, which means that the
work function decreases. This observation is in agreement with Varene et al. and the PEEM
experiments shown in the previous section. The number of states and their energetic position
is identical for the monolayer and the bilayer samples. The Au d-band at -2€V, the ML LUMO,
the ML HOMO and the IPS or IS are detected. It is evident that the amplitude of the 2PPE
signal is reduced over the whole spectrum of the 2 ML film in comparison to the ML coverage.
This has to be interpreted as a damping of the 2PPE signal of the ML due to the second layer
of molecules on top. The second layer seems to add no contribution besides a broad peak in
the energy range of the ML HOMO, which causes a slight gain in the 2PPE signal starting
from 6 €V final state energy. As suggested by the 2PPE spectra observed for higher coverages
presented in the following, this feature can be interpreted as the HOMO of molecules in the
second layer, which shifts to lower initial state energies in comparison to the ML HOMO, due
to the lower interaction with the substrate. The coverage dependence of the peak assigned
to the ML LUMO supports the assignment to a characteristic of the monolayer. The shift of
the LUMO in the monolayer towards lower energies compared to the LUMO in the crystallites
[20] is explained by screening of the excess charge by the charge carriers of the substrate [122].
Considering the intermediate state at 3.8¢€V (IPS/IS), it is striking that it is observed at the
same final state energy for a coverage of one and two layers of 6T and that its amplitude is
reduced when the second layer is added. This observation questions if it is an image-potential
state or rather an interface state that is confined to the molecule-metal interface. Bronner et
al. proposed such interface states delocalized parallel to the surface for azobenzene derivatives
on Au(111) [123]. Alternatively, staying with the interpretation of an image-potential state
one has to conclude that after deposition of the second layer still areas of the bare monolayer

exist. These areas would have to be small enough that they cannot be observed in PEEM, but
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sufficiently large to support the formation of an image-potential state delocalized parallel to

the surface. Nevertheless confinement should shift the IPS to higher binding energies [124].

The electronic structure detected on sample areas covered with the two layers thick wetting
layer resembles the electronic structure of the 6T monolayer, which is summarized in Fig. 4.8.

3D Crystallites

Along with the change in morphology, films with an average film thickness of 3 ML or higher
show a significantly different electronic structure and dynamics compared with the wetting layer.
Figure 4.9 shows the 2PPE intensity map for photon energies hv1=3.11€V and hips=4.22 eV
and pump-probe delays ranging from -200 to 300fs of a 6T film with an average coverage of
3ML (a) and 10 ML (c). Figures4.9b and d show the respective 2PPE spectra without delay
between pump and probe pulses. At both coverages the IPS or IS and the ML HOMO are
still probed, which indicates the presence of sample areas covered only by the wetting layer.
The amplitude of the IPS/IS and the ML HOMO signals in the 2PPE spectra are only slightly
lower for an average film thickness of 10 ML than for an average film thickness of 3ML. In
disagreement to Varene et al. [7, 120], even at a coverage of 30 ML the IPS/IS is observed
when the film is prepared at room temperature (cf. Sec. A.3.2, Figure A.6), indicating that the

crystallites grow rather in height than in diameter.

In contrast to the electronic structure of the wetting layer, an average film thickness of 3 ML

shows an intermediate state with considerable lifetime at an intermediate state energy of 1.2eV.
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Fig. 4.9: 2PPE data of 6T/Au(111) films measured with hv1=3.11eV and hr,=4.22eV. (a) 2PPE intensity
map for a film with an average thickness of 3 ML. (b) Spectrum at zero pump-probe delay taken from the map
shown in (a). (c) 2PPE intensity map for a film with an average thickness of 10 ML. (d) Spectrum at zero
pump-probe delay taken from the map shown in (d).
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This state is attributed to the S; Frenkel exciton (FE) in agreement with Varene et al. [120].
Two important conclusions can be drawn: 1) FEs with a considerable long lifetime can be
created only in the crystallites and 2) the wetting layer can be interpreted as a buffer layer that
decouples the 6T molecules in the crystallites from the substrate, thus delaying the transfer of
the excitation energy into the substrate. Furthermore, the energetic position of the FE depends
on the 6T coverage. In case of a film with an average thickness of 10 ML, the FE is detected at
~100 meV lower intermediate state energy and shows significantly longer lifetimes than in the
3 ML film. This observation is in disagreement with the data presented by Varene et al.[120],
which is attributed to a differing coverage calibration.3 A detailed analysis of the coverage

dependent population and relaxation dynamics will be given in Sec. 4.3.

In a broad range of final state energies around 6 €V, essentially covering the whole range between
the signatures of the Frenkel exciton and the ML HOMO, a pronounced 2PPE intensity is
observed for the 3ML and the 10 ML coverage. The maximum of the intensity distribution in
the discussed energy range is shifted towards positive time delays, which leads to the conclusion
that it corresponds to an intermediate state pumped with 3.11 €V photons and hence being

energetically located in the range from 1.3 to 2.2 €V above the Fermi level.

Considering the single color 2PPE spectra for excitation with 4.23 eV (black curve in Fig.4.10)
or 3.86€V (turquoise curve in Fig.4.10) for the sample with an average coverage of 10 ML,
a broad initial state is observed in the range of -1€V to -1.8 €V, which is here interpreted as
the HOMO of the 6T molecules within the crystallites (3D HOMO). If the correlated 2PPE
signal of 3.11eV and 4.22 eV photons shown in Fig.4.9d is plotted as a function of initial state
energies (orange curve in Fig.4.10), it becomes evident that the broad feature observed above
the FE is populated from the 3D HOMO. The 3D HOMO is the initial state for excitations into

3A detailed comparison of the data shown in the publication of Varene et al. and the present work suggest that
the coverages given by Varene et al. are a factor of 3 higher than reported, when following the coverage
calibration suggested in this work and by Zielke [104].
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Fig. 4.11: Layer resolved energy diagram of the electronic structure observed for 6 T molecules adsorbed on
Au(111) including occupied and unoccupied molecular states as well as excitonic states. At the left part of the
figure the electronic structure of a clean Au(111) surface is given for comparison.

the FE state. As it is shown in the DRS measurements, 3.11 eV photons have excess energy
with respect to the purely electronic excitation of the FE, which results in vibronic excitations
as it will be discussed in detail in Sec.4.3.2. This interpretation is in disagreement with the
work of Varene et al., who assigned this state to the LUMO+1 at an intermediate state energy
of 3eV, which would mean that the state is pumped by the 4.22 €V photons and probed by
3.11eV photons. The data shown in Figures4.9a,c clearly contradict this assignment. As a
summary, Fig.4.11 shows the electronic structure of 6T on Au(111) observed for different film
thicknesses, which is an extended version of the energy diagram sketched for the monolayer in
Fig. 4.8. Besides the characteristics of the ML, samples with 6T coverages higher than 3 ML,

including crystallites on top of the wetting layer, show a signature of the S; Frenkel exciton
and a 3D HOMO in the 2PPE data. The assignments given here extend the picture of the
electronic structure of 6T /Au(111) drawn by Varene et al. [120] by including the coexistence
of two different morphologies on the surface (wetting layer and crystallites). These results
question the exciton formation process given by the same authors [7]. A new interpretation of
the exciton population and relaxation dynamics will be given in the following section of the
present chapter.
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4.3 Exciton Dynamics in Thin Sexithiophene Films

On the basis of the electronic structure discussed in the previous section, the present section
focusses on the analysis of the population and relaxation dynamics of thin 6T films on Au(111).
In 2012 Varene at al. [7] published the first time-resolved 2PPE data for a 30 ML thick 6T film
on Au(111) taken with photon energies of 3.0 and 4.3eV. Considering the DRS measurements
presented in this work (cf. Sec.4.2.1) and in the PhD thesis of Zielke [104], the pump photon
energy of 3.0eV is at the higher energetic edge of the S; absorption band. Varene et al.
suggested a population process of the S; Frenkel exciton where first an electron is excited
from the HOMO into the LUMO and the exciton is formed subsequently within 100fs. They
assigned the delayed population of the excitonic state to the decay of the polarization before
the population of the state can take place. They hence concluded that photon energies at least
as high as the transport gap are needed to induce exciton formation. In the PhD thesis of
Kristof Zielke [104] we were able to show that an instantaneous excitation of the S; Frenkel
exciton is possible when exciting a 10 ML 6T /Au(111) sample with 2.47 eV photons.

Based on the DRS results in the present thesis, time-resolved 2PPE experiments were performed
for a series of different pump photon energies in the range of 2.3 to 3.1€V, to clarify the

fundamental processes in 6T exciton dynamics.

4.3.1 Exciton Relaxation Dynamics in a-Sexithiophene Crystallites

To analyze the exciton dynamics in 6T crystallites in dependence of the excitation energy, |
will start with the case of a resonant excitation of the S; band bottom with a photon energy
of 2.3eV. Figures4.12a and b show 2PPE intensity maps for average 6T coverages of 1 and
10 ML on Au(111) using photon energies of hi1=2.32€eV and hip,=4.19€V. To immobilize
the molecules and reduce the secondary electron background, the measurements shown here
are performed under liquid nitrogen cooling of the sample after film preparation at room
temperature. As described in Sec. 4.2, the population of the S; Frenkel exciton (appearing with
its maximum at a final state energy of 5.3€V) is observed only for molecules within crystallites
on top of the wetting layer. To determine the population dynamics of the state, the 2PPE
intensity is analyzed as a function of pump-probe delay. In order to capture the whole peak, the
2PPE intensity is summed over the final state energies from 4.9 to 5.6 eV. The corresponding
cross-correlation curves for 1 and 10 ML films and pump-probe delays up to 1 ps are shown
in Fig. 4.12c. Figure4.12d shows the population decay up to pump-probe delays of 120 ps for
the case of a 10 ML film. The 2PPE intensity on the y-axis is plotted on a logarithmic scale,
so that it becomes clear that the decay behavior is multi-exponential. A coverage dependent
analysis of the cross-correlation curves as performed by Varene et al. [7] and K. Zielke in his
PhD thesis [104] shows that the longest decay constant increases with increasing 6T coverage.
We attribute this behavior to distance dependent transfer rates of the exciton energy from

the molecules to the gold substrate. Since the pump and probe pulses in 2PPE excite and
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Fig. 4.12: (a) 2PPE intensity map as a function of final state energy and pump-probe delay observed for a 1 ML
thick 6T film on Au(111) cooled to 120K after preparation at room temperature. The data were recorded with
photon energies of hi;=2.32¢eV and hry=4.19eV. (b) 2PPE intensity map observed for a 6T film on Au(111)
with an average thickness of 10 ML. The data were recorded under similar measurement conditions as in (a). (c)
Cross-correlation (XC) curves extracted from the maps shown in (a) and (b) summed over the final state energy
interval from 4.9 to 5.6 €V are shown by magenta and black markers for the 1 and 10 ML film, respectively. The
solid blue curve corresponds to a fit with a single-exponential decay, whereas the green curve displays a fit with
a fourfold exponential decay. (d) Cross-correlation curve for delays up to 120 ps for the 10 ML film summed over
the same energy range as in (c).

probe excitons throughout the film, the measured signal contains information about the decay
time in each layer. To describe the depopulation dynamics of the exciton ensemble four
exponential functions with decay coefficients distributed over four orders of magnitude are
used as representatives for the continuous distribution of decay times. The shortest lifetime is
mainly influenced by the dynamics of hot electrons excited in the gold substrate. Therefore
the cross-correlation of a 1 ML thick film is evaluated in the same energy range were the FE is
found in thicker layers. The corresponding data are shown by the magenta markers in Fig. 4.12c.
The cross-correlation curve is fitted according to Eq. 3.11 with a single exponential decay with
a decay constant 7 = (55 + 1)fs. The corresponding fit is shown by the solid blue curve.
The cross-correlation of the 10 ML film is shown in Fig.4.12c and d by black markers and the
fourfold exponential fit of the data is shown by the green solid line. Assuming the fastest decay
constant 7y to be determined by the dynamics of the hot electrons and therefore fixing it to
55fs, the other three decay constants are fitted to be 7 = (580+30) fs, 73 = (6.9+0.6) ps and
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74 = (b8 £ 4) ps and the amplitude ratios A2/A; = 0.53, A3/A; = 0.33 and A4/A; = 0.18.

In order to compare the results obtained in the present work with those obtained in a former
study by using an excitation energy of 2.47 eV [104], Fig. 4.13 shows the cross-correlation curves
observed on a film with an average thickness of 10 ML integrated over final state energies in the
range from 4.9¢eV to 5.6 €V for both excitation energies, 2.32¢eV (black curve) and 2.47 eV (red
curve). Both curves run parallel with respect to each other over the whole range of measured

pump-probe delays, which indicates that the results are identical within the measurement

accuracy.
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4.3.2 Vibrational Hot Exciton Relaxation

The black curve in Fig.4.14a shows an example spectrum of a 6T coverage of 10 ML observed
at 1.2 ps after excitation with 2.3eV photons. The spectrum is dominated by the Frenkel
exciton peak which has an asymmetric shape. As suggested by Zielke [104], the asymmetry of
the exciton peak to lower final state energies can be explained by the excitation of vibrations
in the photoemission process, leading to a lower kinetic energy of the emitted electron. The
process is sketched in Fig.4.14b. Starting from non-vibrating 6T molecules, the excitation
of the 6T molecules with a photon energy of 2.3€eV only allows for the population of the
vibrational ground state of the exciton state. After excitation the molecule is therefore in the
intermediate state |x) in the v level. The probe photon, which induces photoemission then
leaves the system in a final state |f), where the molecule is singly ionized and in a particular
vibrational mode. The probability to leave the molecule in a particular vibrational level is
given by the Frank-Condon factors for a transition from the vibrational ground state of the
intermediate state into the respective final state level. In a collaboration with Dr. Ralph
Pittner we performed model calculations on the basis of a single-molecule picture, so far
excluding environmental effects as the influence of the aggregate formation. We assumed a
harmonic potential for the intermediate state and allowed the final state to be anharmonic.
It was possible to determine Frank-Condon factors, which would lead to the observed peak

asymmetry. The blue curve in Fig.4.14a shows a fit to the spectrum according to the model, in
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Fig. 4.14: (a) 2PPE spectrum (black curve) of a 6T film with an average thickness of 10 ML measured at
a time delay of 1.2 ps between pulses with photon energies hv1=2.32€V and hre=4.19¢eV. The 6T film was
prepared at room temperature and afterwards cooled down to 120 K to perform the measurement. The blue
curve presents a fit to the data, which considers a secondary electron background (green shadowed area) and
losses in the kinetic energy of the emitted electrons due to the excitation of the breathing mode of the 6T
molecule by the probing photon. (b) Schematic illustration of the probe process, considering the possibility of
the excitation of molecular vibrations.

which we assumed that in the intermediate state only the vibrational ground state is occupied.
The green curve describes the secondary electron background. The fit gives an anharmonicity
for the final state leading to a reduction of the spacing between the vibronic sublevels with
increasing level: Avg = 181 meV, Avys = 172 meV, Avgy = 161+ meV and Avgy = 153 meV.
The contributions of the four transitions to the fit are shown by the red curves in Fig. 4.14a.
Furthermore, the fit gives a shift between the potential energy curves of intermediate and final
state so that the Franck-Condon factors P,,, corresponding to a transition from v = 0 in the
intermediate state to the four lowest vibronic sublevels of the final state v/ are found to be:
P()l == 0.52, P()Q = 0.26, Pog = 0.11 and P04 = 0.05.

In the present work, | investigate the influence of vibrational excitations in the intermediate
excitonic state on the photoemission spectrum. If the excitation energy is changed from
resonant excitation of the band bottom as discussed in Sec. 4.3.1 to off-resonant excitation with
excess energy, the 2PPE spectrum changes for short pump-probe delays. Figure 4.15a shows the
2PPE map for an average 6T coverage of 10 ML as a function of intermediate state energy and
pump-probe delay for a resonant excitation with 2.32 eV (left) in comparison to an off-resonant
excitation with 3.11€V (right). In both cases the exciton state at an intermediate state energy
of =~ 1.1V is observed with a decay constant of several ps. For short pump-probe delays, the
excess energy leads to a higher energetic shoulder of the exciton peak, as it becomes obvious

in the zoom-in shown in Fig.4.15b and in the series of spectra taken for different pump-probe
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Fig. 4.15: (a) 2PPE intensity maps of 6T films with an average thickness of 10 ML. The map at the left side
was measured with photons energies of hv1=2.32€V and hv2=4.19 €V and the map at the right side with photon
energies of hv1=3.10eV and hvy=4.22¢€V. Both samples are prepared and measured at room temperature. The
exciton peak at the intermediate state energy of 1.1 €V shows a short-lived higher energetic shoulder when exciting
with h1=3.10€V instead of 2.32eV. (b) Zoom-in of the 2PPE intensity map measured with hv;=3.10€eV and
hvy=4.22¢eV. (c) Series of 2PPE spectra for different pump-probe delays taken from the map at the right side of
part (a). Within the first 0.5 ps, the higher energetic shoulder of the exciton peak has completely disappeared.

delays presented in Fig.4.15c. The shoulder of the exciton peak spreads up to 6.2 €V final state
energy, which corresponds to an intermediate state energy of 2eV. The presence of this shoulder
was already shortly discussed when discussing the coverage dependent electronic structure of
6T/Au(111) in Sec.4.2.2. It was pointed out that the extension of the shoulder of the exciton
peak energetically overlaps with a projection of the 3D HOMO. However, as it is seen in the
series of spectra in Fig. 4.15¢c, the shoulder decays with a finite lifetime and completely vanishes
within the first 500 fs after excitation with 3.11 eV pulses. This behavior suggests a resonant
excitation from the 3D HOMO into an intermediate state. In the following | will discuss the
possibility of a vibronic excitation, which means that absorption of the 3.11 eV photons induce
an electronic excitation of the S; Frenkel exciton accompanied by a vibrational excitation of
the excited molecule.

A photon energy of 3.11 €V contains an excess energy of 0.8V with respect to the resonant
excitation of the exciton band bottom. Since the spacing between the vibronic sublevels is

180 meV, the excess energy is sufficient to excite electrons from the HOMO of a non-vibrating
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Fig. 4.16: (a) Simulated photoemission spectra corresponding to a vibronic transition from an intermediate
state with occupied vibrational level vy to all available vibrational levels of the final state corresponding to a
vibrating single ionized molecule. (b) Schematic illustration of the vibronic transitions from a non-vibrating
molecule in the ground state (initial state |¢)) into an electronically and vibrational excited intermediate state |z)
(here exemplary a resonant excitation of the vx = 4 level is sketched) followed by a second vibronic transition
into a final state, where a singly ionized molecule is left in a certain vibrational state and a photoelectron is
emitted, which takes away the difference in energy.

molecule into the fourth or fifth vibrational level of the intermediate, excitonic state. Figure4.16
shows a simulation of the photoemission spectrum in the case of a vibronic transition from a
specific vibrational level v, in the intermediate state into all available vibrational levels v/ of the
final state taking relative shift and anharmonicity from the fit of the photoemission spectrum
from the vy = 0 intermediate state. Following the evolution of the simulated photoemission
spectrum, one can see that the high energy end of the distribution shifts to higher energies.
Starting from vy = 4, final state energies up to 6.1€V can be reached. This qualitatively fits to
the observation that an excitation energy of 3.11€V leads to a high energetic shoulder of the

exciton peak for short pump-probe delays.

As it is shown in the data presented in Fig.4.15b and c, the higher energetic shoulder of the
exciton peak vanishes completely within the first 500 fs after excitation. To investigate whether
the shoulder of the exciton peak arises due to the excitation of vibrations in the pumping step,
a model based on rate equations is applied that describes the dynamics of the electronic and
vibrational relaxation processes. Assuming that relaxation of the excited vibrations is a stepwise
process with equal decay constants 7, from one vibrational level to another, the following

set of differential equations describes the vibrational relaxation process starting from the fifth
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vibrational level:

T
dJ\Cf;t(t) = 7Y (N5 (t) — Ny(t))
dJZ(t) = 7 (Ny(t) — N3(2))
dl\cf;t(t) = 7 (N3(t) — Na(2))
dl\st(t) =1 (Na(t) — Ny (2))
dl\g)t(t) = 7N (1)

(4.1)

N;(t) is the number of excited molecules with electrons occupying the vibrational sub-level v;

of the S; exciton state. As the simplest approach the relaxation time of all sub-levels besides

the ground state are assumed to be equal.

The general solutions of the differential equations 4.1 are:

Ns(t) = N5(0) - e~

1
2

1 1
2-7';2-t2—|—6-TV_3-t3>
1

2.7_,/_2.t2>

+ No(0) - (177 t) + Ny (0)] - e 25: N;(0).
=0

Besides the decay into lower vibrational levels of the exciton state, the exciton state itself can

decay, as shown before for the case of the excitation with 2.3eV. Therefore, to describe the

population dynamics of the exciton peak, the equations for each vibrational level i given

in 4.2
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are multiplied with a multi-exponential decay to obtain the relaxation dynamics in dependence

of the populated vibrational sub-level in the intermediate state:

Ni(t) = Ni(t) - > Ay e/, (4.3)

As previously done, four exponential decays with different orders of magnitude of the decay

constant are used to approximate the continuum of decay constants.

In a simple picture starting from the single molecule approach, the pump pulse should only
populate those vibrational sub-levels which are resonantly excitable from the initial state (an
electronically non-excited, non-vibrating molecule). In the case of an excitation energy of
3.11eV one can assume that the 4th and 5th vibrational level are equally occupied and all
others are unoccupied: N5(0) = N4(0) = A; N3(0) = N2(0) = N1(0) = Ny(0) = 0.

E; - Er (eV)
1 2
e berrr e bty
+ data at t; for hv;=3.11 eV
and hv,=4.22 eV

— simulation for occupation
of v,=4andv=5

Fig. 4.17: Comparison of the 2PPE spec-
trum measured with photon energies of
hv1=3.10eV and hv,=4.22¢€V at zero time
delay between the two pulses (black markers)
and the sum of the calculated photoemission
signals for photoemission from the v, = 4
5 6 7 and vx = 5 levels of S; Frenkel exciton peak
Efinal - EF (V) (red curve).

Photoemission intensity (arb. unit)

Comparing the resulting spectrum when adding the spectra calculated for vy, =4 and vy, =5
with the measured data at zero time delay between the two pulses (cf. Fig.4.17), the simulated
spectrum shows a minimum where the data show a maximum (indicated in Fig.4.17 by the
dashed line). The intensity in this energy range would be filled up by occupation of the v, =0
level. Assuming that there is no initial occupation of this level, one has to assume a decay
constant of the vibrational relaxation shorter than the temporal duration of the pulses. A
qualitative agreement with the measured spectrum at zero pump-probe delay would be reached

assuming 7, in the order of 10fs, as shown by the simulation presented in the following.

Using the photoemission intensity curves calculated for photoemission from the different
vibrational sub-levels of the intermediate state, depicted in Fig. 4.16a, and the derived population
dynamics (Eq.4.3), it is possible to simulate the photoemission data in dependence of the
vibrational decay constant 7,,. Vibrational relaxation time constants of less than 100 fs have

been suggested by Kersting et al. [125] when studying a m-conjugated polymer and its oligomers.

CHAPTER 4. MORPHOLOGY, ELECTRON AND EXCITON DYNAMICS IN THIN 71
a—SEXITHIOPHENE FILMS ON AU(111)



4.3. EXCITON DYNAMICS IN THIN SEXITHIOPHENE FILMS

@ ~
g i
N \ N TN
s N\ .
i ............... N3 B NO
s W\ T -
‘@
o
o
£
T T I | ! I I I l | |
0 Time (fs) >
S v
— N5 N2 P T T T~
:‘g o N4 o N1 'I.’. N Tl
o) N3 --- Ny .,’ -------------
8 ST
=
-a '.’
z .
g i
<
T T | T T T T I T =T ! ' ! I |
0 Time (fs) >

Fig. 4.18: (a) Temporal evolution of the population of the ith vibrational sub-level of the S; Frenkel exciton
state according to Eq.4.3 assuming 7, = 10fs and a multi-exponential decay of the exciton state with a fastest
time constant of 50fs. (b) Resulting cross-correlation curves for the convolution of the population curves shown
in (a) and the cross-correlation intensity curve of the laser pulses.

Figure 4.18a shows the population and relaxation dynamics within the first 250 fs after excitation
according to Eq. 4.3 assuming 7, = 10fs and exponential decay constants of the exciton derived
from the data in Fig. 4.15 measured with photon energies of hv1=3.10€eV and hry=4.22¢€V .

In order to simulate a real experiment, the cross-correlation intensity of the laser pulses has to be
taken into account as well. Accordingly, Fig. 4.18b shows the convolution of the cross-correlation
intensity curves of the laser pulses I'xc and the population dynamics according to Eq.4.3. The
higher vibrationally excited states are significantly broadened, which strongly reduces their
maximal amplitudes. Multiplying the temporal evolution of the population of the different
vibrational levels with the corresponding photoemission spectra, the contribution of the single
levels to the time-resolved photoemission data can be simulated. The resulting intensity maps
as a function of final state energy and pump-probe delay are shown in Fig.4.19a. The sum of
these maps, which is shown in Fig.4.19b, has to be compared to the measured 2PPE data.
Figure 4.19c shows a series of spectra extracted from the map shown in part (b) of the figure.
The spectra at ¢t =0 (red dashed dotted), 50fs (green), 100fs (purple) and 500 fs (black) are
highlighted. Note, that the simulation does not include secondary electron backgrounds or
photoemission signals from the substrate which cause an increase in the photoemission signal
of the experimental data at final state energies below the exciton peak.

When comparing the simulation to the experimental data, two characteristics of the time-

resolved 2PPE spectra are considered: the spectrum at zero time delay and the population
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Fig. 4.19: Simulation of time-resolved photoemission including vibrational excitations in the pumping step. (a)
Simulation of the 2D maps corresponding to photoemission from the vibrational sub-levels vy of the S; exciton
state considering the population curves N;(t) shown in Fig.4.18b. (b) Sum of the maps shown in (a). (c) Series
of spectra for different time delays taken from (b).

dynamics taken as a cross-correlation integrated over the energy range of the exciton peak.
Whereas the spectrum at ¢ =0 qualitatively agrees with the data (cf. Fig.4.15c) since it shows
the FE band bottom corresponding to the v, = 0 contribution as well as a higher energetic
shoulder, the dynamics is not described in a sufficiently proper way. The intensity in the higher
energetic shoulder, which corresponds to higher vibrational sub-levels, already vanishes within
the first 100 fs. This means that the vibrational decay constant of 7, = 10fs is too fast to
reproduce properly the experimental data. However, if a longer time for the decay constant is
used, the spectrum at ¢ = 0 cannot be reproduced anymore, since this reduces the intensity
of the vx = 0 branch. An example for a simulation with 7, = 70fs is shown in Fig. A.7 in
Sec. A.3.3 of the appendix. Here, the decay of the intensity of the higher vibrational levels fits
quite well to the data, but the initial spectra includes no contribution from photoemission from
the vy = 0 branch.
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Fig. 4.20: Simulation of time-resolved photoemission including vibrational excitations in the pumping step. (a)
Temporal evolution of the population of the ith vibrational sub-level of the S; Frenkel exciton state according to
Eq.4.3 assuming all vibrational levels being equally occupied in the beginning, 7, = 70fs and a multi-exponential
f 50fs. (b) Resulting cross-correlation curves for the
convolution of the population curves shown in (a) and the cross-correlation intensity curve of the laser pulses.
(c) Simulation of the 2D maps corresponding to photoemission from the vibrational sub-levels vy of the S;
own in (b). (d) Sum of the maps shown in (c). (e)

decay of the exciton state with a fastest time constant o

exciton state considering the population curves N;(t) sh
Series of spectra for different time delays taken from (d).

Consequently, it is not possible to describe bot

h, the spectrum at zero time delay and the
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population dynamics observed for the higher energetic shoulder of the exciton peak with the

approach of populating only v = 4 and v, = 5 with the pump pulse.

The so far discussed approach is based on a single molecule picture. However, in an aggregate,
the molecules are embedded in a molecular matrix. As Spano [117, 126] suggested, besides the
transfer of the whole energy to one molecule within the matrix, there is also a finite probability
to vibrationally excite molecules in the surrounding of the electronically excited molecule due to
their interaction. In this way, the electronically excited molecule ends up in a lower vibrationally
excited state than it would reach when all the energy of the exciting photon is transferred to it.
Spano described this collective excitation of a vibronic excitation of one molecule and a purely

vibrational excitation of another molecule vibronic/vibrational pair.

Allowing for vibronic/vibrational pair excitations as well, in a first approach all initial populations
of the vibrational levels vy up to the levels corresponding to the direct excitation are estimated
to be equal: N;(0) = A. Using this assumption for the initial population, a vibrational decay
constant of 7, = 70fs and the multi-exponential exciton decay parameters as before, the
simulation has a much better qualitative agreement with the data, as it is shown in Fig. 4.20. At
zero pump-probe delay the simulated spectrum shows a reasonable contribution of photoemission
from the v = 0 level as well as a pronounced higher energetic shoulder, as it is the case in the
measured data (cf. Fig.4.15c). Furthermore, the shoulder vanishes on a time scale comparable

with the measured one.

A quasi instantaneous equal population of all sub-levels requires on one hand that vibronic/vi-
brational pair excitations represent the dominant excitation channel and on the other hand
that the dephasing of these pair excitations occurs on the few fs time-scale to convert the
polarization into a population [91]. Further input from theory would be needed to elucidate the
role of vibronic/vibrational pair excitations. The discussion so far based on potential energy
curves deduced from the single molecule picture. However, the formation of an aggregate can
also distort the potential energy curves. This would change the Franck-Condon factors of the

transitions.

4.3.3 Morphology Induced Changes in the Exciton Dynamics

The time-resolved data for excitation with 3.11eV presented in Sec.4.3.2 differ from time-
resolved 2PPE experiments performed by Varene et al. for pump photons at an energy of 3eV
[7]. They observed an approximately gaussian shaped intensity distribution which sharpens
and shifts to lower energies with increasing pump-probe delay and shows a double-exponential
behavior. This observation lead them to the conclusion that the fast energy shift of the
intensity distribution corresponds to the time-scale of the exciton formation process, which they
determined to be in the order of 100fs. The data shown in Sec.4.3.1 and 4.3.2 of this work
clearly show that the population of the exciton state happens within the pulse-width of the

laser pulses and is hence much faster than suggested by Varene et al. Furthermore, no shift in
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energy of the exciton band bottom was observed. The difference between the data presented
by Varene et al. and in this work, which were measured with comparable photon energies, is
attributed to differing film morphologies, as it will be explained in the following.
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Fig. 4.21: (a) Film morphology dependent 2PPE intensity as a function of final state energy and pump-probe
delay for excitation of a 6T film with an average thickness of 10 ML with hv1=3.10€V and hr>,=4.22¢eV. The
film was deposited on the Au(111) single crystal surface at 120 K and then stepwise heated up to a maximal
temperature of 350 K. After each heating step the sample was cooled down again to record data. (b) Series of
spectra taken for different pump-probe delays from the leftmost map in part (a), where the 6T film was directly
measured after deposition onto the sample held at a temperature of 120 K. Spectra for selected pump-probe
delays are highlighted in color. (c) Position of the peak maximum of the intensity distribution shown in the
spectra in part (b) as a function of pump-probe delay. The peak shift follows a double exponential curve with
time constants 71 = (100 & 10) fs and 7> = (2.5 £ 0.8) ps, as demonstrated by the fit (red dashed curve).

To investigate the role of the film morphology on the exciton dynamics, the results discussed
so far for films grown at room temperature are compared with non-ordered films grown on a
substrate at a temperature of 120 K. The 6T molecules are expected to freeze at the sample

surface at 120 K and hence do not form the well ordered structure of wetting layer and crystallites
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T T T T T T Fig. 4.22: 2PPE spectra for different heating

45 50 55 60 65 7.0 steps when both pulses arrive simultaneously
Final state energy (eV) (to) and for a pump-probe delay of 600 fs.

that is observed at room temperature. Subsequent heating of the non-ordered film should then
induce order by thermal activation of the molecules. Figure4.21a shows the time-resolved data
for a 10 ML film prepared at 120K and then stepwise heated to 200 K, 250K, 296 K (which
corresponds to the room temperature in the laboratory) and 350 K.* After heating, the sample
was again cooled down to 120K to perform the measurement, in order to prevent further
changes in the sample structure during the measurement. The non-ordered molecular film
measured before sample heating shows the same characteristics as observed by Varene et al.
[7]. At zero time delay a broad intensity distribution is observed. The maximum shifts to lower
energies with increasing pump-probe delay, as shown by the series of spectra in Fig.4.21b and
the read-off positions of the peak maxima plotted in Fig.4.21c. An energetic shift of almost
200 meV is observed within the first 5 ps after excitation. The position of the peak maximum
can be fitted with a double exponential function, as it was described by Varene et al. The
faster decay constant is found to be (100 £ 10) fs, which is exactly the time constant Varene et
al. interpreted as the exciton stabilization time. The second, slower decay was interpreted by
Varene et al. as a polaron formation process, which leads to an additional shift in energy.

Stepwise heating of the sample results in a lowering of the energy of the excited state towards
which the initially broad distribution relaxes. Furthermore, the shift in the maximum of the
distribution becomes smaller with every heating step, as demonstrated in Fig. 4.22 where the
2PPE spectra observed at zero pump-probe delay and at a delay of 600 fs are compared for
every heating step. When reaching room temperature by heating, no energetic shift is observed
anymore. Furthermore, the image-potential or interface state and the monolayer HOMO are
visible as in the case of films prepared and measured at room temperature, which leads to
the conclusion that the morphology of the films changed back to the wetting layer with 3D
crystallites on top as described in Sec.4.2. By heating to 350K, these states become even

*The maximal target temperature in the series was set to 350 K, which is far below the heat induced
polymerization threshold of 450 K detected by Sander et al. for Au(001). Since the Au(111) surface is even
less reactive than the (001) surface, it is expected that the threshold temperature for polymerization is even
higher at the investigated surface.
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more pronounced, which gives a hint that the crystallites become bigger and hence larger areas
of the surface are covered with only the wetting layer, when more thermal energy is transferred

to the system.

The energy shift observed in the less-ordered films is attributed to exciton migration towards
energetically more favorable sites, a process also known as down-hill migration [127, 128].
This means that the exciton is hopping to energetically more favorable sites. Different local
environments of the molecules are supposed to result in different electronic structures. The
broadness of the distribution at 600 fs after excitation as well as the size of the energy shift are
interpreted to be a measure of the ordering of the film. The sharper the peak and the smaller
the energy shift, the more uniform is the film structure in terms of variety in differing local
environments of the molecules. | attribute the fast component of the shift (100fs) to a change
in the peak asymmetry due to the vibrational relaxation into the exciton ground state, which
was found in the simulations performed in Sec.4.3.2 to be in the same order of magnitude.
The slower time constant (2.5 ps) is interpreted as the time scale of the downhill migration.
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4.4 Summary

In the present chapter the interplay between film morphology and detected two-photon photoe-
mission signal was elucidated on the example of thin 6T films on Au(111) surfaces. The room
temperature growth of 6T /Au(111) was studied by means of photoelectron emission microscopy.
The detected contrast in the PEEM images and the measured distributions of the local electron
yields suggested the formation of a two-layer thick wetting layer and statistically distributed
crystallites with diameters in the order of 1 pm. In case of an average surface coverage with
9 ML, it was observed that the crystallites have an average hight of 12 ML above the wetting
layer and cover 60% of the surface. It was discussed that the coexistence of sample areas with
two different types of morphology - wetting layer and crystallites - has to be taken into account
in the interpretation of data measured with techniques that probe sample areas larger than
the size of the mono-morphologic areas. 2PPE measurements on films with average thickness
higher than the wetting layer showed unperturbed signatures of the wetting layer as well as
of other states, characterizing the electronic structure of 6T molecules within the crystallites.
Coverage-dependent measurements of the electronic structure of the 6T films revealed that
the formation of long-lived exciton states is observed for excitation of 6T molecules in the

crystallites.

Furthermore, | discussed different aspects of the exciton dynamics in dependence of the
excitation energy and film morphology. The multi-exponential decay behavior of the exciton
state with an increasing longest decay time for increasing 6T coverage is explained by the film
morphology. Due to crystalline growth on top of the wetting layer, the laser pulses can excite
and probe excitons in molecules being at different distances to the gold substrate. The closer
the excited molecule to the gold surface, the more probable is the energy transfer of the exciton
energy to the substrate, and hence, the shorter is the exciton lifetime.

If the exciton is excited with excess energy with respect to the exciton band bottom, a higher
energetic shoulder of the exciton peak appears, which has a much shorter lifetime than the
exciton peak itself. This shoulder and its dynamics were simulated using the approach of
vibronic excitations in the pumping step. A qualitative agreement of the simulations with the
experimental data was found for a vibrational relaxation constant of 70fs and a significant

contribution of vibronic/vibrational pair states in the excitation process.

Finally, a morphology dependent investigation of the exciton relaxation dynamics allowed to
explain the discrepancy between the photoemission data presented by Varene et al. and those
shown in the present work and led to a novel interpretation. The observed double exponential
time-dependent energy shift was interpreted as a downhill migration process appearing in
non-ordered films, which adds on the energy shift caused by vibrational relaxation towards the

exciton band bottom.
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Chapter 5

Azobenzene—Functionalized
Alkanethiolate Self—-Assembled
Monolayers on Au(111)

Besides pure surface modification with organic layers, surface manipulation with external stimuli
is one of the crucial goals in modern device fabrication. The functionalization of surfaces with
photochromic molecular switches gives the opportunity to create photoresponsive surfaces.
Azobenzene is one of the most studied examples of such a photoreactive switch [11]. A variety
of potential applications, e.g. in the field of light-driven motion [129-131], the control of
cell adhesion [132], gating of organic field-effect transistors [14] or even the increase of the
efficiency in light-emitting diodes due to anode functionalization [133] have been discussed.
The functionalized gold surfaces presented in this work are produced by the method of self-
assembly of azobenzene-functionalized alkanethiolates in a wet-chemical process. Details are
given in Sec.5.1.

As described in the introductory chapter (cf. Sec.2.3.2), the azobenzene molecule consists of
two phenyl rings, which are either on the opposite sides of the connecting dinitrogen group
(trans isomer) or on the same side (cis isomer). These two configurations have different static
dipole moments. In Sec.5.2 this is used to optically tune the work function of an azobenzene-
functionalized surface. In contrast to a solution, the orientation of the azobenzene molecules in
a SAM is restricted, which leads to excitonic coupling among the trans chromophores [57]. One
of the unsolved questions is the role of the excitonic coupling in the switching process of the
molecular ensemble. Using the sensitivity of the sample work-function to the photostationary
state of the SAM, this question is answered in Sec.5.3.

Parts of the physical contents presented in this chapter are published in W. Bronsch et al., Fast
optical work-function tuning at an organic/metal interface, Applied Physics Letters 111, 081601
(2017) and in W. Bronsch et al., Delocalized vs localized excitations in the photoisomerization
of azobenzene-functionalized alkanethiolate SAMs, Journal of Physics: Condensed Matter 29,
484002 (2017).
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5.1 Wet—Chemical Preparation of Alkanethiol-Based SAMs

To perform the experiments presented in this chapter, pure and mixed SAMs containing
1-dodecanethiol (C12) and/or 11-(4-(phenyldiazenyl)phenoxy)undecane-1-thiol (Az11) have
been prepared on Au(111) surfaces in a wet-chemical process following the method described
by Moldt et al. (cf. part 2.1 of the supplementary information of Ref. [57] and Ref.[134]).

2PPE experiments were performed on Au(111) single crystals. These crystals were initially
prepared by several cycles of sputtering and annealing cycles. In the ion bombardment treatment,
argon ions were accelerated with 800V in normal incidence with an ion current of 5-8 pA for
10 min. Afterwards the sample was ramped to final temperatures in the range of 770-870 K
with a rate of 1K/s. The target temperature was hold for 10 minutes before the sample was
cooled down with a cooling rate of maximal 1 K/s. The whole heating process was controlled
automatically. When the surface was already covered with a SAM, this was removed by chemical
cleaning with peroxomonosulfuric acid [H202(30%):H2S04(>95%)=1:7 v/v] for 10 min at

room temperature and 20 min while heating to 60 °C.

PEEM experiments were performed on 300 nm thick Au(111) films epitaxially grown on mica.
The substrates were fabricated and supplied by Georg Albert PVD—-Beschichtungen and rinsed
with HPLC methanol before SAM preparation.

The Az11 molecules were synthesized in the group of Rafal Klajn at the Weizmann Institute of
Science (Rehovot, Israel); the C12 molecules were purchased from Alfa-Aesar (Thermo Fisher
Scientific). Both chemicals were delivered in the solid phase, which required the preparation of
stock solutions as a first step. The solvent chosen to prepare the stock solutions is methanol
(HPLC grade). Since the solubility of Az11 in methanol is low, the suspension was filtered till
its absorbance no longer changed after a filtering iteration. The concentrations of Az11 and
C12 in the stock solution were determined with a PerkinElmer Lambda 850 Spectrophotometer.
These stock solutions were than used to produce the immersion solutions, which had a total

thiol concentration ¢ = 0.1 mM.

Since on the surface there is a preferential adsorption of Az11 molecules compared to C12, the
fraction of Az11 molecules at the surface does not scale linearly with its fraction in solution
[57]. To get a 20 % surface coverage, a solution with a 20 % fraction of Az11 is used, whereas
a solution with a 30% fraction of Az11 molecules is used to get a 50 % surface coverage.
The gold samples were placed for 20 h in the immersion solution and afterwards rinsed with
HPLC methanol to remove molecules not bound to the gold surface before they were dried
under argon flow. The dried crystals were then mounted on molybdenum sample plates and

transferred into the vacuum chamber.

During the whole preparation procedure as well as during the sample transfer and the experiments,
the chemical laboratory and the experimental hall were enlightened only with yellow (A > 500 nm)

light in order to prevent premature switching.
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5.2 Manipulation of the Sample Work-Function by Light

A crucial part in the field of optoelectronic device fabrication is the level alignment of electronic
states at inorganic/organic or organic/organic interfaces in a layered system [14, 135-137].
In this context, the functionalization of inorganic surfaces with organic materials allows for
work-function modification e.g. due to the formation of interface dipoles [135, 136, 138-142].
These modifications are mainly static and a special chemical design of the organic adsorbate has
to be chosen to reach specific work-function changes. To further develop the idea from a static
modification to an externally controllable one, the organic layers can be functionalized with
molecular switches like the photochromic azobenzene [143-150]. In the following, the effect of
work-function manipulation by azobenzene-functionalized SAMs is used to establish a method
to freely tune the work function between two extrema via the interplay of two simultaneously

applied external optical stimuli.

5.2.1 Dipole-Induced Shifts of the Work Function

Besides a charge transfer between adsorbate and surface, a step in the potential in front of
the surface can be present due to a static dipole moment of the adsorbate and additionally
influence the sample work-function. The basic principle behind this effect is the Coulomb
interaction. Depending on its orientation, the dipole in front of the surface may either lower
or raise the energetic barrier to be overcome by the electrons to leave the sample. A dipole
induced work-function shift A® can be described by the solution of the Helmholtz equation
[151]:

Ap = -2 (5.1)

including the elementary charge e, the vacuum permittivity ¢y and the surface dipole density
/A, considering that only the component of the dipole moment perpendicular to the surface
1, contributes to a change in the work function. In the present case, an array of additional
dipoles is formed by the azobenzene head groups in the SAM. Since the interest is not drawn
to the static modification due to the presence of the chromophores, but to additional shifts in
the sample work-function due to the trans — cis switching of the molecules [152], in Eq.5.1 p,
is replaced by the number of cis molecules times the change in dipole moment perpendicular
to the surface N, - Ap . Furthermore, the relative permittivity of the organic material € has to

be considered. This leads to

Ag = o N

=——"Ap,. 2
ege A PL (5-2)

Whereas non-modified trans isomers of azobenzene have no static dipole moment due to their
inversion symmetry, the net dipole moments change in Az11, since the azobenzene is at one side
connected to an alkyl chain via an oxygen atom. The response of the surface in terms of the
work function to switching strongly depends on the orientations of the two isomers. Near edge

X-ray absorption fine structure spectroscopy (NEXAFS) has been used for determination of tilt

CHAPTER 5. AZOBENZENE-FUNCTIONALIZED SAMS ON AU(111) 83



5.2. MANIPULATION OF THE SAMPLE WORK-FUNCTION BY LIGHT

Az11

Au(111)

Az11 trans

Fig. 5.1: [Figure adapted from Bronsch et al. [153]] (a) Schematic of the NEXAFS-compatible, DF T-optimized
orientations of tilt ¥, twist a and roll v angles of the C12 spacers and trans-Az11 with respect to the surface
normal n. (b) Schematic of the trans down and cis up and down isomer orientations. Orange and black arrows
above the ball-and-stick models of the isomers represent the projections of their respective dipole-moment vectors
p in the x-z plane and the dipole-moment component parallel to the surface normal p, . The respective mirror
images (*) of the cis isomers obtained by reflection through the alkyl linker chain plane are not shown.

and twist angles of trans Az6 in a closed-packed Az6 SAM [64] as mentioned in Sec.2.3.2, as
well as tilt angles for trans Az11 in closed packed and mixed SAMs with 100 %, 80 % and 15 %
Az11 coverage [57].

Figure5.1 shows the angles needed to describe the orientation of the molecules. As indicated
in Fig.5.1a, in the pure C12 SAM the alkyl chains are canted away from the surface with
an average angle Joc = 38°. Considering the trans azobenzene head group (Fig. 5.1b, left),
its phenyl-ring planes are tilted with respect to the surface normal by a;_a,0 ~ (45 +5)° in
the case of a reduced Az11 coverage of 15 % (which leads to ¥;_a,0 < 45°), while the N=N
double bond is rather parallel to the surface [57]. Very little is known from experiments about
the orientation of the cis isomers in a SAM, but minor polarization dependence in NEXAFS
measurements point towards various orientations of the chromophore [154]. In general the
N=N double bond may either stay parallel to the surface upon switching (cis down) or change
to perpendicular orientation (cis up), as illustrated in the middle and right part of Fig.5.1b. For
both orientations, also their respective mirror images (marked with *), obtained by reflection at

the plane of the alkyl-chain linker, have to be considered as possible orientations.

On the basis of the geometrical restrictions given by NEXAFS and assuming that all molecules
adopt an orientation with the deduced average angles, Daniel Przyrembel performed ab-initio
calculations with perturbation theory (MP2) and density functional theory (DFT) to determine
the total dipole moments as well as their components perpendicular to the surface in the case
of a 20% Az11-SAM for both isomers. All values are given in Tab.5.1. DFT results are given
in parentheses. The relative orientations of the dipole moments are indicated by the arrows
above the schematic illustrations of the isomer orientations. A more detailed description of the
calculations can be found in Ref.[153] and in the PhD thesis of Daniel Przyrembel [155]. Using
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trans cis
dipole moments in D

down up down | down* up up*
R 2.30 2.39 4.75 3.34
p

(2.33) | (2.53) (4.74) (3.44)
R 1.61 1.70 4.69 3.56 1.84 3.05
pL

(1.79) | (1.94) || (4.67) | (3.64) | (2.06) | (3.17)

Tab. 5.1: List of calculated total dipole moments and their component perpendicular to the surface from ab-initio
perturbation theory using MP2/6-311++G(d,p)//B3LYP/6-3114++G(d,p) determined for the chromophore
orientations shown in the Fig.5.1b and their respective mirror images (*) obtained by reflection through the alkyl
linker chain plane. In parentheses the results from DFT calculations using B3LYP/6-311++G(d,p) are given for
reference.

the results for p, for the possible trans and cis orientations, Ap, ranges between 0.14 D and
3.08 D. Considering Eq.5.2, the determination of the work-function shift between the all-trans
SAM and the PSS under 365 nm illumination which will be discussed in the following, will allow

for estimating the relative orientations of the isomers with respect to the surface normal.

5.2.2 Work-Function Tuning in Bichromatic Experiments

As described in Sec. 3.1.2, the sample work-function @ is given by the low-energy cut-off in
a 2PPE spectrum. To determine the work function for a PSS containing mainly cis isomers,
2PPE was performed at a 2445 % Az11 SAM with a pulsed laser at 368 nm. The low-energy
parts of the resulting spectra are shown in Fig.5.2 (magenta and black markers). Fitting the
low-energy cut-off of these spectra with Eq. 3.3 gives ®pgg(368 nm) = (4.465 £+ 0.003) eV. To
probe the work function for different cis fractions in the PSS, diluted SAMs were irradiated
simultaneously with a power-tunable continuous-wave (cw) laser in the blue regime (450 nm).
Photoelectrons are still only produced by the pulsed laser. The continuous wave laser only shifts
the PSS of the azobenzene ensemble. Figure5.2 shows an example series of 2PPE-spectra with
varying flux ratio Jy50/363=7(450nm)/;j(368nm) of the cw and pulsed laser. In comparison to
the measurement with 368 nm only, additional illumination with 450 nm leads to a lowering of
the work function (cf. decreasing final state energy of the low-energy cut-off with increasing J

in the series of violet to blue curves).

In order to explain the lowering of the work function with increasing .J, the local dipole fields
created by the azobenzene unit in its two different configurations, as described in the previous
subsection Sec.5.2.1, have to be considered. Photoelectrons excited in the gold substrate have
to pass the dipole field at the interface of the organic layer and vacuum. Since the perpendicular
component of the dipole moment of an Az11 molecule is pointing towards the sample surface
and its absolute value is smaller in the trans form than in the cis form of the molecule, the
work function is locally higher in the case of a cis-azobenzene than in the trans case [146,

147]. The influence of local work-function variations on the value measured far away from the
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Fig. 5.2: [Figure as published in Bronsch et al. [153]] (a) Spectra of a 20 % Az11 SAM under 368 nm illumination
(magenta and black curve) and under simultaneous illumination with 368 and 450 nm with different photon
flux ratios. A higher photon flux at 450 nm, 5(450 nm), results in a shift of the low-energy cut-off to lower
energies. The photon flux of 368 nm was kept constant at j(368 nm) = (5.4 4 0.5) - 10’57 cm™2. (b) Sample
work-function as a function of the ratio of the photon fluxes at 450 nm and 368 nm and fit according to first
order switching kinetics (cf. Eq.5.5).

surface was recently studied by Schultz et al. [156]. They reported that non-uniform work
functions across the sample result in a split low-energy cut-off. The work function corresponds
to the maximum of the potential barrier on the emission pathway. In the case of a locally high
work function the maximum of the potential barrier is close to the surface meaning that the
measured work-function value is only a local average. In contrast, if the local work function
is low, the maximum of the potential barrier is further away from the surface and thereby
stronger influenced by the surrounding. This results in a weighted average value of the work
function that will be measured in a certain distance to the sample surface. If both regions
are probed at the same time the locally high work function and average work function will be
measured in parallel resulting in a double structure of the cut-off. Considering the samples
investigated in the present thesis, all parts of the sample that are not illuminated are decorated
with trans molecules leading to a lower work function than in those areas where some molecules
are optically switched into the cis configuration. Since in 2PPE only the illuminated areas are
probed, only the higher work-function value will be measured. This maximal work-function
value will be an average value resulting from the local potential distribution, since the local
work-function variations within the illuminated spot are much smaller that the distance of
the potential maximum to the surface. Therefore a continuous change in the work function
measured by 2PPE is expected when tuning the trans to cis ratio of the chromophores. An
evaluation of the work function for different photon flux ratios J = j(450nm)/j(368nm) = x
leads to the dependence shown in Fig.5.2b. To learn more about the nanoscopic structure of
the SAMs, we aim to relate the induced work-function shift to the average change in dipole
moment per illuminated molecule. As mentioned previously, the Helmholtz equation (Eq.5.2)
allows to calculate the shift of the work function due to a certain change in dipole moment. To
calculate the contribution of a single chromophore to this shift, the total amount of molecules

within the illuminated area and the portion of cis molecules have to be known. The molecular
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density of a 100 % SAM on a Au(111) surface has been studied by Jaschke et al. [157] by
means of atomic force microscopy. They found 2 molecules in a rectangular unit cell with sides
a=(6.23+0.28)A and b = (7.7740.35) A. Independently, Mannsfeld et al. [158] determined
a 10 % larger unit cell by means of STM. In the given example we worked with a chromophore
density of 244+5% of the density of a pure Az11-SAM. Hence, we consider only this fraction in
the following calculations. The isomerization yield x. = {¢ = —<— (Eq.2.8) in a bichromatic

Ttc+Tct
experiment depends on the flux ratio z = j,\Q/j,\l In a first order approximation the rate

constants can be defined as ri. = j,\latc +j,\20 2 and rop = ],\10 +],\ga 2 4 ri b under
illumination at two wavelengths A1 and A2 including the respective isomerization cross—sections
for the two different switching directions o¢t and ot. . Thermal back switching into the trans
state rii

than 100 times longer than the time needed to reach the PSS [154]. We can hence define the

can be neglected in the present experiments, because it occurs on a time-scale more

fraction of cis molecules as follows:

Ne _ ‘7,\10}C +]/\20{\(;2 (5.3)
N o) + 5200 4+ jaodt + jaeod?
which can be simplified to
t)\l
NC _ 03\02 + v (5 4)
N :“72& L <G‘AC:;§°AE> ’ -
tc tc
and entered in Eq.5.2 to define a fitting model for the data shown in Fig.5.2b:
(I)Pss(x) =d; + A@(x), (5.5)
with
N .
e o)
Ad(x) = ——A i 5.6
W= qeat oyt (o2 | (5
—— T T\ T
Aq)max tc tc

where A®, . = &, — P gives the work-function shift between an all-cis and an all-trans SAM.
Considering that it is not possible to optically prepare an all-cis SAM, in the fit function A® .

has to be expressed including the measurable PSS for illumination with light at wavelength A

Ay = ((I)PSS()‘) - (bt)/XC()‘) (57)

to reduce the number of free parameters. If we apply this model to our data with the restriction
that x2°0mm < (.05 and x2082m > (.67 [154], the evolution of ® in dependence of x is described
very well, as can be seen in Fig.5.2b. Second order effects seem to play no crucial role in the
switching process in a 24 % Az11 SAM. The fit delivers the limiting value &y = (4.22£0.01) eV
leading to A®pgs (368 nm,t) = (240 £ 10) meV. As expressed in Eq.5.5, A®Ppgg(368 nm, t)
can be used to find the average change in dipole moment Ap, per illuminated molecule.
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According to results from Nagahiro et al. [147], the relative permittivity of the SAM is assumed
to be € = 2.5 + 0.2. Considering the molecular density measured by Jaschke et al. [157]
(Mannsfeld et al. [158]), the average change in dipole moment perpendicular to the sample
surface ranges from Ap; = 1.6 £0.4D (1.8+£0.5D) to 2.4 £ 0.6D (2.6+0.7D), assuming
Xc(368nm) ranging from 1 to 0.67. Comparing these results with the calculations performed by
Daniel Przyrembel, it can be concluded that neither all isomers switch in the cis up, nor in the
cis down configuration, but there must be a mixture of different orientations with a preference
to the cis down orientations. This result is in agreement with the low polarization contrast

observed in NEXAFS measurements under 365 nm illumination [154].

For potential applications of the investigated system it is necessary to take the fatigue into
account. For this purpose, a model to calculate the actual number of switching cycles of a
single molecule as soon as the PSS is reached was developed. This number depends on the
portion of cis -molecules x. among the switchable molecules on the surface as expressed in
Eq.2.8 in Sec.2.3.2. The rate constants 7. and r¢ are furthermore directly related to the rise
time 7 needed to reach a PSS, as it follows from the solution of Eq. 2.6, which describes the
change of the amount of cis -molecules in time (cf. Sec. A.4.1).

1
T=—. 5.8
Tie + et ( )

Combining Eq.2.8 and Eq.5.8, x. can be related to 7 in the following way:

e
Tte

T

(5.9)

To determine the number S,; of cis to trans isomerizations per molecule per second, the number

of cis — trans isomerizations has to be divided by the number of molecules at the surface:

ret - Ne 2.8 58 (1 59 (1 Xec
Set = N =Tt Xe=\|\=-""Ttc) " Xe=\~-—— | Xec-
T T T

Since the isomerization rates 7 - Ne and . - Ny are equal in the PSS, the number of switching
cycles S5 per molecule equals the number of switching events in one direction. In a multicolor
experiment the rate constants in both isomerization directions add up for the different colors,
€.8. Ttc = » rtAC". Hence, the rise time 7 can be expressed by the rise times of the single color

experiments:
-1 -1 1 -1
T:<Zrég+zr?s> :<Z(rég+rés)> :<ZTA) -
i i i i A

In the following, all calculations regarding the number of switching cycles per molecule in the
PSS of an ensemble are calculated by:

S = (xe = 2) > i (5.10)
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The highest number of switching cycles is hence reached, when both isomers are present
with equal amounts, as shown in Fig.5.3. This number is furthermore limited to 0.25 7!
This expression is valid as long as the rise time is long compared to the time needed for the
elementary switching process, which is in the order of a picosecond [63]. Since 7 depends
on the photon flux, the actual switching time can be further reduced. Thereby the damage
threshold of the SAM is expected to be the limiting factor.

0.25

0.00

Fig. 5.3: Dependence of the number of switching events per second Sc; expressed in orders of 7~ in a PSS on
the fraction of cis -molecules x. at the surface.

Considering the series of data presented in Fig. 5.2, the application of Eq.5.10 yields at least
400 switching cycles for each molecule.! Since the first and last spectrum of the series almost
perfect overlay, we can conclude that fatigue does not occur for this number of switching

cycles.

!For this calculation every spectrum was assigned to a specific PSS, considering the limits x2°°™™ < 0.05 and
X368 > (.67 and assumind a linear scaling of ®psg with x. according to Eq.5.5.
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5.3 The Role of Aggregation in the Switching Process in
Azobenzene-Functionalized SAMs

Tackling an ongoing debate about the role of delocalized excited states in the azobenzene-
aggregate [64, 65, 159-161], photostationary states and effective isomerization cross-sections
are investigated as a function of the excitation wavelength A1 across the Sy absorption band.
As described in Sec.2.3.2, in the self-assembled monolayers the Sy transition dipole moments
of the trans-Az11 molecules may couple and thereby form an H-aggregate. The coupling
strength is strongly influenced by the local Az11 density [57]. In a completely ordered system
the number of molecules per unit cell defines the number of states among which the oscillator
strength of the ensemble is distributed (cf. Sec.2.1.2). The broad S bands in the SAMs hint
to the presence of a variety of states with non-zero oscillator strength due to different relative
orientations of the chromophores. In the case of a SAM, the band maximum is shifted to higher
energies in comparison to non-coupled trans isomers in solution. The stronger the energetic
shift with respect to the non-interacting molecules, the more delocalized is the excited state.
The question, whether the excitation of the delocalized states does induce significant trans—cis
switching, is investigated by comparing photostationary states and effective isomerization
cross-sections across the So band using the method of work-function manipulation described in
Sec.5.2.2.

5.3.1 Wavelength-Dependent Work-Function Shifts

Under optical excitation an ensemble of azobenzene derivatives approaches a wave-length-
specific photostationary state. The relative amounts of cis isomers in these PSSs is given by
Eq.2.8. In a monochromatic experiment this equation can be transformed into an expression

considering only isomerization cross-sections oiso:

Uiso,tc(/\)
O—iso,tc(A) + O—iso,ct(A) ’

Xc(A) = (5.11)
SINCe T'tc/ct = J* Oiso,te/ct @S long as thermal back-switching can be neglected. The isomerization
cross-section is defined as the product of the absorption cross-section o, and the isomerization

quantum vyield @ for a specific isomerization direction:

Oiso,tc/ct = Tabs,t/c th/ct' (512)

Decisive for the PSS are hence the absorbance of the illuminating light by the two isomers and
the isomerization quantum yields.

Whereas the absorbance and quantum yields are well known for the non-interacting Az11
isomers from absorbance measurements in solution, in the SAM only the positions of the trans

absorption bands are known. However, potential absorption of the light by cis isomers has
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Fig. 5.4: (a) 2PPE spectra of a 50% Az11 SAM under simultaneous illumination with a cw laser at 450 nm
and a pulsed laser at A1 =312nm (top part, green curves) and 361 nm (bottom part, blue curves) with different
photon flux ratios j(450nm)/j(A1). For comparison the work function, which would be reached under 450 nm

450nm

illumination only, ®538"™, is marked by a dashed black line. (b) Work function ® as a function of the photon

flux ratio j(450nm)/j (A1) for Ay=312nm and 361 nm (green and blue markers, respectively). The dashed green

and blue curves show fits according to Eq.5.17. Work functions ®5ag™, ®32™ and ®3LP™ are marked by

horizontal lines to illustrate the size of the work-function changes A®pss.

to be considered when discussing changes in the switching characteristics for excitations at

different wavelengths.

To compare the dependence of PSS on the excitation wavelength A\ for non-interacting and
excitonically coupled molecules, the work function of a 20% and a 50 % Az11 SAM was
investigated as a function of A1 and compared to the wavelength-dependence derived from
absorbance data gained for Az11 in solution. Figure5.4a shows series of 2PPE spectra analog
to the data presented in Sec.5.2.2, but in this case A\;=312nm (top) and A\;=361 nm (bottom)
have been combined with the cw laser at 450 nm. Comparing the low energy cut-off of the
spectra taken under illumination with 361 nm and 312nm to the work function ®pgg(450nm)
the sample has in the 450 nm PSS (dashed line), it can be seen that 361 nm illumination shifts
the sample work-function stronger than 312 nm illumination. To determine the work-function
shifts A®pgg(A1), @ was evaluated as a function of the photon flux ratio = j(450nm)/j(\1),
as illustrated in Fig.5.4b.

In Sec.5.2.2 a model was derived relating the work function of the sample to the PSS created
by simultaneous illumination with light of two different wavelengths (cf. Eq.5.5). Since this
equation refers to the all-trans and all-cis SAMs, which cannot be obtained experimentally,

it contains correlated parameters and is only applicable if the PSSs for the monochromatic
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Fig. 5.5: [Figures adapted from Bronsch et al. [162]] (a) Absorbance spectra of Az11 solved in methanol under
different illumination conditions (top) and extrapolation of the PSS for excitation across the Sa absorption band
(bottom). The extrapolation is calculated according to Eq.5.19 assuming that the isomerization quantum yield
does not change across the Sz band. (b) Work-function shift in dependence of the excitation wavelength for
chromophore densities of 50 and 20 % (red rectangles and black circles, respectively) referring to the left axis
and expected behavior for non-interacting molecules (gray curves) referring to the right axis. Both chromophore
densities show the same trend in the evolution of the PSS, as it is expected for non-interacting molecules. The
parenthesized data point stems from a series with unusual high variations, which is indicative of a local sample
defect.

illuminations are known. However, these are only available from NEXAFS studies for 365 nm
and 455nm [154]. It is hence necessary to transform Eq.5.5 to a form with a reduced number

of free parameters. Using the boundary conditions

UtC(Al)
)] A)=0(0) =& APy =& AP xe(A1), 5.13
PSS( 1) ( ) t + a Utc()\l)+act(>\1) t + a Xc( 1) ( )
Ppss(Ae) = lim @(z) = P + APmaxXc(A2), (5.14)

with = j(A2)/j (A1), @t and APpax can be related to the measurable PSSs by

A®pgs = Ppss(A1) — Ppss(A2) = APpmax - (Xe(A1) — Xe(A2)) (5.15)
and
(I)t = q’pss()\g) - A(I)max . XC(AQ)' (516)
Insertion of Eq.5.15 and Eq.5.16 in Eq. 5.5 then yields the new fit function:

"
®(z) = Ppss(A2) + Abpss - ———. (5.17)

with 7 = Giso(A1)/Fiso(A2) being the ratio of the effective isomerization cross-sections at \;
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and X2.2 In the experiments described below, Ay was always chosen to be 450 nm.
Whereas AdPpgs(A1) is a measure of the fraction of cis molecules x. in the PSS, 7(A1) depends
on the effective isomerization cross-section and is hence a measure of the photon dose needed

to drive the system into the PSS. The latter will be discussed in the next subsection.

Considering the wavelength-dependence of the PSS, the focus is first drawn to the non-
interacting molecules. The upper part of Fig.5.5a shows again the results for the absorbance
of Az11 solved in methanol under different illumination conditions as presented in Sec.2.3.2.
The pristine solution contains only trans molecules, whereas under illumination (97 + 3) % of
the molecules are in their cis configuration.3 The spectral shape of the Sy absorption bands of
the two isomers allows to extract the fraction of cis isomers for other illumination conditions,
since e.g. at 380 nm only the trans isomer absorbs. Hence, it is possible to just read off the
absorbance at this wavelength and compare it to the value in the pristine case to determine ..
In this way one can find x.(310nm) = (48 & 2)%, as marked in the lower part of Fig.5.5a.
Even without measuring the absorbance for illumination at each wavelength separately, the
evolution of x. across the So band can be estimated from the absorbance measured for the
all-trans and the all-cis case taking into account that in solution the isomerization quantum
yields for trans — cis and cis — trans isomerization do not change significantly within one
absorption band as reported by Zimmerman et al. [163]. An expression for X, as a function
of the absorbance A and the isomerization quantum yields ) can be derived by combining
Eq.5.12 and 5.11 to

-1
Qct Tabs c(>\)
(A) = ——— 41 5.18
X ( ) <th Uabs,t(A) ( )
and by using the proportionality of 0,15 and A according to the Lambert-Beer law:
Qct AC(A) )_1
() = ( +1 . 5.19
X ( ) th At(>‘) ( )

The extrapolation of x. shown in the lower part of Fig.5.5a is done by using Eq.5.19 with the

ratio of the isomerization quantum yields fixed to its value at 310 nm:

Que()) 1 Qe
QN Que

1 A
- 1) d(3100m) 4 604 0.13. (5.20)

310 nm B (Xc(310 nm) Ac(310nm)

To compare the evolution of the PSS in the excitonically coupled system to the case of the
non-interacting molecules, in Fig.5.5b the extracted wavelength-dependent work-function shifts
A®pgg are plotted as markers against the left axis and the extrapolated change in Ay, ;e for
non-interacting molecules is plotted as gray curves against the right axis. Since the A®pgg
refers to the PSS at 450 nm, the same is done for the change in the fraction of cis molecules,

which means that Ax. el is normalized so that zero corresponds to the PSS under blue light

2A detailed demonstration of the transformation from Eq.5.5 to Eq.5.17 is given in Sec. A.4.2.
3This value is estimated from the absorbance at 380 nm of the Az11 SAM under illumination with 365 nm.
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illumination and 1 to the maximal achievable fraction of cis isomers x.(365nm):

Xc(A) — Xe(455nm)

Axera(N) = .
Xewel(A) = e ) — xo(455nm)

(5.21)

The evolution of the work-function shift follows for both investigated Az11 coverages, 20 and

50 %, the trend of Axc e derived from non-interacting molecules.

5.3.2 Wavelength-Dependent Kinetics of the Switching Process

After discussing the evolution of the PSS, the focus is now drawn to the wavelength dependence
of the effective isomerization cross-section, which is a measure for the amount of photons
needed to reach a PSS. The effective isomerization cross-section is the sum of the isomerization
cross-sections of the two isomerization directions. It hence depends on the absorption cross-
sections and the isomerization quantum yields for trans — cis and cis — trans isomerization. The
effective isomerization cross-section can be calculated in an analogue manner as the evolution
of x. across the So band for the limit of non-interacting molecules, which was determined in
the previous section from the absorbance of an Az11 solution, according to:

&iso()\) = Oabs,t * Qtc + Oabs,c Qct (522)

The proportionality factor C' = 2.0467-10~5cm? between the absorption cross-section o, and
the absorbance A()) can be determined from the pristine data.* As before, it is assumed that
in solution the isomerization quantum vyields are wavelength-independent within one absorption
band and the values determined at 310 nm are used for the extrapolation of &is, shown in the
bottom part of Fig.5.6. The derived development of the effective isomerization cross-section
shows a maximum between 330 nm and 340 nm, i.e., at lower wavelength then the maximal

absorbance of the trans isomer.

Indirect Kinetics Measurements by 2PPE

The second parameter 7 in Eq.5.17 is given by the ratio of the effective isomerization cross-
sections at wavelengths \; and \o. Since Ay was fixed to 450 nm, the wavelength dependence
of 7 represents the one of Giso(A1). Figure5.7a shows fitting results of 7 for the same data
sets for which the wavelengths dependence of A®pgg was discussed in the previous section.
The analysis of the 20% Az11 SAM is represented by the black open cycles, whereas the red
open rectangles mark the values gained for 50 % surface coverage with Az11 molecules. Even

though some of the extracted values have quite large error bars, a clear decrease of 7 is shown

4C _ In(10)  €(347nm)
— "Na Ay (347nm)
coefficient of the trans molecule. For details see the supplementary online material of Ref.[162].

with the constant of Avogadro Ny, and ¢; = 27.3-10°cm?/(mol-1) being the extinction
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for increasing wavelengths. The largest contribution to the uncertainty is the determination
of the spatial overlap of the two laser beams. Whereas this has no influence on the limits of
®(j(N2)/j(A1)), it strongly influences the curvature of the function (see Eqgs.5.17 and Fig.5.4),
which is represented by 7. Since the work function is lowest in the center of the cw beam,
the spatial overlap of the two laser beams was optimized by maximizing the 2PPE signal and
additionally checked by a CCD camera. Exemplary images of the spot profiles of the pulsed
and cw beam are given in Fig.5.7b and c. To account for deviations from 2D gaussian beam
profiles, the determination of the mean photon flux ratios included an integration over the two
profiles. Furthermore, since only the pulsed beam creates the 2PPE signal, the local photon
flux ratios were weighted with the profile of the pulsed beam, leading to the following function
to determine the mean photon flux ratio:

j(a50nm) S TGP (A r)dPr (5.24)
i) 7201 |

Since the CCD chip was placed at the same distance to the focusing mirror as the sample, but
outside the chamber, small deviations to the real position of the beams are expected due to the
light dispersion caused by the entrance window to the chamber. This is taken into account in
the error calculation by adding the difference in the determined photon-flux ratios for perfectly

overlapping spots and the geometrical arrangement detected by the camera.

For comparison, the theoretical extrapolation® of the ratios of the effective isomerization
cross-sections for the non-interacting Az11 molecules is also shown in Fig.5.7a by the dashed

gray curve. The wavelength dependence of 7 in the SAMs clearly deviates from the one in

5For comparison, the extrapolated curve for Giso(A) for non-interacting Az11 molecules shown in Fig.5.6 was
divided by &iso(450nm) = 0.7 - 107 *"cm? (cf. Ref.[154]).
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Fig. 5.7: (a) Ratios of the effective isomerization cross-sections at A1 and 450 nm as a function of \; for 20
and 50 % concentration of Az11 molecules in the SAM (black and red markers respectively). For comparison,
the black filled cycles show the data gained by DRS and the dashed gray curve shows the trend expected for
non-interacting molecules. (b) and (c) Exemplary camera pictures of the spot profiles of the pulsed laser beam
(350nm) and the continuous-wave laser beam at 450 nm, respectively. The intensity scale ranges from zero
(white) to maximal intensity (black).

solution, showing significantly lower cross-section ratios for longer wavelengths within the So
band. The significant reduction at longer wavelengths can be explained by the redistribution of
oscillator strength in the trans aggregate compared to non-interacting trans molecules. Only in
the range of significant absorbance of the non-interacting cis isomers comparable values can be
reached in the SAM and in solution. In the latter case Gigo(A) is dominated by ¢ (A).

Direct Kinetics Measurements by 2PPE

Tracking the work function as a function of time allows to determine absolute values of the
effective isomerization cross-section. Therefore, the laser setup was adjusted in a way that
simultaneously 305 nm pulses and pulses at another wavelength within the S band region were
produced by the two OPAs and alternately sent to the sample. Figure5.8 shows the 2PPE
intensity during the kinetics measurements as a function of final state energy and measurement
time. Here, 361 nm and 305nm laser beams were sent alternately to a 20% Az11 SAM.
During the first few spectra the sample was not illuminated (dark) before the 361 nm beam
was unblocked for a few seconds. Afterwards the 361 nm was blocked and the 305 nm beam
unblocked with a short delay. The procedure was repeated several times to monitor the evolution
of 2PPE spectra when the sample changes between the PSSs at 361 nm and 305 nm. Due to
the high photon flux densities needed to create the 2PPE signal, spectra were recorded every

0.344 s including 0.1s for signal detection. The work function was evaluated for each spectrum,

96 CHAPTER 5. AZOBENZENE-FUNCTIONALIZED SAMS ON AU(111)



5.3. THE ROLE OF AGGREGATION IN THE SWITCHING PROCESS IN
AZOBENZENE-FUNCTIONALIZED SAMS

; ; rllllll |I N T T Il"ll|
e E: L 1% i Y 20% Az11
w = !
W 0
>
>
(]
c
(]
[]
T
)
©
c
T
0 20 40 60 80 100 120
Time (s)

Fig. 5.8: 2PPE intensity as a function of time and final state energy for alternating illumination of a 20 %
Az11 SAM with 361 nm and 305 nm. The low-energy cut-off of the spectra changes exponentially as soon as the
illumination conditions are changed from one color to the other. The red circles in the right half of the figure
mark exemplary the extracted low-energy cut-offs of the single spectra, which are then fitted to determine the
isomerization cross-sections.

as indicated with the red markers in the right part of Fig.5.8.

To theoretically describe the work function as a function of time, the time-dependence of x.(t)

has to be considered, which follows from the solution of the differential equation 2.6:

O(t) = D(0) + Ay - (xelt) — xe(0) (5.25)

= @(0) + A+ (xe(00) = Xel0) + (xe(0) — xe(00)) - 497) (5.26)

= ®(0) + APpax - (xe(00) = Xe(0)) + APy - (xe(0) — Xe(00)) e 70 (5.27)
P(00) APp

In the 2PPE experiments the light used to switch the molecules is also used to photoemit
electrons. Therefore it is necessary to work with focussed beams with a diameter much smaller
than the sample size. Due to the gaussian beam profiles, the photon flux j has to be considered
as space dependent. Furthermore, since 2PPE is a second order process, the measured electron
yield does not scale linearly, but quadratically with the photon flux j(r). To account for this,
the change in the work function is weighted with j2(r) in the fit function ®(t) applied to the

data:
) —t'j(T)'&isonT

Ja5?(r)d?
The experiment shown in Fig. 5.8 was repeated with the wavelength combinations 305 nm /350 nm,

305nm/340 nm and 305nm/330 nm for the 20 % and a 50 % SAM. The extracted average

values for Giso(A) are shown in Fig.5.9. The uncertainty values include the range of determined

P(t) = @(00) + Adg e - UERG (5.28)

values at each wavelength. The values are again compared to the dependency derived for
non-interacting molecules. As already described in the previous paragraph, when comparing the
ratios of the effective isomerization cross-sections, lower values are observed in the SAM than in

solution, which means that reaching the PSS takes more time in the case of excitonically coupled
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molecules. The reduction of the effective isomerization cross-sections is interpreted as a result
of the redistribution of the oscillator strength towards shorter wavelengths. However, these
shifted states do not contribute to switching, as it can be concluded from the low cross-sections
observed around 310 nm, where the maximum of the excitonically shifted absorption band

appears. Hence, only the excitation of weakly coupled states leads to switching.
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So far from other experiments only a few values for effective isomerization cross-sections of Az11
SAMs are available, only for 20 % Az11 surface coverage and for two different wavelengths within
the Sg absorption band, namely 310 nm and 365 nm. Changes in the DR signal at 320 nm were
recorded to determine Gigo. For illumination with 310 nm different values have been found when
switching either from the PSS at 455 nm or the PSS at 365 nm towards the PSS at 310 nm. When
switching from the PSS at 455 nm to the PSS at 310 nm G, (310nm) = (0.7840.07)-10~7cm?
was determined, whereas when starting from the PSS at 365 nm, the value was slightly lower,
Fiso(310nm) = (0.66 4 0.07) - 10~ *7cm?. When switching from the PSS at 455 nm directly to
the one at 365 nm, Gis,(365nm) = (0.20 £ 0.01) - 10~7cm? was observed [162]. Furthermore,
NEXAFS spectroscopy results are available, where high-resolution N 1s spectra of the LUMO
resonance were used to track changes in the spectral shape during illumination. In NEXAFS
Fiso(365nm) = (0.14 £ 0.02) - 10~ 7cm? was determined [154]. In the 2PPE experiments
cross-sections up to one order of magnitude higher than expected from NEXAFS and DRS
results have been measured. When comparing these results, it has to be considered that
DRS is measured under ambient conditions, whereas NEXAFS and 2PPE are measured in
vacuum. Furthermore, all three techniques measure different physical quantities. Currently this
discrepancy is still an open question. One possible influencing variable in the 2PPE experiments
might be the sensitivity to changes in the average orientation of the molecules. Weakly coupled
molecules, which have larger distances to their nearest neighbors, are expected to switch easier
than stronger coupled ones. More space for switching could results in a switching to the

cis down configuration, which leads to larger changes in the local work function than cis up
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orientations. This effect might influence the 2PPE kinetic evaluation, since larger amounts of

cis molecules would switch in a shorter time.

Summarizing the results discussed in the present section analyzing the light induced work-
function shifts, it was obtained that the wavelength-dependence of the fraction of cis molecules
in the SAM as well as the relative and absolute isomerization cross-sections follow the one
deduced from non-interacting molecules in solution. In other words, even though the excitonic
coupling between the trans molecules strongly influences the optical properties of the SAM, the
delocalized excited states of the aggregate do not contribute significantly to switching. The
obtained results furthermore suggest that the So band of the cis molecules in the SAM is not
shifted with respect to the non-interacting molecules, meaning that excitonic coupling between

the cis isomers in the SAM can be neglected.
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5.4 Outlook:Towards Spatial Mapping of the Work-Function
Shift

In the Bachelor thesis of Jan Boéhnke, we used photoelectron emission microscopy for spatial
mapping of the work-function shift to show its spatial restriction to the laser beam. The
photoelectrons were emitted by a mercury lamp illuminating the sample. The emission spectrum
of the lamp is given at the bottom of Fig.5.10. The most important emission lines (314 nm,
366 nm and 438 nm) are marked with solid lines and related to the corresponding positions in
the absorptions bands of aggregated (DRS of a 20 % Az11 SAM, middle) and non-interacting
molecules (absorbance of Az11 in solution, top). Considering the effective isomerization cross-
sections determined in the previous section, the PSS under illumination with the mercury lamp
is expected to be closer to the all-trans than to the all-cis SAM.

o Az11 Solution
o 0.04
c
@®
S
S 0.02 \
Q
<
2.0
. 20% Az11
S 15 \ SAM Fig. 5.10: Top: Absorbance of non-
T h“\\ interaccting trans (black curve) and cis
%’7 1.0 \- Azl1l(magenta curve) molecules.
— Middle: DR signal of a 20% Az11 SAM in
05 an all-trans configuration (black curve) and
under 365 nm illumination (magenta curve).
= Bottom: Emission spectrum of the mercury
>% Hg lam
35S lamp. The solid black lines indicate the most
2 < ’ relevant emission lines of the Hg lamp and
T T e relate them to the position in the absorption

250 300 350 400 450 500 bands of the non-interacting or excitonically
Wavelength (nm) coupled Az11 molecules.

To create a significant contrast in the PEEM signal, a continuous-wave laser at 372 nm was
focussed onto the probed sample area to shift the PSS towards a higher fraction of cis molecules.
The laser has in good approximation a 2D gaussian profile with different FWHM values in
the two directions. This means that the highest fraction of the measured total photon dose is
reached in the center of the laser beam. As discussed above not only the laser, but the Hg lamp
as well induced switching of the molecules. The illumination of the sample with the Hg lamp
can be assumed to be constant across the whole region of interest. Considering the spatial
variation in the relative photon fluxes of both light sources, cw laser and Hg lamp, across the
beam profile of the laser pointing on the sample, it is possible to simulate the spatially resolved
work-function variations due to the distribution of photostationary states according to Eq.5.17.
Whereas the photon flux of the cw laser was varied during the experiments, the photon flux of

the Hg lamp was held constant at j(Hg) ~ 10'® photons per second and cm?.
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Fig. 5.11: Top row: Simulation of the work-function variations according to local photostationary states
between the limits of an almost all-trans SAM under 455 nm illumination (white) and a predominantly cis
SAM under 365 nm illumination (red) for a ratio of the photon flux reached in the maximum of the laser
beam profile jmax(365nm) and the photon flux of the 455nm background illumination j(455nm) of (a)
Jmax(365nm)/j(455nm) = 0.022, (b) jmax(365nm)/j(455nm) = 0.22 and (¢) jmax(365nm)/j(455nm) =
2.2. Bottom row: Differential PEEM images measured for a ratio (d) jmax(372nm)/j(Hg) ~ 0.2 and (e)
Jmax(372nm)/j(Hg) & 2 of the photon flux reached in the maximum of beam profile of the 372 nm laser and
the Hg lamb background illumination. Both figures are set to the same color scale. White areas mark no change
in the work function in comparison to the image with Hg lamp illumination only, whereas red areas have lower
electron yield (higher work function). Due to statistical fluctuations of the Hg lamp or sample damage some
areas show an enhanced signal with respect to the measured background image. Those areas are marked in blue.

To simulate the expected spatial work function variations, | approximate the impact of the
Hg lamp by a light source comprising only one wavelength, namely 455 nm since the effective
cross-sections Giso(455nm) = 1.2 - 107 cm? is well known from NEXAFS experiments [154].
In addition to a constant 455 nm background, the beam profile of the laser spot measured with
a CCD camera was considered assuming a certain photon flux and an effective cross-section
of Giso(372nM) ~ Giso(365 & 5nm) = 1.4 - 10718 cm?. Figure 5.11a-c show such simulations
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for three different ratios of the photon flux reached in the maximum of the beam profile of
the laser and the photon flux of the Hg lamp. The color scale is normalized from areas with a
work function corresponding to the almost all-trans SAM in the PSS of 455 nm (white) to the
work-function reached in the case of a predominantly cis SAM in the PSS of 365 nm (red). In
Figure 5.11a the photon flux in the maximum of the laser beam profile is set to only 0.022 times
the value of the photon flux of the 455 nm background illumination, whereas in Figure5.11b it
is set to 0.22 - j(455nm) and in Figure5.11c to 2.2 - j(455nm).

For comparison the difference images for PEEM measurements with and without the 372 nm cw
laser for a photon flux in the maximum of the laser beam profile of ~ 0.2 - j(Hg) (Fig.5.11d)
and ~ 2 - j(Hg) (Fig.5.11e) are shown. The areas showing a change in the electron yield nicely

fit to the results of the simulation, which assumed first-order kinetics.

The experimental set-up will be equipped with a fs-laser system in near future. This will allow

for spatial resolved tracking of the switching kinetics across the beam profile.
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5.5 Summary

Studying the work function of mixed Az1l SAMs on Au(111) under different illumination
conditions, several aspects of the switching process have been discussed. Since the two Az11
isomers have significantly different static dipole moments, the work function of the SAM/Gold
sample is a measure of the photostationary state of the ensemble. Hence, comparing work
functions measured under different illumination conditions allows for comparing the fraction of
cis isomers in the corresponding PSSs. Furthermore, tracking the change in the work function
as a function of the photon dose gives insight in the effective isomerization cross-sections under
certain illumination conditions. Considering the role of the excitonic coupling of the trans
isomers in Az11 SAMs, it has been shown that the distribution of oscillator strength among
several eigenstates of the ensemble leads to a general lowering of the effective isomerization
cross-section. Furthermore, the evolution of the fraction of cis isomers for excitation energies
across the Sy absorption band showed similar behavior as for the non-coupled Az11 molecules.
This leads to the conclusion that the excitation of delocalized states of the trans ensemble does
not lead to trans — cis isomerization. Besides lower fractions of cis isomers at lower excitation
wavelengths, larger effective isomerization cross-sections have been found. Combined with the
evident resemblance of the evolution of the PSS to the behavior of non-interacting molecules,
this indicates that the position of the So band of the cis isomers in the SAMs has to be in the
same energetic region as for the non-coupled molecules. In other words, cis molecules do not

couple excitonically.

In terms of application the possibility of fast, precise and reliable work-function tuning via
simultaneous use of two external optical stimuli with variable relative photon fluxes has been
discussed. Here a pulsed laser exciting an So transition was used to measure the work function,
while a continuous wave laser excites S; transitions and thereby enhances the cis — trans
back-switching rate. Depending on the average orientation of the isomers, work-function
shifts up to 240 eV with respect to the all-trans SAM have been observed. The experiments
showed that reversible work-function tuning is possible on the time scale of a few seconds.
Photon fluxes in the order of 10!7 photons per second and cm? can be used to switch every
molecule in average more than 800 times within two minutes without measurable fatigue.
Furthermore, Photoelectron emission microscopy experiments confirmed that the work function
can be changed locally at the position of the focussed beam. Hence, patterns of locally varying

work functions can be written onto the sample surface via external optical stimuli.
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Chapter 6

Summary

Exciton formation and excitonic coupling are important fundamental processes in molecular
thin films. Such films are used in modern device technologies such as organic light emitting
diodes or organic solar cells. Likewise organic films are used to functionalize photoresponsive
surfaces. In the present work two model systems were chosen to investigate the influence
of excitonic band formation on the coupling of an electronic excitaton to nuclear degrees of
freedom. The fundamental time-scales of the exciton population dynamics are studied at the
example of the S; Frenkel exciton in a-sexithiophene. Whereas the impact of excitonic coupling
on an ensemble property is investigated for the light-induced switching of azobenzene-based
self-assembled monolayers. Studies regarding the electronic structure of the samples under
investigation and exciton population dynamics were performed by means of time-resolved
two-photon photoemission spectroscopy. Furthermore photoelectron emission microscopy and
differential reflectance spectroscopy were applied to gain information on film morphologies and

optical properties.

In Chapter 4 the focus was drawn to the population dynamics of the S; Frenkel exciton (FE) in
epitaxially grown thin films of a-sexithiophene on Au(111) surfaces. Three main questions built
the basis of the research performed at this model system of an organic semiconductor/metal
interface: (1.) What is the population pathway of a singlet Frenkel exciton in an organic
semiconductor? Is it necessary to provide excess energy with respect to the optical band
gap? (2.) What is the time-scale of dephasing after the initial excitation in order to populate
the excitonic state? (3.) How does the interaction with the substrate influence the exciton
population and relaxation dynamics?

The electronic and excitonic structure of the molecular film strongly depends on the film
morphology. Therefore, the focus was first drawn on the investigation of the coverage-dependent
6T film structure. Photoelectron emission microscopy experiments performed in collaboration
with Thorsten Wagner from the Johannes Kepler university in Linz reveal two different phases
of the film morphology when growing multilayer films of 6T /Au(111). While the first and
second layer close completely, in higher layers pm-sized crystallites form and cover about 60 %
of the surface. Time-resolved 2PPE-experiments clearly showed that the two-layer thick wetting
layer is needed as a decoupling layer in order to observe a population of the S; exciton state
and get a significantly long exciton lifetime. When the energy transfer into the substrate takes
long enough to observe the exciton state, this state is populated within the pulse duration
of the laser pulses. In order to be able to tune the excitation energy through the FE band,

differential reflectance spectroscopy data were recorded during the growth process to determine
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the coverage dependent energetic position of the exciton band. | showed with 2PPE experiments
that the FE can be populated using excitation photon energies in the range from 2.3V to at
least 3.1 eV, which is the full range observed for the S absorption band. The observation of the
population of the exciton state through excitation with 2.3 eV at the exciton band bottom shows
that it is not necessary to provide excess energy. In order to create not just a polarization, but
a population of the excitonic state it is enough to just overcome the optical bandgap. Excess
energy is observed to be mainly transformed in additional vibrational excitations of the 6T
molecules. In a collaboration with Ralph Piittner, the impact of vibronic transitions in the pump
and probe steps on the photoemission spectra was analyzed. The photoemission spectra were
calculated starting from different vibrational levels in the excited state under the assumption
of single molecule potential energy curves and only one active vibrational mode, namely the
C=C stretching mode with an energy of 180 meV. Combining these calculated spectra with a
rate equation model, | modelled time-resolved photoemission data. The simulations performed
in this framework demonstrate that the higher energetic shoulder of the exciton band bottom
peak can be explained by vibronic excitons in the pumping step when exciting with excess
energy. The best agreement was found for a vibrational relaxation time constant of 70fs,
which is a reasonable value for an oligomer [125]. Furthermore, it was elucidated that in
amorphous 6T films samples the exciton dynamics are superimposed by downhill migration
processes occurring on the picosecond time-scale, which cause a time-dependent energetic shift
of the intensity distribution. By comparing the exciton population dynamics of ordered and
non-ordered samples, it was possible to link the data presented in the present work to those
observed in tr-2PPE experiments on 6T /Au(111) performed by Varene et al. [7] and to give a
new interpretation on the exciton population pathway and the exciton relaxation mechanisms

from their data.

In Chapter5 the role of the excitonic coupling in the photoisomerization of azobenzene units
in diluted azobenzene-functionalized alkanethiolate self-assembled monolayers was discussed.
Using the fact that the different static dipole moments of the trans and cis chromophores
induce a shift of the sample work-function [146, 147], it was shown that the photoisomerization
process of the excitonically coupled azobenzenes in the SAM follows the behavior of non-
interacting chromophores. Excitonic coupling does not promote cooperative swichting but
reduces the effective cross section for photoisomerization. This observation is independent
of the chromophore density. Furthermore, it was demonstrated that the work function of a
SAM/Au(111) sample can be tuned over a range of up to 200 meV by adjusting a photostationary
state through variation of the relative intensities of two light sources which are simultaneously
exciting the sample. Using PEEM it was possible to image the area of a SAM switched by a
laser beam due to the work-function contrast to the environment. The experiments revealed
that the work function of a SAM/Au(111) sample can be tuned locally in a fast, precise and
reliable way by external optical stimuli.
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Appendix A

Supplementary Material

A.1 Evaporator Design Maodification

As discussed in Sec. 3.1.4, the evaporator for organic molecules originally designed by Daniel
Brete [92] was used in a slightly modified version. The original design of the evaporator contains
a base plate for upright mounting of two crucibles. The glass crucibles are surrounded by
copper shieldings. To reach a satisfactory thermal connection between the copper and the
glass crucible, a crinkled aluminum foil has to be added between them. The copper cylinders
are heated independently of each other via filaments surrounding them. To electrical isolate
the filament wires from the copper, a thin glass cylinder encases the copper cylinders. The
electrical isolation from the base plate is achieved through quartz cylinders and ceramic disks

at all necessary positions.

Outer Shielding Shutter

Inner Shielding

Filament

Fig. A.1: Modified evaporator
Copper Shielding design containing canted crucibles

of Glass Crucibles and an inner and outer shielding to
Base Plate prevent condensation of molecules

at unwanted places within and out-
side the evaporator.

In the present work a new base plate was designed, which tilts the two crucibles by 7° to
make them point to the same spot at a distance of 10 cm with respect to the opening of the
crucibles. The structure of the evaporator in the new design is shown in Fig. A.1. This design
allows for simultaneously evaporation from both crucibles, if co-adsorption of two different
molecules is desired for network formation. To prevent molecules from condensing at the
neighboring crucible, a shield was added in between the crucibles (cf. inner shielding in Fig. A.1).
Furthermore, an outer shield surrounding both crucibles was added to prevent unnecessary

contamination of the UHV chamber with organic molecules.
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A.2 Electronic Structure of Au(111)

Ein - Er (eV)
-3 -2 -1 0
11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1
Au(111)
d-bands hv=4.26 eV

2PPE intensity (arb. unit)

5 6 7 8 9
Efna - EF (8V)

Fig. A.2: 2PPE spectrum of Au(111) for excitation with hv =4.26 €V photons.

In order to discriminate the electronic structure of the organic film and the organic/inorganic
interface from the one of the Au(111) substrate, an exemplary 2PPE spectrum of the clean gold
substrate excited with photons of energy hv =4.26 eV is presented in Fig. A.2. The spectrum
shows initial states at binding energies of -2.6 and -2 eV with respect to the Fermi level, which
is the expected range of Au d-bands according to theory and experiments presented in literature
[164, 165] as well as the Shockley surface state (SSS) at 0.4eV below Er, as expected for
a clean Au(111) surface (cf. Ref.[165-167]). The kink observed below the surface state is
assigned to the gold sp-bands [168]. In agreement to literature, the work function of the clean
surface, which is read off from the low-energy cut-off, amounts to 5.4¢eV [120, 169].

This section is also published in the supplementary material of Bronsch et al. [118].
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A.3 o-Sexithiophene/Au(111)

A.3.1 Intensity Loss and Background Correction

A decrease in intensity upon light exposure was observed in the 2PPE experiments of the
present study, as it was observed also by Zielke [104]. To prevent distortions in the analysis of
the life times of the excited states due to this effect, an intensity loss correction was applied to
the raw data before performing further data evaluation. This correction accounts for 2PPE
intensity losses due to small changes in the sample structure as well as decreases of the laser
power. The correction scheme is valid under the assumption that the relative signal loss is
the same over the whole spectrum. This assumption is fulfilled in good approximation for
most 2PPE measurements. Otherwise the data have been neglected, since significant changes
in the electronic structure with illumination time are an indication for considerable changes
in the sample structure and therefore exclude the use of the data. Usually the time-resolved
measurements were repeated 10 times to improve the statistics. Figure A.3a shows the raw data
of 10 repetitions of a time-resolved measurement with non-equidistant pump-probe delay steps
as a function of the measuring time. To proof the trustability of the data, the angle-integrated,
non-correlated background spectrum and the spectrum of temporal overlap were compared
for each repetition, as shown in Fig. A.3b. Afterwards, the intensity decrease was fitted as a
function of the measurement time. This is important especially for time-resolved measurements
with non-equidistant pump-probe delays, since in this case the intensity loss with measuring
time influences the fast contributions to the relaxation times stronger than the slower ones due
to the higher density of data points for short pump-probe delays. For this purpose, the series
of angle-integrated spectra were plotted as a function of measuring time and integrated in the
energy range of 5.18 to 5.75eV (cf. Fig. A.3c). The integration window was chosen so that it
is well above the low-energy cut-off and well below the image-potential state, since these two
characteristica could show changes due to redistributions of the 6T molecules on the surface
(e.g. due to Oswald ripening), without implying changes in the chemical structure and hence
in the electronic structure of the molecules. To fit the intensity loss, the temporal evolution
of the non-correlated background spectrum was fitted with a single exponential function (cf.
Fig. A.3c). The inverse of the resulting fit was then used as a scaling function. Each row of the
intensity map was multiplied with the scaling function before the individual repetitions were
summed up and the averaged 2PPE intensity was plotted as a function of final state energy

and pump-probe delay (cf. Fig. A.3d).

To distinguish the correlated 2PPE signal of the two pulses from the non-correlated background
signal, the time-resolved measurements included a few data points at large negative delays,
where no correlated signal is expected. The average of these spectra was used to determine the
non-correlated background and subtract it from each spectrum. The background corrected
version of the data shown in Fig. A.3d is displayed in part (e) of the same figure.
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Fig. A.3: (a) 2PPE intensity as a function of final state energy and measuring time for ten repetitions with
non-equidistant pump-probe delays. (b) 2PPE spectra for pump-probe delays of t=0 (larger amplitude) and
t=-12 ps (smaller amplitude) of each repetition. The first repetitions is marked in red, the last one in blue as
marked in the map in (a). The spectra taken from the remaining repetitions are colored in black. (c) 2PPE
intensity summed in the energy range between the black horizontal lines drawn in (a) (black curve). The first
five data points in each repetition (red markers) are used to fit the loss in intensity over time with an exponential
function. To scale the data, they are multiplied with the inverse of the fit result (blue curve), so that each
repetition is scaled to the first one (cf. olive curve). (d) Summed 2PPE intensity of the scaled repetitions as a
function of final state energy and pump-probe delay including the non-correlated background and the correlated
signal of the two pulses. (e) Correlated 2PPE intensity. The non-correlated background signal (average of the
first 5 spectra for large negative delays) is subtracted from the map shown in (d).
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A.3.2 Electronic Structure

Image-potential state in front of the 6T monolayer: In Sec.4.2.2 it was discussed whether
the intermediate state at 3.8eV above the Fermi level may result from an image-potential
state as proposed by Varene et al. [7] In this case the state should pin to the vacuum level
of the sample. In order to proof this pinning, the work function and the intermediate state
energy of the observed feature have been evaluated for a number of different film preparations
with a thickness of 1 ML. As shown in Fig. A.4, the energy of the state (red markers) with
respect to the Fermi level changes according to the work function (black markers), which is in
agreement with the assignment to an image-potential state. The binding energy of the state is
then given by the distance of its intermediate state energy to the vacuum level. The extracted
values for the binding energy are given by the blue markers in Fig. A.4. The average value
determined from these data amounts to 0.7640.02 eV. Work-function variations are observed
from 4.6 to 4.8 V. In the low coverage range small variations in the film thickness are expected
to cause rather large changes in the sample work-function. The accuracy of the film thickness

preparation is estimated to 10 %.
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Fig. A.4: Work functions (black) and intermediate state energies of the IPS/IS (red) for five 1 ML thick 6T
films and the corresponding IPS binding energies for the specific samples (blue).
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Additional tr-2PPE data for 1 ML 6T /Au(111): Additionally to the data presented in
Sec.4.2.2, tr-2PPE experiments on monolayers were also performed with the photon energy
combinations hv1=2.47eV /| hvo=4.26€V and hr1=3.11eV / hs=3.86€V. The corresponding
data are shown in Fig. A.5. The data sets corroborate the presence of the intermediate state
at 3.6 eV (final state energy of 6.07 €V), as indicated in the spectra for negative time delays.
Furthermore, the change of the UV photon energy from 4.26 eV (cf. Fig.4.7a,b in Sec. 4.2.2)
to 3.86 €V in combination with 3.11 eV photons shows the expected separation of the HOMO
from the IPS and the intermediate state at 3.6 eV (final state energy of 6.71¢€V).
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Fig. A.5: (a) 2PPE intensity as a function of pump-probe delay and final state energy measured with photon
energies hv1=2.47 eV and hv,=4.26 V. (b) Series of 2PPE spectra taken from the map shown in (a) at time
delays from 0 (red curve) to -90fs (blue curve) in 5fs steps. (c) Series of 2PPE spectra taken from the map
shown in (a) at time delays from 0 (red curve) to 90 fs (green curve) in 5fs steps. (d) 2PPE intensity as a function
of pump-probe delay and final state energy measured with photon energies hv1=3.11eV and h12,=3.86¢€V. (e)
Series of 2PPE spectra taken from the map shown in (d) at time delays from 0 (red curve) to -70fs (blue curve)
in 5fs steps. (f) Series of 2PPE spectra taken from the map shown in (d) at time delays from 0 (red curve) to
70fs (green curve) in 5fs steps.
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Tr-2PPE Data of a 30 ML 6T /Au(111) Film To proof the continuity of the film growth
for coverages higher than an average film thickness of 10 ML, a film with an average thickness
of 30 ML was prepared and measured at room temperature. Figure A.6 shows a time-resolved
dataset measured with photon energies hi/1=2.69 eV and hry=4.38€V. The 3D Frenkel exciton
observed in the 6T crystallites appears at a final state energy of 5.44+0.05 eV, which corresponds
to an intermediate state energy of 1.06 €V, which is 50 meV lower than observed for an average
film thickness of 10 ML. The 2PPE spectrum at -20fs displayed in the right panel of Fig. A.6
clearly shows the presence of the IPS/IS, which points out that some parts of the sample area

are still covered only by the wetting layer.
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Fig. A.6: Left: 2PPE intensity map of a 6T/Au(111) film with an average thickness of 30 ML measured with
photon energies hv1=2.69¢€V and hro=4.38€V. Right: Spectrum at a pump-probe delay of -20fs.

This paragraph is also published in the supplementary material of Bronsch et al. [118].
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A.3.3 Vibrational Relaxation Dynamics

Additional Simulation for 10 ML 6T /Au(111): In Sec.4.3.2 a vibronic excitation model
was used to develop simulations of the 2PPE spectra of 10 ML 6T /Au(111) for excitation
at 3.1eV. Figure A.7 shows a simulation of exciton dynamics according to Eq.4.3 and the
calculated photoemission spectra for photoemission from the 5th lowest vibrational sub-levels

of the S; Frenkel exciton band shown in Fig. 4.16a.
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Fig. A.7: Simulation of time-resolved photoemission including vibrational excitations in the pumping step. (a)
Temporal evolution of the population of the ith vibrational sub-level of the S; Frenkel exciton state according to
Eq.4.3 assuming that only the 4th and 5th vibrational levels are occupied at the beginning, 7, = 70fs and a
multi-exponential decay of the exciton state with a fastest time constant of 50fs. (b) Resulting cross-correlation
curves for the convolution of the population curves shown in (a) and the cross-correlation intensity curve of the
laser pulses. (c) Simulation of the sum of the 2D maps corresponding to photoemission from the vibrational
sub-levels vy of the Sy exciton state considering the population curves N;(t) shown in (b). (d) Series of spectra
for different time delays taken from (c).

As in to the simulations shown in Sec. 4.3.2, here an equal initial population of the 4th and 5th
vibrational level is assumed, whereas all other levels are initially unoccupied. The vibrational
relaxation constant is assumed to be 70fs, in order to describe the time-dependence of the
intensity observed in the higher energetic shoulder of the Frenkel exciton peak. The decay
constants of the electronic state are fixed to the same values as for the other simulations shown

in the main text. Figure A.7a and b show the population dynamics for each vibrational sub-level
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independently. In contrast to part (a), part (b) of the figure includes the convolution of the
population curves with the cross-correlation intensity of the laser pulses. Figure A.7c shows
the intensity map that results from the sum of the 2D maps of each vibrational sub-level and
Fig. A.7d a selection of spectra extracted from the map at different times after excitation. As
it can be seen, initially the intensity in the range of the v = 0 level is much lower with respect
to the intensity in the higher vibrational levels. This behavior is not observed in the measured
data, shown in Fig.4.15. Hence, the assumption of occupying only the 4th and 5th vibrational

level instantaneously is not in agreement with the measurements.
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A.4 Azobenzene-Based Self-Assembled Monolayers/Au(111)

A.4.1 First Order Kinetics

Assuming the switching probability of an azobenzene unit being independent of its environment,
rate constants ki. and ke can be defined for trans — cis and cis — trans isomerization acting
on the present amount of trans or cis molecules, Ny and N, within the amount of switchable
molecules N. Since the trans form is the thermodynamically stable form, k. is purely photon-
induced, whereas k.4 has a photon-induced kfth and a thermal induced k' component. The

temporal change of the number of cis molecules during illumination can hence be described by:

d]?t(t) — b Ni(t) — ket - No(t) (A1)
— e (N = No(#)) — ket - Nol#) (A2)
= Nt — No(t) - (ke + ket). (A3)

The solution of this differential equation gives an exponential dependence on the illumination

time ¢:
1
- - . . . _N- . o~ (ktetket)-t
Nelt) = 1— 3 (N - kie + (Ne(0) - (Fie + ket) = N - Fie) - ) (A%
kit it ) —(ktether) t
=N . — N(O)— N ——— |- b Ret)th, A5
e + ket " ( © Fie + k) € (A-5)

Considering that N, = 0 within the PSS, Eq.A.3 gives:

Ne pss ke
2 = = . A6
N T e T XePss (A.6)
Dividing Eq. A.5 by N gives:
Nc(t _ .
) o) = xerss + (xel0) — xepss) - e leHR, (A7)

The rise time 7 of the fraction of cis molecules x. under illumination is hence given by the

inverse of the sum of all rate constants.
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A.4.2 Derivation of the Fit Function for Work-Function Changes in
Bichromatic Experiments

Starting from the Helmholtz equation for work-function changes due to a dipole layer in front

of the surface, in Sec.5.2.2 the expression:

Utc(Al)
e Ny ote(A to
©(2) = O + AQ(2) = Qo+ ——FApy (Utc(mwa(/\l; (X2) atc()\2)+act(>‘2)) (A.8)
0 T ool T T i)
Aéll)ax

was derived to relate the change in the work function ®(x) under simultaneous illumination with
two colors to the number of molecules changing from the trans to the cis form with respect to
the all-trans SAM. Here, ®; is the work function of the trans SAM and A®,,,« is the maximal
work-function shift which would be achieved if all switchable molecules Ny are switched to the
cis configuration. According to the Helmholtz equation, A®,.« includes the dielectric constant
of the organic material €; - €, the elementary charge e, the density of switchable molecules
Np/A and the change in dipole moment per switchable isomer Ap . The portion of molecules
switching for a given photon-flux ratio = j(\2)/j(A1) of the contributing wavelengths \; and
A2, depends on the isomerization cross-sections o.(\) and ¢ () for trans—cis and cis—trans

isomerization of the two wavelengths.

Since it is not possible to measure the work function of the all-trans or the all-cis SAM and
the isomerization cross-sections are not known for the different wavelengths in the range of the
So band, it is necessary to transform Eq. A.8 into a form with only two unknown parameters,
accounting for the limiting value for infinite z, which is ®pgg(450nm), and the curvature,
which should depend on the different isomerization cross-sections. Hence, the dependence of ®

on the photon-flux ratio should be described by a function in the form:

®(z) = Ppgs(A2) + APpgs - ; (A.9)

7
T+
where A®pgg = Ppgg(A1) — Ppgs(Ae) is the difference in work function for the two photosta-
tionary states reached with monochromatic illumination for the two involved wavelengths and
7 a parameter which determines the curvature of the fit function and will be derived in the
following. The photostationary states of monochromatic illumination with A; or Ao, respectively,

correspond to

Utc(>\1)
Utc()\l) + Uct()\l)
CI)PSS()Q) = xlg?goq)($) =P + ACI)maXXC()\Q) .

Ppss(A1) = ©(0) = 4 + Alax = @t + Alpaxxc(M),

— _ owed) ; - , .
Xe = grtw)toan) 1S the fraction of cis molecules among the switchable molecules in the PSS.
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Accordingly, the work-function difference can be written as:

Ad®pgs = Ppgg(A1) — Ppss(A2) = APmax - (Xe(A1) — Xe(A2))- (A.10)

This expression can be rearranged for Ad ., and inserted into Eq. A.8, which leads to

1 Utc81§ +
®(z) = &y + Adpgs - : Ll . (A11)
_ otc(A1)+oct (A otc(A2)+oct (A
Xelh) = Xe(ha) | 2eEs) 4 ellalipgle)
Furthermore, the variable ®; can be replaced by
(I)t = (I)PSS()\Z) - A(I)max : Xc()\Z)
Xc()\Z)
= Opgg(Ng) — Adpgg - .
psslha) = Afess Do)
Hence, Eq. A.11 can be written as:
®(z) = Ppgs(A2)+
1 Utcgilg 4
Adpgs - : T —xe(X2) | . (A12)
O~ xe0) | el | ol o)

Using Xc(A2) = gtc(A2)/(0tc(A2) + et (A2)) and choosing a common denominator for the two
summands in the parenthesis we can write:

P(x) = Ppgs(A2)+

Utc()\Z) a‘tc()\z) ) O‘tc(/\2)+0'ct()\2)

1
— ’ otc(A1)+0oct (A otc(A2)+0oct (A
Xe(A1) = Xe(A2) ( arelaltoal) | ;. seladtoata)

Utc(Al) _ Utc()\1)+act()\l) O'tc()\Q)
Adpss - ) (A.13)

To shorten the expressions we define 6(\;) = (i) + oet(Ni), ¢ € {1,2}. This simplifies
Eq.A.13 to

1 otc(A1)  F(A1)
Otc A o )\
O(z) = Ppss(A2) + Alpss - 55—y ( &(Al)( 2) (&(2/32) ) (A.14)
500) 50w \owla) 7T 70w
atchlg &Exlg
_ . otc(A2 (A2
= ®pgs(A2) + Adpgg gen) G | 5Qe) M) x) (A.15)
otc(A2) a(A2) (A1) otc(A2)
. ag,\Qg atchl) . -1
= Ppss(A2) + Adpss - | 1+ cul)m 2<)Al> ) (A.16)
C(AQ) 5()\2)
5(X2) gre(M) -1
€T (A1) ote(A 1
= Ppss(A2) + Adpss - | 1+ 5 )( 2(;)2);(0&)1) ) ) (A.17)
5(A2) (5(>\1)Jtc(>\2) o )
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(A.18)

®(z) = Ppgs(A2) + APpss - ( 500
7(A2)
(A1) )

- fv)
(A.19)

5(2)

A
E)\;g +x

Qu

= ®pgg(A2) + Adpss - (

Qu

This is the form which was aimed for in Eq. A.9 with 7 = &(A1)/d(\2).
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List of Acronyms and Abbreviations

2PPE Two-Photon Photoemission

3PPE Three-Photon Photoemission

6T «-Sexithiophene

Az11 11-(4-(phenyldiazenyl)phenoxy)undecane-1-thiol
BBO Barium Boron Oxide

C12 1-dodecanethiol

cw Continuous Wave

DFG Difference-Frequency Generations
DFT Density Functional Theory

DR Differential Reflectance

DRS Differential Reflectance Spectroscopy
FE Frenkel Exciton

FWHM Full Width Half Maximum

HOMO Highest Occupied Molecular Orbital
IMFP Inelastic Mean Free Path

IPES Inverse Photoemission Spectroscopy
IPS Image-Potential State

IR Infrared

IS Interface State

LAD Low Angular Dispersion

LED Light Emitting Diode

LEED Low-Energy Electron Diffraction
LEY Local Electron Yield

LUMO Lowest Unoccupied Molecular Orbital
MCP Multi-Channel Plate
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ML Monolayer

NEXAFS Near-Edge X-ray Absorption Fine Structure
NSD Normalized Standard Deviation

OLED Organic Light Emitting Diode

OPA Optical Parametrical Amplifier

OSC Organic Solar Cell

PE Photoemission

PEEM Photoelectron Emission Microscopy
p-pol p-polarized

PSS Photostationary State

RegA Regenerativ Amplifier

RT Room Temperature

SAM Self-Assembled Monolayer

SHG Second Harmonic Generation

s-pol s-polarized

SSS Shockley Surface State

STM Scanning Tunneling Microscopy

TDM Transition Dipole Moment

TPD Temperature Programmed Desorption
tr-2PPE Time-Resolved Two-Photon Photoemission
UHV Ultrahigh Vacuum

UPS Ultraviolet Photoemission Spectroscopy
UV Ultraviolet

Vis Visible

WAM Wide-Angle Mode

WL Wetting Layer
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Appendix C

List of Frequently Used Symbols

a  lattice constant

A amplitude

ag Bohr radius

¢  velocity of light

e  elementary charge

FEy,  binding energy

Eg exciton binding energy

E; initial state energy

FEi¢ intermediate state energy
FE¢  final state energy

Er Fermi energy

FEyin kinetic energy

E,, photon energy

FEy.c vacuum level

€ relative dielectric constant
€op vacuum dielectric constant
¢  work function

QPisom iSOmerization quantum yield
h  Planck constant

I Intensity

j  photon flux

k  transfer rate

A wavelength

me electron mass

1 reduced mass
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n  refractive index

N. number of molecules in cis configuration

Ny number of molecules in trans configuration

p: transition dipole moment

R reflectance

ret  Cis to trans switching rate

rtc  trans to cis switching rate

Ro Rydberg energy

So ground state potential energy surface

S1 potential energy surface of the first excited state

S, potential energy surface of a higher excited state
Sy Franck-Condon overlap integral

O.bs absorption cross-section

Oisom isomerization cross-section

Oisom,ct = Oct isomerization cross-section for cis to trans switching
Otc isomerization cross-section for trans to cis switching
T  transmittance

T  time constant

Xc fraction of cis molecules

APPENDIX C. LIST OF FREQUENTLY USED SYMBOLS

139



Appendix D

List of Publications

Published:

Wibke Bronsch, Thorsten Wagner, Sebastian Baum, Malte Wansleben, Kristof Zielke,
Ebrahim Ghanbari, Michael Gyoérok, Andrea Navarro-Quezada, Peter Zeppenfeld, Martin
Weinelt, and Cornelius Gahl Interplay between morphology and electronic structure of
a-sexithiophene films on Au(111), Journal of Physical Chemistry C 123, 7931-7939 (2019)

Wibke Bronsch, Thomas Moldt, Larissa Boie, Cornelius Gahl, and Martin Weinelt, De-
localized vs localized excitations in the photoisomerization of azobenzene-functionalized
alkanethiolate SAMs, Journal of Physics: Condensed Matter 29, 484002 (2017)

Wibke Bronsch, Daniel Przyrembel, Larissa Boie, Cornelius Gahl, and Martin Weinelt, Fast
optical work-function tuning at an organic/metal interface, Applied Physics Letters 111,
081601 (2017)

Thomas Moldt, Daniel Przyrembel, Michael Schulze, Wibke Bronsch, Larissa Boie, Daniel
Brete, Cornelius Gahl, Rafal Klajn, Petra Tegeder, and Martin Weinelt, Differing isomerization
kinetics of azobenzene-functionalized self-assembled monolayers in ambient air and in vacuum,
Langmuir 42, 10795 (2016)

In preparation:

Wibke Bronsch, Kristof Zielke, Malte Wansleben, Sebastian Baum, Ebrahim Ghanbari,
Thorsten Wagner, Martin Weinelt, and Cornelius Gahl Ultrafast population of Frenkel

exciton states through direct excitation, to be submitted

Wibke Bronsch, Jan Bohnke, Larissa Boie, Cornelius Gahl, Beatrice Andres, and Martin
Weinelt Local work-function manipulation by external optical stimulation, to be submitted

Thomas Moldt, Wibke Bronsch, Cornelius Gahl, and Martin Weinelt Probing the aggregate

formation kinetics in azobenzene-functionalized alkanethiolate SAMs by UV /vis spectroscopy

Wibke Bronsch, Ralph Piittner, Sebastian Baum, Martin Weinelt, and Cornelius Gahl

Morphology dependent Frenkel-exciton dynamics including ultrafast virbronic relaxations

140



Appendix E

Scientific Contributions and Research
Stays

Talks

05/2018 Birth and Death of a Molecular Exciton; UNESCO Day of Light event organized by
Nature Research; May 16th; Berlin; Germany
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