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Electronic Structure, Band Formation and Singlet Fission Dynamics
at Metal/Organic Interfaces

Charge carrier injection at the metal/organic interface is crucial for the perfor-
mance of organic semiconductor based (opto)electronic devices. To achieve an
efficient charge carrier injection a detailed knowledge of the electronic prop-
erties at the metal /organic interface is needed. In this thesis ultraviolet pho-
toemission spectroscopy and (time-resolved, angle-resolved) two-photon pho-
toemission spectroscopy were utilized to reveal occupied as well as unoccu-
pied electronic states including excitonic states and transport levels. On the
one hand the electronic structure and excited state dynamics of a pentacene
derivative, in particular regarding the singlet fission dynamics with respect
to the film thickness on an Au(111) surface, were examined. On the other
hand the electronic structure at the interface between several promising N-
heteropolycyclic semiconductors, including a porphyrin, a N-heteroacene and
different N-heteroperopyrenes, and Au(111) was revealed. The investigations
of the N-heteroperopyrenes stand out as the observation of band formation
via hybridization between delocalized metal bands and localized molecular
orbitals at the metal/organic interface should foster efficient charge injec-
tion.






Elektronische Struktur, Bandausbildung und Singlet Fission Dyna-
mik an Metall/Organik Grenzflichen

Die Leistungsfiahigkeit von auf organischen Halbleitern basierenden (op-
to)elektronischen Bauelementen ist stark abhéngig von der Ladungstriger-
injektion an der Grenzfliche zwischen dem Metall und der Organik. Um eine
effiziente Ladungstragerinjektion zu erreichen ist ein detailliertes Wissen iiber
die elektronischen Eigenschaften der Metall/Organik Grenzfliche notwendig.
Im Rahmen dieser Arbeit wurden besetzte und unbesetzte elektronische Zu-
stande, einschliefslich exzitonischer Zustéinde und Transportlevel, mithilfe von
Ultraviolett-Photoelektronenspektroskopie und (winkel- und zeitaufgeloster)
Zwei-Photonen Photoemissions-Spektroskopie untersucht. Zum einen wurden
die elektronische Struktur sowie die Dynamik angeregter Zustdnde eines Pen-
tacen Derivates aufgeklart. Im Fokus stand hierbei der ,singlet fission” Zerfall
und sein Verhalten in Abhéngigkeit von der Schichtdicke der Molekiile auf
einer Au(111) Oberfliche. Zum anderen wurde die elektronische Struktur an
der Grenzfliche zwischen zahlreichen vielversprechenden N-Heteropolyzyklus
Halbleitern, wie einem Porphyrine, einem N-Heteroacene und verschiedenen
N-Heteroperopyrenen, und Au(111) ermittelt. Die Untersuchungen an den N-
Heteroperopyrenen stechen heraus, da bei ihnen eine Bandausbildung zwischen
delokalisierten Metallbandern und lokalisierten Molekiilorbitalen beobachtet
wurde, welche eine effiziente Ladungstragerinjektion zwischen den Materialien
begiinstigen sollte.
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1. Introduction

Semiconductor-based devices are omnipresent in our everyday electronic equip-
ment. Up to today, silicon is the most common semiconductor used, e.g. in
microelectronics or conventional solar cells, but during the last decade or-
ganic semiconductors gained more and more of importance [1H4], in particular
due to their potential applications in (opto)electronic devices such as organic
light emitting diodes (OLEDS) [5HI3], organic field effect transistors (OFETS)
[8, 10, 14H20] and organic solar cells (OSCE) [21H27]. Several advantageous of
organic semiconductors such as low weight, low costs, transparency, flexibility,
and easy processing by solution-based printing or evaporation led to the usage
in various fields, e.g. displays, sensors and data storages |9, [T}, 13}, (15}, [16], 28
37]. Easy to perform modifications of the organic semiconductors additionally
open the possibility to tune the materials for individual needs [38-40]. To do
so purposeful, a fundamental comprehension of the underlying photophysics
and chemistry is crucial which led to major research efforts in both academic
research institutions and industry [39].

Organic films only show a low density of thermally excited charge carriers,
since organic semiconductors generally have a wide band gap in comparison to
inorganic semiconductors [41], p. 3|. Therefore, efficient charge injection from
metal electrodes into the organic semiconductors and wice versa is needed to
achieve high currents. It follows that the performance of devices is strongly in-
fluenced by the charge carrier injection at the interfaces between electrode and
organic semiconductor, but still much work is required to fully understand
the underlying mechanisms [42-48]|. However, it is obvious that this charge
carrier injection depends on the electronic properties of the organic/metal
interface [49-54]. Hybridization of molecular orbitals can lead to band for-
mation as it has been found in some molecular crystals [55H58]. The same
is valid for the hybridization between delocalized substrate metal bands and
localized molecular orbitals of attached molecules, but so far only for strongly
interacting adsorbate-substrate systems this kind of band formation was pre-
dicted [59H62]. This band formation at the interface is expected to foster
efficient charge transfer between the electrode and the organic semiconduc-
tor.



1. Introduction

The purpose of this thesis is to investigate fundamental aspects of the
metal /organic interface and in thin adsorbate layers, specially regarding
the electronic properties, such as the electronic structure, excited state dy-
namics, hybridization and band formation. A valuable tool to do so is the

two-photon photoemission spectroscopy (PPE]) which is a surface sensitive
technique enabling the investigation of occupied and unoccupied electronic
states, including excitonic states and transport levels [63H68]. Additionally,
it gives access to excited state dynamics via femtosecond (fs) time-resolved
2PPE (TR-2PPE]) and is able to observe dispersions (degree of electron local-
ization/delocalization) via angle-resolved 2PPE (AR-2PPE]). Conventional

ultraviolet photoelectron spectroscopy (UPS)) can additionally help to com-
plement the picture of the occupied electronic states at interfaces, while

temperature-programmed desorption (TPD]) can give further information
about adsorbates coverages and enables reproducible and well-defined sample
preparations [64, 65] 69].

One of the most common organic semiconductors is pentacene showing high-
charge carrier mobilities and a band gap within the visible region [53, [70-
72]. Unfortunately, pentacene is very sensitive to oxidations and shows a
low solubility, making a solution based processing difficult [73]. Anthony
et al. [74] could overcome these drawbacks by introducing (triisopropylsi-
lyl)ethynyl (TIPS)-groups into the central position of the pentacene backbone.
The resulting 10,17-bis((triisopropylsilyl)ethynyl)-pentacene (TTPS-Pul) shows
an increased solubility, stability, and a favorable self-assembly. The higher
members of the acene family are known to undergo a singlet fission process,
where one photon creates two charge carriers via the formation of two triplets
on two adjacent molecules from one excited singlet state [7T5H77, [77H85]. This
makes [TTPS-Pnl a promising candidate for applications in organic semiconduc-
tor based photovoltaics. The influence of the metal electrode on the singlet
fission process was so far unknown and therefore, a detailed investigation of the
excited state dynamics at the [[TPS-Pul/Au(111) interface was carried out in
the framework of this thesis, revealing a strong coverage dependent quenching
effect regarding the singlet fission dynamics.

Acenes with more than five linearly fused rings have also shown to be promis-
ing organic semiconductors, but the lack of stability and solubility is even
bigger [86-89]. They can be stabilized by keeping the recipe for success and
by attaching TIPS-groups. Further stabilization can be achieved by attaching
two further benzene rings forming an arrow-shaped molecule [87]. However,
during the last years a vast pool of organic semiconductor building blocks
has been developed, but the majority of these are, like the acenes, p-type
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semiconductors. An approach to synthesize potential n-type semiconductors
is the incorporation of nitrogen atoms into the acene backbone, lowering the
energy of the frontier orbitals and additionally stabilizing the molecules [90-
95]. The combination of both approaches leads to a new promising molecule,
the 10,17-bis((triisopropylsilyl)ethynyl)dibenzo|a,c|naphtho|2,3-i|phenazinen
(TTPS-BAP)). This kind of frontier orbital stabilization, of course, is not
only valid for the acenes, and therefore, also further N-heteropolycycles are
promising n-type semiconductors. The 1,3,8,10-tetraazaperopyrenes (TAPDE),
a relative new class of N-heteropolycycles, have already shown promising re-
sults in various applications, and their material properties could be tuned
widely [38, 96HI06]. Long before human kind another diverse group of N-
heteropolycylces has been developed by nature. Porphyrins, consisting of four
pyrrole rings, cyclic connected via methine groups, and various substituents,
form a class of flexible and tunable N-doped macrocycles and are widespread as
key-units in biological processes. This natural class of molecules was expanded
by synthetic affords, and due to their easily tunable electronic properties, they
are suitable to complement the pool of organic semiconductor building blocks
[L07HIT5]. One promising candidate from this class, with possible application
in molecular switches, electronics and spintronics, is the Fe-5,10,15,20-tetra-

pyridil-porphyrin |65, [116].

Since knowledge about the electronic properties of the metal /organic interface
is fundamentally important for the purposeful development of efficient organic
molecule based devices, this work studied thin layers of several promising N-
heteropolycycles adsorbed on the Au(111) surface via 2PPE, [UPS, and
The energy levels of several molecular states of [[TPS-BAD], [FeTPyP| [TAPD]
2,9-bis(trifluoromethyl)-1,3,8,10-tetraazaperopyrene (TAPP-(CF,),)), and 2,9-
bis(perfluoropropyl)-1,3,8,10-tetraazaperopyrene (TAPP-(C,F.),) have been
determined with respect to the Fermi level of the gold surface. This includes
transport levels and excitonic states, and thus transport gaps, optical gaps
and exciton binding energies could be concluded. Additionally, work function
shifts were observed during adsorption.

For the [TAPPI derivatives adsorbed on the gold substrate, it should be high-
lighted that dispersing interface related bands have been revealed. They are
proposed to origin from a hybridization of delocalized metal bands and lo-
calized molecular orbitals. This kind of band formation at the interface, so
far, was only obtained for a small number of metal/organic interface systems
[59H62]. Namely these were F,TCNQ and TTF on Au(111) and PTCDA and
NTCDA on Ag(110). For all of these systems, an initial charge transfer be-
tween the metal and the organic takes place, resulting in charged ions at the
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1. Introduction

metal /organic interface, and therefore, a further charge injection at the inter-
faces might be hindered. An interface with more weakly interactions between
the molecules and the metal, also showing band formation, therefore would
be advantageous for device applications. That is exactly the case for the
[TAPPLderivatives adsorbed on Au(111), as hints for rather weak interactions
between the molecules and the metal are obtained, and a charge transfer could
be largely excluded.

The research addressed in the framework of this thesis is located in between
the scientific effort to synthesize new organic materials for future applications
and the development of high efficient devices. The presented results therefore
can give feedback to improve and control the synthetic aims and deliver basic
information helping to fabricate new and better organic semiconductor based
devices.

Besides the introduction and the conclusion, the present thesis contains six
main chapters. Chapter 2 starts with a basic introduction into the theoretical
background which is important for the understanding of the interpretations
and conclusions made. A brief description of electronic bands, their formation
and the dispersions of electrons is given, besides a short introduction into the
electronic structure of the gold substrate. Further, basic ideas regarding the
electronic structure at organic semiconductor/metal interfaces are presented
and finally, the so called singlet fission process is explained. The experimental
methods and setup are described in Chapter 3 followed by a characterization
of the bare Au(111) surface in Chapter 4. Chapter 5 then focuses on the
investigation of the[TTPS-Pnl/Au(111) interface and the obtained singlet fission
dynamics. The electronic structure of two N-heteropolycycles, the[FeTPyP|and
the [TIPS-BAP] at the Au(111) interface is presented in Chapter 6, followed
by the investigations of the interface between different [TAPP] derivatives and
Au(111), revealing band formation in Chapter 7.
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2. Theory and Basics

In this chapter fundamental theoretical topics are discussed to give a proper
basis for the results and interpretations presented in this thesis. The surface
geometry and the electronic structure of metal surfaces is treated with a main
focus on the gold band structure and the Au(111) metal surface. Gold is one of
the most noble metals accompanied by low reactivity due to its filled d-shell.
This makes it to an ideal substrate for the investigations of metal/organic in-
terfaces. Besides the description of the bare metal a brief introduction into the
electronic structure of organic semiconductors is given, and the basic nomen-
clature of orbitals and electronic states will be reviewed. This is followed by
a short view on metal/organic interfaces and effects influencing the electronic
structure of the involved compounds. Finally, the so-called singlet fission pro-
cess is explained.

2.1. Metal/Organic Interfaces

2.1.1. Au - Surface Structure and Electronic Bands

Electronic Bands and Dispersions

Metals are distinguished by their typical chemical bond where, in a simplified
approach, their valence electrons can move freely within the lattice of the
metal ions. The Sommerfeld-Theory or free electron model assumes that these
electrons behave like an electron or Fermi gas in a constant potential. Following
from this approach we can describe an electron by the particle in a box model
with a steady state Schrédinger equation, where only the kinetic energy is
taken into account.

h2
2me,

AU(r) = EAU(r) (2.1.1)

Here h is the reduced Planck constant, m, the electron mass, A the Laplace Op-
erator, ¥(r) the electronic wave function and FE the energy eigenvalue. Solving
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Q
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Figure 2.1.: (a) Periodically obtained parabolic dispersion of an electron in
a nearly-zero periodic potential. The parabolic dispersion of a
free electron is highlighted in orange. (b) Dispersion curves for
electrons in a periodically non-zero potential. At the edges of the
Brillouin zone energy gaps occur, leading to electronic bands and
band gaps. a denotes the lattice vector. Figure adapted from Ref.
[117, p. 303, 309].

this equation for ¥ being a plane wave

1 .
U(r) = ——e'*r, 2.1.2
= 2.12)
with V' being a normalization factor, leads to the wave vector k dependent
energy eigenvalues

Rk

E(k) = T

(2.1.3)

which gives us the parabolic dispersion relation for free electrons as displayed
in figure (a) (orange curve). However, the potential in a metal is not
constant, as assumed above. In fact the lattice of the metal ions build up a
periodic potential, with ‘7(7’) = ‘7(7" + R), where R is a random lattice vector.
For V(r) being nearly zero, the energy eigenvalues of the Schrédinger equation

2

A+V(r)|¥Y(r) = EAY(r), (2.1.4)

2m,
are given by

h2
Ey = Exig = 5

k+ G, (2.1.5)

Me
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2.1. Metal/Organic Interfaces

with G being the reciprocal lattice vector. With the smallest reciprocal lattice
vector g = 27/a the parabolic dispersion obtained for free electrons repeats
periodically as shown in figure [2.1| (a). Increasing the potential V(r) to a finite
strength leads to energy gaps at the edges of the Brillouin zone as displayed in
figure (b). As a consequence there are energetic regions with and without
electrons. The former are called electronic bands and the latter are called
band gaps. Summarized we can conclude that dispersions of electrons within
a Brillouin zone are the direct consequence of nearly free moving electrons
in a periodic lattice potential, as it is e.g. the case within a metallic band.
The preceding description of electronic bands and dispersions can be found
in various solid state physics books [II7HI20] and is treated there in more
detail.

Metal Surface States

Moving from a bulk material to its surface profound changes of the electronic
structure can occur. At the surface of a solid the periodicity and symmetry are
interrupted and chemical bonds are unsaturated. This leads to surface specific
electronic states, e.g. surface states and tmage potential states, which shall be
shortly introduced at this point. First theoretical descriptions of surface states
were made by Tamm [121] and Shockley [122]. The Shockley surface state (SS)
is based on the nearly free electron approximation, sufficiently describing the
phenomena at metal surfaces [123, p. 266]. At the metal surface the lattice
potential of the bulk is abruptly increased due to the transition to the vacuum
energy. Simplified this transition can be regarded as a step like potential,
where two different localized solutions can be found for the real part of the
Schrodinger equation (see figure[2.2). On the one hand the bulk type solution,
a standing Bloch wave, is matched to an exponential decay propagating into the
vacuum. On the other hand a surface type solution localized within a couple of
Angstrom at the surface, with an exponentially damped vibration propagating
into the bulk and an exponential decay propagating into the vacuum [123]
p. 266]. The energy eigenvalues of the are located within the bulk band
gaps and their lowest energy can be found around the I' point, as they show
a dispersion depending on k), while due to their localization at the surface
there is no dependence on k, [124, p. 403]. The localization of the wave
function partly outside the surface leads to a sensibility of the [SS|with respect
to defects like steps, islands, adatoms, and adsorbates. This kind of defects
can lead to a shift in energetic position, broadening, intensity reduction or
complete quenching [125H133].
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2. Theory and Basics
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Figure 2.2.: (a) Illustration of a simplified one-dimensional lattice potential
at a metal surface. At the edge of the solid crystal the poten-
tial increases immediately to the vacuum energy. The real parts
Re(¥) of the two possible interface solutions of the Schrodinger
equation are presented above. On the one hand a standing Bloch
wave, matched to an exponentially decaying tail in the vacuum
and on the other hand a surface state wave function decaying ex-
ponentially into the vacuum as well as the bulk. Figure adapted
from Ref. [123] p. 267]. (b) Sketch of the interactions between an
electron in front of a metal and its image charge. The image po-
tentials V'(z) and the wave functions W, for two different metals
are shown. For the first metal the energy eigenvalue is located in
the band gap, while for the second metal it is located in the bulk
band region above the gap. Figure adapted from Ref. [134].

Besides the[SS| a further kind of surface related states occur at metal surfaces,
which are the image potential states (IPSk). As illustrated in figure (b)
they can be described by an electron in front of the metal surface bound by its
positive image charge inside the metal [135, p. 285]|, [124, p. 401], [134]. The

interaction between the electron and its image charge leads to an attractive
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2.1. Metal/Organic Interfaces

image force

ez 1
dme (22)2
and therefore an electron in front of the surface with an energy below the
vacuum energy (E,.J) can be bound by an attractive Rydberg like potential

F(z) = (2.1.6)

1 e 1
—— - 2.1.7
447ey 2’ ( )

V(z) =

where e is the elementary charge, ¢, is the vacuum permittivity, and z is the
distance to the surface [134]. The factor ; directly results from distance 2z
between the electron and the image charge. As in the case of an electron in
an atom, the electron localized in the can take specific energy eigenvalues
in respect to Eyqe.

0.85
(n+ a)?
Here n is the quantum number and a is the so called quantum defect. The
latter corrects the energy eigenvalues of the [PS| as a consequence of phase
matching between the Coulomb wave function and the Bloch wave function
of the bulk at real surfaces, where the wave function penetrates into the
bulk region as an evanescent wave [136] [[37]. To enable efficient trapping of
electrons in the [PS] energy eigenvalues within the band gap of the bulk mate-
rial are needed, but have also been observed for metals with their vacuum
energy, and accordingly energy eigenvalues, within a bulk band region
[134, 138, [139]. These special cases are called resonance image potential states.
The degenerate with bulk states in the form of weak hybrid states. The
intensities of these are much weaker compared to their band gap counter-
parts and the electrons can relax easily into the bulk, resulting in ultrashort
lifetimes [I38), [139]. Electrons bound in the can move freely in front of the
surface and therefore they show a dispersion parallel to the surface (EH) with
an effective mass of m* ~ 1.0 — 1.7 m, [138], 140].

085 I’k

Ee=—trvap o (2.1.9)

E, = Epge — (2.1.8)

Au(111)

Gold is a very noble metal and due to its filled d-orbitals it shows comparable
low reactivities. This makes it an ideal substrate for the investigation of adsor-
bate covered surfaces. The gold crystal is based on a face-centered cubic (fcd)
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2. Theory and Basics

packing of the atoms. The Au(111) plane, however is not thermodynamically
stable in its original bulk form, when located at the surface. In this case it un-
dergoes a reconstruction forming a herringbone — (22 x \/3) surface structure,
where the gold atoms are compressed, placing 23 atoms onto 22 grid places.
The herringbone structure is characterized by a changing pattern of a hexag-
onal closed packed and [fcd packed lattice [141] [142]. A calculated band
structure of the Au(111) surface is presented in figure [143]. The sp-band
and the Shockley surface state show a dispersion parallel to the surface around
the I'-point of the first Brillouin zone. The calculations agree with UPS data
by Kevan and Gaylord [144]. For Au(111) the effective masses are known to
be m* ~ —0.4 m, for the sp-band, and m* ~ —0.3 m, for the SSl In respect
to Epermi the sp-band is located at E(sp) =~ —0.9 eV while the is to be
found at E(SS) ~ —0.45 eV [126, 130, 144H146]. The d-band dispersion
parallel to the surface is negligible [143] but they show dispersion perpendic-
ular (k1) to the surface [147]. The band gap at the I'-point around Fermi is
reported to be located approximately from —1.0 eV to 3 eV with respect to
to the Fermi level [148]. With a high quality Au(111) surface work function
of 5.5 eV is obtained. The are thus located above the band gap, and
therefore are resonance [[PS] which own a quantum defect of approximately
zero [134].
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2.1. Metal/Organic Interfaces

+ UPS data

M

Figure 2.3.: Electronic structure of an Au(111) surface calculated with the top
layer in a fcc stacking sequence site. Solid and dashed lines display
surface states and resonances in the surface band structure. In the
gray areas bulk states can exist. The blue marked area is shown
enlarged in the lower right. For verification of the calculations UPS
data from Kevan and Gaylord [144] have been added. The upper
right shows the first 2D Brillouin zone of the Au(111) surface.
Figure adapted from Ref. [143].
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2. Theory and Basics

2.1.2. Organic Semiconductors - Electronic Structure
Band Formation in Organic Molecules

The linear combination of two atomic orbitals leads two a new set of two
molecular orbitals. From this simplified view, the metallic band formation can
be explained easily, as being a linear combination of n atomic orbitals forming
a density of states (DOS) out of n molecular orbitals. A metal thus can be
viewed as a molecule of n atoms and for n — co a quasi continuously band
results. A metal, only consisting of one sort of atoms in a close distance and a
well-ordered structure, easily meets the requirements of the linear combination
of atomic orbitals (LCAQI)-approximation [149, p. 685]. This idea can be
transferred to large molecules also forming a quasi continuously [DOS] and
thus an energy band. This kind of intramolecular band formation is known
for a variety of molecules [I50HI56], while a intermolecular band formation
often does not meet the requirements of the LCAO-approximation. Especially
the necessary orbital overlap for orbitals with the same symmetry is often not
given with adjacent molecules. Nevertheless, there are several examples for
especially m- conjugated molecular crystals showing a band formation as can
be proven by delocalized electrons [55H58]. The idea of intermolecular band
formation is illustrated by figure for ethylene.

Organic Semiconductors

The model of energy bands resulting from the [LCAOlapproximation of count-
less atoms or molecules is a valid basis to understand the differences of between
metals, semiconductors, and insulators. The linear combination of several oc-
cupied orbitals lead to an occupied band, while unoccupied orbitals form an
unoccupied band. The lowest unoccupied band is commonly referred to as
the conduction band, while the highest occupied band is called the valence
band. For metals valence- and conduction band overlap, leading to free elec-
tron movement, and thus to their typical properties as metallic color, and high
electrical and thermal conductivity. For the case of non overlapping valence-
and conduction bands two different cases are distinguished on the basis of
the gap size. For high energy gaps no conduction can be observed and so
these materials are insulators. For lower gap sizes, where free charge carriers
can be obtained via excitation or by doping, the materials are assigned to be
semiconductors.
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2.1. Metal/Organic Interfaces
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Figure 2.4.: Illustration of the linear combination of the molecular orbitals of
ethylen forming a new set of bonding and antibonding orbitals.
With increasing number of molecules involved the density of states
is increasing till valence and conduction bands are formed. Figure
adapted from [58].

Organic semiconductors are molecule based materials with an optical gap, as
“the lowest electronic transition accessible via absorption of a single photon”

[157], located between 1.5 to 3 €V [39]. This optical transition (e.g. Sp hy S1),
creating an exciton, thus is accessible by visible light (700 — 400 nm) [I5§].
Saturated organic molecules do not meet this requirement, but in contrast
larger m-conjugated organic molecules and polymers have an optical gap in the
required energy range [39, [I58]. Organic semiconductors have, depending on
the point of view, big advantages. Their energy gap can be easily tuned by
changing the size of the molecules, by adding electron donating or withdrawing
substituents, or inserting heteroatoms. Further their packing or crystal struc-
ture can be modified and metals can be intercalated or coordinated. With this
a great variety of materials can be created and adapted to the respective use.
Further thin, flexible and lightweight layers can be achieved making organic
semiconductors a powerful complement to the classical inorganic semiconduc-
tors.

Energy Gaps and Excitons

The energy gap between the highest occupied molecular orbital ([HOMOI) and
the lowest unoccupied molecular orbital (LUMO)) is an important parameter
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for organic semiconductors. However, different terms as fundamental gap, op-
tical gap, HOMO-LUMO gap, transport gap, and band gap, are often not used
precisely in literature. A good overview provide the remarks of Bredas [157],
which are briefly summarized here. From a theoretical point of view the molec-
ular orbitals (MOk) are stationary one-electron wave functions, while mea-
surements access ionization potentials (UPS] RPPE] x-ray photoelectron spec-
troscopy (XPS)), electron affinities (scanning tunneling spectroscopy (STS),
2PPE]L inverse photoemission spectroscopy ([PS))) and optical transitions (
ultraviolet-visible spectroscopy (UV/Vis), RPPEL high resolution electron en-
ergy loss spectroscopy (HREELS])). Regarding a single molecule, the funda-
mental gap, is defined as the difference between ionization potential ([P]) and
electron affinity ([EAl), while the optical gap equals the energy needed for the
lowest excitation of a molecule induced by the absorption of a single photon

(e.g. So Lie S1). According to Bredas [157] the gap is the
energetic difference between the calculated frontier [MOk, and therefore is an
approximation of the fundamental gap. Moving from a single molecule to or-
ganic molecular materials, electronic bands can be formed as described above.
In this case the energetic difference between the [Pl and the [EA] is referred to
as the band gap or transport gap. However, the optical excitation of an organic
material in general leads to the formation of a bound electron-hole pair, called
an exciton. For the description of excitons usually two different models are
considered. On the one hand the so-called Mott- Wannier excitons describing
electron-hole pairs with large distances between electron and hole, which is
the typical case in inorganic semiconductors. Due to screening effects by the
material they show low binding energies (< 0.1 V) [II8, p. 390]. On the
other hand, in organic molecules, rare gases and ionic crystals, much stronger
and more localized electron-hole pairs are observed . These so-called Frenkel
excitons show binding energies up to 1.0 eV and are located directly at one
atom or within one molecule [118, p. 390|[157]. The binding energy (Ep) of
an exciton is defined as the energy difference between the transport gap and
the excitons excitation energy (e.g. the optical gap of the organic molecular
material). For an illustration refer to figure 2.5
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Figure 2.5.: Illustration of the gap energies and the exciton binding energy
(Ep) for an organic molecule. The optical gap is the energy differ-
ence between the ground state (Sp) and the lowest excited singlet
state (S1), while the fundamental gap is the difference between
the [Pl and the [EAl Figure adapted from Ref. [I57]

2.1.3. The Electronic Structure at Metal/Organic
Interfaces

For electronic devices the interfaces between semiconductors and metals play
a crucial role. Metal-semiconductor junctions are commonly used as ohmic
or schottky contacts and their interface behavior can be described by well-
established models [118), 135], 159].

However, for organic semiconductor/metal interfaces the picture needs to be
refined. Here two models will be presented, which, depending on the point
of view, can describe the interplay between organic molecules and the metal
surface. On the one hand the induced density of interfacial states (IDIS) model,
and on the other hand the hybrid charge transfer model. While the first is more
inspired by the band related interface picture of inorganic semiconductors, the
second is more focused on an orbital based view, as it is the common picture for
molecules. The first model was developed by H.Vazquez and coworkers [160-
162] focusing on the interactions of Au with different organic semiconductors,
as Au being a metal with weak interactions to adsorbates. In this model the

charge neutrality level (CNLJ), as being an “effective” Fermi level for molecules,
is introduced (see figure [2.6]). The level can be understood as a kind of
electronegativity marker of the adsorbed molecule [41) p. 28]. Calculating the
[CNTJ from [[Pland [EAlit is expected to be found at the midgap between [HOMOI
and of the molecule. However, it is necessary to take all energy levels
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and the interaction with the surface into account while calculating the [CNLJ
The position of the [CNL| is obtained by integrating the molecular density of
states ps(FE) up to charge neutrality conditions.

/CNL ps(E)dE = N, (2.1.10)

o0

N here denotes the number of electrons in the neutral molecule. The
ICNLJ is therefore often found to be closer to the ILUMOI than to the
[HOMOI due to the higher density of states around the latter [41], p. 29,30].

A O 1 AD

| =R

CNL

CNL

before adsorption after adsorption

Figure 2.6.: Illustration of the induced density of interfacial states model. Dur-
ing adsorption the charge neutrality level (CNL) and the Fermi
level align leading to a shift of the work function (®). is not
necessarily located at the mid-gap as the higher density of states
around the pushes it upwards towards the LUMO [160].

When molecule and metal get in touch, electron charge flows between the
compounds in a way, that the initial misalignment between Fermi energy (Ef])
and gets screened, leading to a shift of the work function at the interface
in comparison to the work function of the isolated metal (see also below) [41].

The second model relies on the molecular orbital theory and is actually not
only valid for metal/organic interfaces, but also for organic/organic or or-
ganic/inorganic interfaces. This model does not describe work function changes
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Figure 2.7.: Mixing of metal substrate bands with molecular orbitals due to
adsorption on the basis of the [LCAQ] theory. DOS: density of
states; IHB: interface hybrid band; MO: molecular orbitals, CNL:
charge neutrality level; SS: Shockley surface state.

during adsorption, but can be useful to explain new arising hybrid orbitals or
bands at the interface. Here metal bands, as being an infinite number of linear
combined atomic orbitals (AOk), form so called hybrid orbitals (often referred
to as interface states) via linear combination with a molecular orbital. Depend-
ing on the strength of the interactions between the metal and the molecules,
these hybrid orbitals can show weakly or strongly altered properties, compared
to the single component orbitals or bands. For example with this picture an
interface band formation under participation of a molecular orbital and a metal
band can be explained [61].

Work Function of Metal/Organic Interfaces

The work function is the minimum energy which is needed to remove an elec-
tron from the bulk into the vacuum ® = W — Er. For metal surfaces it
is mainly determined by the bulk chemical potential and the surface dipole,
which in turn results from electrons spilling out of the surface into the vacuum
[51], 163]. Work function changes at metal interfaces during the adsorption of
molecules are an often observed phenomena [61) 67, 68, 128, 164, 165]. These
changes are a result of multiple effects. As explained above the Fermi and
level alignment leads to a shift of the work function. The strength of
the Fermi level shift, and thus the work function change, is determined by
the difference between Fermi and level, but also the generation of an
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interface dipole during alignment can influence the shift [162]. Besides the
interface dipole, molecular dipole moments perpendicular to the surface also
contribute to the shift as well as the so called push-back effect (also known
as “cushion effect” or Pauli repulsion) [51, I65HI68]. The adsorption of or-
ganic molecules “pushes” electrons back into the surface, reducing the upper
mentioned original surface dipole. Summarized it can be said, that the work
function is combination of the bulk potential and an overall dipole moment
influenced by molecular dipoles, the intrinsic surface dipole, the push-back
effect, and interfacial dipoles.

2.2. Singlet Fission

The efficiency of single junction photovoltaic solar cells is theoretically limited
by 32 %. This prediction was formulated by Shockley and Queisser in 1961 and
results from incomplete absorption, radiative recombination, and, as the main
part, waste heat as a consequence of the difference between photon energies
and band gap [169]. A possibility to overcome the theoretical limit is a multiple
exciton generation, as it is the case for the so called singlet fission (SH) process.
The [SF] process already was the object of several studies, but still some points
are not fully understood by now [I70-H172]. In an simplified view of the
process an optically excited molecule (S7) interacts with an adjacent ground
state molecule forming a so called multiexciton (ME]) state, which then decays
into two separated triplets in an overall spin allowed process [80), T70-172].
In contrast to the orders of magnitude slower intersystem crossing, the spin
angular momentum is conserved in [SEFl

S()So ﬂ) S()Sl — MFE — T+ T (221)

Recent theoretical [811, [173] [174] investigations and experimental results [80, 82,
I75HI77] led to a deeper understanding of this process.

spin

S0So 2% [SoS) < ME] — ME <oy yr gy

decoupling decoupling

> T1 + T (222>

For [E(S1) =~ 2 x E(T})| the excitation of the Frenkel exciton forms a coherent
superposition of the S; and the state, which decays, in the case of exoen-
ergetic [SE on an ultrafast timescale below 300 fs, into the state. The [ME
is a correlated triplet pair }(TT) with an overall singlet character, but time re-
solved spin resonance spectroscopy revealed the additional formation of triplet
pair states of quintet character ®>(TT) [175, 178]. However, the [ME]l formation
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can take place via a coherent or incoherent pathway and the influence of charge
transfer (CTJ) states on the state is a discussed topic |78, B0, 173, 174].
Further there are observations of strong vibronical and vibrational couplings
mediating the ultrafast [MEl formation [75 [179]. Figure [2.8illustrates the fron-
tier orbitals of a capable molecule during the process simplified. At this point
it also should be mentioned, that the involves more than just two adjacent
molecules, as the singlet state needs to be delocalized for an efficient process
[172, 180]. In general, it is necessary that the involved molecules show a de-
fined order and packing accompanied by suitable orbital overlap to achieve
efficient [SE rates and ultrafast dynamics [170], [171].

E 4 excitation electronic
and spin coherence isolated
_$ — spin coherence remains triplets
\%\ incoherent % - :l,—
hv —
N =3 e A o
S, s, ME phonon ME: decoupling T T,

coherent bath localization

Figure 2.8.: Simplified illustration of the frontier orbitals during the singlet fis-
sion process. S5,: singlet state, ME: multiexciton state, T},: triplet
state.

The state is formed by the loss of electronic coupling and coherence within
a picosecond timescale [90, [172] 181 [182], while the spin coherence remains.
Finally, the spin decouples and the [ME] state localizes into separated triplet
states (T7 + Ty). was so far mainly observed in 7-conjugated systems,
as acenes are the most prominent candidates. Here Tetracene [T5HT77] is an
example for endoenergetic [SE| (E(S7) < 2% E(T1)), while Pentacene (E(Sy) >
2% E(Ty)) [77-84] and Hexacene (E(Sy) > 2 E(T}))[85] undergo exoenergetic
Endoenergetic competes with delayed fluorescence due to the reverse
process of triplet-triplet annihilation or triplet fusion [I83HI86|, while is
dominant for exoenergetic systems.
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3. Experimental Methods and
Setup

In the following chapter the experimental techniques applied in the con-
text of this thesis will be presented. Namely, temperature-programmed
desorption (TPDI), ultraviolet photoelectron spectroscopy ([UPS) and two-
photon photoemission spectroscopy ([2PPE]) were used to investigate multiple
metal-organic interfaces. Subsequently, the experimental setup will be intro-
duced.

3.1. Temperature Programmed Desorption

A suitable and well-established technique to investigate coverages and binding
energies of adsorbed molecules on surfaces is the temperature-programmed
desorption (TPD) [124, p. 685], [159, p. 429], [187]. While increasing the
sample temperature with a constant heating rate in an ultra high vacuum
(UHV) chamber, a quadrupole mass spectrometer is used to detect
desorbing molecules. Desorption is taking place for the molecules obtaining a
thermal energy sufficient to overcome the binding energy (Ep) at the surface.
A first approach to use [TPD] as a quantitative method to obtain these binding
energies, was made by Redhead in 1962 [I88|. By heating the sample with a
constant heating rate (5 = dT'/dt), i.e. in a “programmed” way, the desorption
rate (rges) is

Tdes = @O =07, vy e’%T, (3.1.1)

dt

with © the fractional coverage, n the reaction order, and 1, the rate constant.
This directly leads to the Polanyi- Wigner equation, which gives a relationship
between the desorption as a function of temperature and the binding energy.

d 1 Ep
—d@’;d = Zd BVO ekBBT (312)
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Figure 3.1.: Schematic illustration of temperature programmed desorption
measurements. Left: A typical spectrum of a molecule cov-
ered metal surface. The insets show models of the surface coverage
at different temperatures during desorption. Right: On the basis
of the Polanyi- Wigner equation calculated desorption spectra with
a desorption order of n = 0 and n = 1 for coverages increasing from
the purple to the black curve (adapted from [193]).

The reaction order is determined by the desorption mechanism and strongly
influences the shape of the obtained spectra as shown in figure|3.1| Zero-
order desorptions, where the desorption rate is independent of the coverage,
are usually obtained for multilayer coverages. The adsorption rate increases
with increasing temperature until all adsorbates are completely desorbed and
the rate abruptly falls to zero. The high temperature cut off depends on the
initial coverage, as more molecules need more time to desorb from the sur-
face. For monolayers, where a defined number of molecules are located at
their adsorption sites first-order desorptions are obtained as long as adsor-
bate/adsorbate and adsorbate/substrate interactions are negligible. In this
case the peak maximum is independent of the initial coverage. Second-order
desorptions are the case for a recombinative desorption mechanism, where two
adsorbates need to meet before they can get detached from the surface. For
this reason the peak maximum shifts to lower temperatures for increasing cov-
erages [124, p. 282]. spectra can differ from this ideal behavior, as for
lateral interactions between adsorbed molecules, vy and Ep can become cov-
erage depended, resulting in peak shifts for varying coverages [I89-192]. A so
called pseudo-zero-order desorption is typical for attractive interactions, and
a pseudo-second-order desorption is often obtained for repulsive interactions.
On the right side of figure [3.1] a typical spectrum obtained for molecules
adsorbed on metal surfaces is shown. For a surface covered with multiple layers
of molecules, a zero order desorption is observed at temperatures comparable
to the sublimation temperature. The first layer in direct contact to the metal
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surface in general is more strongly bound, thus desorbing at higher temper-
atures. This allows access to well-defined monolayer coverages by heating a
multilayer covered surface to a temperature in between the multi- and mono-
layer desorption temperatures, as will be used frequently in the framework of
this thesis. By comparing the integrals of the monolayer and the multilayer
desorption peaks information about coverage can additionally be gained, as
long as the molecules desorb intact. Further, detecting different molecular
fragments can give insight into possible on surface reactions and desorption
processes [194]. Overall, is a basic tool in surface science allowing excess
to a wide range of information and can so serve as a suitable tool to investigate
metal /organic interfaces.

3.2. Photoemission Spectroscopy

A valuable tool to investigate electronic structures at surfaces is the photoe-
mission spectroscopy (PES). reaches back to first experimental obser-
vations of the photoelectric effect by Heinrich Hertz and Wilhelm Hallwachs
in 1887 and the theoretical interpretations of Einstein in 1905. The interac-
tion of photons of sufficient high energy with matter leads to the emission
of electrons. These electrons have a specific kinetic energy (FEj;,) depend-
ing on the materials work function (@), the incident photon energy (Ep, =
hv)f] and the initial binding energy (Ejg) of the electron with respect to [EF

Eyin = Epp — @ + Ep (3.2.1)

Based on this effect several experimental methods have been developed, from
which ultraviolet photoelectron spectroscopy (UPS) and two-photon photoe-
mission spectroscopy (2PPEl) were conducted in the framework of this thesis,
both being surface sensitive techniques and thus suitable for investigating the
metal /organic interface. The surface sensitivity is a result of the small electron
inelastic mean free path in solids described by the so called universal curve.
Within it is common to term energetic levels, where the detected elec-
trons originate from, as initial, intermediate, and final electronic states. Initial
states are energetic levels below [Ex and therefore occupied, while intermedi-
ate and final states are located above [E] and [E,,] respectively, and therefore
are unoccupied in the ground stateﬂ [UPS] using ultraviolet light sources for

Lh = Planck’s constant, v = frequency of the light
2The term “electronic state”, as it is used in [PES should not be confused with the term
“electronic state” as it is commonly used in chemistry, when describing the overall wave
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the ionization, focuses on the investigation of occupied initial states as valence
bands and [OMOE, but is not able to access unoccupied intermediate states.
The use of inverse photoelectron spectroscopy can overcome this lack, but it is
restricted in terms of its energy resolution. A very powerful and complemen-
tary tool, is the RPPEl which gives access to both, initial and intermediate
states [63H68]. 2PPE] is a second order non-linear optical process where two
photons interact with a substrate to emit one electron. A typical RPPE] spec-
trum is sketched in figure [3.2 One photon excites an electron from below [E
into a real or virtual excited state and the second photon then pushes the elec-
tron above the vacuum level, where it can be detached and measured by e.g. a
time of flight spectrometer. The obtained spectra can be regarded as a combi-
nation of an exponential secondary electron background [195] and overlaying
peaks, which result from increased cross sections as the consequence of a high
density of initial, intermediate or final states at a specific energy. Although
the kinetic energy of the electrons is measured, the obtained spectra commonly
are shown with respect to the final state energy Ep;,oy — Er. This plotting
has the advantage that both, intermediate, and initial states can intuitively
be calculated from the plotted energy axis, by subtracting the photon energy
once for intermediate states and twice for initial states. A further advantage is,
that the work function can be read directly from the position of the low energy
cutoff of the spectrum, denoted as the secondary edge (SEl). Here the emitted
electrons have barely enough energy to overcome the work function, and so
their residual kinetic energy is nearly zero. The high energy cutoff of the spec-
trum is assigned to the Fermi edge (FEl) showing the electrons initially located
at [Ez] and so having the maximum kinetic energy after emission. To run the
second order non-linear process efficiently, high photon densities are needed,
which can be obtained by ultrashort laser pulses, resulting in one of the major
drawbacks of this method, as high photon densities and resulting emission pro-
cesses can result in photodegradation of organic molecules [196H200]. While
measuring RPPE] it is favorable to not observe direct photoemission simulta-
neously, due to the much higher efficiency, and so it is purposeful if the energy
of one photon is not high enough to exceed the work function. The RPPE]
process can be triggered by two photons of the same energy as well as by two
photons of different energies. The first case is referred to as monochromatic
RPPE] (or 1C-2PPE), while the latter is referred to as dichromatic RPPE] (or
2C-2PPE).

function for all electrons in a specific molecule. E.g. for a molecule being in the “elec-
tronic ground state” an emission can occur from an electron initially located in the
or a lower lying occupied molecular orbital (OMOQOI), and therefore from different
“initial electronic states”.
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Figure 3.2.: Sketch of a typical RPPE] spectrum. Two photons (E = hv)

interact with an electron located below Epe.,; pushing it above
the vacuum energy, where its kinetic energy can be detected. It is
common sense to reference the spectrum to the final state energy
(Erina — Er) (see text). SE denotes the secondary edge and FE
the Fermi edge.

However, as RPPE spectra contain contributions from occupied as well as un-
occupied states a proper assignment is necessary. Figure [3.3] shows how the
kinetic energy of an electron, and thus the peak position in the PPPE] spec-
trum, changes for a variation of the incident photon energy. Slope evaluations
of the observed peak positions for photon energy dependent measurements can
so clarify whether a peak results from an initial, intermediate or final state.
For monochromatic measurements a slope of zero indicates a final, a slope
of one an intermediate, and a slope of two an initial state. For dichromatic
measurements (hyy = %hl/g) slopes of zero for final states, of one and two for
intermediate states, and three for initial states are obtained. For the interme-
diate states the slope depends on whether hiy or hiy serves as the pump or
probe, respectively. It is important to note that these slope evaluations are
only valid as long as the involved electronic states do not show a dispersion
along the normal component of the wave vector (k,), and therefore perpen-
dicular to the surface [201, 202].

Giving the two photons a temporal offset time-resolved 2PPE (TR-2PPE])
measurements can be carried out giving excess to excited state dynamics on
the timescale of the femtosecond laser pulses. The probe pulse ionizing the
intermediate state arrives the sample delayed, by increasing the length of its
beam path, and, as the resulting RPPE] intensity is directly linked to the tran-
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Figure 3.3.: Sketch of the 2PPE peak assignment. The kinetic energy of emit-
ted electrons change differently for varying photon energies, de-
pending on whether the observed peaks result from initial, inter-
mediate, or final states.

sient population of this state, lifetimes can be measured. Mathematically
this delay dependent intensity, also referred to the cross-correlation XC(t),
can be described by a convolution of the auto-correlation function AC(t) and
the transient population N(¢). The auto-correlation itself is a convolution
of the two laser pulses ([;(t), I3(t)), which can be satisfying described by
a sech? function [203]. A detailed mathmatical derivation can be found in

[204]
XO(t) = (AC % N)(t) = (I, * I + N)(t)

= /00 /00 Li(x)* N(y — x) * I (t — y)dxdy (3.2.2)

To obtain additional information about the dispersions of the investigated
states, and thus the degree of electron delocalization, angle resolved as
well as [AR-2PPE] can be performed by changing the emission angle of the
sample in front of the analyzer. For periodic surfaces the wave function inside
and outside of the surface have to phase-match, and therefore the parallel
component of the k-vector is conserved [124], p. 387|. In dependence of the angle
© between surface normal and detector axis, electrons with a different parallel

34



3.3. Experimental Setup

k = p/h\9

k, =kesin6
K, =p/h +sin 6

sample sample

I(II

Figure 3.4.: AR-PES conditions. k| is conserved, while &, changes due to the
samples work function. Electrons with a different parallel mo-
mentum are detected by rotating the sample in front of the [TOEL
Figure adopted from [205].

momentum are detected (see figure [3.4). This initial parallel momentum can
be calculated as a function of © and the kinetic energy of the electrons Ey;,.

V 2me Ekzn

]{JH = %sm@ = h

sin© (3.2.3)

As discussed in section [2.1.I] nearly free electrons can be described by
a parabolic like dispersion with an effective mass m*. Under this as-
sumption the energy of an electron in a specific state can be written as

h2k2

By plotting the electron’s energy against k|, its effective mass, as a parameter
for its ability to move parallel to the surface, thus can be calculated from the
parabolic curvature. For a more detailed insight into and RPPE] see Refs.
[134, 202, 206, 207], [124, p. 386].

3.3. Experimental Setup and Sample
Preparation

To apply [UPS, PPPE and [TPD] an advanced experimental setup is needed,
which can be divided into two main parts. On the one hand a laser setup
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delivering ultrashort monochromatic light pulses to efficiently trigger the 2PPE]
process and on the other hand a[UHV]chamber, where measurements and
sample preparations can by carried out, as well as the photoemitted electrons
can be detected. Since no fundamental changes were made to the setup during
the last years, only a short introduction is given here. A more fundamental
description can be found in Refs. [204] 208, 209]

3.3.1. UHV Chamber

A sketch of the UHV chamber is shown in Figure 3.5 The ultra-high vacuum
is created by a series of turbomolecular pumps providing a base pressure of
1-1071% mbar. A manipulator allows a 3-dimensionsional movement of the
sample and a rotation around its own axis. The temperature of the sample can
be controlled over a range of 80 K to 900 K by cooling with liquid nitrogen and
heating via tantalum wires, which additionally serve to connect the sample to
the manipulator. In the lower part of the chamber a cylindrical py-metal shield
is installed to ensure appropriate detection of photoemitted electrons with a
time-of-flight spectrometer (TOF)) (210 mm drift tube, 6° acceptance angle).
Moving the sample in 2-dimensions in front of the [TOF allows the investigation
of different spots of the sample, while a rotation around its axis gives access
to [AR-2PPE] measurements. The laser beams enter the chamber through a
MgF, window, hitting the sample in 45° to the [TOTI] axis in normal emission
mode. For further surface analysis a low energy electron diffraction (LEED)
(Fision instruments rear view LEED - RVL 900) is additionally installed inside
the p-metal shielding. The upper level of the chamber includes an in-situ
screw driver, a sputter gun (Specs IQE 11-A), a quadrupole mass spectrometer
(QMS, Balzers QMG 1124), a Knudsen cell evaporation unit (Kentax TCE-
BSC'), and a sample storage. This setup allows an in-situ preparation of well-
defined surfaces. The Au(111) crystal used as the substrate in the framework
of this thesis is prepared by a three step cleaning cycle. First the sample gets
cleaned by heating to 800K and subsequent sputtering for 5 min with an argon
background pressure of 2-3-107% mbar and an ion acceleration voltage of 1.5 kV.
The crystal is oriented in a 45° angle to the argon beam during this procedure.
The resulting rough surface then is thermally annealed for 30 min at 800 K.
This allows the clean gold surface to realign into the reconstructed well-defined
Au(111) herringbone reconstructed surface. In the following different organic
molecules, can be evaporated onto the sample to obtain the desired interfaces.
Coverages were controlled by varying Knudsen cell temperatures and dosing
times. A sucessfull preparation is controlled via (see above), using the
to detect molecular fragments. A detection of fragments is necessary
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Figure 3.5.: Sketch of the [UHV] chamber used in the framework of this thesis.
Sample preparations and [[’PD| measurements are conducted in the

upper level, while [PES| measurements are carried out at the lower
level of the chamber. Figure reproduced from Ref. [208].

for two reasons. On the one hand, the used Balzers QMG 1124 is
restricted to a mass-charge ratio between m/z = 2 — 200. On the other hand
the detection of different mass fragments gains information about possible on
surface reactions and incomplete desorptions.

3.3.2. Laser Setup

To obtain the needed ultrashort monochromatic light pulses a complex laser
setup is used as sketched in figure [3.6] A commercial solid state neodymium-
doped yttrium orthovanadate (Nd:YVO4) laser (532 nm, frequency doubled,
Verdi V18 - Coherent), is used to pump a Ti:Sapphire oscillator (Mira 900B)
and a regenerative amplifier (RegA 9050 - Coherent). In the Ti:Sapphire oscil-
lator ultrashort light pulses with a wavelength of A = 800 nm, and a repetition
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Figure 3.6.: Sketch of the laser setup used in the framework of this thesis. Ul-
trashort laser pulses are created by a frequency doubled Nd:YVO4
laser pumped Ti:Sapphire oscillator. After amplification a broad
variety of wavelengths can be achieved for experiments by an opti-
cal parametric amplifier and a number of frequency doubling BBO
crystals. Figure adapted from [203].

rate of 80 M Hz are created by the usage of the Kerr-lens mode-locking effect.
The single pulses show a temporal width of around 50 fs and a spectral width
of around 32 nm. These pulses are then stretched temporally to be amplified
in the regenerative amplifier resulting in a reduced repetition rate of 300 kH z
but increased power. After compression these pulses are frequency doubled
twice by BBO crystals to obtain a 6.2 ¢V beam used for measurements.
Alternatively, for RPPE] experiments, the pulses can be manipulated by an
optical parametric amplifier (OPAl) (OPA 9450 - Coherent) delivering wave-
length in the visible region between 1.8 — 2.5 eV (495 — 690 nm) (VIS-beam)
as well as a frequency doubled beam with 3.1 eV (400 nm) (3.1 eV-beam).
The visible beam then also can be frequency doubled to obtain wavelength
between 3.6 — 5.1 eV (UV-beam). In the framework of this thesis monochro-
matic 2PPE (IC=2PPE]) was carried out by only using the UV-beam, while
dichromatic 2PPE (2C2PPE]) was driven by a combination of the UV-beam
and the VIS-beam or the 3.1 eV-beam, respectively. To do so spatial and
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3.3. Experimental Setup

temporal overlap of the two beams on the sample has to be ensured. For the
latter, so called delay stages, varying the length of the beam path, are intro-
duced into the VIS- and the 3.1 eV-beam. This additionally allows to measure
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Figure 3.7.: Illustration of the beam characteristics. (a) Spatial distribution
of the UV-beam taken with a CCD-Camera (Astro CCD Camera
- Sony ICX098BL Chip). The data is fitted with a 2D Gaussian-
shaped peak. (b) Exemplary spectra of the UV-, VIS-, and 3.1 eV/-
beam. The spectral resolution is obtained from the [FWHM] of the
Gaussian-shaped peaks.

As a consequence of the setup dichromatic measurements with the UV-beam
and the VIS-beam are always restricted to hry = %hVQ. The light pulses
finally interacting with the sample have a power of 0.5 — 2 mW for the UV-
beam and 4 — 7 mW for the VIS-beam and the 3.1 eV-beam) adjusted in
dependence of the individual cross section of the investigated samples and
possible photodestruction for too high intensities. The beam diameter is about
55 um (2D-gaussian fit) resulting in a spot sizes of approximately 2400 pm?
(see figure (a)). Exemplary spectra of the different beams are given in
figure [3.7] (b) showing the spectral resolution of 0.03 — 0.04 eV as the [FEWHM]
of the fitted Gaussian-shaped peaks. The final time resolution of the setup
is determined by the auto-correlation (AC]) of the two pulses on the sample
ranging from 75 to 100 fs, depending on the daily alignment of the setup. The
[AC] directly on the sample can be obtained by measuring the cross-correlation
X)) (see equation for non-resonant excited initial states as in these
cases the intermediate virtual states have a vanishing transient population.
As described above the [XCl of non-virtual intermediate states can be described
as a convolution of the [AC] and the transient population N(t) of these states.
This then enables the setup to determine excited state dynamics down to
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approximately 50 fs.
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4. Characterization of the bare
Au(111) Surface

In the framework of this thesis the metal substrate of choice for the investiga-
tion of the metal/organic interface was the Au(111) surface, showing low reac-
tivities and high stability. A theoretical description of the electronic structure
of the gold bulk and at the Au(111) surface was carried out in section [2.1.1] In
this chapter the focus is on the experimental description of the gold sample used
in our setup to rule out misassignment and misinterpretation of the experimen-
tal results obtained for the investigated interfaces.

Figure [.1] shows RPPE] and measurements on the well-prepared
bare Au(111) crystal surface, cleaned by the procedure described in section
B.3.1 Monochromatic measurements for several photon energies show
a strong and narrow feature shifting with a slope of two in respect to the used
photon energy as it is expected for an initial state. Resulting in a binding
energy of 0.45 £ 0.04eV below [Ef], this feature can be clearly assigned to
the sp-derived as it is observed on high-quality Au(111) crystal surfaces.
For high photon energies an additionally weaker feature is observed for lower
energies. This feature is arising from the sp-band and as the sp-band shows
a dispersion perpendicular to the surface no slope evaluation can be carried
out as can be seen from the photon energy dependent peak positions shown in
figured.1] (c). The same is valid for the d-band and its several features obtained
in the low energy regions of the spectra. The work function, directly obtained
from the secondary edge of the spectra, is 5.47 +0.05 eV being a further clear
hind for a well-defined and clean Au(111) surface. Unfortunately the at
the clean Au(111) sample cannot be seen in the presented data, because of the
high work function of the gold. If the work function gets reduced by adsorbing
molecules they shift downwards in energy and so can be obtained additional
in our spectra. For the dichromatic measurements also features assignable to
the and the sp-band are observed and the state shows the expected
photon energy dependent shift with a slope of three in respect to the photon
energy of the VIS-beam. As the work function of the used gold surface is
rather high only initial states located near to the Fermi edge can be observed
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4. Characterization of the bare Au(111) Surface
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Figure 4.1.: on the bare gold surface. (a) monochromatic and (b) dichro-
matic PPPE] spectra. In both cases the Shockley surface state (S3)
and a sp-band feature are visible. Additionally, several d-band
features are observed in (a). (¢) and (d) show the photon energy
dependent peak positions. A slope evaluation was only carried out
for the [SS| as the sp- and the d-bands show a dispersion perpen-
dicular to the surface. (e) spectrum taken with hv = 6.2 eV
is mainly dominated by the [SSI As an inset in the upper right a
LEED pattern of the surface is given, with an inverted color scale.

by [lUPS measurements with a photon energy of hv = 6.2 eV. The obtained
spectrum shown in figure (e), thus is dominated by only one peak, which
again is assigned to the [SSl The [LEED] pattern shown in the inset was taken
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with a primary electron energy of 55 el and shows the typical pattern of the
reconstructed Au(111) surface [210], once more underpinning the presence of a
well aligned and contamination-free crystal surface. To confirm the assignment
of the[SS and the sp-band features in the spectra shown in figure [4.1][TR-2PPE]
measurements were carried out along the I'M-line of the first Brillouin zone,
as both should show a significant dispersion parallel to the surface. The results
are shown in figure

i Au(111)
— hv=4.5eV SS
S : d-band —
e} j features E'°-5' sp
5, ) - ..I..
> 2
3 !
2 S -1.0-
3 o
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Figure 4.2.: [AR-=2PPE] on the bare gold surface. Left: Spectra obtained for
different angles of the sample in front of the [TOEl A clear disper-
sion of the sp-band and the are observed. Further an electron
like dispersion of a d-band feature is observed for angles above
20°. Right: The binding energy of the three dispersing features is
given in respect to k. For the sp-band and the the effective
mass (m.yy) is calculated from the curvature of the peak position.

Turning the sample in front of the analyzer leads to an angle dependent peak
shift for the peaks assigned to the[S5/and sp-band, respectively, as can be seen
on the left. The peak position in respect to the wave vector parallel to the
surface (kj) is plotted on the right and based on equation the effective
mass of the electrons located in these states can be calculated resulting in an
effective mass of 0.33 +=0.02 m, for the and 0.59 £ 0.05 m, for the sp-band.
For high angles it can be seen, that a further peak appears in the region of
the d-band features which, thus is assigned to a d-band feature showing an
electron like dispersion. In foresight to the discussion of band formation at the
interface carried out in chapter [7] it should be highlighted here, that non of
the in normal emission observed d-band features shows any kind of dispersion
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parallel to the surface.
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5. Singlet Fission at the
TIPS-Pentacene/Au(111)

Interface

In 1961 it was predicted by Shockley and Queisser [169] that the efficiency of a
single junction solar cell is theoretically limited to 32 %. This limit is mainly
determined by waste heat, as the surplus photon energy of a photon exceeding
the absorber band gap is lost. Singlet fission (see section is a promising
process to overcome this so called Shockley-Queisser limit by creating two
charge carriers by the absorption of one photon [I70,[I71]. The most prominent
candidates to undergo this process are the acenes and within these, pentacene
stands out showing the most efficient singlet fission on ultra-short lifetimes [77-
84]. In the following chapter a good soluble pentacene derivative, the 10,17-
bis((triisopropylsilyl)ethynyl)-pentacene (TIPS-Pul), was investigated and the
singlet fission process within this compound at the metal interface is considered
closer. Partial results of this chapter have already been published in Ref.
[64].

5.1. TIPS-Pentacene: A Soluble Pentacene
Derivative

Pentacene is a well-known organic semiconductor having a large conjugated -
system and an optical band gap of 1.83 eV absorbing within the visible region,
which has already shown its high potential for device applications [T0-72]. The
lowest singlet exciton (S) transition energy lies slightly above two times the
triplet energy (7}) of 0.86 eV [82]. Since (E(S;) > 2 - E(T})) is necessary
for efficient and fast singlet fission, pentacene seems to be an ideal candidate.
Nevertheless, pentacene has some drawbacks, as it is very sensitive to oxida-
tion and shows a low solubility [73]. To overcome these drawbacks, Anthony
et al. |74] synthesized a functionalized pentacene derivative, the [TTPS-Pnl as
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5. Singlet Fission at the TIPS-Pentacene/Au(111) Interface

it is shown in figure . By adding TIPS-groups in the central position of the
pentacene backbone, a strongly increased solubility and stability is obtained,
simplifying purification and solution-based processing. An additional side ef-
fect is a favorable self-assembly into a w-stacked array increasing overlap of
the pentacene rings with adjacent molecules and a reducing interplanar spac-
ing of the aromatic rings [74]. [TIPS-Pnl was the object of numerous studies
during the last years, because of its promising properties for organic electronic
devices [64] [74, 00, 177, 179, 181 211H22T]. It has shown to undergo SF in
solution and thin films on ultrashort timescales, as it is the case for its unsub-
stituted derivative [64} 00, 177, 18T, 213-215]. As singlet fission dynamics of
[TIPS-P1l, so far, were mainly investigated in solution or in spin coated films,
a focus on evaporated samples, as being the topic of this work, gives access to
thin films down to the monolayer regime. This reveals information about the
influence of the underlying surface as a model system for (metal) electrodes.
The adsorption geometry influences the electronic structure of the adsorbate-
substrate system and is thus also of great interest. For example, Mannsfeld et
al. [212] showed via grazing incidence X-ray diffraction (GIXD]) experiments
that for “non-interacting” surfaces (e.g. SiO,) the molecular plane of [TTPS-Pnl
is oriented nearly perpendicular to the surface with the TIPS-groups pointing
towards the surface. This allows the molecules to grow in a molecular packing
that is nearly identically to that in the bulk crystal. In opposite, at Au(111)
surfaces a more or less planar (tiling angle < 30°) geometry is observed by
[64] and near edge X-ray absorption fine structure (NEXAFS]) [219]

measurements.

5.2. Sample Preparation and Coverage
Estimation of TIPS-Pentacene on Au(111)

The Au(111) surface was prepared by the standard cleaning cycles, as described
in section [3.3.1 Subsequently, [TTPS-Pn] was evaporated onto the surface by
heating the effusion cell to 470 K for a certain time depending on which cover-
age was planned to be investigated. The sample was held at 200 K during the
evaporation process to ensure sufficient sticking of the molecules. Figure [5.1
shows EI-MS Spectra of [TTPS-Pnl, as bought and after heating in the effusion
cellE] As the Spectra are identical it can be concluded, that no decomposition

I EI-MS measurements where carried out by the Mass Spectrometry Facility of the Institut
of Organic Chemistry of the University of Heidelberg under the lead of Juergen Gross
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5.2. Sample Preparation of TIPS-Pentacene

took place during the evaporation process. The inset shows the area measur-
able by the [QMS| attached to the [[HV] chamber enlarged with intense masses
labeled. An assignment of these fragments is given in the lower part of the
graph. The high intense fragments m/z = 43, 59, 73, 87, 115 result from
the TIPS side groups, while the group of m/z = 190-200 can be assigned to
fragments of the pentacene backbone.
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Figure 5.1.: EI-MS spectrum of [TTPS-Pnl as bought (upper part) and after
heating inside the doser (lower part). The part of the spectrum
observable by the attached to the [UHV] chamber is shown
enlarged in the inset. Important fragments are labeled.

To determine the coverage of [TTPS-Pul adsorbed on the Au(111) surface
measurements were carried out. Figure shows spectra recorded for m/z =
59 for different coverages between 1-12 monolayers (MIk). A high-temperature
peak, labeled as ag, is located around 570 K, showing the shape of a typical
first-order desorption as it is the common case for molecules adsorbed in a
monolayer with little lateral interactions as it is expected for [TIPS-Pnl due
too its bulky side chains. For lower desorption temperatures an additional
peak with two maxima, «; and as, is observed for higher coverages. Show-
ing a typical zero-order desorption shape they are assigned to the multilayer
and second layer desorption, respectively. This kind of double peak feature
can occur, when the second layer is still bound slightly stronger to the surface
then molecules in even higher layers, due to interactions with the substrate.
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The initial coverage was determined by the peak integral ratios of the com-
bined multilayer peak and the monolayer peak. spectra of different mass
charge ratios m/z = 59, 73, 198 for a coverage of 12 ML are shown in the
inset in figure 5.2} The shape of all three, including side chain (m/z = 59, 73)
and backbone (m/z = 198) fragments, are the same for the multilayer desorp-
tion, thus an intact multilayer desorption can be assumed. This enables the
preparation of well-defined monolayers by evaporating a multilayer coverage to
the surface and subsequently heating to around 440 K. The intact multilayer
desorption further tells us, that an intact evaporation and adsorption onto
the surface was achieved in the first place. The monolayer desorption peak
is only present for the TIPS-side chain while the backbone signal increases
undefined over a large temperature scale. This is clear hind for a molecule de-
composition of the adsorbed molecules during heating above 550 K and thus
no intact desorption of the monolayer takes place, which is in good agreement
with temperature-dependent measurements carried out by Gnoli et al.
[219].

TIPS-Pn/Au(111) 3 |0=12ML — miz59
. 5 | m/z 73
H a & ] — m/z198
= —Si— >
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Figure 5.2.: measurements (ionic fragment m/z = 59) of [TTPS-Pnl ad-
sorbed on Au(111) for different initial coverages recorded with a
heating rate of 1 K/s. ag denotes the monolayer desorption peak
while oy and oy denote the multilayer and second layer desorption
peak, respectively. The inset shows equivalent measurements for
a 12 ML coverage for different mass charge ratios.

48



5.3. Electronic Structure and Excited State Dynamics

5.3. Electronic Structure and Excited State
Dynamics

To reveal the electronic structure of the interface and RPPE] were carried
out and the results will be discussed in the following. Figure [5.3| shows a se-
lection of monochromatic (a) and dichromatic (b) 2PPE] spectra taken with
different photon energies and for variating coverages. A full series of photon
energy and coverage dependent measurements can be found in the appendix
(figure and . For the monochromatic spectra the low energy region is
dominated by the background and the d-band features (shown gray underlaid).
Within the 1 ML spectra in total five additional peaks are observed in the high
energy regions. An assignment can be carried out by the photon energy de-
pendent shift of the peak positions as shown in figure (C)E| The evaluation
gives four intermediate states and one initial states with their energies being
EHOMO =-09+0.1 6V, EUM02 =242+0.04 GV, EUM03 = 3.65 £ 0.06 SV,
Erps,_, =3.984+0.04 eV, and E;pg,_, = 4.42+£0.08 eV in respect to Epermi-
The observed initial state was assigned to the [IOMO] as being the energeti-
cally highest molecule induced state observed. This assignment is underpinned
by measurements shown in appendix (d) and coverage dependent
RPPEl measurements in appendix [A.2] where the occurrence and increase of
the [HOMO] attributed peak with increasing coverage can be clearly seen. The
energetically lowest intermediate state (UMO,) is only observed for low pho-
ton energies as it gets overwhelmed by d-band features for higher photon en-
ergies. The assignment of UMO,; and UM O3 to molecular orbitals is valid
as there are no intermediate states of the bare Au(111) surface expected in
this energetic region. In the opposite the two highest intermediate states can
only be observed for high photon energy measurements, as a single photon
needs to have sufficient energy to populate these states. Calculating their en-
ergetic position in respect to [E,.] gives Erpg,_,,.. = —0.67 £0.04 eV, and
Erps, 5. = —0.23 £0.08 eV, which suggests that these are the first and
second with a quantum defect of approximately a = 0-0.1 calculated via
equation 2.1.8] This suggestion is approved by [AR-2PPE] measurements as
displayed in appendix showing a dispersion of these states. The observed
effective masses are mesr(IPS,—1) = 1.17 £ 0.29 m, and m.s;(IPS,—2) =
1.34+0.35 m,.. The obtained energetic positions and dispersions of the [PSk are
in good agreement with various adsorbate covered Au(111) surfaces [66] 222
994,

With increasing coverage the [HOMO!| dominates the high energy region of

2For details regarding the slope evaluation refer to section
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Figure 5.3.: (a) Monochromatic and (b) dichromatic 2PPE]spectra of [TTPS-Pul

90

adsorbed on Au(111) recorded with different photon energies and
coverages. RPPEH] intensity is given as a function of the final state
energy. The spectra were fitted by an exponential background
and Gaussian-shaped peaks. Peaks resulting from (the highest)
occupied molecular orbitals ((H)OMO), (the lowest) unoccupied
molecular orbitals ((L)UMO), and image potential states (I[PS)
are observed. (c) and (d) show the corresponding photon energy
dependent peak positions to assign peaks observed in the 2PPE
spectrum. Figure adapted from [64].
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the spectrum and a further initial state is observed, which is assigned to a
lower lying with Eopo, = —1.24 +0.15 eV. The dichromatic spectra
taken at a coverage of 1.2 ML show three peaks, and the slope evaluation re-
veals two intermediate states besides the [ HOMO! which was already identified
by and monochromatic PPPEl Calculating the energetic values, gives
Eyyvo, =1.9£0.07 eV and Erppo = 0.94+0.04 eV, in respect to Er and thus
these peaks are assigned to the and a higher lying unoccupied molec-
ular orbital (UMOQI). By increasing the coverage the spectra get dominated by
the peaks assigned to the and the The increase of the LUMOJs
peak intensity with increasing coverage is a clear sign that we observed the op-
tical (S1). Besides the increasing intensity also a shift in the energetic
position of the peaks is observed with increasing coverage (also refer to ap-
pendix [A.2)). For a coverage up to 12 ML the shows an upwards shift
of 250 meV, while the shows an upwards shift of 180 meV, leading
to EHOMOJZ ML — —0.72 £ 0.1 eV and ELUMO,12 ML — 1.15+ 0.1 eV. The
upwards shift of the is caused by a reduction of the electronic coupling
between the surface and the adsorbing molecules [67,[68]. For the HOMO] this
reduction should lead to an increase of binding energy and thus to a down-
wards shift. However, the opposite behavior may occur, due to intermolecular
interactions. Besides the peaks assigned to electronic states at the interface, a
work function shift of about 800 meV and a shift of the [SS of about 130 meV
(UPS measurements, appendix can be found for the adsorbate covered
surface. This adsorbate-induced decrease of the work function attributed to
the push-back effect (see section [2.1.3). The shift of the surface state is a
well-known phenomena on adsorbate covered noble metal surfaces, as it has
been reported for noble gases|126], 132] [133], or molecular layers [128-131] and
is caused by either interfacial charge transfer processes or modifications of the
surface work function [225].

The overall electronic structure of the [TTPS-Pul/Au(111) interface is given in
figure 5.4 In total three occupied and six unoccupied states are observed.
Besides the interface related [SSl and [PSk, the [HOMO)], the optical and
further higher and lower lying of [TTPS-Pnl at the interface are assigned.
Enonmo = —0.9 eV can be approved by literature [211], 216]. With the addi-
tional information about the located at Eryyo = 0.9 eV, the optical
gap is 1.80 eV for the monolayer and as the energetic positions of
and shift with increasing coverage, the gap rises to 1.87 eV. This is
in good agreement with electronic measurements of the investigated
interface, where the optical gap was determined to be 1.9 eV [64]. This again
underpinned the conclusion, that the observed is an intramolecular
optically excited S; state.
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Figure 5.4.: Energy level diagram of one monolayer [TTPS-Pnl adsorbed on
Au(111). On the left the density of states (DOS]) of the bare gold
surface is shown. Unoccupied electronic states are shown in red,
while occupied electronic states are shown in blue. The molecule-
induced surface state and work function shifts are highlighted by
dashed lines. The energetic positions are given with respect to the

Au(111) Fermi level (EF).

To gain additional information about the excited state dynamics at the
[MTPS-Pnl/Au(111) interface and possible singlet fission, [TR=2PPE] has been
carried out. Figure (a) shows an exemplary false color plot of a sample
with a coverage of 5 [MI] of [TTPS-Pul on the gold surface, taken with photon
energies of hiy = 2.25 eV and hvy, = 4.5 eV, where hry serves as the pump
and hivy serves as the probe pulse for positive time delays. In the false color
plot representation of the data, the normalized dichromatic RPPE] signal is
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Figure 5.5.: (a) False color plot of the 2PPElintensity as a function of final state
energy and pump-probe delay for a coverage of 5 M L [TIPS-Pul
adsorbed on Au(111). (b) 2PPEl spectra at different pump-probe
delay times. (c) Xl curve obtained for the energy range displayed
in (a). Three lifetimes result from a triple exponential decay con-
voluted with a sech® function. (d) Lifetimes, as determined in (c),
as a function of [TTPS-Pul layer thickness on the Au(111) surface.
Figure adopted from [64].

given by a false color scale in respect to the final state energy and the pump-
probe delay. From this representation it can be seen, that the intensity of
the dichromatic RPPEl spectrum is not vanished for a temporal offset, but
evolves differently depending on the final state energy of the measured elec-
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5. Singlet Fission at the TIPS-Pentacene/Au(111) Interface

trons. A short living contribution can be seen in the high energy region of
the spectrum, while the low energy part directly at the secondary edge shows
a long living contribution. A more detailed insight can be gained by taking
a look at specific spectra for selected time delays, as displayed in figure [5.5
(b). These spectra can be obtained by taking slides at specific time delays of
the representation in (a). For t = 0, where pump and probe pulse overlap in
time a RPPEl spectrum comparable to those in figure [5.3] is observed. Con-
tributions of the [HOMOL the optical (S1) and a further contribution
directly at the secondary edge can be seen. This assignment becomes more
comprehensible, by considering the spectra with increased time delays. For a
temporal offset of 220 fs the contribution from the at around 6.1 eV,
being an initial state, is gone, as electrons from this state need both photons
contemporaneous to be ionized via a virtual state. The (S1) state,
located around 5.6 eV in the spectrum, possesses a lifetime and thus electrons
from this excited state can be ionized by a delayed photon from the probe
pulse. The same is valid for the long-lasting contribution in the spectrum
directly at the secondary edge of the spectrum. The S; state and a component
at the secondary edge, decay within in the first picoseconds. The spectrum,
however does not vanish completely at the secondary edge, but instead re-
mains long lasting as can be seen by comparing the nearly identical spectra
at 3 ps and 120 ps. Taking the cross-correlation (XC), as the integrated
intensity of a selected part of the spectrum in respect to the pump-probe time
delay, allows to determine the decay constants and thus the lifetimes of the
decaying contributions. The selected part of the spectrum to create the X is
shown in figure 5.5 (a) and the resulting [X(lis given in (c¢). The curve can be
fitted by a triple exponential decay, describing the transient population of the
involved intermediate states, convoluted with a sech? function, representing
the [AC of the two laser pulses. For a [TIPS-Pnl coverage of 5 ML, lifetimes
of m = 250410 fs, » = 2.9+ 0.3 ps, and 73 = 240 + 40 ps are obtained.
Figure (d) shows the influence of the gold substrate on the excited state
dynamics, by plotting the observed lifetimes against the coverage of [TTPS-Pul
on the gold substrate. All three lifetimes increase with increasing coverage.
71 increases slightly from 50 £ 10 fs to 160 & 60 fs (average value 3-12 ML),
while the effect is much stronger for 7 and 73 increasing from 0.26 £ 0.04 ps
to 1.6 £0.9 ps (average value 3-12 ML) and 8.6 £ 0.8 ps to 620 + 190 ps. This
coverage dependency is a result of two relaxation channels [55-57,67]. On the
one hand the intrinsic channel in the bulk material and on the other hand a
distance dependent external channel enabling a relaxation of the excited states
into the gold.

Knowing that [TTPS-Pnl undergoes singlet fission allows an appropriate assign-
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5.3. Electronic Structure and Excited State Dynamics
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Figure 5.6.: Summarized model for the excited state dynamics of [TTPS-Pnl ad-
sorbed on Au(111) obtained viaRPPElmeasurements. For compar-

ison [TA] data from spin coated films is added [90]. Figure adopted
from Ref. [64].

ment of the decay times [64, 90 177, 18T, 213-215]. A coherent excitation of
the S; state and the state have been reported in recent studies [21-25], and
thus the contribution at the secondary edge being excited and decaying con-
temporaneous with the S state with a lifetime of 160 =60 fs can be assigned
to the [MEl This is underpinned by the energetic position, as this contribution
is located approximately 0.95 eV below E(S7). At first glance this might seem
confusing, as E(ME) =~ E(S), but if a [ME]l state gets ionized by the probing
pulse, a T} state and an ionized molecule remain, in contrary to an ionization
of a 5] state, where an ionized and a ground state molecule remain. This leads
to a difference of the kinetic energy of the photoemitted electron of approx-
imately E(T1) [82], which also explains, why the electrons emitted from the
[ME] state have the same energy as those from the T state, and thus the peak
assigned to the T} state is located at the same energy in the RPPE] spectrum.
In agreement with [TA] measurements [90] the second lifetime of 1.9 4+ 0.9 ps
is expected to describe the energetic stabilization of the triplet followed by its
decay of 620 + 190 ps. The concluded results are displayed in figure 5.6 The
result of [TAl measurements on spin coated films are added for the purpose of
comparison [90]. These values equal the data obtained via BPPEl nicely. Even
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5. Singlet Fission at the TIPS-Pentacene/Au(111) Interface

shorter lifetimes of 80— 100 fs for singlet fission in spin coated [TTPS-Pul films,
where observed by Musser et al. [I79] and Bakulin et al. [I77], while Wu et
al. [226] observed lifetimes of 360 fs and 73 ps for [TIPS-Pul films evaporated
onto a quartz substrates. The slight variations can be attributed to differences
in sample preparation and a thus changed [TTPS-Pnl film morphology. In the
case of Wu et al. additionally the reduced experimental time window might
have influenced the obtained results.

Summarizing the present chapter, it was shown, that [TIPS-Pnl can be evap-
orated intact onto an Au(111) surface and well-defined monolayers can be
prepared via heating the sample after multilayer deposition. Contrary to the
multilayer, the monolayer does not desorb intact as the molecules show frag-
mentation around 570 K on the gold surface. A coverage estimation could
be carried out via measurements and the electronic structure at the in-
terface was investigated via RPPEl and [UPS| revealing several interface and
molecule induced states, including the shifted SSI, two [PSk, the [HOMOI the
optical (S7) and further higher and lower lying [MOk. The optical gap
was determined to be 1.87 eV/. Beyond, the singlet fission dynamics within
the evaporated [TTPS-P1l films could be obtained via [[R=2PPEl A coherent
excitation of the state and the Sp, followed by a contemporaneous decay
on a 160 + 60 fs timescale, was concluded. The resulting triplet stabilizes
with a lifetime of 1.6 = 0.9 ps and decays within 620 4+ 190 ps. Furthermore,
it was shown, that these lifetimes are coverage dependent for thin layers and
decrease strongly with decreasing layer thickness.
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6. Electronic Structure of
N-Heteropolycyclic Molecules
at the Metal-Organic
Interface

In this chapter the investigations of Fe-510,15,20-tetra-pyridil-porphyrin
and 10,17-Bis((triisopropylsilyl)ethynyl)dibenzo[a,c|- naphtho|2,3-
iJphenazinen (TIPS-BAP, TIPS-diBenzodiAzaPentacene) adsorbed on
Au(111) are presented. The investigation of a further N-Heteropolycycle, the
1,3,8,10-tetraazaperopyrene ((TAPP)) is presented in the following chapter 7. A
multi-experimental approach, including scanning tunneling microscopy (STM)),
[STS|, BPPE, [UPS, electron ionization mass spectroscopy (EIEMS), and
measurements, was used to elucidate the electronic and adsorption structure
at the [FeTPyP)/Au(111) and the TTPS-BAPI/Au(111) interface[]] First a short
overview over porphyrins and their role in chemical and biological processes
will be given, followed by first investigations of on Au(111) via
and (section [6.1)). Section [6.2] will then describe the sample preparation
of the covered Au(111) substrate. The elucidation of the electronic
structure at the interface will then be given in section [6.3] Some results
of this sections - have been published in Ref. [65]. The second
part of this chapter deals with the recently by Hoff et al. [94] synthesized
N-Heteropolycycle [TTPS-BAP] including the state of research (section [6.4)),
sample preparation (section and the description of its electronic structure

(section [6.6).

ISTSand measurements where carried out by Daniela Rolf in the group of Katharina
J. Franke at the Freie Universitit Berlin. measurements where carried out by the
Mass Spectrometry Facility of the Institut of Organic Chemistry of the University of
Heidelberg under the lead of Juergen Gross.
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6. Electronic Structure of N-Heteropolycycles

6.1. Porphyrins: Matured Molecules for Future
Applications

Nature developed an important class of aromatic N-doped macrocycles, the
porphyrins. These macrocycles consist of four pyrrole rings connected via me-
thine groups forming porphine as the parent chemical compound of the por-
phyrins. This porphine can be substituted in several fashions giving nature a
construction kit for various components for elementary chemical and biological
processes. Porphyrins are stable molecules with a center surrounded by four
nitrogen atoms, and so they are ideal tetradentate chelating agents. Their di-
versity, stability, and flexibility explains their importance in several biological
processes e.g. as a compound of hemoglobin, cytochrome c, catalase, chloro-
phyll, and many more. Their function reaches from catalysts, over molecule
transporters to energy transductors. In biological systems Fe, Co, or Mg center
ions dominate, while human made porphyrins nowadays can incorporate nearly
every metal from the periodic table. This variety makes porphyrins to an in-
teresting part of research for more than one century by now [227]. Due to their
easily tunable electronic properties, on the one hand by influencing or changing
the chelated metal center and on the other hand by substituting the macrocy-
cles, they are being examined for their suitability in organic electronics. These
potential electronic devices often involve surface and interface related aspects
and so a deeper understanding of the electronic properties of porphyrins at
interfaces is crucial. Several studies regarding porphyrins at interfaces have
been carried out providing a broad insight into this topic [I07-115]. The high
flexibility of the porphyrins allows external forces to influence their structure
strongly, leading to intramolecular distortions and so surface dependent molec-
ular geometries, as can be investigated well by STM]studies [107, 109, 110, 112].
However, the interfacial electronic structure strongly depends on the adsorp-
tion geometry, which makes it necessary to gain information with additional
methods. By now already a number of investigations clarify the electronic
structure of porphyrins at surfaces by the use of and [PS228-235]. These
publications focus on different combinations of porphyrins and metal surfaces
including (meso-tetraphenyl-porphyrin (2H-TPP))) on Ag, Cu, Al, Mg and
Au 229 236], Zn(I11)-5-(3,5-dicarboxyphenyl)-10,15,20-triphenylporphyrin dye
(ZnTPP) on ZnO, TiOq, Fe, Mg, Al, Cu, and Au [228| 231H234], 236], 237],

tetra(4-aminophenyl)porphyrin (TAPPorl) on Au(111) [235], zinc phthalocya-
nine and octaethyl-porphyrin (OEP) on Cu and Zn [230], and H,-5,10,15,20-
tetra(4-pyridyl)porphyrin (HyTPyP]) on Mg, Al, Cu, and Au [236]. However,
these studies are restricted to [PS] having a limited energetic resolution and
only access to electron affinity levels (negative ion resonances), and thus the
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6.1. Porphyrins

combination from and cannot give any information about exciton
binding energies. In contrast, 2PPEl has proven to be a powerful tool to elu-
cidate the electronic structure at interfaces, unveiling occupied as well as un-
occupied states, and in particular is able to observe the transport as well as
the optical gaps [67, 68]. Fe-5,10,15,20-tetra-pyridil-porphyrin (see
figure (a)) is a further promising candidate for molecular switches, elec-
tronics and spintronics. The porphine core incorporates a Fe(III) ion with a
Cl ligand serving as a counterion. Additionally, four pyridil substituents are
connected in meso position.

Figure 6.1.: (a) The Fe-5,10,15,20-tetra-pyridil-porphyrin molecule
as a valence bond scheme and a structure model from different
views, showing the out-of-plane saddle-shape deformation of the
pyrrole groups. (b) & (¢) Two different arrangements of FeT-
PyP molecules, either consisting of alternating rows of parallel
molecules (b) or showing a staggered arrangement of FeTPyP with
an alternating pattern of the molecules (c¢). The red box shows the
rhombic unit cell of 1.4 nm x 2.7 nm, containing two molecules (b).
The unit cell of 2.0 nm x 2.2 nm in (c) also contains two molecules.
Because of the saddle-shape deformation of the molecules, two pyr-
role groups of the molecules in both structures appear higher in
the STM topography than the other two. Figure adapted from
Ref. [116].
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6. Electronic Structure of N-Heteropolycycles

K. J. Franke and coworkers [65] [116] carried out and measurements
on [FeTPyP] They could identify two different self-assembled adsorption ge-
ometries on an Au(111) surface displayed in Figure (b) & (c). On the
one hand there are molecules who assemble in alternating rows (b), and on
the other hand there are molecules in a staggered arrangement (c). The well-
ordered molecules form islands extending over tens of nanometers. In both
arrangements the molecules can be found in a saddle-shaped configuration,
where the inner macrocycle is distorted and one pair of pyrrole rings bends up
while the other one bends down leading to different signals strengths in the
[STM] topography. After deposition, the Cl- seems to be removed from the cen-
ter. This separation is accompanied by a reduction of the Fe(III) to Fe(II) and
can be underpinned by measurements of inelastic spin excitations [65], 116, 238].
From experiments, dI/dV curves in the center of the molecule have been

K o B B B B B B RLL B
25
2.0
1.5
1.0
0.5

Normalized dl/dV [arb. u.]
llll llllllllllllllllllllll

0.0 T RN FEEEE R P T A

-2 -1 0 1 2
Voltage [V]

Figure 6.2.: dI/dV spectrum recorded in the center of an [FeTPyP|molecule on
Au(111). Resonances at a positive bias voltage result from unoc-
cupied molecular orbitals, while resonances with a negative bias
voltage result from occupied molecular orbitals. Figure adopted
from Ref. [65].

obtained as shown in Figure [6.2] At positive bias voltages there is a double-
peak structure observed with maxima at 1.3 V and 1.45 V' which have been
assigned to the and the [UMON-1. Looking at negative bias voltages
two resonances between —0.6 V' and —1.3 V resulting from occupied orbitals
can be seen. However, the resonances are rather broad, as shows a reduced
resolution for occupied states, due to an increased tunneling barrier coupled
to the negative bias voltages.
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6.2. Sample Preparation FeTPyP/Au(111)

6.2. Sample Preparation and Coverage
Estimation of Fe-tetra-pyridil-porphyrin on
Au(111)

In order to prepare the samples, the gold surface was cleaned as described in
section [3.3.1] In the following the [FeTPyP}Cl molecules were evaporated onto
the surface by heating the effusion cell to 680 K while the surface was held at
300 K. During evaporation the Cl ligand was cleaved as shown by STM images
and measurements of inelastic spin excitations [65, 116l 238]. In figure an
Spectrum of [FeTPyP}Cl is shown. As can be seen the most prominent
signals within the range of the used are related to a mass charge ratio of
m/z = 44, 80 and 128. The fragments can be assigned to different isomers of
the composition C,H;N ™, pyridinium, and FeN,CH,". However, to determine

T 4399 FeTPyP
3 CHN .
] =N~
] \ .
/ 8006 F6N4CH4

127.91

Intensity [arb. u.]
11 lllllll

1 llllll

TTTT I T
40 60 80 100 120 140
Mass charge ratio [m/z]

Figure 6.3.: [EI-MS| spectrum of with important fragments labeled.
Intensity is given on a logarithmic scale.

the [FeTPyP|coverage on the gold surface, measurements were carried out
following the mass charge ratios of m/z = 80 and 128 during heating the sample
to 750 K with a heating rate § = 1 K/s. Figure[6.4] shows two different
measurements for different dosing times. For short dosing times there is no
signal received, while for dosing times above 12 minutes and at a pressure of
approximately 5 - 107 mbar (labeled as 6 > 1 a signal arises for both
mass to charge ratios at a temperature around 580 K. The signals have a
zero order shape and can so be attributed to a multilayer desorption. This
leads to the assumption that there is no signal detectable for submonolayer
coverages, probably due to strong interactions of the molecules with the metal
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6. Electronic Structure of N-Heteropolycycles

surface, which prevents an intact desorption of the molecule from the surface.
Exceeding the monolayer coverage molecules can be desorbed leading to the
observed signals during the measurements. So, unfortunately, the
measurements can not be used directly to determine the coverage, but we can
estimate the dosing time to receive a coverage of one monolayer. Assuming a
constant evaporation flux, we so can conclude to the coverage dosed during a
specific time. The absence of a signal with m/z = 35 substantiates the cleavage
of the CI" during evaporation and shows that the cleaved ion does not seem to
adsorb separated on the surface.

FeTPyP/Au(111) m/z 35
— m/z 80

QMS-signal [arb. u.]

Submonolayer

Illll]lllIIllll]llllIllll]lllllllll]lllllllll]

300 400 500 600 700
Temperature [K]

Figure 6.4.: measurement of adsorbed on Au(111) for three dif-
ferent dosing times resulting in different coverages (©). For each
© mass charge ratios of m/z = 80 and m/z = 128 have been
recorded. For the highest © a mass charge ratio of m/z = 35
is additionally shown to exclude Cl" adsorption. For clearance
the spectra are shown with individual offsets. The lower spectra
correspond to a submonolayer coverage, while the upper spectra
correspond to a coverage around and slightly above one monolayer
(ML). The multilayer data was recorded by Friedrich Maass, AK
Tegeder, Universitat Heidelberg.
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6.3. Electronic Structure FeTPyP/Au(111)

6.3. Electronic Structure at the
Fe-tetra-pyridil-porphyrin /Au(111)
Interface

In the following we will discuss the results of and 2PPE measurements of
[FeTPyP| adsorbed on the Au(111) surface, resulting in a fundamental insight
into the electronic structure at the metal /organic interface. In overall eleven
electronic states, including four unoccupied molecular orbitals, the first
(n=1), one excitonic state, the Shockley surface state (SS) and four further
occupied molecular orbitals are revealed. Figure [6.5] shows spectra for
several different coverages of [FeTPyP] starting from the bare Au(111) surface
and increasing up to one monolayer, taken with a photon energy of hv =
6.2 eV. The spectrum of the bare Au(111) surface is mainly dominated by
the [55/located at —0.48 £0.05 eV with respect to EF as already mentioned in
section 4 By adsorbing molecules the loses intensity, while an about 0.28
eV energetically upwards shifted [SS appears for low coverages of [FeTPyP]
By increasing the coverage of [FeTPyP| further the primarily shifted [SS gets
quenched again and starting from a coverage of approximately 0.4 monolayers,
molecule-induced peaks are observed, which can be assigned to photoemission
from the and three lower lying [OMOK. For clearance the data are
fitted by an exponential background and Gaussian-shaped peaks. In detail
the observed peaks are located at —0.91 + 0.08, —1.12 £+ 0.08, —1.33 4 0.08,
and —1.49 £ 0.08 eV. These values are in rough agreement with the data
obtained by measurements [65], but as discussed before shows a
reduced resolution and only broad peaks where obtained. The values obtained
by and RPPE| further are ensemble-methods, while [STS| is measured
locally in the center of a single molecule. The shift of the surface state is a
well-known phenomena on covered noble metal surfaces, as it has been reported
for various adsorbates like noble gases|126, 132, 133], or molecular layers [128-
I31]. Tt is caused by either interfacial charge transfer processes or modifications
of the surface work function [225]. A strong adsorbate-induced decrease of the
work function from 5.5 eV to 4.5 €V is observed, for a coverage up to 1 [MIl As
described in section the work function shift can be regarded as interplay
of the push-back effect, molecular dipole moments, and level alignment
(refer to section 2.1.3)). In overall a rather strong interaction between metal
surface and molecule is concluded, which would also agree with the missing
monolayer desorption in the measurements.

To determine the energetic position of unoccupied states, 2PPEl measurements
have been carried out. Figure[6.6](a) shows monochromatic (hv, = hv,) BPPEl
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Figure 6.5.: spectra (hv = 6.2eV') of various submonolayer coverages of
[FeTPyP| on Au(111). Data are fitted by an exponential back-
ground combined with Gaussian-shaped peaks. Dotted lines high-
light peaks resulting from occupied molecular orbitals (OMOQ), the
Shockley surface state (SS)), and the shifted surface state (SSI),
and for clearance the fitted peaks are shown as an inlay. Figure
adapted from Ref. [65].

spectra of 1 [MIJ[FeTPyP| adsorbed on Au(111) for different photon energies.
Contributions of several electronic states are observed. To assign these con-
tributions properly their energetic position with respect to the used photon
energy is shown in figure (C)E| Besides the well-known d-band features, in
the low energy region of the spectra (Frijna — Er = 4.5¢V — 7.0 V), contri-
butions of a final state (Eria — Er = 5.18£0.08 eV/) are observedﬂ Further,

2refer to section for more slope evaluation details
3Final state peaks can occur from unoccupied molecular orbitals located above the global
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6.3. Electronic Structure FeTPyP/Au(111)

for high photon energies we find a contribution, showing a slope of one, and
therefore originating from an intermediate state, which in agreement with
measurements [65], is assigned to the LUMON-1 located 1.44 4 0.09 eV above
Er. In between the [LUMOK1 and the final state (ES)) a further contribu-
tion is observed for high photon energies, but its energetic position can not
be determined clearly, and so is not plotted in graph (c). However, it
can be assigned to the located 1.29 + 0.07 eV above Er as deter-
mined via dichromatic measurements (see below) and measurements [65].
In the enlarged shown high energy region of figure (a) three additional
peaks can be observed. Two of them showing a slope of about two, and so, in
agreement with the measurements shown in figure originate from the
and the [OMOk, 4, the latter here appearing as only one broad feature.
From the slope evaluation of photon energy dependent measurements the third
peak can be assigned to an intermediate state with its energetic position at
3.87+£0.07 eV above Er and so 0.57 eV below E,,., which corresponds well to
the first (n = 1) [PS with an adsorbate induced quantum defect of a = 0.22.
This quantum defect also is a clear hind for adsorbate-surface interactions, as
for a clean undisturbed Au(111) surface a quantum defect of @ = 0 is expected
[134]. As mentioned above, the was not clearly observed within the
RPPE] measurements with monochromatic photons, so to get a deeper insight,
dichromatic measurements hy; = %hw where carried out. The results can be
seen in figure[6.6| (b) & (d), where (b) shows the dichromatic 2PPEl spectra of
1 MTFeTPyPjon Au(111) for different photon energies and (d) shows the pho-
ton energy dependent peak positions. To observe the correct peak positions
the data in (b) were fitted with three to four Gaussian-shaped peaks. Besides
contributions of the already known shifted [SSI and the (n=1) there are two
contributions originating from unoccupied states. On the one hand the
can be clearly identified, being located at 1.29 £ 0.1 eV above Ep which is in
good agreement with the received from measurements [65] and
confirms the assignment in the monochromatic evaluations above. On
the other hand a further energetically lower lying contribution, resulting from
an electronic state located at 0.87 £+ 0.1 eV above Er, can be identified. Here
it must be pointed out, that measurements only have access to transport
levels, because electrons tunnel into unoccupied molecular orbitals or states
forming negative ion resonances. For RPPE] additionally to the transport lev-
els populated from the metal substrate, an exciton generation by excitation
from an occupied into an unoccupied molecular orbital is possible. 2PPEl then

vacuum energy Fyqc, and so show a slope of zero in photon energy dependent measure-
ments, because both photons applied in the 2PPE process are needed to populate these
orbitals. Due to their position above E,,., a direct detachment of the electron leads to
the observed signal.
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(a) Monochromatic and (b) dichromatic 2PPE] spectra of [FeTPyP)

on Au(111) recorded with several photon energies. RPPE]l intensity
is given as a function of the final state energy. The dichromatic
spectra were fitted with multiple gauss peaks to increase clarity.
Dotted lines highlight peaks resulting from (the highest) occupied
molecular orbitals ((H)OMO), (the lowest) unoccupied molecular
orbitals ((L)UMO), a final state (ES), the first image potential
state (IPS), and the shifted surface state (SS). (¢) and (d) show
the corresponding photon energy dependent peak positions to as-
sign peaks observed in the RPPE] spectrum. Figure adapted from
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6.3. Electronic Structure FeTPyP/Au(111)

measures the [P of this exciton. The electronic state observed at 0.87 eV,
and so below the lowest unoccupied transport level, is thus assumed to be an
excitonic state, leading to an exciton binding energy of 420 meV, which is at
the lower edge of typical exciton binding energies in organic semiconductors
(0.5 — 1.0 €V) [157]. In this context, it must be mentioned, that the exci-
ton binding energy of a molecule adsorbed on a surface can be influenced by
screening effects leading to variations compared to measurements. To
gain more information about the exciton it would be advantageous to carry out
[TR-2PPEl measurements, but unfortunately weak illumination effects on the
sample are obtained preventing long lasting time resolved measurements. How-
ever, the illumination effects are sufficient weak so that no significant changes
are observed in the spectra within the normal measuring window as can be

seen in appendix [B.1}

FeTPyP/Au(111)
Submonolayer

hv =4.25eV

LUMO
FS : LUMO+

SS’+IPS

d-band ™.
features

2PPE Intensity [arb. u.]
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Figure 6.7.: RPPE] spectrum of a submonolayer coverage adsorbed on
Au(111) taken with a photon energy of 4.25 eV. (L)UMO denotes
(the lowest) unoccupied molecular orbitals, a final state,
the image potential state, and [SS the shifted surface state.

To complete the picture of the electronic structure of adsorbed on
Au(111) further coverages, besides the 1 [MIJ] coverage described above, have
been investigated viaRPPEL Figure[6.7)shows a monochromatic (hv = 4.25 eV
RPPE] spectrum of a low covered surface with approximately 0.3 [MI[JP| Here
the and the can be seen more clearly separated. A misassignment
of these to further gold d-band features can be ruled out, due to an increasing

4For all photon energy dependent measurements and the associated slope evaluation refer

to appendix

5 A monochromatic 2PPEl measurement series with different coverages can be found in
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6. Electronic Structure of N-Heteropolycycles

intensity of these peaks with increasing coverage and the assignments based on
figure [6.6] Interestingly, a further molecule-induced contribution is observed
in the high energy region of the spectrum, which is overwhelmed by the peaks
originating from the occupied molecular orbitals in the monolayer spectra.
This further contribution is assigned to an [UMOk located at 3.07 + 0.06 eV
above Er. To rule out a misassignment to the occupied sp-band feature, which
also could be expected in this region of the spectrum and shows a comparable
slope for the photon energy dependent peak position, [AR-2PPE] measurements
have been carried out. The results are shown in the appendix in figure
Only the peak assigned to the and shifted [SS shows a dispersion with an
effective mass of mesr = 1.17 £ 0.29m,. From this we can conclude that the
peak is mainly dominated by the IPS, because, as mentioned in section [2.1.1
a should show a dispersion with an effective mass of 0.2 to 0.3 m,, while
for an an effective mass of around 1.2 m, is expected [146], 224, 239]. The
peak originating from the[UMOk shows no dispersion and so proves the correct
assignment.

Combining the presented results we obtain the electronic structure of the
[FeTPyP)/Au(111) interface (see figure [6.8). Besides the d-band features and
the of the underlying substrate surface, eleven electronic states have been
observed. These are the shifted [SSJ, the [PS(n=1), and several molecule-
induced states, including an exciton, the [ HOMO] the [LUMO] (affinity level),
and further higher, respectively lower lying and [OMOk. At 1 [MIJ cov-
erage the is located at —0.91 eV with respect to Er, and thus shows
an ionization potential of 5.41 eV. For the purpose of comparison, refer to
the publication of Yamashita and coworkers [236], where they observed the
onset of the of at approximately —1.1 eV below Ef for a 5
nm thick layer on a gold surface (work function (WE) = 4.7 eV'). With the
LUMO, populated by an electron out of the gold bulk, located at 1.29 eV with
respect to Er, and thus showing an electron affinity of 3.21 eV, a transport
gap of 2.2 eV is determined. The, as well, observed excitonic state, where the
LUMO is populated by an intramolecular excitation, is located at 0.87 eV with
respect to Er exhibiting an exciton binding energy of 420 meV'. The resulting
optical gap is thus estimated to be 1.78 eV.

Considering all results, after deposition at room temperature well-ordered is-
lands of [FeTPyP]on Au(111) have been received as shown by [STML Via
the negative ion resonances, for the two lowest unoccupied molecular orbitals,
and [LUMOK-1 have been received [65]. The picture of the electronic
structure was complemented by [UPSlmeasurements, to determine initial states,
and by RPPE] to, on the one hand add the picture of the intermediate states,
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Figure 6.8.: Energy level diagram of one monolayer [FeTPyP| adsorbed on
Au(111). On the left the density of states (DOS]) of the bare gold
surface is shown. Unoccupied electronic states are shown in red,
while occupied electronic states are shown in blue. The molecule-
induced surface state and work function shifts are highlighted by
dashed lines. The energetic positions are given with respect to the
Au(111) Fermi level (Er).

and on the other hand, reveal the energetics of intramolecular photoexcitation

at the interface.
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6. Electronic Structure of N-Heteropolycycles

6.4. Arrow-shaped N-Heteroacenes: Potential
n-type Organic Semiconductors

Acenes with five or more polycycles have shown to be promising organic semi-
conductors, but show a lack on stability and solubility [70H72) 240-H243]. To
overcome this drawbacks TIPS-groups can been added as first done by Anthony
et al. [74]. However, for larger acenes than pentacene even bulkier silyl-groups
only provide moderate stability [87H89] and thus additional efforts have been
made to stabilize these acenes [87, 243-245]. One approach was to add two
additional benzene rings forming an arrow-shaped molecule [87]. In general
acenes are rather p-type semiconductors but the substitution of CH units by
nitrogens can lead to energetically stabilized acenes with lower lying
and [LUMOEk [90H95]. This increases the electron affinity, which is necessary for
the formation of appropriate n-typ semiconductors. Therefore, N-heteroacenes
have become a field of great interest [94] 246-H249], and have shown to work
well in thin-film transistors [90, 250} 25T]

Combining these two approaches, on the one hand stabilization via additional
benzene rings and on the other hand forming a n-type semiconductor via nitro-
gen substitution leads to the 10,17-Bis((triisopropylsilyl)ethynyl)dibenzo|a,c|-
naphtho[2,3-iJphenazinen (TIPS-BAP, TIPS-diBenzodiAzaPentacene), a
novel compound first synthesized in 2016 by Hoff et al. [94] (see figure
(a)). This well-soluble molecule forms well-ordered crystals that pack “in a
brick-wall-like motif with head-to-tail arrangement” [94], with a short distance
between the m-conjugated backbones (see figure (b)). This close pack-
ing is favorable for molecular electronic applications [94], 251] and therefore
[TTIPS-BADP] is a promising candidate for investigations at the metal/organic
interface.

Figure 6.9.: Valence bond scheme (a) and single crystal packing (b) of
[TIPS-BAPl Figure adapted from Ref. [04]
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6.5. Sample Preparation of the arrow-shaped N-Heteroacene on Au(111)

6.5. Sample Preparation of the arrow-shaped
N-Heteroacene on Au(111)

After cleaning and preparation of the Au(111) surface, according to the pro-
cedure described in section [3.3.1], TTPS-BAP] was evaporated onto the surface
with an effusion cell held at a temperature of 548 K and a substrate temper-
ature of 300 K. The batch of molecules used in the framework of this thesis
were synthesized by Matthias Miiller in the group of Prof. Dr. Bunz at the
University of Heidelberg according to the publication of Hoff et al. [94]. Figure
shows the spectrum of [TTPS-BAP| as synthesized and after heating
in the effusion cell | The spectra are identical and thus a decomposition
during the evaporation process can be excluded. The inset in figure |6.10| shows
the part of the spectrum enlarged, which is accessible by the used in our
setup. Here important fragments are labeled. The most intense fragments
m/z =59, 73, 87, 115, 180 result from the TIPS side groups and unfortu-
nately no backbone fragments can be detected within our experimental range.
The fragments used for measurements are shown in detail in the lower
part of the figure.

spectra (ionic fragment m/z = 59) for [TTIPS-BAP] adsorbed on Au(111)
are shown in figure [6.11} At low temperatures around 465 K a strong peak
labeled as a; with a typical zero-order desorption-shape is observed, which
can thus be assigned to the multilayer desorption. At 480 K a further con-
tribution as is observed, which most likely results from molecules adsorbed in
a compressed phase as reported for several organic molecules on noble metal
surfaces [69, 222], 252H257]. Around 560 K a peak g is observed, which can
be assigned to desorptions from the monolayer. The inset shows equivalent
measurements at an initial multilayer coverage for different mass charge ra-
tios (m/z = 59, 115, and 180). It must be pointed out that the relative
intensities between the mono- and multilayer peaks differ strongly for different
m/z. This is a clear hint for a decomposition and incomplete desorption of
the monolayer molecules, and thus [TTPS-BAP|shows a comparable behavior as
[TIPS-Pul (refer to section[5.2)). A coverage estimation via measurements
for [TTPS-BAP] adsorbed on Au(111) is excluded, because of the strong devia-
tion of the relative peak intensities. However, as the multilayer peak shows a
typical shape and the spectrum reveals an intact desorption from the
effusion cell, an intact multilayer desorption from the substrate can be assumed

and thus well-defined monolayers of [TIPS-BAPJon Au(111) can be prepared by

6EI-MS measurements where carried out by the Mass Spectrometry Facility of the Institut
of Organic Chemistry of the University of Heidelberg under the lead of Juergen Gross.
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Figure 6.10.: EI-MS spectrum of [TTPS-BAP], as synthesized (upper part) and

after heating inside the doser (lower part). The part of the spec-
trum observable by the attached to the chamber is
shown enlarged in the inset. Important fragments are labeled.

the creation of a multilayer coverage via evaporation and subsequent heating

to 490 K.

72



6.6. Electronic Structure of N-Heteropolycycles
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Figure 6.11.: TPD measurements (ionic fragment m/z = 59) of [TTPS-BAD
adsorbed on Au(111) for different initial coverages (©) recorded
with a heating rate of 1 K/s. A clear coverage determination
is not possible (see text). s denotes the monolayer and a; the
multilayer desorption peak. The contribution labeled as s most
likely results from a compressed phase. The inset shows equiva-
lent measurements for an initial multilayer coverage for different
mass charge ratios.

6.6. Electronic Structure of the arrow-shaped
N-Heteroacene/Au(111) Interface

To gain insight into the electronic structure of the [[TPS-BAP|/Au(111) inter-
face 2PPE] measurements have been carried out. At a well-defined monolayer,
spectra with several features resulting from the underlying gold surface and the
adsorbed molecules can be obtained as can be seen in figure While figure
[6.12] (a-c) shows monochromatic measurements, figure [6.12] (d) shows dichro-
matic measurements for several photon energies at a coverage of 1 each. In
total three d-band features, six additional peaks, and a work function reduc-
tion of 850 450 meV  are observed. The assignment of the observed peaks was
carried out via energy-dependent measurements and the subsequent evaluation
shown in figure [6.12] (e) and (f), revealing three intermediate and three initial
states. Their energies with respect to Epermi are Eoyo = —3.11 £ 0.07 eV,
Eronvo = —1.124+0.09 eV, Egse = —0.25+0.10 eV, Fepciton = 0.62£0.08 eV,
Eyno, = 3.75 £ 0.07 eV, and Eypo, = —3.97 £ 0.07 eV. The initial state
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6. Electronic Structure of N-Heteropolycycles

only observed as a weak contribution for high photon energies directly at the
Fermi edge is assigned to the shifted and nearly quenched [SS as its ener-
getic position is in good agreement with shifted [SS] for other molecule covered
surfaces (refer to section 6.3, and Refs. [128-131]). The two inter-
mediate states with their contributions also located directly at the secondary
edge seem to be molecule-induced and thus are assigned to [UMOk. As a result
of the work function shift the first could also be expected in this area
of the spectrum. To rule out a misassignment [AR-2PPE] measurements have
been carried out. However, the two contributions do not show any significant
dispersion (see appendix (b)) which would be a necessary condition for an
IPSl The observation of the shifted and the two [UMOk gets underpinned
by dichromatic measurements as displayed in figure (d). At a final state
energy of about 7 eV a weak contribution of an initial state is observed (for
clarification fitted by an exponential background and a Gaussian-shaped peak
in figure [6.12] (c)). Being energetically the highest occupied molecule induced
contribution in the spectra it is assigned to the Energetically below
the well-known d-band features of the underlying gold surface, a further initial
state is observed, which is assigned to a lower lying occupied molecular or-
bital. For high photon energies a broad contribution of an intermediate state
is observed near the secondary edge, which is assigned to an optically excited
LUMOI (exciton). The optical gap can be determined to be 1.74 eV, which
is in good agreement with the optical gap of 1.92 eV observed wvia
in solution [94] and of 1.88 eV observed via [HREELS|| The 2PPEl data were
obtained at a monolayer coverage, while and data are gained
in solution and at a mulitlayer coverage, respectively. Therefore the slight de-
viations of the optical gap can be attributed the electronic coupling between
the molecules and the surface [67), 68].

Tunpublished HREELS data measured by Mohsen Ajdari in the group of Prof. Dr. Petra
Tegeder at the University of Heidelberg
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Figure 6.12.: (a, b, ¢) Monochromatic and (d) dichromatic RPPEl spectra of

[TIPS-BAP] adsorbed on Au(111) recorded with different photon
energies. RPPE] intensity is given as a function of the final state
energy. Peaks resulting from (the highest) occupied molecular
orbitals ((H)YOMO), (the lowest) unoccupied molecular orbitals
((L)UMO), and the shifted surface state (SS’) are highlighted
by dashed lines. Additionally, some spectra were fitted by an
exponential background and multiple Gaussian-shaped peaks to
increase clarity. (e) and (f) show the corresponding photon en-
ergy dependent peak positions to assign peaks observed in the

2PPE spectrum.
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6. Electronic Structure of N-Heteropolycycles

To gain further information about the exciton it would be advantageous to
carry out [TR-2PPF] measurements. Unfortunately [TR-2PPE] measurements
were not possible on [TIPS-BAP] covered Au(111) surfaces since photodegra-
dation seems to take place during long-lasting exposure of the sample to the
laser beam, as can be seen in appendix and (a). Figure (a)
shows a strong increase of the signal at the secondary edge, probably resulting
from decomposited molecular fragments on the surface, while (b) shows a clear
change of the spectrum in the high energy region. The weak contribu-
tion vanishes entirely, while the [UMO} » contributions merge into one peak.
The strong increase of the signal at the secondary edge also is the origin of
the artefacts observed at the secondary edge of the dichromatic measurements
displayed in figure (d). At multilayer coverages the effect is even stronger
as can be seen from figure (a). Within an illumination time of 15 min
the RPPE] features in the spectrum seem to vanish nearly entirely, resulting in
an undefined secondary electron background. This once more is a hint for a
photodegradation of the molecules caused by irradiation with the laser beam.
However, for short lasting measurements the changes are negligible small as
can be seen from figure (c) and (d) and thus the evaluation of the electronic
structure at the interface is valid.

The electron structure of 1 [MIJ[TTPS-BAPI adsorbed on Au(111) determined
by RPPE] can be found in figure [6.13] In total five molecule-induced electronic
states and the shifted [SS are observed at the interface. Namely, these are the
[HOMO] an optically excited [LUMOI (exciton), two higher lying[UMOk, and one
lower lying [OMOl The optical gap (1.74 V') obtained via RPPE] at a mono-
layer coverage is slightly smaller than the one observed wvia (1.92 €V)
measurements in solution [94] or via measurements (1.88 eV) at a
mulitlayer coverage, which can be attributed to the electronic coupling between
the molecules and the surface. The work function shift of about 850 meV re-
sulting in a work function of 4.65 eV is identical to the shift observed for the
[TIPS-Pul/Au(111) interface (see section [5.3)). The work function shift is the
result of an interplay between [CNI}evel alignment, induced dipoles and the
push-back effect as explained in section [2.1.3

The present chapter treated the electronic structure of two N-Heteropolycycles
adsorbed on Au(111). In the first part (section [6.1] - a compound of the
molecular class of the porphyrines, the [FeTPyP], was investigated by a multi-
experimental approach including several surface sensitive methods as [STM],
[STS| [UPS], RPPE] and [TPDl A well-ordered surface structure has been re-
ceived and the electronic structure of the interface was clarified. Besides the
first and the shifted [SSI several molecule-induced electronic states in-
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Figure 6.13.: Energy level diagram of 1 [MLJ[TTPS-BAP] adsorbed on Au(111).
On the left the of the bare gold surface is shown. Unoc-
cupied states are shown in red, while occupied states are shown
in blue. The shift of the surface state and work function are
highlighted by dashed lines. The energetic positions are given in
respect to the Au(111) Fermi level (EF).

cluding the [HOMOQ! the transport [LUMQO| and the optical (exciton)
were determined. The second part of this chapter (section - focused
on the investigation of a novel n-channel semiconductor, the N-heteroacene
[TTIPS-BAPl An investigation via and RPPEl revealed a successful sample
preparation via evaporation. Additionally, the electronic structure at the inter-
face was determined, including the energetic positions of the and opti-
cal (exciton), besides further energetically higher an lower lying [MOk.
Porphyrines as well as N-heteroacenes are promising organic materials for semi-
conductor applications and therefore a quantitative determination of the en-
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6. Electronic Structure of N-Heteropolycycles

ergetic positions of molecular orbitals in direct contact to a metal electrode is
crucial for the improvement and optimization of organic semiconductor based
devices, as e.g. transistors or organic photovoltaics.
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7. Band Formation at the
Metal /Organic Interface

In this chapter a further aromatic N-heteropolycycles, the 1,3,8,10-
tetraazaperopyrene (TAPP]) and its fluorinated alkyn chain substituted
derivatives (TAPP-(CF,),| and [TAPP-(C,F.))) (see figure [7.1)), will be
investigated, where the focus will lie on the interfacial hybrid band
formation between molecular orbitals and metal bands. This band
formation should foster efficient charge injection between the metal electrode
and the organic semiconductor, which is crucial for the performance of
organic semiconductor based devices in particular for organic field effect
transistors.

Band formation in organic molecular crystalls [55H58] is widely known, but so
far band formation at the metal/organic interface is rare. Dispersion is a clear
hind for efficient band formation, but it should be noted that most dispersing
states at interfaces observed so far result from the modified of the metal
substrate [129, 258-266]. Exceptions are a few metal /organic interfaces with
strong electron donor or acceptor molecules, where in all cases a charge trans-
fer has been proposed. Namely, these are 3,4,9,10-perylene-tetracarboxylic-
dianhydride (PTCDA) [59], 1,4,5,8- naphthalenetetracarboxylic-dianhydride
(NTCDA) [60], tetrafluoro-tetracyanoquinodimethane (FATCNQ) [61], [62] and
tetrathiafulvalene (TTF) [61]. However, this charge transfer might limit fur-
ther charge injection at the metal/organic interface and therefore a band for-
mation at a more weakly interacting interface, as it is the case for [TAPDP] on
Au(111), could be advantageous.

In section a short introduction into the state of research regarding the
[TAPPs will be given, followed by the sample preparation and the determina-
tion of the electronic structure (section and . Finally, the dispersion
of electrons at the interface will be studied, identifying efficient band forma-
tion.
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Figure 7.1.: Valence bond schemes of [TAPP] and its fluorinated alkyn chain
substituted derivatives.

7.1. Tetraazaperopyrene: A promising n-type
Organic Semiconductor

The introduction of nitrogen atoms into the w-backbone of aromatic organic
semiconductors, as already mentioned for the family of the acenes in section
[6.4], stabilizes the frontier orbitals energetically and increases the electron affin-
ity and thus can change the molecules from p-type to n-type organic semicon-
ductors. N-heteropolycycles are therefore promising candidates for organic
semiconductor based devices and have received increasing attention over the
past years [90, [04] 246H25T], 267, 268]. A relative new class N-heteropolycyclic
molecules are the [TAPPE, which already have shown promising results, as on
the one hand fluorescence markers and on the other hand organic semicon-
ductors [96H100]. The material properties, photophysics, and redox chemistry
can be widely tuned by modification, complexation and core substitutions
[38, 99, TOTHIO6|. Thermal stability up to 400 °C' [103], allows vacuum depo-
sition via evaporation, as was used to investigate films deposited on Cu(111)
and Au(111) surfaces [105), 269-273]. For[TAPPlon Cu(111) well-ordered films
were created in the first place. Since the copper surface is much more reactive
than the noble gold surface different adsorbate structures could be obtained
via temperature control. With increasing temperature the adsorbate struc-
ture evolvs from a close-packed assembly similar to a projection of the bulk
structure, over a porous copper{IAPP] surface coordination network, to cova-
lently linked molecular chains [269]. On the Au(111) surface shows a
surface-induced strictly planar growth for monolayer as well as for multilayer
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coverages (up to 10 ML) [273]. The m-conjugated backbone interacts with the
gold surface leading to flat lying molecules. For higher coverages, the film
then seems to continue growing with the same molecular orientation with re-
spect to the Au(111) plane. By introducing bulky side chains as in the case
of [TAPP-(C,F-),| this planar structure is only obtained for the monolayer.
In the multilayer the molecules are tilted around the short axis, but still well-
ordered [105]. Recent atomic force microscopy (AFM]) and [STMinvestigations
reveal the detailed surface structure of [TAPP] and [TAPP-(CF,),| adsorbed on
Au(111)[]] Figure [7.2] shows the obtained (a-c) and (d) images for
[TAPP-(CF,),l The at room temperature deposited molecules arrange in large
self-assembled island, while the underlying herringbone reconstruction of the
Au(111) surface is still observable, which is a hind for a weak molecule-metal
interaction. The high resolution images in figure 7.2 (b) and (c) and the
Laplace-filtered constant height image show the parallel alignment of the
molecules, where the molecules of adjacent rows are shifted to each other in a
way that the nitrogen atoms of adjacent molecules form a row perpendicular
to the long axis of the molecules.

Unpublished data measured by Daniela Rolf in the group of Katharina J. Franke at the
Freie Universitét Berlin.
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Figure 7.2.: (a) Overview [STM] image of [TAPP-(CF,),| adsorbed on Au(111)

82

showing the underlying herringbone reconstruction of the gold sur-
face. Topography recorded at I = 220 pA, V = 300 mV. (b)
Close-up view of the molecular structure. The red lines show the
unit cell of the structure with a = 1.25 nm and b = 1.20 nm.
Topography recorded at I = 200 pA, V = —300 mV. (c) Valence
bond scheme and structure model of TAPP-(CF,),|!




7.2. Sample Preparation of TAPP

7.2. Sample Preparation and Coverage

Estimation of Tetraazaperopyrene on
Au(111)

[TAPP], [TAPP-(CF,),| and [TAPP-(C,F.),| were evaporated onto a cleaned gold
surface (refer to section [3.3.1]) by heating the effusion cell to 523 K, 528 K,
and 540 K, respectivelyl| The sample temperature was held at 300 K. Figure
shows spectra of [TAPP] and [TAPP-(CF,),| with the most impor-
tant fragmentations displayed. The [TAPP| fragmentation channel is domi-
nated by HCN splitting. All resulting fragments form doubly charged ions,
which have mass to charge ratios below m/z = 200 and therefore are within
the detection range of the attached to the [UHV] chamber used in the
framework of this thesis. For [TAPP-(CF,),| the observed fragmentations get
much more diverse, as the —CF; groups can split of easily, followed by CN
or HCN cleavages. Besides the CFy fragment with m/z = 69, doubly charged
ions of different fragments again dominate the detectable region of the
For the sake of completeness the spectrum of [TAPP-(C,F.),| is dis-
played in appendix (a) showing the fragmentation of the C;F. groups
and again the formation of doubly charged ions. The coverages of the in-
vestigated molecules on top of the Au(111) surface were determined by
measurements by comparing the relative peak intensities of the multilayer and
the monolayer peak as shown in figure and (b). The figures display
spectra of different initial coverages of the [TAPP] and its derivatives ad-
sorbed on Au(111) recorded with m/z = 111 for [TAPPl and m/z = 69 for
[TAPP-(CF,),|and [TAPP-(C,F-),| For all three molecules a zero-order shaped
multilayer peak (aq) is observed between 400 — 470 K, while the contributions
(1) at higher temperatures assigned to the monolayer differ in shape. For
the bare [TAPP] the broad monolayer contribution is located around 600 K,
while for the [TAPP-(CF;),| derivative it is more narrow and located around
640 K. For the TAPP-(C,F.,),| derivative (appendix (b)) the formation of
an compressed phase is predicted as an additional monolayer peak is obtained
in the spectrum [69] 222] 252-257|. The desorption peaks of the TAPP-(CF,),)|
are shifted around 40 K to higher temperatures, compared to the other two
derivatives, leading to the assumption that it seems to be slightly stronger
bound. The insets in figure [7.4] show spectra for additional m/z ratios at
a coverage of seven and four [MIE, respectively. All fragments are detected at

2All data regarding [TAPP-(C,F),| were acquired by Dr. David Gerbert and Alexander
Broska in the group of Petra Tegeder at the University of Heidelberg and were partly

reevaluated by the author (also refer to Ref. [274].)
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the same desorption temperature in the multi- as well as in the monolayer giv-
ing a clear hind for an intact desorption of the molecules. This is underpinned
by the comparable relative intensity ratios between multi- and monolayer peak
for all fragments. The intact desorption of the molecules on the one hand is
a further hind for relative weak substrate-adsorbate interactions and on the
other hand permits the preparation of well-defined monolayers by adsorbing a
multilayer coverage and subsequent flashing the sample to 430 K and 470 K,
respectively.
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Figure 7.3.: EI-MS spectra of [TAPP| and [TAPP-(CF,),} The part of the spec-
trum observable by the attached to the [UHV] chamber is

shown enlarged. Important fragmentation steps are labeled.
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Figure 7.4.: [TPDl measurements of [TAPP| (ionic

fragment m/z

111) and

ITAPP-(CF,),| (ionic fragment m/z = 69) adsorbed on Au(111) for
different initial coverages recorded with a heating rate of 1 K/s.
ay denotes the multilayer and a5 the monolayer desorption peak.
The inset shows equivalent measurements for different mass charge
ratios at a coverage of 4 and 7 [MI] respectively.
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7. Band Formation at the Metal/Organic Interface

7.3. Electronic Structure of the
Tetraazaperopyren/Au(111) Interface

To shed light onto the electronic structure at the interface between the [TAPPk
and the Au(111) surface 2PPE]l measurements have been carried out. Selected
spectra obtained at the TAPP-(CF.),|/Au(111) interface (monolayer coverage)
are displayed in figure [7.5] For a full set of spectra taken with several photon
energies and at various coverages for all[TAPP| derivatives refer to appendix D]
Figure (a) shows monochromatic measurements with a photon energy of
hv = 4.2 eV and hv = 4.5 €V while Figure[7.5] (c) shows dichromatic measure-
ments with a photon energy of hvy = 4.19 eV and hvy, = 2.09 eV. Figure
(b) and (d) show the corresponding photon energy dependent peak positions,
to assign the peaks to initial, intermediate or final states. The spectra are
fitted by an exponential background and Gaussian-shaped peaks for clarity.
Besides the well-known d-band features three initial states, five intermedi-
ate states, and two final states, with their energy in respect to Fpepmi being
ESS = —0.2940.08 BV, EHOMO = —1.73£0.06 BV, EOIHB = —2.53+0.06 6‘/,
Ervnmo =140 £0.08 eV, Eypo, = 1.51+£0.10 eV, Eypo, = 3.19 £0.05 eV,
EUMO4 = 3.80£0.09 GV, EIPSn:1 =4.40+0.07 GV, EUIHB = 5.48 & 0.06 GV,
and Epypo, = 5.65 + 0.06 €V are revealed. The shifted ST is assigned via
its energetic position which is in good agreement with shifted [SSk’ for other
molecule covered surfaces (refer to section 5.3} [6.3] [6.6|and Refs. [128-131]) and
the observed dispersion. The energetically highest located molecule-induced
state is associated with the getting underpinned by the coverage se-
ries shown in appendix (c), as the onset of the spectra obtained for high
coverages is found to match the peak position. The third peak show-
ing a slope of two originates from an occupied interface hybrid band (OIHB)
as will be discussed in more detail in section [[.4. The observed intermedi-
ate state related peaks origin from several [UMOk and the first [PS] where
[UMOk_4 are found in the monochromatic spectra and [UMQ)}, is found in the
dichromatic spectra. The peak assigned to the is only obtained for
high photon energies, as the peak merges with the d-band features for lower
photon energies and therefore the assignment via photon energy dependent
measurements can only be estimated. However, the peak positions fit well to
the [LUMOI position obtained more clearly for the bare [TAPP] as determined in
appendix underpinning this assignment. Close to the secondary edge two
peaks without a photon energy dependence are observed. The energetically
higher lying peak is assigned on to an located above the global work
function (UMOs;) of the sample, while the lower lying peak origins from an

unoccupied interface hybrid band (UIHB) (refer to section [7.4). Excitations
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7.3. Electronic Structure TAPP

into these states can be viewed as resonant scattering events from photoex-
cited electrons being bound shortly in molecular or interface states above [E,,/J
followed by detachment and detection. The work function of the sample shifts
downwards with increasing coverage of [TAPP-(CF,),| as can be seen from the
coverage dependent measurements in the appendix (figure (¢),(d) and
(a),(c)). A strong decrease of the [WEF] about 400 meV (© = 5.1 £0.05 eV),
during the deposition of the first layer, is followed by a slower further decrease
resulting in a work function of © = 5.0 & 0.05 eV for around 20 [MIl Inter-
estingly the first [PS, which is actually pinned to the vacuum level and thus
to the work function, shifts in the opposite direction for coverages exceeding
0.5 MLl as shown in figure (b). This behavior can be explained by a
molecule-induced quantum defect increasing from a ~ 0 to a = 0.2 calculated
via equation [2.1.§] (see figure (d)). The quantum defect a corrects the
energy eigenvalues of the for non-ideal surfaces (refer to section for
details.)

Equivalent measurements can be found in figure [D.4] and for the
[TAPP|/Au(111) interface, and in figure for the [TAPP-(C,F.),|/Au(111)
interface. ~ The overall electronic structure of all three interfaces at a
monolayer coverage is found in figure [7.6, The shifted [SS}, the HOMO| and
the occupied interfacial hybrid band are observed for all three metal /organic
interfaces at the same energy leading to the conclusion, that the [HOMOI as
well as the forming the are located at the molecular backbone.
This is also valid for the and [UMOY}, even if both of them could
not be approved within the [TAPP-(C,F.),| measurements. The [UMQO}, is
only observed for the bare [TAPP] the [UMOk only for [TAPP-(CF,),} and
the [[MQ], for [TAPP-(CF,),| and [TAPP-(C,F.),l The peaks originating
from these electronic states might be overimposed by neighboring peaks
and d-band features in spectra were they could not be observed. The work
function for the different interfaces ranges from © = 5.17 4+ 0.05 eV for the
[TAPP-(C,F,),| to © = 4.50 + 0.05 €V for the bare [TAPPl This can be
explained by a reduced push-back effect, as the bulkier side chains reduce
the amount of molecules per area on the surface. With the [LUMOI located
at 1.40 eV and the found at —1.73 €V in respect to Eperm; a gap of
around 3.1 eV is found. In contrast, the optical gap determined for [TAPDI
and [TAPP-(C,F-),| by at the interface [273] and in solution
[105, 273] is only 2.85 eV. This leads to the assumption, that the transport
was observed via RPPE and an exciton binding energy of 250 mel
is concluded. The energetic position of the and the being
located far above and far below Fpe.,;, additionally excludes a charge
transfer at the interface.
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Figure 7.5.: (a) Monochromatic and (c) dichromatic PPPEl spectra of
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ITAPP-(CF,),| adsorbed on Au(111), recorded with different pho-
ton energies. 2PPEH intensity is given as a function of the final
state energy. The data is fitted by an exponential background
and Gaussian-shaped peaks. Peaks resulting from (the highest)
occupied molecular orbitals ((H)OMO), (the lowest) unoccupied
molecular orbitals ((L)UMO), the shifted surface state (SS’) and
the first image potential state (IPS) are observed. Additionally, an
unoccupied and an occupied interface hybrid band (UIHB, OIHB)
are detected. (c) and (d) show the corresponding photon energy
dependent peak positions to assign peaks observed in the RPPE
spectrum.
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Figure 7.6.:

Energy level diagrams of different [TAPP] derivatives adsorbed on
Au(111). On the left the density of states (DOS) of the bare gold
surface is shown. Unoccupied electronic states are shown in red,
while occupied electronic states are shown in blue. The formed
interface hybrid bands are marked green. Molecule dependent
state and work function shifts are highlighted by dashed lines.
The energetic positions are given in respect to the Au(111) Fermi
level (Er).
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7. Band Formation at the Metal/Organic Interface
7.4. Dispersions in Molecule-Induced States

During the presentation of the electronic structure at the interfaces of the in-
vestigated [TAPP] derivatives on Au(111) in the previous section, an initial and
a final state have been assigned to an occupied and an unoccupied interface
hybrid band, respectively. This assignment is based on [AR-2PPEl measure-
ments, which shall be discussed in the following section. In chapter [2| a basic
introduction into band formation in metals and molecules, and the formation
of interface hybrid states is given. It was concluded that dispersions of elec-
trons are the direct consequence of “nearly free moving electrons” in a periodic
lattice potential, as it is e.g. the case within an electronic band. Vice versa it
follows that the observation of dispersing electronic states is a clear evidence
for band formation.

Figure [7.7) shows [AR22PPEl spectra for the different investigated TAPDPH
derivative/Au(111) interfaces. ~ For [TAPP-(CF,),| (figure (a)) two
molecule-induced peaks observed in the spectrum clearly show a dispersion
and therefore can be assigned to interface hybrid bands. It should be pointed
out, that the d-band features of the gold substrate show no dispersion in the
measured k-space, as it already was discussed in chapter dl From photon
energy dependent measurements (section it is known that the
is energetically located at Epjgyp = —2.53 & 0.06 eV in the region of the
Au(111) d-band [147, 275]. The therefore most likely is formed via
a hybridization of the [HOMOM (AFnomo nomo-1 = 0.82 eV)E| of the
[TAPP-(CF,),| and the gold d-band. In contrast, the [UTHBlis located within
the energetic region of the unoccupied sp-band of the gold substrate [147]
and thus a hybridization between this band and an energetically high lying
[UMOQO! can be concluded. It should be pointed out, that an intermolecular
band formation is excluded because all [TAPP] derivatives are lying flat on
the surface as has been shown wvia STM] [AFM and measurements
(see section and Refs. [105] 273]), which denies any intermolecular © — 7
interactions. Dispersion measurements at the [TAPP]/Au(111) interface also
reveal the formation of the (figure[7.7) (b)), while for the TAPP-(C,F.),|
interface an even more complex situation is found. The dispersion can
also be clearly observed, but the unique positions of the peak can only be
roughly estimated as the peak is merged into one broad contribution with
the close by d-band feature. Besides the strong dispersing [UTHB] two further
dispersing contributions (labeled A and B) are revealed, which seem to be

3Value obtained from DFT calculations (B3LYP/6-311G) carried out by Dr. Friedrich
Maafs in the group of Petra Tegeder at the University of Heidelberg
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7. Band Formation at the Metal/Organic Interface

superimposed by other contributions of the spectrum in normal emission
mode. A clear assignment to an unoccupied or occupied interface hybrid band
therefore is challenging, as no photon energy dependent measurements could
be carried out for these peaks, but anyway they both underpin dispersion
and band formation at the interface. Figure (d) shows kj-dependent peak
positions of all interfaces and calculated effective masses (see equation .
For the relative weak dispersion, accompanied with a high effective
mass (OIHBE mess—cr, = 1.18 £ 0.05 me and mesp g = 1.76 + 0.18 m,),
are obtained, while for the [UIHB|] much stronger dispersion (UIHBL
Mesf—crpy = 0.39 £ 0.06 m, and mess_cyp, = 0.14 £0.03 m,)) are observed.
The strength of the dispersions confirm the band formation via hybridization
of the HOMOL and the d-band as well as via hybridization of a higher lying
and the sp-band. Since the d-bands are rather localized around k) = 0
a rather weak dispersion of the is expected, while a strong dispersion
is expected for a hybridization with the strong delocalized sp-bands, as it is
the case for the [UTHBl From this argumentation it can be proposed that the
observed band labeled with B (m.fsp = 0.86 £ 0.24 m,) is more likely an
occupied band than an unoccupied band.

Within this chapter the electronic structures of the [TAPPI)/Au(111),
[TAPP-(CF,),}/Au(111) and [TAPP-(C,F.),//Au(111) interfaces have been
presented. For this purpose the molecules were deposited on the gold surface
via evaporation under [UHV] conditions leading to well-ordered adsorbate
structures as proven by and measurements [105], 273]. It was
shown, that an intact desorption of multi- and monolayer could be achieved
via measurements revealing a rather weak interaction and opening up
the possibility for a clear coverage determination. By RPPE measurements
several interface and molecule-induced states, including the shifted [SSk’,
IPSk, HOMOE, [LUMOE and further higher lying [UMOk, could be determined.
Additionally, the formation of interface hybrid bands was observed by
dispersion measurements. On the one hand, a hybridization of the gold
d-band the molecular [HOMOM, and on the other hand of the unoccupied
gold sp-band and a higher lying was purposed. This band formation
is sketched in figure showing the surface arrangement of [TAPP-(CF,),|
on Au(111) with the Calculatedﬁ spatial electron density distribution of the
[HOMO}H added to the molecules. The electron density of the HOMOL for an
isolated molecule is mainly located on the nitrogen atoms, which form chains
perpendicular to the long molecule axis and therefore an ideal geometry for
efficient band formation is given by the adsorption structure. This band

4DFT calculations (B3LYP/6-311G) carried out by Dr. Friedrich Maaff in the group of
Petra Tegeder at the University of Heidelberg
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7.4. Dispersions in Molecule-Induced States

Figure 7.8.: Sketch of the band formation, illustrated by means of the example

of the [TAPP-(CF,),[/Au(111) interface.

formation due to hybridization of delocalized metal band and localized
molecular orbitals at a weak interacting not charged interface, should foster
efficient charge injection, and therefore [TAPP] is a promising candidate for
applications in organic field effect transistors.
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8. Conlusion and Outlook

The aim of the present thesis has been the investigation of fundamental aspects
of the metal /organic interface and in thin adsorbate layers, since a detailed un-
derstanding is crucial for a systematical improvement of the performance of
(opto-)electronic devices such as organic light emitting diodes (OLEDS), or-
ganic field effect transistors (OFETE), and organic solar cells (OSCk). The
thesis has focused on the electronic properties of promising N-heteropolycyclic
molecules. Overall three main aspects, the electronic structure i.e. the en-
ergetic position of unoccupied and occupied electronic states, excited state
dynamics and band formation have been addressed. Two-photon photoemis-
sion spectroscopy (2PPE) is a powerful tool capable to access both occupied
as well as unoccupied electronic states at surfaces. The assignment of occu-
pied electronic states could be confirmed by ultraviolet photoelectron spec-
troscopy (UPS), while the information gained via temperature-programmed
desorption (TPDI) has helped to determine coverages and ensured reproducible
sample preparations, especially for measurements at well-defined monolay-
ers.

The first topic of this thesis has been the examination of the 10,17-
bis((triisopropylsilyl)ethynyl)-pentacene  (TIPS-Pul)/Au(111)  interface.
The multilayer desorbs intact from the surface during heating, and thus,
well-defined monolayers could be achieved by heating the sample to a certain
temperature after multilayer deposition. additionally enabled coverage
determinations for multilayer samples. The electronic structure at the
interface has been determined by RPPE| and [UPS| revealing several interface
and molecule induced states. Besides the shifted Shockley surface state (SS))’,
and the first and second image potential state, the highest occupied molecular
orbital (HOMOQ)), the optical lowest unoccupied molecular orbital (LUMO)
(S1) and further higher and lower lying molecular states have been observed.
Examining the excited state dynamics at the [TIPS-Pnl/Au(111) interface
with femtosecond (fs) time-resolved 2PPE (TR=2PPEI), singlet fission could
be resolved. The dynamics are strongly influenced by the underlying gold
substrate as the observed lifetimes are coverage dependent. The lifetimes
decrease strongly for decreasing layer thickness, which can be explained by
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the availability of two relaxation channels, on the one hand, an intrinsic
bulk material decay channel and, on the other hand, a distance dependent
external decay channel, in which the excited states get quenched by the metal
substrate. For films in which the influence of the gold surface gets negligible,
a coherent excitation of the S; and the multiexciton (ME]) state followed by a
contemporaneous decay with a lifetime of 160 4+ 60 fs into hot triplet states
have been concluded. A subsequent “intra-band” stabilization of the resulting
triplet states has been achieved on a timescale of 1.6 £0.9 ps. The final decay
of the stabilized triplet into the ground state then occurs within 620 £+ 190
ps. Since [MIPS-P1l is a promising candidate for applications in organic
semiconductor based solar cells, the electronic structure at the interface
between the metal (electrode) and the organic molecule is of great importance.
The gained results help to understand the underlying photophysics in singlet
fission based solar cells and might support the development of future organic
semiconductor based photovoltaics.

Within the second topic of this thesis, several N-heteropolycycle/Au(111) in-
terfaces have been investigated. Namely, these are Fe-5,10,15,20-tetra-pyridil-
porphyrin (FeTPyP)), 10,17-bis((triisopropylsilyl)ethynyl)dibenzo|a,c|naphtho-
[2,3-i|phenazinen  (TIPS-BAP),  1,3,8,10-tetraazaperopyrene  (TAPD)),
2,9-bis(trifluoromethyl)-1,3,8,10-tetraazaperopyrene  (TAPP-(CF;),)), and
2,9-bis(perfluoropropyl)-1,3,8,10-tetraazaperopyrene (TAPP-(C,F.),)).
[FeTPyP|is a molecule from the class of the porphyrins, which stand out due
to their flexibility, tunability, and versatility. The molecule consists of the
porphine core with four pyridil substituents connected in meso position, an
incorporated Fe(IIT) ion and a Cl" counterion. and 2PPE measurements
have revealed the electronic structure at the interface, containing the shifted
[SS, the first and several molecule-induced states. The energetic position
of the [HOMO] (transport and affinity levels) and further higher and
lower lying molecular states have been received. The transport gap has been
determined to be 2.2 eV. Additionally, the energetic position of an excitonic
state, where the is populated by an intramolecular excitation, has
been obtained. The resulting optical gap is 1.78 eV, and therefore, an exciton
binding energy of 420 meV has been concluded.

[TIPS-BADP] is an arrow-shaped acene like molecule with two incorporated
nitrogens. It has been shown that a successful sample preparation wvia
evaporation is possible. measurements have led to the conclusion
that molecules adsorbed in the multilayer could be desorbed intact from
the surface, in contrast to molecules adsorbed in the monolayer. The
energetic positions of several molecular states and the shifted [SS/ have been
determined. From the energetic positions of the and the
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(exciton), the optical gap has been calculated to be 1.74 eV at a coverage of
1 MLIMTTPS-BAP] adsorbed on Au(111).

A further group of N-heteropoycyles are the [TAPPk. In the presented work,
the bare [TAPP] and two derivatives with fluorinated alkyl chains adsorbed
on the Au(111) surface have been investigated. A rather weak interaction
between the molecules and the gold substrate has been derived, as
measurements showed an intact desorption of multi- and monolayer during
heating of the sample. This has enabled a clear coverage determination for
the investigated samples. The energetic positions of the determined frontier
orbitals are nearly unaffected by the fluorinated alkyl side chains. The same
is true for the shifted [SS, and most of the observed higher and lower lying
molecular states. In contrast, the shift of the work function resulting from the
adsorption of a monolayer of the different molecules differs strongly. This has
been attributed to a variating push-back effect as a consequence of a molecule
dependent density of packing on the surface. The lowest observed unoccupied
molecular orbital has been assigned to an affinity level with a resulting
transport gap of 3.1 ¢V. From the comparison with and
measurements, an exciton binding energy for on Au(111) adsorbed [TAPDPk
of around 250 meV has been concluded. From the energetic positions of the
frontier orbitals with respect to Ep.m; of the gold substrate, a charge transfer
at the interface has most likely been excluded.

The determination of electronic structures of high potential organic semicon-
ductors at the metal (electrode) interface is crucial for applications, since it
dominantly influences the necessary charge carrier injection between the mate-
rials. Charge injection can additionally be fostered by hybrid band formation
between metal bands and molecular orbitals. A consequence of band forma-
tion is the free charge carrier movement in the band, resulting in dispersions of
the charges. The third topic of this thesis has treated the observation of band
formation at the interface between the [TAPP] derivatives and the gold surface
via [AR=2PPE] These bands have proposed to be formed by a hybridization
between the [ HOMOLI and gold d-bands, and an energetically high lying
and the unoccupied gold sp-band. A relative strong dispersion with an effective
mass (m.ys) between 0.1-0.4 m, has been observed for the unoccupied interface
hybrid band, while the dispersion observed for the occupied interface hybrid
band has shown an m.s; between 1.2-1.8 m,.. This kind of band formation at
the metal /organic interface has so far only been predicted for systems show-
ing an initial charge transfer, e.g. the F,TCNQ/Au(111) and TTF/Au(111)
interface. Therefore, the band formation obtained for the TAPP/Au(111) in-
terfaces stands out and should support efficient charge injection from the metal
electrode into the organic material and vice versa.
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8. Conlusion and Outlook

In summary, this work has contributed to a better understanding of the elec-
tronic structure and excited state dynamics at metal/organic interfaces. The
achieved experimental result may give feedback to synthesize further tailored
organic semiconductors and give basic information to develop more efficient
and customized organic molecule based applications.

Future investigations should address in how far the band formation at the
interface can lead to an increased performance of devices. A systematic inves-
tigation of further N-heteropolycycles should be carried out as being aspired
within the scope of the collaborative research center SFB1249. Finally, this
should help to identify key construction principles to tune molecular proper-
ties for individual needs and expand the amount of possible building blocks
for organic electronics.

98



List of Figures

[2.1. Electron dispersion and band formation in a periodic potentiall . 14
[2.2. Theoretical Description of Shockley surface states and image |

potential states] . . . . . . ... 16
[2.3. Electronic band structure of an Au(111) surface] . . . . . . . .. 19
2.4, [llustration of the linear combination of the molecular orbitals |
ofethylen| . . . . . . . . . . . . .. .. 21
[2.5. Illustration of the exciton binding energy| . . . . . . . . . . ... 23
[2.6. Illustration of the induced density of interfacial states model . . 24
[2.7. Tllustration of the molecule/metal hybrid state formation| . . . . 25
[2.8. Simplified illustration of the frontier orbitals during the singlet |
fiSSION Process| . . . . . . ... 27

[3.1. Schematic illustration of temperature programmed desorption |

measurements . . ... Lo oL L o 30
[3.2. Sketch of a typical RPPEIspectrum| . . . . . .. ... ... ... 33
[3.3. Sketch of the 2PPE peak assignment| . . . . . . ... ... ... 34
B4 _AR-PES conditiond . . . . . . .. . ... 35
[3.5. Sketch of the[UHVIchambed . . . . . . . .. ... ... ... 37
[3.6. Sketch of the laser setup| . . . . . . ... ... ... 38
3.7, lllustration of the beam characteristicsl . . . . ... .. ... .. 39
[4.1. [PES on the bare gold surfacel . . . . . . .. ... ... ... .. 42
[4.2. [AR-2PPFE|on the bare gold surface] . . . . . . . ... ... ... 43
5.1. [TTP5-Pnladsorbed on Au(111): EI-MS spectrum|. . . . . . . . . 47
5.2. [TIPS-Pul adsorbed on Au(111): [TPDI measurements| . . . . . . . 48
5.3. [TIPS-Pul adsorbed on Au(111): RPPE measurements] . . . . . . 50
5.4. [TIPS-Pnl adsorbed on Au(111): Energy level diagram| . . . . . . 52
5.5. [TIPS-Pnl adsorbed on Au(111): TR measurements| . . . . . . . . 53
5.6. [TIPS-Pnl adsorbed on Au(111): Excited state dynamics| . . . . . 55
6.1. |FeTPyPladsorbed on Au(111): STM images| . . . . ... .. .. 59
6.2. [FeTPyP[adsorbed on Au(111): dI/dV spectrum| . . . . ... .. 60
6.3. [FeTPyPladsorbed on Au(111): [EEMS]| . . . . . ... ... ... 61

99



List of Figures

6.4. |FeTPyPladsorbed on Au(111): [I'lPDI measurements| . . . . . . . 62

(111):
6.5. [FeTPyPladsorbed on Au(111): [UPSspectral . . . . . ... ... 64
6.6. [FeTPyPladsorbed on Au(111): RPPE measurements at 1 ML|

(111):
(

6.7. [FeTPyP[adsorbed on Au(111): Submonolayer measurement]. . . 67

:m_dsorbed on Au(111): Energy level diagram| . . . . . . 69
6.9. [TIPS-BAPI adsorbed on Au(111): Valence bond scheme and |

crystal packingl . . . .. ... oo 70

6.10.[IIPS5-BAPladsorbed on Au(111): [EI-MS spectrum| . . . . . . . 72
6.11.[TIPS-BAPI adsorbed on Au(111): measurements| . . . . . . 73
6.12.[TIPS-BAP! adsorbed on Au(111): PPPE measurements . . . . . 75
6.13.[TIPS-BAPI adsorbed on Au(111): Energy level diagram| . . . . . 77
[[1 _TTAPPE moleculed . . . . . .. ... ... ... ... .. .... 80
7.2. [TAPPk adsorbed on Au(111): STM images|. . . . . .. ... .. 82
7.3. [TAPPE adsorbed on Au(111): EI-MS spectral . . . . . . . .. .. 84
7.4. [TAPDk adsorbed on Au(111): TPD measurements| . . . . . . . . 85
5 |TAPP (CF,),[adsorbed on Au(111): RPPE measurements|. . . . 88
adsorbed on Au(111): Energy level diagrams| . . . . . . 89

m adsorbed on Au(111): [AR-2PPEl measurements . . . . . 91
[7.8. TAPPE adsorbed on Au(111): Bandformation| . . . . . . .. .. 93

(A.1. [TTPS-Pnladsorbed on Au(111): Additional 2PPEand[UPSmea- |

surements . ... oo 109
A.2. [I1P5-Pnfadsorbed on Au(111): Coverage series.| . . . . . . . .. 110
A.3. MIPS-Puladsorbed on Au(111): [AR=2PPE measurements| . . . . 110
adsorbed on Au(111): Illumination series| . . . . . . . . 112
Lﬁ_[m adsorbed on Au(111): Submonolayer measurements| . . 112
adsorbed on Au(111): Coverage series.| . . . .. .. .. 113
B.4. [FeTPyP]adsorbed on Au(111): Submonolayer AR-2PPE] . . . . 114
m adsorbed on Au(111): Illumination series| . . . . . . 116
[C.2. MIPS-BADPI adsorbed on Au(111): [AR-2PPE] and multilayer |

measurementsl]. . ... L0000 117
[D.1. [TAPP-(CF,),| adsorbed on Au(111): Photon energy- and cov- |

Erage SETIES| . . . .« .« . v e e e e e e e 119
[D.2. [TAPP-(CF,),| adsorbed on Au(111): Coverage series (IPS and |

WF shifts).| . . .. . ... 120
ID.3. [TAPP-(CF,),[ adsorbed on Au(111): [AR-2PPE] measurements] . 121
D.5. TAPP] adsorbed on Au(111): Fitted PPPE spectra] . . . . . . . 122

[D.4. APl adsorbed on Au(111): RPPE measurements] . . . . . . . . 123
D.6. [TAPP-(C,F,),] adsorbed on Au(111): EI-MS-Spectrum and |

100



List of Figures

[D.7. [TAPP-(C,F),| adsorbed on Au(111): RPPE] measurements| . . . 126

101






List of Acronyms

1C-2PPE monochromatic 2PPE

2C-2PPE dichromatic 2PPE

2H-TPP meso-tetraphenyl-porphyrin

2PPE two-photon photoemission spectroscopy
AC auto-correlation

AFM atomic force microscopy

AO atomic orbital

AR-2PPE angle-resolved 2PPE

CNL charge neutrality level

CT charge transfer

DOS density of states

Er Fermi energy

Eyoc vacuum energy

EI-MS electron ionization mass spectroscopy
EA electron affinity

fcc face-centered cubic

FE Fermi edge

FeTPyP Fe-5,10,15,20-tetra-pyridil-porphyrin
FS final state

FWHM full width at half maximum

GIXD grazing incidence X-ray diffraction
H, TPyP H,-5,10,15,20-tetra(4-pyridyl)porphyrin

103



List of Acronyms

hcp
HOMO
HREELS
IP

IPS

IPS
LCAO
LEED
LUMO
Nd:YVO4
ME

ML

MO
NEXAFS
OIHB
OoMO
OPA
OFET
OLED
0sc
PES
QMS
SE

SF

SS
STM
STS

104

hexagonal closed packed

highest occupied molecular orbital

high resolution electron energy loss spectroscopy
ionization potential

image potential state

inverse photoemission spectroscopy
linear combination of atomic orbitals

low energy electron diffraction

lowest unoccupied molecular orbital
neodymium-doped yttrium orthovanadate
multiexciton

monolayer

molecular orbital

near edge X-ray absorption fine structure
occupied interface hybrid band

occupied molecular orbital

optical parametric amplifier

organic field effect transistor

organic light emitting diode

organic solar cell

photoemission spectroscopy

quadrupole mass spectrometer

secondary edge

singlet fission

Shockley surface state

scanning tunneling microscopy

scanning tunneling spectroscopy



TA
TAPP

TAPP-(CF;),
TAPP-(C4F;),

TAPPor
TIPS-BAP

TIPS-Pn
TIPS
TOF
TPD
TR-2PPE
UHV
UIHB
UuMO
UPS

UV /Vis
WF

XC

XPS

transient absorption

1,3,8,10-tetraazaperopyrene
2,9-bis(trifluoromethyl)-1,3,8,10-tetraazaperopyrene
2,9-bis(perfluoropropyl)-1,3,8,10-tetraazaperopyrene
tetra(4-aminophenyl)porphyrin

10,17-
bis((triisopropylsilyl)ethynyl)dibenzo|a,c|naphtho|2,3-
i|phenazinen

10,17-bis((triisopropylsilyl)ethynyl)-pentacene
(triisopropylsilyl)ethynyl
time-of-flight spectrometer
temperature-programmed desorption
time-resolved 2PPE

ultra high vacuum

unoccupied interface hybrid band
unoccupied molecular orbital
ultraviolet photoelectron spectroscopy
ultraviolet-visible spectroscopy

work function

cross-correlation

x-ray photoelectron spectroscopy

105






Appendix

A. Additional TIPS-Pn Measurements

This section of the appendix covers all additional data that complements and
underpins the interpretation and evaluation of chapter . Figure (a) shows
the full series of monochromatic 2PPE]spectra taken at the [TTPS-Pnl/Au(111)
interface at a coverage of 1[MIl Spectra for several photon energies have been
recorded to carry out the slope evaluation as shown in figure (c). The
low energy part of the spectra is mainly dominated by the secondary elec-
tron background and the d-band features of the underlying gold substrate.
Molecule induced peaks only show weak contributions near the Fermi edge of
the spectrum, as can be seen in the zoomed figure (b). Figure (b) dis-
plays the spectra of Figure (a) zoomed in a way, that the peaks with low
intensity near the Fermi edge can be seen more clearly. The peak positions are
highlighted by dashed lines. The peaks assigned to the and the
are only observed for low photon energies. First due to a low cross section and
latter due to an overlay by the d-band features for high photon energies. The
peaks assigned to the [UMO, and the first and second are located directly
at the secondary edge. The full series of dichromatic 2PPE|spectra taken at the
[TTPS-Pul/Au(111) interface at a coverage of 1[MI]is found in Figure (c).
The observed peaks underpin the energetic positions of the [UMOQO} and the two
observed [PSk. Figure (d) shows coverage dependent measurements
at the [TTPS-Pnl/Au(111). The molecule induced shift and quenching of the
is observed and the energetic position of the is underpinned. Coverage
dependent RPPE] measurements at the [TTPS-Pnl/Au(111) are presented in fig-
ure Exceeding the monolayer coverage the spectrum gets more and more
dominated by the peaks assigned to the and the optical (S1-
state), while the gets quenched rapidly. The coverage dependent shift of
the two dominating states can be seen and the secondary electron background
increases strongly. The assignment of the two observed was based on
[AR-2PPEF] data obtained for 1 [MI[TTPS-Pnl adsorbed on Au(111), as shown
in figure . The peak positions in respect to k) as well as the calculated
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effective masses (see equation [3.2.4)) are displayed in the right graph. The ob-
tained values fit to values obtained for other molecule covered metal surfaces
(refer to section |2l and Refs. [138, [140]).
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Figure A.1.: (a) & (b) Monochromatic and (c¢) dichromatic 2PPE] spectra of 1
ML [TTPS-Pul on Au(111) recorded with several photon energies.
RPPEl intensity is given as a function of the final state energy. Re-
fer to section 3.2] for additional information. measurements
(hv = 6.2¢V) for different coverages of [TTPS-Pul adsorbed on
Au(111) are shown in (d). Dotted lines highlight peaks resulting
from (the highest) occupied molecular orbitals ((H)OMO), unoc-
cupied molecular orbitals (UMO), image potential states ([PS),
and the (shifted) surface state ([SS(").
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on Au(111). The coverage dependent shift of the S state and the
highest occupied molecular orbital (HOMO) can be seen clearly.

Right: The spectra are shown enlarged, so that the low coverage
measurements can be seen in more detail.
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4.26 eV. Blue lines highlight the peak positions from the observed
[[PSk. An effective mass of 1.3 +0.35 m. and of 1.17 £ 0.29 m, is
observed for the [PS},_; and n—2, respectively.




B. Additional FeTPyP Measurements

B. Additional FeTPyP Measurements

In this section of the appendix additional spectra obtained for the
[FeTPyP|/Au(111) interface are presented. Figure shows several spectra of
the cumulated signal, which is obtained when illuminating the sample with
the UV- and the VIS-beam, for increasing illumination times. The cumulated
spectrum contains both the monochromatic and the dichromatic spectrum.
Usually the dichromatic spectrum is obtained from the cumulated spectrum
by subtracting the monochromatic spectrum, which is obtained if the sample
is only illuminated with the UV-beam. However, it can be seen, that the
cumulated signal shows no significant change during short time illuminations,
which means that neither the monochromatic nor the dichromatic spectrum
shows a significant change, and therefore the measurements carried out for
the [FeTPyP)/Au(111) interface can be regarded as not influenced by the laser
beam. The full series of submonolayer measurements revealing an additional
[UMQO] as it was discussed in section is displayed in figure (a) and
the related slope evaluation is given in figure (b). Additionally, the
peak assigned to the is much better resolved for the submonolayer
coverage than in figure [6.60 The peak observed directly at the Fermi edge
of the spectrum is a peak resulting from merged contributions of the [SS]
the shifted and the and thus no clear slope evaluation could be
carried out. A coverage series taken at the interface with a photon energy
of hv = 4.25 eV can be found in figure [B.3] The shift of the work function
with increasing coverage can be clearly obtained. In the high energy region
of the spectrum, which is shown enlarged, the shift and quenching of the
with increasing coverage is observed. At around 7.3 eV the contribution of
the is observed, which get superimposed by the and
contributions when the coverage is about 1 [MIl The d-band features show
a constant intensity, while the other molecule induced peaks assigned to the
S, LUMOQO! and [LUMOH1 gain in intensity while enlarging the amount of
deposited molecules. For a coverage above 1 [MI the contributions in the
spectrum get very broad, probably due to a disordered surface arrangement,
which makes a clear assignment difficult. Finally, B.4] shows [AR-2PPE] data
observed for a submonolayer coverage. This data is shown to rule out a
misassignment of the [MOk peak to the gold sp-band. There is no dispersion
observed for this peak, which should be the case for the sp-band of the
gold.
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Figure B.1.:
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2PPEl Spectra of [FeTPyP| adsorbed on Au(111), after short time
illuminations with the VIS- and the UV-beam. Shown is the
superposition of the monochromatic and the dichromatic signal.
Within short illumination times no significant change of the spec-
trum is obtained.
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Monochromatic R2PPE] spectra of approximately 0.3 [MLI[FeTPyP|
on Au(111) recorded with several photon energies. RPPE] inten-
sity is given as a function of the final state energy. Dotted lines
highlight peaks resulting from the LUMO]| d-band features and a
higher lying [UMOL On the right the slope evaluation of photon
energy dependent measurements is given.



Figure B.3.:

B. Additional FeTPyP Measurements
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RPPEl Spectra of different coverages of [FeTPyP| adsorbed on

Au(111). The coverage dependent shift of the work function can
be seen clearly. Several molecule induced states are observed.
Probably due to disarray of the adsorbed molecules, the peaks
observed in the spectrum for coverages above one monolayer get
very broad making a detailed analysis difficult. A misassignment
of the LUMO being a further gold d-band features is ruled out,
due to the increasing intensity, with increasing coverage. For
hv = 4.25 eV the LUMO-+1 and a d-band feature are located
at the same position but photon energy dependent measurements
show the presence of both. See section for a more detailed
discussion.
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Figure B.4.: [AR-2PPE] measurements of a submonolayer coverage [FeTPyP|ad-
sorbed on Au(111) taken with a photon energy of 4.26 €V. Dotted
lines highlight the peak positions from a higher lying and
the An effective mass of 1.17 4+ 0.29 m, is observed for the
IPS] while the MO} shows no observable dispersion parallel to
the surface and so a disassignment to the gold sp-band is ruled
out.
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C. Additional TIPS-BAP Measurements

This section of the appendix mainly focuses on the illumination effects observed
at the [TIPS-BAP|/Au(111) interface and some additional measurements to
complete the picture of the electronic structure discussed in section [6.6 Dur-
ing the recording of the spectra, illumination induced changes were observed
as can be seen in figure (a) and (b), where two spectra taken on a fresh
and an illuminated spot (¢t = 17 min; hv = 4.29 eV') are shown . A strong
intensity increase at the secondary edge and of the secondary electron back-
ground is accompanied with a disappearance of the weak related peak.
Additionally, the peaks observed directly at the Fermi edge of the spectra
resulting from the [UMO}; » merge into one broad contribution. These all are
hinds for an illumination induced photodegradation of the adsorbed molecules,
especially as this effect is even stronger observed for multilayer coverages (see
figure (a)) . To verify the interpretations made in section [6.6] so called
illumination series were carried out. Several short lasting measurements are
carried out, one behind the other, with short data acquisition times. This kind
of spectra are displayed in figure (c) and (d) showing ten measurements
taken at the same spot on the sample with an acquisition time of 10 s, each.
In total an illumination time of 100 s is achieved, covering the time window
needed for normal RPPE] measurements (=~ 90 s). In contrast to long-lasting
measurements, no significant changes in the spectra are observed confirming
the validity of the electronic structure obtained from the measurements pre-
sented in section [6.6] Figure (b) shows the [AR-2PPE] spectra obtained to
rule out a misassignment of the [UMO} » peaks observed directly at the Fermi
edge of the spectrum, where the could be expected. The states show
a significant dispersion, and therefore the peaks seem to be molecule induced.
Short lasting measurements at the multilayer covered substrate reveal the po-
sition of the slightly shifted LUMOl The high energy cutoff of the spectrum
is linked to excitations from the of [TTPS-BAPI and was fitted by a
parabolic function to obtain the onset value.
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Figure C.1.: 2PPEl measurements of 1 [TTPS-BAPI adsorbed on Au(111)
taken with a photon energy of 4.29 eV. (a) and (b) show two
spectra taken on a fresh and an illuminated spot. (c) and (d)
show an illumination series with ten spectra, each acquired for
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D. Additional TAPP Measurements

This chapter contains all additional information used to complete the picture of
the electronic structure observed at the interface between the TAPPlderivatives
and Au(111).

TAPP-(CF,),

A full set of photon energy dependent measurements recorder at a coverage
of 1 MLI|[TAPP-(CF,),| adsorbed on Au(111) is shown in figure (a) and
(b). The monochromatic measurement in (a) contain several contributions in
the low energy part of the spectra. The features assigned to the [UMOk and
the [UTHB] are independent of the photon energy but are most clear observed
for high photon energies, as the d-band features and further molecule induced
initial and intermediates states for those are shifted to higher final state ener-
gies. The peak originating from the is completely overimposed by the
d-band features for photon energies below hv = 4.33 eV and is best observed
for the spectrum obtained with a photon energy of hvy = 4.59 eV. Directly
next to most intense d-band feature, the peak assigned to the is observed
as a right shoulder or an individual peak, depending on the used photon en-
ergy. The first peak observed at higher final state energies than the d-band
features originates from the and the contributions at the Fermi edge
are attributed to the [UMQk,4, the shifted S, and the (not labeled). The
shifted and the first can also be obtained nicely in the dichromatic
measurements shown in figure (b), were a contribution of an additional
state, the [TMQO}, is observed as a weak low energy shoulder. The molecule
induced shift and quenching of the [SSis observed in coverage dependent mea-
surements displayed in figure (c¢) and (d). Additionally, it can be seen
clearly, that the contributions assigned to the [UMQk/, are molecule induced
as they rise in intensity with increasing coverage. For coverages exceeding
about 4 all molecule induced peaks merge into one broad contribution and
thus a clear assignment gets challenging. Figure (a) and (b) also show
coverage dependent spectra, where in (a) it can be seen, that the rise of the
peak assigned to the[UMQ] and the shift of the [SSlis related to the deposition
of molecules on the substrate, while in (b) the coverage dependent shift of the
is observed. Interestingly, the shifts in the opposite direction as the
work function (figure (c)), which can be explained by an increase of the
molecule induced quantum defect a, calculated by equation (figure
(d)). To rule out a misassignment of the peak [AR-2PPFE] measurements have
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D. Additional TAPP Measurements

been carried out as can seen in figure A clear dispersion is observed, but
the determination of the effective mass is challenging, since the peak assigned
to the [[PSl is located directly at the Fermi edge of the spectrum. This might
explain the determination of a slightly to high effective mass for an of
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Figure D.1.: RPPE measurements of TAPP-(CF,),|adsorbed on Au(111) taken

for several photon energies and at different coverages. Dotted
lines highlight the peak positions resulting from multiple elec-

tronic states and interface bands.

additional information.

See text and section [T.1] for
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Figure D.2.: (a) and (b) BPPE measurements of [TAPP-(CF,),| adsorbed on
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Au(111) taken for several photon energies and at different cover-
ages. (c) Coverage dependent work function shift of[TAPP-(CF,),|
adsorbed on Au(111). Coverage dependent quantum defect of the
first at the TAPP-(CF,),| covered Au(111) surface.
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Figure D.3.: [AR22PPE| measurements of [TAPP-(CF,),| adsorbed on Au(111)
taken at a coverage of 1 [MIl Dotted lines highlight the peak
positions from the first [PSl An effective mass of 2.3 & 1.0 m, is

observed for the [[PS] ruling out a misassignment to a molecule
derived [UMO

TAPP]

Here the measurements leading to the electronic structure of the
MAPP)/Au(111) interface shown in figure are displayed.  Figure
shows monochromatic (a) and dichromatic (b) measurements at
a coverage of 1 [MI] with peaks highlighted by dashed lines. The
peaks were assigned to initial, intermediate, and final states by the
slope evaluation shown in figure (c) and (d) with their ener-
gies being ESS’ = —0.31 £ 0.11 GV, EHOMO = —1.73 £ 0.06 €V,
EOIHB = —2.48+0.06 €V, ELUMO =1.364+0.06 GV, EUMO1 =1.534+0.10 6‘/,
Eunmo, =1.96+£0.08 eV, Erpg,_, =3.94+0.09 eV, Erpg,_, = 4.50+0.11 eV,
and Epypo, = 5.21 £0.06 eV. The peaks assigned to the shifted and the
[PS| states are located directly at the secondary edge of the monochromatic
spectra and the assignment is based on the determination of their dispersion
and their energy in respect to Epemmi and [E.d respectively. The
is assigned to the energetically highest observed molecule induced initial
state. For the assignment of the [OIHB] observed directly next to the high
intensity d-band feature refer to section [7.4. The peaks originating from the
and higher lying are located at a final state energy below the
d-band features and thus stand out only weakly. For clarity, the spectrum

121



Appendix

obtained for a photon energy of hv = 4.3 eV is shown separated and fitted
by an exponential background and Gaussian-shaped peaks in figure (a).
The dichromatic spectra (figure (b)) reveal a further [[MO} and for high
photon energies a weak contribution of the second is observed directly at
the Fermi edge. To complete the picture, dichromatic measurements with the
3 eV-beam where carried out. A clear peak originating from the [UMOk, and
contributions underpinning the energetic positions of the [HOMQ| [LUMO]
[PS,—;, and shifted are observed.

a b
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Figure D.5.: Spectra of 1 [MIJ[TAPP] adsorbed on Au(111) fitted with an ex-
ponential background an Gaussian-shaped peaks. (a) Monochro-
matic spectrum taken with a photon energy of hv = 4.3 eV.
(b) Dichromatic spectrum taken with photon energies of hv =
3.07 eV and hv = 4.59 eV.
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Figure D.4.: (a) Monochromatic and (b) dichromatic 2PPE spectra of [TAPPI
adsorbed on Au(111) recorded with different photon energies.
Dotted lines highlight the peak positions from multiple electronic
states and interface bands. See text and section [7.1] for additional
information. (c) and (d) show the corresponding photon energy
dependent peak positions to assign peaks observed in the RPPE]
spectrum.
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TAPP-(C,F,),

For the sake of completeness, in this section all measurements regarding the
[TAPP-(C,F,),[/Au(111) interface are presented. The and 2PPEl mea-
surements were carried out by Dr. David Gerbert and Alexander Broska (also
refer to [274]). The[EEMS spectrum of[TAPP-(C,F,),|displayed in[D.6| (a) was
carried out by the Mass Spectrometry Facility of the Institut of Organic Chem-
istry of the University of Heidelberg under the lead of Juergen Gross. It shows
the peak of the molecular mass as well as several masses created via fragmen-
tations. (b) shows spectra for different initial coverages, measured
for the ionic fragment m/z = 69, which can be assigned to a —CF; group. A
zero-order shaped mulitlayer peak (o) is observed around 400 K, while the
monolayer (a3) and a condensed phase () are observed between 600 — 700 K.
Figure shows several RPPE]l measurements at the interface (1 ML) carried
out with different photon energies. The peaks were assigned to initial, interme-
diate, and final states by the slope evaluation shown in figure (c) and (d)
with their energies being Fsg = —0.29 +0.05 eV, Egono = —1.73£0.06 eV,
Eorpp = —2.50+0.06 eV, Eyno, = 3.74£0.06 eV, Eypo, = 6.02£0.07 eV,
Eyrgp = 557 £0.06 eV, and Erpg, , = 4.53 £ 0.07 eV with respect to
EFermi. The assignments of the peaks are based on the determined energetic
positions with respect to Epe.n and the dispersion measurements shown in
figure (section [7.4). The contributions of the are only observed
for low photon energies in the monochromatic and high photon energies in the
dichromatic spectra. and [SS] contribution are found directly at the Fermi
edge. The [UIHB] and [UMO} contributions are located energetically below the
d-band features in the monochromatic spectra, while they are rather weak in
the dichromatic spectra.
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Figure D.6.: (a) EI-MS spectrum of [TAPP-(C.F-),l The part of the spectrum
observable by the attached to the [UHV] chamber is shown
enlarged. Important fragments are labeled. (b) [TPD| measure-
ments (ionic fragment m/z = 69) of [TAPP-(C,F.),| adsorbed on
Au(111) for different initial coverages recorded with a heating rate
of 1 K/s. a3 and as denote the monolayer, while a;; denotes the
multilayer. Data measured by Dr. David Gerbert and Alexander
Broska.
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Figure D.7.: (a) Monochromatic and (b) dichromatic 2PPE] spectra of 1
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tiple electronic states and interface bands. See text and chapter
for additional information. (¢) and (d) show the corresponding
photon energy dependent peak positions to assign peaks observed
in the PPPE spectrum. Data measured by Dr. David Gerbert
and Alexander Broska and reevaluated by the author.
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