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Charge Transfer and Band Formation at Metal/Organic Interfaces —
Both, well-defined molecular ordering and the electronic structure at me-
tal/organic interfaces and within thin molecular films are fundamental for
charge carrier injection and charge transport in organic electronic devices.
This thesis presents a combined study of temperature-programmed desorption,
ultraviolet and two-photon photoemission spectroscopy targeting the under-
lying correlation between charge transfer, hybridization and band formation.
Angle-resolved photoemission measurements expose that hybridization at me-
tal/organic interfaces implies a charge carrier density redistribution which in
combination with band formation presumably enables improved charge injec-
tion. As hybrid bands crossing the Fermi energy additionally determine the
transferred amount of charge, charge transfer may serve as sufficient prerequisite
for underlying hybridization or band formation at metal/organic interfaces. The
observation of an extended space charge region and unoccupied intermolecular
hybridization in epitaxial films additionally proves increased charge carrier
injection properties in thin molecular films with well-defined molecular ordering
and electronic structure.

Ladungstransfer und Bandausbildung an Metall/Organik-

Grenzflachen — Sowohl die Anordnung der Molekiile, als auch die elektronische
Struktur an Metall/Organik-Grenzfldchen oder in ditnnen Molekiilfilmen beein-
flussen grundlegend die Ladungsinjektion und den Ladungstransport in optoelek-
tronischen Bauelementen. Im Rahmen dieser Arbeit wird mittels Temperatur-
programmierter Desorptionsspektroskopie, UV-Photoelektronenspektroskopie
und Zwei-Photonen-Photoelektronenspektroskopie der zugrunde liegende Zu-
sammenhang zwischen Ladungstransfer, Hybridisierung und Bandausbildung
untersucht. Winkelaufgeloste Photoemissions-Messungen zeigen, dass Hybri-
disierung eine Ladungsdichte-Umverteilung an Metall/Organik-Grenzflachen
bewirkt, die in Kombination mit Bandausbildung eine verbesserte Ladungsin-
jektion ermoglicht. Da zusétzlich auch Hybridbander nahe der Fermi-Energie
den vorherrschenden Ladungstransfer bestimmen, kann dieser als hinreichender
Hinweis auf eine Hybridisierung oder gar Bandausbildung an Metall/Organik
Grenzflachen angesehen werden. Das Ausbilden einer ausgedehnten Raumla-
dungszone und unbesetzter, intermolekularer Hybridbéander in epitaktischen
Filmen unterstreicht auflerdem die dadurch erhéhte Ladungsinjektion in diinnen
Molekiilfilmen mit wohldefinierter Molekiilordnung und elektronischer Struktur.
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1. Introduction

In the last decade, organic (opto)electronic devices became more popular and
frequently used. Especially state of the art smart phone displays or TV screens
apply organic light emitting diodes (OLEDs) due to their high energy efficiency,
low-weight and low-cost character [1-4]. The great possibility to manufacture
organic materials by evaporation or printing processes enables their application
on flexible or transparent substrates which opens new fields of applications of
organic electronic devices in lighting and display technology [1-12], photovoltaics
[13-22], sensor technology [23-28] and data storaging [29-33|. Therefore the
invention and development of organic electronic devices is accompanied by
huge efforts in academical research to gain fundamental comprehension of their
functionality and performance-determining characteristics. From a chemical
point of view the design of new promising molecules and the tuning of employed
molecules’ properties represents the main objective to gain good air stability,
processability, as well as high inter- and intramolecular charge carrier mobilities
[34-38]. For physics the improvement of efficiency and performance due to an
enhanced charge carrier injection, charge carrier transport and light emission
or absorption is subject of countless studies [39-43]. In this context, charge
carrier injection was often found to dominantly determine the performance of
organic (opto)electronic devices. Many experimental and theoretical studies
targeted charge carrier injection improvement in the last decade, however, up
to today, a comprehensive understanding of possibly participating mechanisms
is missing [44-51]. It is reliable, that the structural arrangement of molecules
in thin films and at metal/organic interfaces plays a crucial role in charge
transport and charge injection characteristics [52-55]. But little is known about
the underlying mechanism: How do charge carriers get from an electrode into
an adsorbed organic semiconductor? From an electronic point of view the
charge carriers have to overcome an injection barrier which determined by
the difference in binding energy before and after the transfer [46, 51, 56, 57].
But it is difficult to connect this energetic barrier to molecular ordering at
metal /organic interface.



1. Introduction

One possibility to explain a connection between molecular ordering and charge
carrier injection might be hybrid band formation between metal bands and
molecular electronic states directly at the interface. In doing so a well-ordered
adsorbate layer is the fundamental prerequisite to achieve a well-defined interfa-
cial electronic structure with possible hybrid band formation as also known from
particular molecular crystals [58-65]. Indeed, a few of experimental studies
substantiate band formation at metal/organic interfaces [66-71].

Another essential prerequisite for hybridization at metal/organic interfaces
should be a certain electronic interaction between metal and adsorbate as for
instance a charge transfer type interaction. In general charge transfer describes
the reorganization of charge density caused by the interaction between two
different molecules or an inorganic (metallic) surface and a molecule. This
process gains its importance for organic electronic devices from the fact that
metal /organic interfaces or doped molecular thin films are present in all differ-
ent forms of these components. It is known since the 1960s (and was honored
with the Nobel prize in chemistry in 2000 for A. J. Heeger, A. G. MacDiarmid
and H. Shirakawa) that doping can enormously increase the conductivity of
organic thin films [34, 41, 72-83]. Even charge injection per se can benefit from
a charge transfer type interaction [44, 45, 47, 50, 56, 84-90].

Briefly, well-defined metal/organic interfaces which are characterized by a well-
defined geometric structure as well as a charge transfer type interaction should
be predestined for the study of hybridization and band formation. The main pur-
pose of this thesis is the investigation of the electronic structure of metal /organic
interfaces which feature a charge transfer type interaction in order to study a
possible connection between charge transfer, hybridization and band formation.
Separately, charge transfer, hybridization and band formation at metal/organic
interfaces have been intensively investigated in the last decades using a wide
range of different spectroscopic methods such as Raman spectroscopy [91],
high-resolution electron energy loss spectroscopy (HREELS) [92, 93], scan-
ning tunneling microscopy and spectroscopy (STM & STS) [66, 68, 71, 94-98],
ultraviolet and X-ray photoemission spectroscopy (UPS & XPS) [47, 48, 99—
103], angle-resolved photoemission (ARPES) [67, 69, 71, 104] or time- and
angle-resolved two-photon photoemission spectroscopy (TR2PPE & AR2PPE)
[105-108]. Conventional ARPES is a popular experimental tool to analyze the
occupied band structure of metals or inorganic semiconductor surfaces and
their interfaces with thin organic films [109-112]. It permits direct access to
band dispersion in the reciprocal lattice space and enables the possibility to
investigate occupied band formation at metal /organic interfaces. Two-photon
photoemission spectroscopy (2PPE) in addition allows the investigation of band
formation via the dispersion of unoccupied electronic states as also known for



STS [66, 68, 71, 95, 108, 113, 114]. Moreover, 2PPE can be performed in a
time-resolved manner which facilitates the characterization of excited electronic
states [115-124]. This combination of powerful possibilities constitutes 2PPE as
unique experimental tool to investigate the electronic structure of metal /organic
interfaces and thin adsorbate layers.

The present thesis exposes a connection between band formation and charge
transfer at metal/organic interfaces by means of UPS and 2PPE. For this
purpose the electronic structure of three different organic semiconductor ad-
sorbates is determined on the Au(111) surface. Furthermore, temperature-
programmed desorption (TPD) is used to study possible intermolecular in-
teractions of adsorbates especially in the submonolayer regime. More pre-
cisely, this thesis addresses the electronic structure of two famous organic
acceptor molecules, namely tetracyanoquinodimethane (TCNQ) and its fluori-
nated derivative tetrafluoro-tetracyanoquinodimethane (F,TCNQ), adsorbed
on Au(111). The electronic structure of these interfaces are compared with the
electronic structure of tetrathiafulvalene (TTF), a donor molecule, adsorbed on
the same metal surface. It turns out that these three metal /organic interfaces
cover three possible charge states of the adsorbed molecules on a Au(111) sur-
face: neutral (TCNQ), negatively charged (F,TCNQ) and positively charged
(TTF). The electronic structure of both, the F4/TCNQ/Au(111) interface as
well as the TTF/Au(111) interface, give evidence for an interfacial hybridiza-
tion of metal bands and adsorbate-induced electronic states, whereas in first
instance the TCNQ/Au(111) interface displays no indications for a charge
transfer type interaction. Nonetheless, a photo-induced charge transfer can
be also observed at the TCNQ/Au(111) interface. Subsequently performed
ARPES and AR2PPE studies expose hybridization and band formation at the
F,TCNQ/Au(111) as well as the TTF/Au(111) interface. Whereas the latter
is characterized by delocalized interfacial hybrid bands, the F4/TCNQ/Au(111)
interface constitutes the first metal/organic hybrid interface at which both,
interfacial hybrid bands and intermolecular hybrid bands, can be simultaneously
observed. This fact is verified by coverage-dependent measurements which
expose intermolecular hybrid band formation and the formation of an extended
space charge region in epitaxial F,TCNQ films. Moreover, a TR2PPE study
reveals that the well-defined electronic structure strongly impacts hot electron
dynamics at the TTF/Au(111) interface.

Conclusively, the results of this thesis suggest a correlation between hybridiza-
tion, charge transfer and band formation at metal/organic interfaces. Generally
hybridization at metal/organic interfaces implies a redistribution of the interfa-
cial charge carrier density. In case of band formation, these charge carriers are
delocalized parallel to the surface which presumably enables improved charge
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injection across the interface. Additionally, the hybridization induced charge
redistribution in combination with hybrid bands crossing the Fermi energy
determines the transferred amount of charge at a metal/organic interface. That
is why the observation of charge transfer may prospectively serve as sufficient
prerequisite for underlying hybridization and/or band formation at well-ordered
metal /organic interfaces.

Outline

The presented thesis is structured as follows: First, chapter 2 introduces
basic theoretical concepts to describe the electronic properties of metal/organic
interfaces. Therefore a basic overview about the electronic structure of con-
densed matter and electronic states at metal surfaces is followed by the de-
scription of theoretical models which are commonly applied to explain charge
transfer mechanisms and energy level alignment at metal /organic interfaces.
Furthermore, chapter 3 covers physical principles of UPS and 2PPE and briefly
illustrates the experimental setup, measurement procedures and recent research
on metal/organic interfaces by means of 2PPE. These contents are followed by
preparatory discussions of the Au(111) surface’s electronic structure in chapter 4
and temperature-programmed desorption studies which support an introduction
of the investigated metal /organic interfaces in chapter 5. Chapter 6 contains
first UPS and 2PPE results in order to determine the electronic structure of
the TCNQ/Au(111), the F,/TCNQ/Au(111) and the TTF/Au(111) interface.
It represents the basis for subsequent chapters which cover a characterization
of a photo-induced charge transfer at the TCNQ/Au(111) interface (chapter 7)
and the demonstration of an extended space charge region in combination with
unoccupied band formation in epitaxial F4TCNQ films (chapter 8). In chapter 9
band formation at the F/TCNQ/Au(111) as well as the TTF/Au(111) interface
is discussed with regard to a possible general correlation between hybridization,
band formation and charge transfer at metal/organic interfaces. Time-resolved
2PPE investigations targeting hot electron dynamics at metal/organic interfaces
complete the results of this thesis in chapter 10.



2. Theoretical Fundamentals

The following chapter contains basic theoretical concepts which are needed to
discuss the electronic structure of metal/organic interfaces. For this purpose
the electronic structure of metal surfaces provides an ideal starting point which
is followed by organic semiconductor fundamentals and the most common
charge transfer models. The last section explicitly deals with the electronic
structure at metal/organic interfaces, the impact of charge transfer and a
possible classification of these interfaces.

2.1. Electronic Structure of Condensed
Matter - an Overview

In a first easy descriptive approach conduction electrons of a perfect solid
can be regarded as free. Explicitly this implies two simplifying assump-
tions:

e The motions of atomic nuclei and electrons can be separated due to their
different speed ranges (adiabatic approximation or Born-Oppenheimer
approximation).

e There is no interaction between electrons. Thus, the consideration can
be confined on one single electron.

With these assumptions an electron in a solid can be described by a box-shaped
potential in which the electron has only kinetic energy. As a result, the steady
state Schrodinger equation can be formulated as:

A = B, 21)

in which A represents the Planck constant divided by 27, m the electron’s mass,
A the Laplace operator, 1(7) the position-dependent wave function and E the
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energy eigenstates. The simplest solution of this equation is a plane wave:

U (7) = —=e*7, (2.2)

with wave vector & and normalization factor:

[ Erluf = 1. (23)

Applying this plane wave function to the Schrodinger equation the eigenvalues
E of free electrons are:
h2k?

E(k) = o

(2.4)

This equation represents the dispersion relation for free electrons in a solid. In
consideration of the crystal’s periodicity (appropriate boundary conditions) only
some certain wave vectors are allowed which results in a density of states (DOS)
also in the energy range. For both spin possibilities the three-dimensional DOS
D(F) can be calculated to be:

Vor2m\7t
D(E):W(m> B, (2.5)

In thermal equilibrium these states are occupied with Fermions following the
Fermi-Dirac distribution:

1
T B/l {1’

f(E) (2.6)
in which p constitutes the chemical potential, 7" the temperature and kg the
Boltzmann constant. The energy to which all states are occupied is called Fermi
energy (Er). It is well-defined by the electron density n = N/V which can be

derived by an integration about all occupied states:

D(E)f(E.T = 0)dE = /FD(E)dE. (2.7)

n =

<|=
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Finally, Er is determined by the mass m and concentration n of electrons:

h2
Ep = %(37r2n)2/3. (2.8)
As a résumé of these equations, figure 2.1 illustrates the dispersion relation and
the DOS of a free three-dimensional electron gas. For T' = 0 all states below
Er are occupied, above Er they are empty.

a) b)

5)

Er A

wn

> o]

o0 S
[}

5 5

2

7

=

[*)

@]

wave vector | k| Energy E

Figure 2.1.: a) Dispersion relation and b) density of states (DOS) of a free three-
dimensional electron gas. For T' = 0 all electronic states below the Fermi energy (Er)
are occupied and empty above Fp.

This easy approach of free electrons in a perfect solid is capable of describing
some physical properties of metals, however, there are some obvious limits
(e.g. diamond is an insulator but has a periodic lattice). For a more profound
understanding it has to be considered that electrons move in a periodic poten-
tial. According to this, the eigenvalues E of the Schrodinger equation repeat
periodically in the reciprocal lattice space:

h?k?

E(E) T 2om

N R

=Fk+G) = 2m\k+G| . (2.9)
This solution can be illustrated as an infinite number of free electron parabola
shifted against each other with the reciprocal lattice vector G. But in this sense
a non-zero amplitude of the periodic potential results in an energetic splitting
at the Brillouin zone edge as is shown in figure 2.2. The higher this potential
difference to the free electron case, the larger these energetic regions in which
the DOS is zero. In the following, regions with non-zero DOS are called bands
and regions of (almost) zero DOS band gap.
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Energy E

Lno.n onm 3m 3n Bno.n m 3n
a a a a a a a a a
Wave Vector k Wave Vector k Wave Vector k

Figure 2.2.: Dispersion relation of a free electron gas in a one-dimensional periodic
lattice in the extended, reduced and periodic zone scheme (from left to right). Dotted
lines illustrate the free electron-like behavior, whereas blue lines indicate the dispersion
relation of electrons in a periodic potential with non-zero amplitude which results in
a splitting at the Brillouin-zone edge. The resulting regions with non-zero DOS are
marked gray in the periodic zone scheme.

This simplified band model provides an adequate definition of metals, semi-
conductors and insulators. If a band crosses Ep it contains occupied as well
as unoccupied electronic states at the same energy which enables conducting
electrons to travel through the solid without losing energy. Such a material is
usually called metal, whereas in semiconductors and insulators Er is located in
a band gap between the valence band and the conduction band. The gap size
distinguishes semiconductors from insulators. If thermal energy or doping impu-
rity atoms enables the population of the conduction band or the depopulation of
the valence band, a material is called semiconductor. A more detailed and com-
prehensive study of the electronic structure of condensed matter can be found
in various solid state physics textbooks [63, 125-128].

This band model and its resulting electronic band structure of solids can be
especially applied to metals, such as gold, which is used as a single-crystal
metal substrate in the present thesis. Though the electronic structure of metal
surfaces looks significantly different in comparison to the electronic structure
of the bulk, as the break of symmetry at surfaces and interfaces leads to the
existence of so-called surface states.
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2.2. Electronic States at Metal Surfaces

The breakdown of crystal lattice periodicity at surfaces induces a box-like
potential which is bordered on one side by the potential barrier due to the
work function (®, usually defined as the energetic difference of vacuum energy
(Evac) and Fermi energy (Er) [63, 125, 126]) and on the other side bordered by
the energy gap around the Fermi energy [129-131]. Figure 2.3 illustrates these
boundary conditions at the metal /vacuum interface with both possible solutions
for the real part Re(WV) of the Schrodinger equation: a bulk-type and a surface-
type solution. Conclusively, this potential well gives rise to new electronic
states which exist only at the surface but which are delocalized in the direction
parallel to the surface. First theoretical descriptions and interpretations of
these electronic surface states date back to initial works by Tamm and Shockley.
In particular Shockley surface states (SSs) are found to sufficiently describe
first experimental observations of electronic metal surface states [132-135].
They are energetically located in the band gap and are characterized by a free
electron-like dispersion in the direction parallel to the surface.

Due to their strong localization in normal direction to the surface, SSs are very
sensitive to modifications of the surface. For example adsorption of atoms or
molecules and possible accompanying charge transfer mechanisms on the metal
surface can lead to a shift in energetic position, intensity reduction or complete
quenching of SSs [108, 136-143]. These processes have recently been investigated
especially for the adsorption of Perylenetetracarboxylic dianhydride (PTCDA)
on different metal surfaces and led to a fundamental discussion about the
electronic structure of metal/organic interfaces [66, 70, 104, 106, 141, 144-148|.

Figure 2.3: One-dimensional model of a

periodic crystal potential with simplified

boundary conditions at the surface. There

_—  are two possible solutions for the real part

Re(¥) of the Schrodinger equation: one

/ bulk-type and one surface-type solution.
The latter decays into both, the bulk crys-

/ tal and the vacuum and therefore exists

»

0 "z only at the surface but is delocalized paral-
tal vacuum lel to the surface due to transverse symme-
cr)ﬁ a try. This solution gives rise to the existence

of so-called Shockley Surface States (SSs).
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2. Theoretical Fundamentals

Another type of electronic states which can appear at metal surfaces are a
Rydberg-like series of so-called image potential states (IPSs) [130, 149-155].
Their origin can be motivated from the interaction between an electron located
in front of a polarizable surface and its own positive image charge, which
gets induced by charge displacement. Therefore a charge located in front of a
metal in distance z feels an attractive Coulomb-like potential V' (2) from the
interaction with its own image charge:

2

V(z) = (2.10)

16mez’
in which e represents the elementary charge and ¢ is the dielectric background.
Consequently, IPSs can be described with an one-dimensional hydrogen-model
and due to transverse symmetry electrons in these electronic states are de-
localized parallel to the metal surface. Thus, IPSs feature a dispersion with
an effective mass close to one electron mass m, [131, 151]. Conclusively,
there exists an additional Rydberg-like series of electronic bands at metal
surfaces whose energetic eigenvalues can be calculated to be pinned to Ev,:

En:Evac—M, n=123... (2.11)
(n+ 0y

Herein n is the quantum number and a represents the quantum defect which
increases for a decreasing potential barrier [153, 156]. Figure 2.4 illustrates the
energetic position and probability density function of image potential states
perpendicular to a metal surface. It is accompanied by a sketch of the image
charge model which shows the confinement of IPSs at the metal surface as well
as the large energetic gap to occupied electronic states below Er. According
to this energetic gap and the coupling to bulk states, elastic and inelastic
electron-electron scattering rates are increased for IPSs which leads to a decay
on femtosecond timescale [157, 158]. Additionally, the probability density shifts
away from the surface with increasing quantum number n, involving a reduced
electronic coupling and a resulting increased lifetime [130, 156, 158-160]. In the
past decades various studies have been performed to investigate the influence of
adsorbed molecules on the energetic position and lifetime of IPSs [113, 154, 161
166]. The main reason for their impact is the fact, that the work function
of a metal substrate usually gets changed due to adsorbate-induced charge
rearrangement and Pauli-repulsion (Push-back effect) (for details see section
2.5.1). As IPSs are pinned to the vacuum level they usually experience an
adsorbate-induced energetic shift relative to Ep.
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vacuum
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electron bandgap

potential V(z)

DA T

Figure 2.4.: Image charge model (left) and confinement of IPSs at a metal surface
(right). The blue line represents the image potential V' (z), whereas the red and green
line figures the probability density function of the first and second IPS.

2.3. Electronic Structure of Organic
Semiconductors

In some strongly restricted cases even the electronic structure of organic
molecules can be discussed in a band-like fashion, as it is an accepted stan-
dard for metals and inorganic semiconductors [40, 167]. Unfortunately, the
requirements for band-like charge transport, like high crystallinity and high
intermolecular charge density overlap, are challenging for organic thin films.
Nevertheless, there are few organic materials in which band-like charge carrier
transport has been observed [58-69, 71, 125]. It is the purpose of this section to
sketch the underlying concept from atomic energy levels to molecular orbitals.
Generally, organic semiconductors are hydrocarbon-based molecular structures
which are often combined with sulfur or halogen atoms (for an overview of
famous and often used organic semiconductors, see [36-38, 42, 168]). First
investigations in the early 20th century dealt with the photo-induced conduc-
tivity of anthracene, however, first metal-like conductivities were observed in
the 1970s in polyacetylene, honored with the Nobel prize for A. J. Heeger, A. G.
MacDiarmid and H. Shirakawa in 2000 [72, 73, 78, 81, 169-171]. In such organic
compounds conductivity and semiconducting properties can be explained by
the formation of atomic hybrid orbitals and the resulting interatomic covalent
carbon double bonds. In total, one single carbon atom has six electrons: two
in the 1s and the 2s orbital each and one electron in two of three 2p orbitals.
This configuration is sketched in figure 2.5a. An intermolecular bonding of a
carbon atom with another atom can lead to a linear combination of involved
atomic orbitals resulting in so-called hybrid orbitals.

11



2. Theoretical Fundamentals

For the conductivity and semiconducting properties of organic compounds
the sp2-hybridization of carbon plays a key role. In this hybridization wave
functions of the 2s and two 2p atomic orbitals are combined to three trigonal
planar 2sp? hybrid orbitals. The third 2p orbital (from now on 2p.) remains
unchanged and stands perpendicular to the 2sp?-plane. All 2sp? hybrid orbitals
and the remaining 2p orbital are singly occupied with one electron and can
form covalent bonds with neighboring atoms. Figure 2.5b and ¢ exemplarily
illustrate the bonding between two sp?-hybridized carbon atoms. The spatial
proximity of both sp?-hybridized carbon atoms induces a spatial orbital overlap
of two sp? orbitals and two 2p, orbitals each. This results in the formation of
a rather localized, stronger o-bond (splitted into bonding o- and antibonding
o*-orbital) and a more delocalized but weaker 7-bond (splitted into bonding 7-
and antibonding 7*-orbital).

Organic molecules which consist of a carbon backbone with alternating single-
and double bonds therefore feature a so-called conjugated system of double
bonds. This conjugated system implies that electrons of m-bonds are approxi-
mately delocalized over the entire molecule as it is shown for benzene in figure
2.5d. In a molecule’s ground state, the electron-occupied 7 orbital with the
highest energy (highest occupied molecular orbital, HOMO) and the unoccupied
7* orbital with the lowest energy (lowest unoccupied molecular orbital, LUMO)
are of special importance for the semiconducting properties of these organic
compounds. Usually the energetic difference between HOMO and LUMO,
called band gap, is found within the range of 1.5 and 4.0 eV which enables the
optical excitation of charge carriers. Intramolecular charge carrier transport
proceeds along these delocalized m-electron-systems. It is known since the 1960s
that doping organic materials can enormously increase the conductivity of
organic thin films [34, 41, 72-83]. This applies not only for small molecules, like
benzene and anthracene, but also for for polymers like polyacetylene. Therefore
intermolecular charge transfer plays an important role in almost every organic
(opto)electronic device.
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b,
sp? hybridization

] o [}
2p2 _» 2pz .
. 2sp’

. . 2sp? 2sp?
Is? Is? !

ground state hybrid state carbon - carbon bond

- Eujn

| 2p,

conjugated double bond delocalized m-electron system

Figure 2.5.: Scheme of the formation of a delocalized m-electron system. Involved
carbon atoms experience energetically favorable sp2-hybridization a) which leads to the
formation of rather localized o-bonds and more delocalized 7-bonds b). The electron
density of these bonds is located as sketched in ¢) and is therefore responsible for
the formation of conjugated chains or delocalized m-electron systems in carbon-based
molecular structures such as for example in benzene d).
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2.4. Charge Transfer Mechanisms

It is a common technology to introduce impurity atoms with the aim of increas-
ing the number of free charge carriers in inorganic semiconductors. In doing so
typical dopant concentrations are in the range of 1077 to 1072 % [126]. While
n-doping describes the introduction of impurity atoms holding one electron
more than the lattice atoms which shall be replaced, p-doping describes the
introduction of impurity atoms with one electron less that the lattice atoms
which leads to an increased density of holes. At room temperature these added
charge carriers are weakly bound to the impurity atom and therefore can
participate at charge carrier transport mechanisms.

Doping organic semiconductors is comparable to doping inorganic semiconduc-
tors since in both cases additional charge carriers are created by introducing
other materials. In doped organic semiconductors, however, introduced charge
carriers are stronger bound by Coulomb interactions than in their inorganic
analogs which is one of the reasons for the much higher doping concentrations
usually used in organic semiconductors (up to several percent). There is a huge
variety of dopants for organic semiconductors ranging from small atoms and
metal oxides to different organic semiconductors which enables myriads of possi-
ble dopant-matrix combinations [41, 82, 172]. In all these cases dopant-matrix
combinations can be treated as so-called charge transfer complezes (CTC), in
which the introduced dopant share their (additional) charge with usually one
neighboring matrix molecule. For an adequate description of CTCs there are
two often consulted models: the most common integer charge transfer model
(ICT) and the hybrid charge transfer model (HCT). Nonetheless, they are
not equivalent. So one has to find the convenient charge transfer model for
each material class combination in CTCs. This is why this section will shortly
introduce the herein mentioned charge transfer models.

It has to be pointed out that, to some extent, these charge transfer models
are not only suitable for describing CTCs in amorphous organic semiconductor
matrices but also for the description of fundamental processes at metal /organic,
inorganic/organic and organic/organic interfaces and heterojunctions [46, 173—
177]. Even emitter-matrix combinations in OLEDs can be treated as CTCs
[41, 178, 179]. In OPVs so-called charge transfer excitons are important quasi-
particles (electron-hole pairs bound by Coulombic interaction) to describe the
first steps from a photo-induced charge injection at donor-acceptor interfaces
and heterojunctions, or even in homomolecular films, to the formation of free
charge carriers [13, 180-184].
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2.4. Charge Transfer Mechanisms

2.4.1. The Integer Charge Transfer Model

The ICT model explains charge transfer by the transfer of an electron from a
donor to an acceptor molecule. From a chemical point of view the ICT model can
be expressed in a reaction equation, exemplarily shown below for p-type doping,
in which M constitutes a random matrix molecule and M the neighboring
matrix molecule of the acceptor molecule A [172]:

M+ MA = M+ [M*tA"] = Mt + MA~. (2.12)

In the intermediate CTC (1\7[ *TA7) one electron was completely transferred from
the donor to the acceptor molecule. The second step, the so-called dissociation
or charge separation step, is usually not energetically favorable due to the
Coulomb interaction between electron and hole, which in sum with polarization
effects, is also called binding energy of the charge transfer exciton. For molecule-
molecule CTCs an efficient charge transfer is generally possible if the LUMO
of the acceptor molecule energetically lies in the same region as the HOMO of
the donor molecule. Of course, the above mentioned restrictions such as high
molecular orbital overlap still have to be taken into account. As the introduced
ICT model enables a simple form of understanding adsorbate-induced work
function changes at metal/organic interfaces, which is one of the topics of the
present thesis, its applicability is briefly introduced in this section. In doing so,
this requires an introduction to interfacial energetics which will be discussed
later in section 2.5. Nevertheless, terms like vacuum level alignment, Fermi
level alignment and Schottky-Mott limit are already used in this section. For a
clear definition of this terminology please read section 2.5.

Adsorbate-induced work function changes at metal/organic interfaces can be
simply categorized in three cases as illustrated in figure 2.6. In case a) the
substrate’s work function gets reduced and in case b) raised due to adsorption
of organic molecules while in case ¢) the work function remains unchanged
48, 89, 101, 185-188]. Regarding the energetics of a metal substrate, this can
be characterized in a simplified manner using only one parameter: the work
function ®. An adsorbate layer consisting of organic semiconductor molecules
can be described using two electronic parameters: ionization potential (IP,
energetic difference between vacuum energy and HOMO) and electron affinity
(EA, energetic difference between vacuum energy and LUMO). In addition
to these material parameters, the ICT model incorporates Coulomb energies
B~/* associated with the energies of a molecule owning an additional charge
e~ /h™ and estimates lower and upper pinning levels W—/* (also labeled Eycp_ /+
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in literature) [186, 188]:
W™ =EA+ B, Wt =1IE+ B™. (2.13)

Contacting metal substrate and organic semiconductor energetics the three
above mentioned cases can be redefined:

a) gy, > W In this case the HOMO is located above the Ep of the
substrate which causes n-type doping of the molecule by Fermi level
alignment between HOMO and Er. This implicates a work function
change A® < 0.

b) ®gu < W: In this case the LUMO is located below the Ep of the
substrate which causes p-type doping of the molecule by Fermi level
alignment between LUMO and Ep. This implicates a work function
change A® > 0.

c) W < Pgy, < WH: This regime is characterized by a missing charge
transfer type interaction which leads to vacuum level alignment (AP = 0).

These three cases give rise to an equally tripartite work function dependence of
Do rsub as sketched in figure 2.6d. For case c) there is a linear relationship
between ®oyg4sun and Pgy, which matches the Schottky-Mott limit due to the
missing ICT type interfacial interaction. In ®g,;, ranges with occurring ICT
type interaction (case a) and b)) ®o,ersup stays constant due to its equivalency
with the lower and upper pinning levels W/,

The simplicity of this ICT model makes it subject to obvious restrictions.
Neither fundamental interfacial effects like Pauli-repulsion (or Push-back ef-
fect; electron wave function spill-out gets reduced by adsorption) nor possible
structural or electronic rearrangements at the interface are taken into account.
Main critical issue of the ICT model is the fact that integer charges are trans-
ferred, whereas partial charge transfer can not be explained. Nonetheless,
there are metal/organic interfaces which can be qualitatively described by
this ICT model [48, 101, 185, 189-191]. Results from Crispin et al.[89] and
Lange et al.[187] demonstrating the entire tripartite work function dependence
of ®opgrsup for one individual metal/organic interface should be highlighted
here.
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Figure 2.6.: Visualization of the integer charge transfer model describing adsorbate-
induced work function modifications at metal/organic interfaces. a) n-type doping or
b) p-type doping leads to an electron/hole transferred from a molecule to the metal
substrate implying Fermi level alignment and interface dipole formation. ¢) Covers the
Schottky-Mott limit resulting in vacuum level alignment without a charge transfer type
interaction and d) sketches the tripartite work function dependence of ®org4Sub-
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2. Theoretical Fundamentals

2.4.2. The Hybrid Charge Transfer Model

In order to overcome the restrictions of the ICT model, the HCT model has
proven to be quite applicable [83, 192-197]. It enables an explanation for partial
charge transfer and the formation of new electronic states in organic/organic
CTCs, as well as at metal/organic, inorganic/organic and organic/organic
interfaces. In sum, the HCT model describes charge transfer as a result of the
hybridization of electronic states of two different molecules or at an interface.
Consequently, the impact of geometrical ordering on the orbital overlap and
the impact of the participating electronic states’ positions on the energetic
rearrangement gets qualitatively understandable.

In the simplest case of hybridization of one molecule’s HOMO with a different
molecule’s LUMO induces the formation of a bonding and antibonding hybrid
state (see figure 2.7b). Accordingly, the new hybrid states are not located on one
original single molecule but shared by both molecules of the CTC. As electrons
from one original occupied HOMO are shared with a different molecule in a CTC
via electronic hybridization, this also implies a rearrangement and extension
of the electron’s probability of presence. Due to this extended, rearranged
electron’s probability in a CTC, a specific amount of negative charge (p~) is
transferred to the acceptor molecule. For this reason the amount of transferred
charge depends on the electronic hybridization-induced charge rearrangement
and thus is usually partial (in the range between 0 and 2). HCT is often used
to explain CTCs and charge transfer at metal/organic, inorganic/organic and
organic/organic interfaces which feature new arising electronic states, sometimes
called interface states [90, 192, 193, 195, 197-199].

For the sake of completeness, the existence of another charge transfer model,
called induced density of interfacial states model, has to be mentioned here
which is applicable for weakly-interacting organic semiconductor containing
interfaces [200-202]. Using this model partial (fractional) charge transfer
without a molecular electronic rearrangement and the formation of CTCs is
possible due to the introduction of a Fermi level equivalent charge neutrality level
(CNL) for organic semiconductors. Comparably to Fermi level alignment CNL-
E¥ alignment can be applied to explain adsorbate-induced work function changes
at weakly-interacting metal/organic interfaces.
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Figure 2.7.: Comparison of the ICT model a) and the HCT model b). In the ICT
model an integer charge is transferred from donor to acceptor molecule. Depending
on which of them is the dopant, it is termed p-doping or n-doping. The HCT model
explains partial charge transfer by hybrid state formation in a CTC (here green).
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2.5. Electronic Structure of Metal /Organic
Interfaces

It was shortly introduced in section 2.4.1 that ICT may have strong impact
on the work function of a metal/organic interface. But a huge diversity
of effects have to be taken into account to describe energy level alignment
and work function shifts at inorganic/organic and organic/organic interfaces.
Since this thesis deals basically with metal /organic interfaces, the focus of the
following section is on the description of fundamental processes regarding energy
level alignment (ELA) and work function changes especially at metal /organic
interfaces.

2.5.1. Energy Level Alignment

Generally there are two different model-like regimes of ELA at metal /organic
interfaces: vacuum level alignment (VLA, also called Schottky-Mott limit) and
Fermi level alignment (FLA) [51, 54, 56, 57, 86, 203-205]. In case of VLA the
work function ® remains constant during adsorption of molecules on a metal
substrate, indicating different electron A, and hole injection barriers Ay for
different metal substrates according to the different substrates’ work functions
(as is illustrated in figure 2.8). VLA is only possible if the metal substrate’s
Er is located in between the EA and IP of a single unaffected (free) molecule
[206]. Thus, assuming VLA electron A, and hole injection barriers A}, can be
calculated as:

A,=d—FEA, A,=1IP— . (2.14)

In contrast, in FLA regime, the metal substrate’s Fr gets pinned either to the
energetic position of the IP or to the EA of the adsorbate molecule (enabling
ICT). Accordingly, the work function varies for different substrates while the
injection barriers can equal zero or Fg which is the energetic IP-EA difference.
Figure 2.8 illustrates a comparison of VLA and FLA with special regard to the
work function and electron/hole barriers. For FLA the adsorbate-induced work
function difference A® can be regarded as an interplay between an interfacial
charge transfer induced dipole pcr, the molecule’s dipole moment perpendicular
to the surface normal fi,,01 1 and the adsorbate-induced back-shift of electrons
spilling out the metal surface according to Smoluchowski effect AdPpp (usually
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called Push-back effect or Pauli Repulsion or Cushion effect) [54, 207-213]:

AD = A(IDPB -+ Hmer + Hmol, L - (215)

The influence of all these effects depends on the geometric structure of the
adsorbate and the metal-molecule interaction directly at the interface [90, 214].
In addition, thicker adsorbate layers can influence the substrate’s work function
due to so-called band bending (BB) and the formation of a space charge region
as will be discussed in the following [55, 57, 215-218]. Moreover, it is worth
mentioning that work function changes of several ten electron volt have been
demonstrated in ordered films of dipolar molecules (so-called giant surface
potential) [219-222].
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Figure 2.8.: Energy level alignment (ELA) at metal/organic interfaces. a) And b)
illustrate vacuum level alignment (VLA) without adsorbate-induced work function
change for high and low substrate work function. In contrast, Fermi level alignment
(FLA) describes the alignment of the adsorbate’s IP or EA to the metal surface’s Fermi
energy. It usually implies an adsorbate-induced work function change for high ¢) and
low d) substrate work functions according to the ICT model.
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2.5.2. Band Bending and Space Charge Region
Formation

The introduced ELA models describe the energetic alignment of organic semi-
conductor energy levels (HOMO, LUMO) and adsorbate-induced work function
shifts on metal surfaces. This implies a misalignment of organic semiconductor
energetics at a metal/organic interface compared with thicker adsorbate films
or in the bulk. Surface band bending, developed by Schottky and Mott for the
adjustment of semiconductor bands in contact with metal surfaces, can also
be applied to metal/organic interfaces in order to model this transition from
interfacial to semiconductor bulk energetics [216, 223-226]. For this purpose
the Fermi level equivalent for organic semiconductors CNL has to be used.
At metal/organic interfaces an ELA-induced difference between Er and CNL
induces a local imbalance in charge neutrality which generates an electric field
at the interface (additional to any charge transfer impacts). In consequence
of standard low free charge carrier density in organic materials this imbalance
can not be screened in an organic semiconductor film which leads to an electric
field and to an interfacial variation of the charge carrier density. For an n-type
semiconductor the interfacial charge carrier density gets reduced. This leads to
the formation of a so-called depletion layer in which the organic semiconductor
energetics bend downwards. Whereas for p-type semiconductors, the interfacial
charge carrier density increases which leads to the formation of a so-called
accumulation layer resulting in an upward band bending. Figure 2.9 illustrates
both cases for FLA at metal/organic interfaces.
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Figure 2.9.: Band bending at metal/organic interfaces. a) Illustrates downward and
b) upward band bending for interfaces in Fermi level alignment (FLA) regime which
induces a work function change A®gp for increasing adsorbate film thickness (0).
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It indicates that the work function evolution in a space charge region does
only equalize the band bending induced energetic shift of the bands themselves
if there is also VLA directly at the metal/organic interface. In case of FLA
(for HOMO or LUMO) additional work function shifts just at the interface
usually reduce the work function change in higher adsorbate layers [51, 227].
The degree and expansion of band bending, i.e. depletion and accumulation
layers, depends on the metal/organic interfacial interaction, on the geometrical
disorder in the organic semiconductor film, on the charge carrier density and on
the difference between E'r and CNL. For thick adsorbate layers the CNL equals
the Er which gives rise to an additional thickness-dependent band-bending-
induced work function shift A®gg(d). The adsorbate thickness range, in which
the work function varies (for instance due to band bending), is also called space
charge region. Yet, the impact of a band bending induced work functions shift
can be also observed directly at the metal/organic interface which leads to a
modification of equation 2.15 into:

AD = AdPpg + pcr + Hmol, 1 T A(I)BB(d) (216)

Unfortunately, the most basic model to describe space charge regions, the
Schottky model, often does not sufficiently fit to experimental work function
evolution data of metal/organic interfaces [187, 218, 228, 229]. It describes
the DOS of charged molecules in the film as delta function-like which further
on leads to a constant carrier density for increasing thickness. In contrast, a
simplified distributed density of states model introduced by Mankel et al. [218]
assumes a constant DOS (in energy) which results in a decreasing charged
molecule concentration for increasing film thickness. This model provides
an equation for the work function shift as a function of the film thickness d,
the maximum work function shift Ad,,,, and the density of states (DOS):

1
~ cosh(kd)

DOS

2.17
e 21D

A(I)BB(d> = A(I)mam [1 ‘| with k=ce

Recently, this model has been applied to adequately reconstruct work function
evolution data and to derive a constant DOS value at inorganic/organic inter-
faces [218, 230]. Nonetheless, it is not restricted to the interpretation of space
charge regions predominantly induced by band bending as will be shown in
chapter 8. The importance of band bending at metal/organic interfaces arises
from the critical impact of the energetic position of electronic states or bands
in organic semiconductor thin films relative to the metal’s Fr for the operation
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of organic electronic devices. Usually, organic electronic devices in minimum
contain one metal/organic interface which implicates possible consequences of
interfacial charge transfer type interactions and band bending on the electronic
device properties and performances. After this introductory part about the-
oretical principles the following chapter contains experimental fundamentals
and a description of the experimental setup.
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3. Two-Photon Photoemission
Spectroscopy at Metal /Organic
Interfaces

Since its first observation by Hertz and Hallwachs in 1887 and its quantum-
mechanical formulation by Einstein in 1905, the photoelectric effect was applied
to investigate the electronic structure and properties of atoms, molecules,
solids, surfaces and interfaces [231-233]. Now photoemission (or photoelectron)
spectroscopy (PES) is well established and most frequently applied as the basic
experimental tool to investigate any kind of conducting or semiconducting
materials or surfaces [234]. Using photons with a photon energy F = hv higher
than the material’s work function ® leads to the emission of electrons with
a certain kinetic energy FEy;, which depends on the electron’s initial binding
energy FEpinq relative to Fg:

Ekin =hv—-9o + EBind- (31)

Herein h represents Planck’s constant and v the frequency of light. Even
though, according to Lambert-Beer’s law, the penetration depth of light in
matter is in the order of wavelengths, PES is a surface sensitive technique.
This is because the inelastic mean free path A\yrp of photo-excited electrons
depends on the initial photon energy and lies in the nanometer regime due to
various electron scattering mechanisms [235-237]. Naturally also the electronic
excitation depends on the applied photon energy range. Therefore PES using
photons in the ultraviolet regime (UPS) is applied in order to investigate the
valence band structure near Ew, whereas photons in the x-ray regime (XPS)
excite electrons from the core levels. A fact which enables an element specific
investigation of chemical composition and bonding characteristics.

Both, XPS and UPS, are frequently applied techniques for the investigation of
metal /organic, inorganic/organic and organic/organic interfaces. In this sense
XPS is commonly applied to explore molecule-molecule interactions, for example
emitter-matrix interactions in emission layers of OLEDs or intermolecular
bonding properties, as well as bonding interactions at surfaces and interfaces
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[204, 234, 238]. Additionally, XPS is a well-suited experimental tool to look
at photo-induced processes, slow chemical reactions or catalytical effects at
surfaces [239-241]. UPS, in contrast, is a widely applied technique to investigate
all possible mechanisms of ELA, including work function shifts at interfaces
and in molecular thin films [204, 238]. It enables experimental access to the
energetic position of a molecule’s HOMO which permits conclusions about
interfacial interactions like charge transfer, band bending and bonding motifs.
For metal /organic interfaces and molecular single crystals angle-resolved PES
(ARPES) is of crucial significance because it permits access to the dispersion
of electronic states demonstrating band formation and delocalization. ARPES
can be performed using an angle-resolved analyzer or it can be carried out by
changing the emission angle due to sample rotation in front of an analyzer as it
is performed in the present case. In doing so, the symmetric dispersion of the
Au(111) SS is used to adjust the polar angle zero (kj = 0) which results in a
systematic polar angle error of in maximum +2°. As sketched in figure 3.1 the
parallel component of the wave vector k is conserved during the photoemission
process (k| = k|’|), whereas the perpendicular component is changed by the
work function (k; # k). This facilitates the calculation of the initial wave
vector parallel to the surface using the kinetic energy FEy;, and the emission
angle with respect to the surface normal ¢:

V 27neE’kin .
— S

ky=—7p in(¢). (3.2)

Herein m, represents the electron mass. Assuming a free electron-like dispersion
(as has been introduced in section 2.1), the binding energy of an electron in a
solid can be accordingly estimated to:

n2kj

2m* -

Epina = Eo + Eo + Fign - :% - $in2(). (3.3)
Yet, PES also underlies some restrictions. For example photo-induced dissoci-
ation and other unwanted influences during the measurement procedure are
frequently observed as a consequence of required high photon intensities and
energies [242-246]. The most essential restriction is the fact that, in principle,
PES allows only the excitation of former occupied electronic states. In regard
to the unoccupied electronic structure of any kind of material direct PES is
blind. This blindness of PES, however, can be overcome by using non-linear
optical two-photon photoemission (2PPE). 2PPE gives also access to the un-
occupied electronic structure of an investigated material. Moreover, angle-
and time-resolved measurements are feasible to look into band formation and
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delocalization of electronic states but also lifetimes of electronically excited
states. This combination of powerful possibilities constitutes 2PPE as an
unique experimental tool with increasing importance in the last twenty years
[105, 116-118, 153]. Compared to direct PES, the experimental prerequisites
are distinctly more challenging since the basic non-linear optical process requires
high photon intensities and therefore ultrashort laser pulses.

The present chapter includes a short introduction to 2PPE spectroscopy by
amplifying the basic physical principles and the particular experimental setup.
Subsequently, the derivation and structure of 2PPE spectra, as well as eval-
uating processes are presented. Furthermore, the last section offers a short
summary of current research activities in the field of metal/organic interfaces
using 2PPE spectroscopy which should also reinforce the final results of this
thesis.
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Figure 3.1.: a) Direct photoemission scheme: The electron gets photo-excited above
the vacuum level where its kinetic energy is recorded by a detector (e.g. a time of flight
spectrometer (TOF)). b) Conditions for emission in off-normal direction: k| is conserved,
whereas k; gets changed by the work function.
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3. Two-Photon Photoemission Spectroscopy at Metal/Organic Interfaces

3.1. Physical Principles of Two-Photon
Photoemission

Generally, 2PPE is a pump-probe technique consisting of a two-step process
with two consecutive, femtosecond, laser pulses (pump pulse and following probe
pulse) with equal (monochromatic 2PPE, 1C-2PPE) or different (dichromatic
2PPE, 2C-2PPE) photon energies hr; and hrs. In order to avoid direct
photoemission, which has a four times higher cross section, these photon
energies are chosen smaller than the sample’s work function [247]. Therefore
photoemission only takes place through a second-order non-linear optical process
in which a first photon excites an electron from an occupied initial (below EF)
to an unoccupied intermediate electronic state (above Er but below Ey,.). A
second photon excites the same electron from its unoccupied intermediate state
to an unoccupied final state (above FE,.) with energy Egi,. This probing
process of the priorly pumped electron can originate from the same pulse,
which therefore has the same photon energy, or it comes from a second laser
pulse of possibly different photon energy. As a consequence, dichromatic 2PPE
can not be separated from monochromatic 2PPE with only one measurement
(for zero time-delay). This problem can be solved by a suitable measurement
and evaluation procedure (see section 3.3). For the following considerations
dichromatic 2PPE is a separated process which can be easily divided from
monochromatic 2PPE. It is also worth to mention, that the non-linear optical
2PPE process, in general, is one single quantum mechanical excitation process
(for zero time delay). Accordingly, 2PPE is also possible if the unoccupied
intermediate electronic state is only virtual and if there is even vanishing DOS.
Finally, photo-excited electrons above the Fi,. travel to a detector (in this
case a time-of-flight spectrometer (TOF) assisted by a weak applied electric
field) with a characteristic kinetic energy Fjy;,. Time integration delivers
energy-dependent counting rates N(FEy,) collected in typical 2PPE spectra.
Figure 3.2 illustrates the origin of a monochromatic 2PPE spectrum with low-
and high-energy cutoffs which are also called secondary edge (SE) and Fermi
edge (FE), respectively. Electrons whose kinetic energies are just sufficient
to overcome the work function can be found at the SE while the FE arises
due to photoemission of electrons near EFg. Intensity maxima in 2PPE spectra
might have different origins: they can stem from occupied initial, unoccupied
intermediate or unoccupied final electronic states. For this reason 2PPE spectra
are usually displayed versus the final state energy (N(Egpa)) in reference to
EFI

E¥inal — Er = Exin + . (3.4)
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3.1. Physical Principles of Two-Photon Photoemission

This energy axis allows the instant reading of the sample’s work function which
is now the energetic location of the SE. Additionally, the binding energies of
initial and intermediate electronic states can be obtained via the subtraction
of both, pump and probe photon energies or only the probe photon energy,
respectively.

N SE

N(Ekin)

. ~/\> FE
v
EF Evac \ >E

Figure 3.2.: Origin of a monochromatic 2PPE spectrum: The secondary edge (SE)
originates from electrons owning just sufficient energy to overcome the work function by
adsorption of two photons (hv), whereas electrons stemming from initial states near Ep
can be found at the Fermi edge (FE).

An assignment of spectral features in 2PPE spectra to occupied, unoccupied
an final electronic states can be achieved by a variation of the applied photon
energies, actually performing 2PPE spectroscopy. For monochromatic 2PPE
spectroscopy the assignment of spectral features to electronic states is sketched
in figure 3.3. Varying the photon energy by Ahv shifts features arising from
occupied initial states by 2Ahv because two photons are used for the probing
mechanism. Unoccupied intermediate states, on the other hand, are probed (in
resonance or indirectly) with only one photon which results in an energetic shift
of only 1Ahv. If the spectral feature emerges from an unoccupied final state,
two photons are required for the pumping process and consequently there is no
energy shift upon photon energy variation (Ey;, = const.). Nevertheless, it is
important to note at this point that this assignment procedure is not applicable
to electronic states owning a dispersion perpendicular to the surface such as
bulk states. This is due to the fact that the binding energy of these electronic
states is photon energy dependent, since for different photon energies different
points in the Brillouin zone are probed.
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Figure 3.3.: Spectral features in monochromatic 2PPE spectra can be assigned to a)
initial, b) intermediate and c) final states due to their energetic shift while performing
2PPE spectroscopy with different photon energies.

Time-resolved Two-Photon Photoemission

Besides angle-resolved 2PPE measurements (AR2PPE), which can be performed
and evaluated like ARPES measurements, time-resolved 2PPE (TR2PPE) is
a major advantage of this experimental technique. In doing so, femtosecond
laser pulses (usually of different photon energies) are separated in space in
order to delay the probe pulse with respect to the pump pulse by simple beam
path extension. This facilitates the investigation of time-dependent electronic
relaxation processes and charge carrier dynamics [122, 184, 248-253].

A variation of time delay results in a delay-dependent countrate at a certain
kinetic energy which is also called cross-correlation X Cg(t) which implies the
transient population of an intermediate electronic state N(t) and the tem-
poral shapes of the used laser pulses I;(¢) (usually assumed to be Gaussian).
Hence, this time-dependent countrate can be mathematically described by a
convolution:

(o e XNe ]

XCelt) = (I LsN)(0) = [ [ L) Ny =) Dt = y)dady. (3.5

—00 —00

Assuming a single exponential decaying transient population of an intermediate
state the time-dependent countrate can be expressed using the complementary
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error function Erfc(z) =1 — Erf(2):

2 2
XCg(t) = Aexp <tQtT> Erfe <tQtT> . (3.6)

272

Herein A represents a scaling factor, 7 the lifetime of the intermediate state and
t the average pulse length of both laser pulses (also called cross-correlation). An
exhaustive derivation of these formulas can be found in ref. [254].

3.2. Experimental Setup

The present 2PPE setup at the Institute for physical chemistry, Heidelberg, can
be roughly divided into two parts: an ultrahigh vacuum (UHV) chamber (base
pressure: 5.7 - 107" mbar) and a femtosecond laser system. Since its relocation
from Berlin in 2013 no significant modifications have been implemented. This
is why the setup description in the present thesis is kept short. A more detailed
presentation can be found in refs. [254, 255]. The displayed UHV chamber in
figure 3.4 is subdivided into two combined compartments, a preparation and
an analysis part, while the sample is mounted on a turnable x-y-z-manipulator
including a flow cryostat with resistive heating possibility. This individually
allows controllable manipulator-positions for each preparation step or analysis
tool. For temperature-controlled measurements the sample is connected via
the manipulator to a temperature controller (LakeShore 340) which allows a
sub-Kelvin temperature control from 40 K when cooled with liquid helium to
more than 800 K. A part of the sample holder can be removed in-situ from
the cryostat (with a transfer rod) to a sample storage unit or into a load-lock
which in combination enables the incomplex removal (insertion) of samples
from (into) the UHV chamber without breaking the UHV conditions.

For sample preparation the upper UHV chamber compartment is equipped with
a sputter gun (Specs IQE 11-A) for ion bombardment with Ar*, a Knudsen
cell evaporator unit (Kentax TCE-BSC') in order to prepare thin adsorbate
films and a quadrupole mass spectrometer (QMS, Balzers QMG 112A). The
latter one allows adsorbate composition (fragmentation pattern), residual gas
analysis (RGA) and temperature-programmed desorption (TPD) investigations
in the range from 1 to 200 amu including adsorbate layer thickness estimations.
For sample characterization and measurement, the lower analysis compartment
includes low-energy electron diffraction (LEED) facilities (Fisons Instruments
RVL 900) and a time-of-flight spectrometer (TOF) with 210 mm drift tube

31



3. Two-Photon Photoemission Spectroscopy at Metal/Organic Interfaces

length and acceptance angle of 6°. It determines the kinetic energy Fi, of
photo-excited electrons indirectly by measuring its flight time passing the drift
tube.

For PES and 2PPE measurements laser beams are transmitted through a MgFy
view-port onto the sample with an angle of 45°. Spatial overlap is arranged with
a CCD camera stationed outside the UHV chamber at a position equivalent to
the sample position. In order to additionally achieve temporal overlap of two
laser pulses, one laser beam is guided onto a reflector mounted on a precision
linear stage. While scanning the pump-probe delay, the stage position of
temporal overlap can be observed as a huge increase in 2PPE countrate which is
correlated to the additive dichromatic 2PPE process.

in-situ  sputter .
screw driver gun Preparation compartment

QMS

sample storage

load-lock

:M:@; _ transfer rod
\/

gate valves

1L

Analvsis compartment

Figure 3.4.: The UHV chamber used in the PES and 2PPE experiments. The prepa-
ration compartment is equipped with a sputter gun, a Knudsen cell evaporator and a
quadrupole mass spectrometer (QMS). Sample exchange and transfer is enabled by a
sample storage and load-lock system to be reached using a transfer rod. The analysis
compartment contains a LEED and a TOF shielded from surrounding magnetic and
electric fields. Adapted from [255].
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3.2. Experimental Setup

Performing 2PPE spectroscopy requires high peak intensities in the photon
flux in order to efficiently incite the fundamental non-linear optical process.
Therefore ultrashort laser pulses with pulse durations of around 50 fs are pro-
duced in a Ti:Sapphire oscillator (Coherent Mira 900B) which is pumped by a
continuous wave (CW) operating Nd:YAG laser at 532 nm wavelength (Coher-
ent verdi V18). For experiments carried out in the present thesis the output
wavelength of this oscillator has been centered around 800 nm. Due to the
uncertainty principle formulated by Heisenberg in 1927, the limited laser pulse
duration is accompanied by a high spectral width, which lies around 30 nm for
this setup [256]. The Ti:Sapphire oscillator output pulses are amplified in a
regenerative amplifier (Coherent RegA 9050) which is pumped by the same
Nd:YAG laser. This converts the Ti:Sapphire pulse energies in the order of nJ
into more intense pulses with energies in the pJ range. For this purpose several
less intense pulses are integrated which reduces the repetition rate from 80 MHz
to 300 kHz. As high laser pulse intensities may damage optical components
within the regenerative amplifier, the pulses are temporarily stretched before
and compressed after the amplification which finally results in infrared (IR)
pulses (A = 800nm, hy = 1.55€eV) with around 50 fs pulse duration and a
spectral resolution below 30 nm.

These output pulses can be used in various ways, either directly for experiments
or they can be frequency-doubled using S-barium-borate (BBO) crystals. Twice
frequency-doubling the IR beam leads to UV light of 6 to 6.2eV which can be
used for direct photoemission experiments. Additionally, the intense IR pulses
can be used to pump an optical parametric amplifier (OPA, Coherent OPA
9450) which converts them into pulses of tunable wavelength in the visible
regime. The pulses in the visible regime can be converted by another BBO
crystal to the corresponding UV wavelengths. Figure 3.5 illustrates a schematic
overview of possible beams and combinations. Unless otherwise noted, all
applied beams are p-polarized when they are incident on the substrate. Usually
monochromatic 2PPE experiments are performed using the frequency doubled
visible output of the OPA while dichromatic 2PPE experiments are realized
using the visible output in addition to its frequency doubled beam or the
frequency doubled visible OPA output and a part of the frequency doubled IR
fundamental. In total, the available laser setup covers broad spectral regions
between 1.5 and 6.2 eV photon energy.

In order to reduce the temporal width of the laser pulses, which is increased on
their way on the optical table by many optical components like lenses, prisms,
crystals, etc., prism compressors are installed. Due to a combination of their
geometric alignment and the dispersion within the prism material these compres-
sors exhibit a negative dispersion which counters the temporal broadening [257].
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Figure 3.5.: Laser setup used for PES and 2PPE experiments. Pumped by a Nd:YAG
laser, a Ti:Sapphire oscillator combined with a regenerative amplifier generates intense
IR pulses which can be variously processed for final PES and 2PPE measurements via
frequency doubling or by an OPA. Adapted from [258].

Compared to other 2PPE setups found around the world, the herein presented
setup has two distinguishing features. The first to mention is the broad spectral
range of accessible photon energies for PES and 2PPE investigations which al-
lows a variety of different laser beam combinations and measurement techniques.
At this point it is important to underline the possibility of performing 2PPE
spectroscopy in order to determine the electronic position and physical origin
of detected electrons. An almost unique feature of the present 2PPE setup
is the fact that photo-excited electrons are detected by a TOF spectrometer.
Compared to hemispherical analyzers, the applied TOF has a slightly lower
energy resolution. However, the big advantage of applying a TOF spectrometer
is its ability to simultaneously detect electrons of a wider energy range, whereas
the pass energy has to be readjusted in hemispherical analyzers. This facilitates
measurements with a low photon dose which was proven to be important as
photo-induced sample modifications play a crucial role in common PES and
2PPE spectroscopy investigations [242-246].

34



3.3. Measurement Procedures and Beam Characteristics

3.3. Measurement Procedures and Beam
Characteristics

Using a TOF spectrometer for electron detection enables the investigation of
photo-induced processes like photo damage, photo-induced charge transfer or
photo-induced molecular switching as has recently been demonstrated [121,
123, 124, 259-261]. This is usually performed in so-called illumination series
including up to hundreds of subsequent monochromatic 2PPE measurements
with constant laser power at the same spot on the sample held at liquid nitrogen
temperature. The photon dose PD(t) can be estimated using the time-averaged
laser power P, illumination time ¢, photon energy hr and spot diameter w
(assuming a circular spot):

P
V271 (w)?

PD(t) (3.7)

It amounts to up to 10%° photons per second and square centimeter. This is
why the spatial profile of the laser spot is specified by a CCD camera at a
virtual sample position outside the UHV chamber, whereas the time-averaged
laser power is measured with a commercial power meter (Melles Griot) and the
photon energies have been determined with a grating spectrometer. Figure 3.6
shows a typical laser spectrum fitted by a Gaussian for central photon energy
and bandwidth determination. It is accompanied by a false color plot of the
corresponding beam profile fitted by a 2D Gaussian. In total, the setup has
a spectral resolution in the range of 1.7nm and a spot size of about 125 um?.
In order to obtain the correlated dichromatic 2PPE signal both beams (the
UV- as well as the vis-beam) are spatially and temporarily overlapped on the
sample which leads to a 2PPE spectrum combining both, the monochromatic
2PPE as well as the correlated dichromatic 2PPE signal. The spectrum which
contains all these contributions is also called consolidated spectrum.

The usual measurement sequence for spectroscopic investigations includes three
successive measurements: a consolidated, a monochromatic 2PPE UV-only and
a monochromatic 2PPE Vis-only spectrum, which enables the subtraction of
both monochromatic 2PPE spectra from the consolidated spectrum resulting
in the correlated dichromatic 2PPE signal. Performing this measurement
sequence for different photon energies yields in photon energy dependent
spectroscopic investigations for the monochromatic as well as for the correlated
dichromatic 2PPE signal, usually called photon energy series (1C-PES and 2C-
PES, respectively). Choosing the UV photon energy to be below the sample’s
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Figure 3.6.: Characterization of the used 2PPE setup: According to the Gaussian fits,
the spectral resolution amounts to be 1.7nm a) and the spot size on the sample is about

125 um? b) (calculated using the full width at half maximum (FWHM) of the beam
profile).

work function implies that there is no signal in the monochromatic 2PPE
Vis-only spectra according to the fact that the visible photon energy is not
sufficient to excite an electron above F,. via a non-linear optical two-photon
process.

In total, the spectroscopic investigation of a sample via 2PPE can be presented
within an energy diagram in which the energetic position of occupied (initial)
and unoccupied (intermediate and final) electronic states is shown relative
to Er. For occupied electronic states this energy value is also called binding

energy (Egina — Er), whereas for unoccupied electronic states this energy value
is called intermediate state energy (E; — EF).
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3.4. Recent Research on Metal/Organic
Interfaces by means of 2PPE

Over the last twenty years, the application of 2PPE has led to interesting results
targeting the electronic structure, charge carrier dynamics and photo-induced
processes at metal/organic interfaces. The present section shortly summarizes
the most important aspects and results in regard to the hereafter presented
experimental results of this thesis. As it is not expedient to immerse these
topics in much detail, interested readers are referred to the respective literature.
Up to the 1990s 2PPE was most commonly applied to study the electronic
structure of metal surfaces [153, 247]. In doing so, fundamental understanding
was gained in regard to characterize surface states (SSs) and image potential
states (IPSs) [152, 158, 262]. Additionally, it turned out that the adsorp-
tion of atomic layers has an impact on the energetic position of IPS, their
delocalization and their lifetimes [113, 161, 163, 263—272]. The impact of
larger molecules adsorbed as dielectric adsorbate layers on metal substrates
is still a research field of vital interest. Nonetheless, the focus has moved
from pure IPS investigations to dynamical processes like charge carrier or
exciton dynamics and photo-induced switching mechanisms in view of possible
applications of metal/organic interfaces in organic (opto)electronic devices
(107, 114, 123, 182, 249, 259, 260, 273-275]. Beside these dynamical effects,
2PPE also gains importance from its applicability to give an overview of the
interfacial electronic structure [118, 253, 276-278]. Recently, metal/organic
interfaces have attracted much attention since Temirov et al. [66] in 2006
proposed a free electron-like dispersion of an electronic state in an organic
monolayer adsorbed on a metal substrate. This observation was interpreted
as evidence for adsorbate-induced band formation at metal/organic inter-
faces indicating possibly enhanced charge injection characteristics into thicker
adsorbate layers. Since this initial demonstration of a dispersing adsorbate-
induced interface state, paramount academical interest has been evoked by
studies revealing new dispersive electronic states at metal/organic interfaces
(66, 68, 69, 95, 106, 108, 140, 147, 279-281]. Yet, in most cases (also in case of
the initial observation [66]) those designated interface states can be (retrospec-
tively) assigned to SSs of the underlying metal substrate which got energetically
shifted due to the interfacial metal-adsorbate interaction.

2PPE experiments play a decisive role in this research field as the SSs of
the underlying metal substrates get energetically up-shifted above Er and
therefore can not be detected with common ARPES measurements. Figure
3.7 illustrates the most important findings from 2PPE results concerning a
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Figure 3.7.: Recent research results for PTCDA adsorbed on Ag(111) studied with
energy- and angle-resolved 2PPE. a) Monochromatic UV/UV 2PPE spectra reveal the
existence of unoccupied interface states around 0.5eV above the Fermi edge. b) Angular
dependence of the interface state’s energetic peak position. For a detailled discussion
see [70, 106, 140, 147, 280, 282]. Adopted from ref. [280].

new arising interfacial state at the PTCDA/Ag(111) interface which certainly
is the best investigated metal/organic interface with such kind of interface
state. Figure 3.7a depicts monochromatic UV-only 2PPE spectra for long-
range ordered monolayers of PTCDA (red) and its smaller relative NTCDA
(Naphthalene-tetracarboxylic dianhydride, green) adsorbed on a Ag(111) sur-
face at room temperature (light colors) and at 90 K (dark colors). Additionally,
a 2PPE spectrum of PTCDA adsorbed in the low-temperature phase is shown
in blue. For all three systems monochromatic UV-only 2PPE measurements
reveal the existence of an unoccupied interface state around 0.5eV above the
FE (black marks in figure 3.7a). The much broader peak structure for the
low-temperature phase grown PTCDA monolayer can be interpreted as a result
of reduced geometric ordering at the interface as has been observed in STM
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investigations [70, 280, 283]. Figure 3.7b illustrates the angular dependent ener-
getic position of the interface state for ordered molecular monolayers adsorbed
at room temperature and for the PTCDA low-temperature phase. Moreover,
the projected bulk bands of the Ag(111) surface are visualized as gray-shaded
area and the dispersing SS of the clean Ag(111) surface is implemented as a
black line. The observed interface states of PTCDA and NTCDA adsorbed at
room temperature and the SS of the clean Ag(111) surface are characterized by
a comparable dispersion which consequently visualize a very similar effective
mass of these electronic states. Therefore, subsequent 2PPE studies on these
designated interface states at metal/PTCDA interfaces manifest the current in-
terpretation of an adsorbate-induced up-shifted SS [70, 106, 140, 147, 280, 282].
Furthermore, this interpretation is substantiated by different AR2PPE in-
vestigations of comparable metal /organic systems with similar up-shifted SS
characteristics [68, 108]. Nevertheless, the dream of adsorbate-induced band
formation at metal/organic interfaces still exists and is nursed by ARPES
results from Wiefiner et al. [69, 281]. These results revealed for the first
time substrate-mediated band-dispersion of adsorbate molecule-induced states
with very different dispersion characteristics compared to the underlying metal
substrate [69, 281]. On account of these results, it is important to preparatorily
study the electronic structure and band dispersion of the used metal substrate.
Therefore the next chapter explicitly determines the electronic structure and
band dispersion at the Au(111) surface.
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4. The Electronic Structure of Au(111)

Single-crystal metal surfaces are often applied as substrates for 2PPE investi-
gations as their electronic structure shows easily accessible and intense surface
states and image potential states (for details see section 2.2). Due to their
strong localization in normal direction to the surface these electronic states
are very sensitive to modifications of the surfacial electronic structure. For
that reason single-crystal metal surfaces are commonly used to study the im-
pact of molecular adsorption on the surfacial electronic structure via 2PPE
including processes like charge delocalization, charge carrier dynamics and
photo-switching [116-120, 123]. The Au(111) surface is one of these prototyp-
ical metal substrates. Due to its chemical inertness it usually allows 2PPE
studies at low-interacting metal/organic interfaces. But in the course of this
thesis it will be demonstrated that also an underlying Au(111) surface may
have strong influences on the electronic structure of metal/organic interfaces
as it was similarly observed for PTCDA adsorbed on silver surfaces (for details
see section 3.4).

In order to avoid misassignment and misinterpretation of much more com-
plex results targeting the electronic structure of molecule/Au(111) interfaces
and possible adsorbate-induced electronic rearrangements, this chapter intro-
duces the electronic structure of a clean Au(111) surfaces. Starting with a
brief overview, the electronic structure around Ey including SS and IPSs is
specifically addressed. For later comparison with the electronic structure of
metal /organic interfaces the focus especially lies on the dispersion of the SS and
[PSs. A following detailed 2PPE study of the particular single-crystal Au(111)
surface applied in this thesis demonstrates that this gold sample features all
characteristics of a clean Au(111) surface.

Frequently, gold surfaces are used as prototypical conducting substrates and
therefore depict model-subjects of intensive surface science investigations since
photoemission per se was applied as an experimental tool in order to study
the electronic structure of surfaces and interfaces. Gold crystallizes in a face-
centered cubic (fce) lattice which implies a hexagonal structure of the Au(111)
surface. Nonetheless, it is energetically favorable for surface atoms of the
Au(111) surface to rearrange which results in the so-called herringbone recon-
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struction [284, 285]. A calculated band structure of the Au(111) surface is
presented in figure 4.1 accompanied by a model of the first surface Brillouin
zone. At the center of the first Brillouin zone marked with I" the local band gap
between the occupied sp-hybridized band and the first virtual one amounts to
4.6¢eV (from —1.09 to 3.51eV) [286]. In this gap a SS is energetically located
below Er exhibiting a free electron-like dispersion as initially predicted by
Tamm and Shockley [132, 133]. The presented calculation fits to experimental
derived UPS data as shown in figure 4.1 on the right. Additionally, the occupied
sp-hybridized band feature is characterized by a free electron-like dispersion,
whereas deeper lying d-bands do not show significant dispersions around the
[-point [287].

Energy [eV]

Energy [eV]

Figure 4.1.: Calculated electronic structure of a Au(111) surface. Around the Brillouin
zone center (I'-point) the occupied sp-hybridized band feature (SP) and the sp-derived
SS are characterized by free electron-like dispersions. The graph on the upper right
substantiates the calculation by measured data using UPS. The graph on the lower right
illustrates the first Brillouin zone of a Au(111) surface. Adapted from [287].

The energetic position and dispersion of SS, the occupied sp-hybridized band
feature and of the IPSs as well as the work function of the Au(111) surface
represent frequently aimed research topics. Table 4.1 lists the most reason-
able results from UPS, STS and 2PPE measurements to give insights into the
complex historic path of a transparent verifiable electronic description of the
Au(111) surface. For comparison, characteristics from this thesis obtained via
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2PPE are specified in the last row. Today high-quality Au(111) surfaces are
characterized by a work function about 5.5eV and a narrow SS energetically
located around 0.45eV below Eg. Surface contamination and adsorption of
atoms or molecules usually reduce the work function, broaden and shift the
SS towards Ep [138, 139, 142, 143, 288]. However, contamination or molecu-
lar adsorption shows only less distinct impact on the respective dispersion of
SSs and IPSs. The subsequent detailed specification of the applied Au(111)
surface of this thesis demonstrates the high standard of the sample but also
enables commensurability with former studies and facilitates the identification
of adsorbate-induced changes. The Au(111) surface under investigation was
cleaned by several cycles of sputtering (with Ar™ ions) and subsequent annealing
steps at 800 K. LEED investigations reveal the presence of a (111) symmetry.
One pattern is exemplarily inset in figure 4.2a. An applied primary energy
of 52 eV reveals a six-fold symmetric LEED pattern as predicted for a clean
Au(111) surface (shown in figure 4.1). The sample’s work function represents
another indication for a contamination-free well-defined Au(111) sample. It can
be read from the SE of a 2PPE spectrum displayed versus the final state energy
referenced to Fr. Figure 4.2a illustrates an exemplary monochromatic 2PPE
spectrum of a clean Au(111) surface measured using photons of 4.55 eV photon
energy. The experimentally derived work function amounts 5.50+0.02 eV which
is at the upper limit of published values (see table 4.1) and satisfactory fits to
calculations [286]. Additionally, the shown monochromatic 2PPE spectrum in
figure 4.2a exhibits five distinct photoemission peaks which can be assigned
to occupied electronic states of the Au(111) surface: three features arise from
the bulk d-bands (D;), one from the occupied sp-band (SP) and the dominant
feature can be assigned to the sp-derived Shockley surface state (SS).

Performing a monochromatic photon energy series using UV-light provides
access to the binding energy of the assigned electronic states. As illustrated
in figure 4.2b the energetic position of the assigned photoemission peaks in
monochromatic 2PPE spectra shifts with increasing photon energy as theo-
retically described in section 3.1. The energetic variation of the designated
SS’s position tracks the predicted behavior of an occupied electronic state
(m = 2.04+0.1). Nevertheless, this slope evaluation is not possible for electronic
bulk states like the SP feature as these states often possess also a dispersion
perpendicular to the surface (in &k, , according to figure 3.1). Figure 4.3 demon-
strates this issue by depicting the photon-energy-dependent binding energy
of SP measured via 2PPE. The dispersion of SP along the I'L-line gives also
rise to a temperature-dependent measured binding energy [255]. In summary
the monochromatic 2PPE photon energy series of a clean Au(111) surface
resulted in the assignment of five occupied electronic states: four bulk states
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Year P [eV] Ess [eV] mgs [me] Egp [eV] mgp [me] Eipsi [eV]  mipg; [me] =
1931 [289] 4.9+0.1 -
1966 [290]  5.22 +0.05 -
1966 [291]  5.45 + 0.05 T
1976 [135] —0.5+0.1 5
1978 [292] 5.26 £0.04 —0.45+0.05 0.37+0.05 S
1986 [293] —0.42 +0.16 o
1986 [294] —0.64+01  1.0+0.2 =)
1987 [295] —0.41+0.01 028+0.01 —0.90+0.03 0.34 4 0.06 2
1995 [296] 5.31 —0.44 +0.02 —0.80 +0.03 3
1995 [297] 5.55+0.03 —0.41+0.03 —0.80 + 0.03 e,
1996 [298] —0.42 0.40 =
2003 [288] —0.49+£0.01  0.25+0.01 =
2004 [138] 5.36£0.01 —0.47+0.03 0.26 + 0.01 =
2009 [299] —0.4640.01 0.23+£0.03 —0.9040.03 0.21 +0.01

2009 [141] —0.49+0.02 0.26 % 0.01

2009 [255] 5.45+0.05 —0.4340.05 0.29 +0.04

2016 [142] —0.43+0.01 0.2740.05

2016 [143] —0.4740.01  0.2740.02

2017 550+ 0.02 —04240.03 023+0.02 —0.89+0.10 0.39+ 0.02

Table 4.1.: Historic path of most reasonable results targeting the electronic structure of a Au(111) surface. The evolution of
work function values, binding energies and respective effective masses of SS and the occupied sp-band feature of the Au(111)
surface are illustrated in chronological order. For comparison, the last row specifies the characteristics of the herein applied
Au(111) surface. Due to the limited photon energy range of the experimental setup it was not possible to detect IPS at the clean
Au(111) surface. Their energetic position is listed with respect to the vacuum level.
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Figure 4.2.: Characterization of a Au(111) surface by means of 2PPE spectroscopy. a)
Tlustrates a single monochromatic 2PPE spectrum of the Au(111) sample and an inset
LEED pattern while b) shows monochromatic 2PPE spectra for several applied photon
energies and the resulting photon-energy-dependent energetic position of the SS.

and one surface state. Their binding energies are listed in table 4.2. TPSs of
the clean Au(111) surface can not be observed with the applied laser setup
as their population with electrons originating from occupied electronic states
below Er requires photon energies near 5eV.

Binding Energy [eV] Table 4.2: Binding energies of elec-
tronic states at the Au(111) surface

SS —0.42+0.03 experimentally observed by means of
SP —0.89 +0.10 2PPE spectroscopy. The results for SS
D1 —2.15+£0.03 and SP fit well to results from litera-
D2 —2.74 +0.03 ture as reported in table 4.1.

D3 —3.01 +£0.03

AR2PPE investigations of a sample provide access to electronic states’ disper-
sions in k. In this thesis the Au(111) surface is mounted enabling AR2PPE
measurements along the I'M-line of the first surface Brillouin zone. Figure 4.4a
illustrates normalized monochromatic 2PPE spectra observed using a photon
energy of 4.54¢eV for polar angles between 30° and —10° slightly displaced to
each other in steps of 2°. Besides non-dispersive d-band features near the SE
figure 4.4a demonstrates the dispersion of SS, SP and one d-band feature (D).
The latter one has been assigned to an occupied d-band feature as it would be
located in the sp-band-gap in the unoccupied case.
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Figure 4.3.: Photon-energy-dependent binding energy of the occupied sp-band feature
in 2PPE spectra. a) Demonstrates the increase of determined SP binding energies for
increasing photon energy hr (dotted line is a guide to the eye) which can be explained
by the excitation of electrons from different points along the I'L-line (in this context
the first Brillouin zone of the gold fce-crystal is used for allocation). This failure of the
necessary condition for possible slope evaluation in 2PPE spectroscopy is visualized
in b). Consequently applying this slope evaluation to photoemission peaks in 2PPE
spectroscopy holds only for electronic states without dispersion in &, , for example
surface states or adsorbate-induced electronic states at interfaces.

Furthermore, free electron parabolas visualized in figure 4.4b are fitted to the
experimentally determined peak positions of SS and SP. They result in effective
masses of mgg = 0.23 £ 0.02m, and mgp = 0.39 £ 0.02 m,, respectively. The
herein obtained effective masses of SS and SP are consistent with literature
findings (see table 4.1). Especially the dispersion of SS was topic of several
ARPES studies in the last centuries yielding in an established value of around
0.25m, [138, 141-143, 255, 288, 295, 299|. In contrast, there are only few refer-
ences for the dispersion of SP [295, 299] which both are matched qualitatively.
As visualized in figure 4.1 calculations predict the existence of electron-like
dispersing d-band features in gold which qualitatively fits to the herein observed
dispersion of D [300-303].
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Figure 4.4.: Studying the dispersion of electronic states at the Au(111) surface by
means of AR2PPE. a) Displays normalized monochromatic 2PPE spectra for different
polar angles between 30° and -10° which have been observed using an applied photon
energy of 4.54eV. b) Peak positions of SS and SP are fitted using free electron parabolas
in order to determine an effective mass m*.
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5. Studying Metal/Organic Interfaces
by means of Temperature -
Programmed Desorption

Temperature-programmed desorption (TPD) is a suitable experimental tool
to target interfacial processes during the desorption of organic molecules from
(metal) surfaces and to determine the binding energy of a molecule adsorbed
on an underlying surface [254, 304-308]. In particular TPD is applied in this
thesis to determine the coverage or film thickness, respectively. TPD spectra
visualize the desorption of adsorbed molecules in terms of a mass fragment
intensity measured via QMS in dependence of a linearly increasing substrate
temperature (here 1K/s). Usually the desorption from the monolayer differs in
temperature compared to the desorption of higher lying layers, respectively. A
coverage-independent desorption (zero order desorption) is characterized by an
exponential increasing QMS intensity for a linearly increasing substrate tem-
perature which is followed by an abrupt decrease when desorption is completed.
Contrarily higher intermolecular interactions on the surface usually lead to
coverage-dependent desorption temperatures (first or second order desorption).
Further experimental and theoretical predictions and descriptions can be found
in refs. [305, 309, 310].

The following sections introduce studied organic molecules and the current
status of research concerning their adsorption characteristics on a Au(111)
surface. All molecules under investigation originate from the research field
of donor-acceptor complexes which accompanies the development of organic
electronics from the beginning [54, 72, 167, 311]. To the present day charge
transfer mechanisms in donor-acceptor complexes and at donor-acceptor inter-

faces play a crucial role in organic electronic devices (for more information see
chapter 2) [41, 44, 48, 82, 83, 174].
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5. Studying Metal/Organic Interfaces by means of Temperature-Programmed
Desorption

5.1. Adsorption and Desorption of TCNQ on
Au(111)

Since the early 1960s 7,7,8 8-tetracyanoquinodimethane (TCNQ) is known as a
promising acceptor molecule from initial works on donor-acceptor complexes
[312-316] (its chemical structure is visualized in figure 5.1a). Especially salts
containing TCNQ anion radicals achieved great attention because of their high
electrical conductivity [34, 74-76, 80, 175, 317-319]. They were influential in the
development of conductive polymers which was honored with the Nobel Prize
in Chemistry for A. J. Heeger, A. G. MacDiarmid and H. Shirakawa in 2000
[79, 320]. Due to its famous electron-accepting nature TCNQ is known to be
negatively charged on various surfaces, in particular: Ni(111) [321, 322], Cu(100)
[102, 323, 324], Cu(111) [325, 326], Ag(100) [324, 327], Ag(111) [327, 328}, ITO
[329], TiO4 [330], Graphene [331-333] and PEDOT:PSS [329]. For certain, this
list is not complete but illustrates the wide-ranging applicability of TCNQ as
electron-accepting dopant.

In contrast to surfaces with lower work function, TCNQ was found to be neutral
on Au(111) which makes this interface to a prominent research object [328, 334—
336]. STM, STS and XPS investigations suggest a highly ordered network of
weakly adsorbed TCNQ molecules on the Au(111) surface which is stabilized
by hydrogen bonds [328, 334-336]. An STM image adapted from ref. [328]
illustrates the reported one single molecule containing unit cell in figure 5.1c.
Additionally, it reveals the persistence of the herringbone reconstruction of the
underlying Au(111) surface in figure 5.1b. Its unaffected observation despite
adsorption of TCNQ molecules again emphasizes the weakness of the interfacial
metal-adsorbate interaction. However, there is computational evidence for a
down-bending of cyano-groups which would indicate an interaction stronger
than simple physisorption [336]. The reason for a comparatively weak metal-
molecule interaction and the missing charge transfer at the TCNQ/Au(111)
interface is discussed in section 6.1 by examining the electronic structure of
the TCNQ/Au(111) interface.

For the presented experiments in this thesis TCNQ was commercially pur-
chased from TCI'. The conditions for thermal evaporation (p < 3 - 1071 mbar,
Thoser = 388 K) are comparable to literature values [322, 324, 329, 337, 338|.
In order to achieve full monolayer coverage the evaporation procedure was
performed at a substrate temperature of 300 K, whereas for higher coverages
the substrate was cooled with liquid nitrogen. Moreover, a residual gas analysis

ITCI Deutschland GmbH, Mergenthalerallee 79, 65760 Eschborn, Germany
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5.1. Adsorption and Desorption of TCNQ on Au(111)

TCNQ
(NC),CCH,C(CN),

Figure 5.1.: Chemical structure of TCNQ and its adsorption geometry on Au(111).
A single TCNQ molecule mainly consists of a central carbon ring and four electron
withdrawing cyano groups at its quinoidal extremities a). The accompanying STM
image illustrates the persistence of the herringbone reconstruction of the underlying
Au(111) surface b) and indicates a monomolecular unit cell ¢). b) and c) were adapted
from ref. [328].

(RGA) was performed to prove the evaporation of intact TCNQ molecules (see
appendix B). It additionally allows the verification of the thermally induced
desorption of entire molecules from the Au(111) surface. If the spectrum of frag-
ment masses does not vary between the RGA and during TPD measurements
the thermal desorption of intact molecules can be assumed. Figure 5.2 depicts
TPD measurements for different molecular fragments for the same coverage in a)
and for the same molecular fragment but different coverages in b). The former
graph indicates that intact TCNQ molecules are thermally desorbed during
TPD measurements as the observed molecule fragments coincide with mass
fragments from the RGA. Moreover, it visualizes that the molecular fragment
C1oN3 with mass-to-charge ratio of 177 amu features the highest QMS intensity
which makes it the best choice for coverage-dependent TPD measurements.
Generally these coverage-dependent measurements shown in figure 5.2b display
three desorption peaks: a first between 280 K and 340 K (o), a second between
300K and 340K (as) and a third between 390 K and 430 K («3). The shape of
oy is coverage-dependent, whereas as and «aj saturate at low coverages (or get
overgrown by ay as visualized for 134+ 1 ML coverage). According to this behav-
ior, ay is assigned to the desorption of higher lying layers, whereas s visualizes
desorption of the second and «as the desorption of the first layer of TCNQ
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Desorption
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Figure 5.2.: Temperature-programmed desorption spectra of TCNQ intactly adsorbed
on Au(111) for different molecular fragments at the same coverage in a) and for the
same molecule fragment but different coverages in b).

molecules adsorbed on the Au(111) surface. The first adsorbate layer is also
called monolayer (ML). A thermally induced redistribution between oy and s
was not observed which opposes to a possible assignment of s to a metastable
adsorption phase as it was demonstrated for benzene or cyclooctatetraene
adsorbed on Ru(001) [339, 340]. Due to their specific desorption temperature
ranges the monolayer is stronger bound to the underlying metal surface than
the second TCNQ layer to the first and higher lying layers to each other. For
increasing metal-molecule distance of course the binding energies of molecules
align as soon as the influence of the underlying substrate vanishes. According to
this observation, the interfacial metal-molecule interaction is certainly stronger
than the intermolecular interaction between TCNQ molecules.

In total, all observed desorption peaks «a; in figure 5.2 noticeably display a very
similar shape which can be assigned to zero order desorption. This indicates
a coverage-independent molecular desorption and therefore a vanishing inter-
molecular interaction in higher layers as well as directly at the metal/organic
interface. It also suggests a weak interfacial metal-adsorbate interaction. 2PPE
investigations shown in figure 5.3 fit to this TPD-derived weak interfacial
metal-adsorbate interaction as heating a TCNQ/Au(111) interface up to 600 K
leads to an almost complete desorption of TCNQ molecules leaving a fairly
clean Au(111) surface without organic molecule residues. More precisely the
adsorbate-induced work function change is revoked and the SS is detected at
the known energetic position of —0.4eV. Nevertheless, there are also small
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persisting spectral changes: first of all a decreased SS intensity and an increased
DOS just below Eg. The almost complete desorption of TCNQ molecules in
TPD measurements indicates the desorption of intact molecules. Assuming
such a complete desorption, an integration of the background-corrected QMS
intensity I(7T) for the observed signals «; can be used for an estimation of
coverage. All TCNQ coverages stated in this thesis were estimated using the
following equation:

6= / I(T)dT//I(T)dT+1. (5.1)

agta2

A very similar estimation of coverage was performed for the F,/TCNQ/Au(111)
interface which is discussed in the following section.
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5. Studying Metal/Organic Interfaces by means of Temperature-Programmed
Desorption

5.2. Adsorption Geometry and Desorption
Characteristics of F,TCNQ on Au(111)

Since its first synthesis in the 1970s the quadruple fluorinated TCNQ derivative
7,7,8,8-tetracyano-2,3,5,6-tetrafluoroquinodimethane (F,;TCNQ) is one of the
most famous and widely used organic acceptor molecules [316] (its chemical
structure is visualized in figure 5.4a. It achieved great attention due to its
very high EA (5.20¢V [341]) which makes it applicable for all kinds of organic
electronic devices [41, 83, 172, 194, 195, 197]. In particular, F;TCNQ is applied
on one side as an organic dopant to increase the charge carrier density in organic
thin films. On the other side it can be used as hole injection layer in organic
electronic devices. Like in case of TCNQ), the extraordinary electron-accepting
nature of F4,TCNQ leads to the formation of negatively charged molecular
species on various surfaces, for example Cu(100) [93, 342], Cu(111) [343, 344],
Ag(111) [211, 344], Au(111) [47, 92, 97, 344], ZnO(0001) [217, 345], diamond
(100) [346] and graphene [331, 347-349].

In contrast to the unfluorinated TCNQ, F,TCNQ was also found to be nega-
tively charged on Au(111) [47, 92, 97, 344]. This fact is usually explained due
to the higher EA of F,TCNQ. STM/STS investigations unveiled a well-defined
geometric metal-adsorbate interfacial network at the F,TCNQ/Au(111) inter-
face. It turned out that at room temperature, F4,TCNQ molecules are two-fold
coordinated with Au adatoms segregated from the underlying crystalline metal
surface [97]. Figure 5.4 illustrates the molecular structure and adsorption geom-
etry (illustration rendered using VMD 1.9.2 [350]). The geometry is stabilized
due to charge transfer from the metal surface to the F,TCNQ molecule, as
also observed for the adsorption of very electronegative atoms [351, 352]. This
two-fold coordination destroys the herringbone reconstruction of the underlying
Au(111) surface in contrast to its persistence on the TCNQ/Au(111) surface
[96, 97, 328, 334]. Furthermore, the reported metal/organic network formation
might be accompanied by a down-bending of the cyano-groups as described for
F,TCNQ adsorbed on other metal surfaces [93, 211, 343, 344]. The electronic
consequences of this metal/organic network formation and charge transfer type
interaction are extensively discussed in section 6.2.

For this thesis F,TCNQ molecules were commercially purchased from TCI?.
The conditions for thermal evaporation (p < 3 - 107" mbar, Tpeser = 408K,
Ts = 300K or Ts = 300 K) are similar to literature values [97]. Just as in case
of TCNQ, an RGA indicates the evaporation of intact F;TCNQ molecules (see

2TCI Deutschland GmbH, Mergenthalerallee 79, 65760 Eschborn, Germany
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5.2. Adsorption Geometry and Desorption Characteristics of F,TCNQ on
Au(111)
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Figure 5.4.: Chemical structure of F4/TCNQ and its adsorption geometry on Au(111).
a) F4,TCNQ matches the chemical structure of TCNQ but owning fluorine atoms instead
of hydrogen atoms at the central ring. The cyano groups and its quinoidal extremities
remain unaffected. b) According to STM investigations, F4,TCNQ molecules are two-fold
coordinated with Au adatoms segregated from the underlying crystalline metal surface
[97]. The visualization was rendered using VMD 1.9.2 [350].

appendix B). But in contrast to TCN(Q which weakly adsorbs on a Au(111)
surface, the STM-derived two-fold coordination with Au adatoms and the
disappearing herringbone reconstruction of the underlying Au(111) surface are
indications for a strong metal-molecule interaction at the F,;/TCNQ/Au(111)
interface. Consequently, LEED can be used to gain insights into the geometrical
structure of the F,TCNQ/Au(111) interface under investigation. For TCNQ
adsorbed on Au(111) such LEED measurements are unemployable due to the
incoming electron-induced dissociation. Figure 5.5a visualizes a LEED pattern
derived from the F;TCNQ/Au(111) interface at full monolayer coverage using
an electron primary energy of 22eV. This contrasty pattern fits to a simulated
LEED pattern shown in figure 5.5b which is based on the STM-derived adsorp-
tion geometry displayed in figure 5.4b. The simulation of this LEED pattern
was performed using LEEDpat 4.2 [353].

Figure 5.5: LEED pattern of the
F4TCNQ/Au(111) interface at full
monolayer coverage (primary energy:
22¢eV). The experimentally derived LEED
pattern a) can be simulated b) using
the STM-derived two-fold coordinated
adsorption geometry with monomolecular
unit cell. This simulation was performed
with LEEDpat 4.2 [353].
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It implies the incorporation of six different adsorption domains as expected
for an adsorbate with monomolecular unit cell on a six-fold rotational sym-
metric surface (differently colored in figure 5.4b). The high comparability
of measurement and simulation proves that the F,/TCNQ/Au(111) interface
features the STM-derived adsorption geometry which involves a charge transfer
type interaction and a two-fold coordination of each F,TCNQ molecule with
Au adatoms [97]. As a result the geometric structure of F4TCNQ molecules
adsorbed on a Au(111) surface can be described by a monomolecular unit cell
with two lattice vectors by and by in which a; and ay represent the Au(111)
surface unit vectors [97]:

@ - G 3) @ | (5.2)

As adsorption and desorption characteristics are correlated, this stronger in-
terfacial interaction in case of F,TCNQ should also influence the desorption
properties. In order to target a verification of this conclusion, an extended
TPD analysis of the F,TCNQ/Au(111) interface was performed. Figure 5.6
illustrates the most important results from TPD measurements. Generally, the
observed molecular fragments during TPD measurements match RGA results
during the evaporation procedure (comparing results from figure 5.6a to RGA
results shown in appendix B). This result suggests the adsorption of intact
F,TCNQ molecules on the Au(111) sample. Moreover, figure 5.6a indicates a
similar desorption peak shape for different mass-to-charge ratios from which
the molecular fragment CF* (m/z = 31 amu) features the highest intensity.
Higher lying adsorbed F,TCNQ layers form a coverage dependent desorption
feature between 300 K and 360 K as visualized in figure part b). For F,TCNQ
evaporation onto a Au(111) substrate held at room temperature (Ts = 300 K)
this signature consists of one single desorption signature (3. However, for
evaporation onto a cooled substrate (Ts = 100 K) the desorption of multilayer
is divided in two features [5; and (5. Figure 5.6¢ illustrates TPD spectra for
F4TCNQ desorbing from a Au(111) surface formerly evaporated on a substrate
held at room temperature (Ts = 300 K) or at 100 K. Therefrom f; is slightly
shifted to lower desorption temperatures compared to o (AT ~ 10 K) which
points towards an assignment to a less ordered adsorption phase. On basis
of TPD measurements at different coverages for both substrate temperatures,
[y and [y can be assigned to two different adsorption phases in higher lying
adsorbate layers. Both desorption peaks, £; and [, are characterized by a zero-
order desorption shape indicating a coverage-independent molecular desorption.
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Figure 5.6.: Temperature-programmed desorption spectra of F4,TCNQ intactly ad-
sorbed on Au(111) for different molecular fragments at the same coverage in a) and for
the same molecule fragment but different coverages of F4,TCNQ molecules adsorbed
on a Au(111) surface hold at room temperature in b). ¢) Displays different shapes of
TPD measurements for evaporation on a Au(111) surface held at room temperature or
at Ts = 100 K. A comparison of TPD spectra of TCNQ and F4,TCNQ adsorbed on a
Au(111) surface held at Ts = 100K is shown in d).
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Figure 5.6d visualizes differences in the desorption characteristics of TCNQ
and F4TCNQ. As a whole, the desorption characteristics of both molecules
adsorbed on a Au(111) surface are very similar. The desorption peak derived
from monolayer desorption of F;TCNQ (f33) is detected in the same temper-
ature range as the assigned monolayer desorption of TCNQ molecules (ag).
But the desorption of TCNQ in higher lying layers starts at lower temperature
than the desorption of F,TCNQ in higher lying layers. This temperature
difference of around 20 K is highly important. It enables the adsorption of thick
F,TCNQ films on a Au(111) surface even held at room temperature, whereas
thick films of TCNQ have to be evaporated onto a cooled surface. Particularly,
striking differences can be found in the shape of desorption peaks assigned
to monolayer desorption (ag and f3). The desorption of a TCNQ monolayer
is characterized by a zero-order desorption shape as discussed in section 5.1,
whereas F,/TCNQ desorption of the monolayer leads to a much broader second-
order-type shape. This distinctly divergent behavior of F,/TCNQ compared
to TCNQ adsorbed on a Au(111) surface can be explained due to a much
stronger metal-molecule interaction and a dissociative desorption in case of
F4,TCNQ. A charge transfer type interaction and a two-fold coordination of
each F,TCNQ molecule with Au adatoms (as stated by STM investigations
[97]) implies a higher desorption temperature. But a mutual intermolecular
influence at submonolayer coverage leads to a reduction of a single F,/TCNQ
molecule’s binding energy due to a repulsive intermolecular interaction at the
surface. That would explain why the desorption peak maximum S5 shifts to
lower binding energies with increasing submonolayer coverage as suggested
from a TPD analysis of different submonolayer coverages. The inset of figure
5.7a visualizes the decreasing desorption temperature with increasing submono-
layer thickness or evaporation time, respectively. Film thicknesses above full
monolayer coverage do not influence the desorption features of the monolayer.
Despite of this stronger metal-molecule interaction, 2PPE measurements reveal
a complete desorption of F,TCNQ molecules from a Au(111) surface without
any detectable adsorbate residues by flashing the sample up to 600 K. More
precisely the adsorbate-induced work function change is revoked and the SS
and SP features of a clean Au(111) surface are detected at known energetic
positions and intensities as illustrated in figure 5.7b. This result enables the
estimation of the coverage by integrating TPD spectra as previously discussed
in case of the TCNQ/Au(111) surface. Conversely, this coverage estimation
can not be applied to the Tetrathiafulvalene/Au(111) interface which will be
presented and argued in the following section.
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Figure 5.7.: a) Temperature-programmed desorption spectra of different coverages in the
submonolayer regime indicate a second-order desorption behavior for F4TCNQ molecules
adsorbed in the monolayer on Au(111). The inset and a guide to the eye (dotted line)
visualize the decreasing desorption temperature with increasing submonolayer coverage
or evaporation time, respectively. b) Monochromatic 2PPE investigations reveal that
flashing a F4TCNQ covered Au(111) surface up to 600 K leads to an almost complete
desorption of F4TCNQ molecules leaving a fairly clean Au(111) surface without organic
molecule residues.

5.3. Adsorption and Desorption of TTF on
Au(111)

Tetrathiafulvalene (TTF) is a staple-molecule for the synthesis of a wide
bunch of (supra-)molecular architectures with extraordinary electron donating
characteristics (its chemical structure is visualized in figure 5.8a [354-365]. Its
first synthesis in the early 1970s achieved great attention as it was used in
combination with TCNQ for the formation of the first organic metal, namely
TTE-TCNQ [34, 74-76, 175, 317, 319]. Within such CTCs, TTF usually
serves as donating part by transferring a specific amount of negative charge
to the participating acceptor molecule (for example TCNQ). Equally this
happens on high work function surfaces as for example on Ag [91, 209], Au
(91, 94, 209, 329, 366, 367], PEDOT:PSS [329] and ITO [329]. Especially the
TTF/Au(111) interface attracted interest since STM investigations exposed an
interfacial charge transfer type interaction between adsorbate and underlying
metal surface which modulates a long-range repulsive intermolecular interaction
(94, 366]. Figure 5.8b depicts an STM image of a small amount of TTF
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molecules (< 0.1 ML) adsorbed along the fcc sites of a Au(111) herringbone
reconstructed surface (adapted from ref. [94]). The displayed self-assembly can
be affiliated to a long-range repulsive interaction between positively charged
TTF molecules, also known as Coulomb repulsion [94]. Additionally, density
functional theory (DFT) calculations give evidence for an adsorbate-induced
increase of the interfacial DOS [209]. This result implements an electron density
smeared out over the entire interface for full monolayer coverage as indicated
by an exemplary isodensity plot shown in figure 5.8¢ [209]. At monolayer
coverage, however, STM measurements state a two-molecule containing unit
cell as visualized in figure 5.8d [94, 366].

TTF
(Hzczszc)z

Figure 5.8.: Chemical structure of TTF and its adsorption geometry on Au(111). a)
Compared to a simple fulvalene molecule TTF consists of four sulfur atoms replacing
carbon atoms. Due to the charge transfer type interaction with an underlying substrate
TTF molecules are positively charged and feel a long-range repulsive intermolecular
interaction on a Au(111) surface. This leads to a self-assembled molecular arrangement
for submonolayer coverage b) (adopted from ref. [94]). But at full monolayer coverage
TTF adsorption leads to an electron density smeared out over the entire interface (as
indicated by DFT calculations) ¢) and to the formation of a two-molecule containing
unit cell as visualized in d) (adopted from refs. [209] and [366], respectively).

For experiments described in this thesis also TTF molecules were commercially
purchased from TCI3. TTF molecules are thermally evaporated onto a clean
Au(111) substrate which was usually held at room temperature. Generally,
the evaporation conditions in this thesis, namely 323 K dosing temperature
at increasing base pressure (up to 10”8 mbar), conform to literature values
(337, 338]. Only targeting higher film thicknesses the substrate was cooled to
increase adhesion. Just as for TCNQ and F,TCNQ, an RGA indicates the
evaporation of intact TTF molecules (see appendix B). But in contrast to
the former discussed acceptor molecules, TPD spectroscopy of a TTF covered

3TCI Deutschland GmbH, Mergenthalerallee 79, 65760 Eschborn, Germany
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Au(111) surface displays different desorption shapes for different molecule
fragments as shown in figure 5.9a. In particular the molecule fragment m/z =
32 amu, which can be assigned to single sulfur atoms, displays a complete
diverging behavior. These single sulfur atoms are observed at higher desorption
temperatures compared to other mass-to-charge ratios which can be explained
by the high sulfur-gold interaction directly at the interface. The difference in
desorption temperature proves a dissociative interfacial reaction during the
desorption of TTF molecules from a Au(111) surface. According to its high
intensity and the consequential detectability of a desorption peak above 300 K
desorption temperature, the molecule fragment CoSH3 (m/z = 58 amu) was
chosen as the most suitable one for a coverage-dependent TPD investigation.
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Figure 5.9.: Temperature-programmed desorption spectra of TTF intactly adsorbed
on Au(111) for different molecular fragments at the same coverage in a) and for the
same molecule fragment but different coverages in b).

Figure 5.9b illustrates such a coverage-dependent measurement in which three
desorption peaks 7; can be found. Both, 7, and 5, show coverage-dependent
intensities according to which they can be assigned to either two different
adsorption phases or v, to the desorption of the second adsorbed TTF layer
and v, to the desorption of higher lying layers. More or less 7, and 7, are
characterized by a zero-order desorption behavior which suggests the desorption
of low intermolecularly interacting molecules. The lack of a charge transfer type
interaction, which leads to a repulsive Coulomb-interaction between charged
molecules only directly at the TTF/Au(111) interface, particularly explains
the low intermolecular interaction in higher lying TTF layers. Contrary, -3
saturates for already small evaporation times viz. coverages. That is why it
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is assigned to the desorption of molecule fragments originating from the TTF
monolayer. Nonetheless, it is quite difficult to properly detect v3 due to its
low intensity which can be explained by a dissociative interfacial desorption
reaction. This reaction may imply that the appearance and intensity of some
molecule fragments (mass-to-charge ratios) originating from the TTF monolayer
distinctly vary in comparison to the characteristics of higher lying layers. Beside
that monochromatic 2PPE investigations shown in figure 5.10 verify that even
flashing a TTF covered Au(111) surface up to 800 K does not completely remove
all molecular residues from the surface. These molecular residues are presumably
bound to the Au(111) surface due to strong Au-S-bonds. The adsorbate-induced
work function shift is not completely revoked and also the 2PPE intensity just
below Ep including the SS does not fit to the 2PPE spectra of a clean Au(111)
surface. Molecular residues sticking at the Au(111) surface again indicate a
dissociative interfacial desorption reaction whose account surely bases on the
strong chemical interaction between gold atoms of the Au(111) surface and
sulfur atoms of the adsorbed TTF molecule. Generally, these conclusions render
a TPD-derived estimation of molecular coverage impossible as it was performed
for TCNQ and F,TCNQ adsorbed on Au(111). Therefore TTF coverages were
estimated using the evaporation time which implies larger estimation errors in
comparison to TCNQ and F,TCNQ coverages.
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5.4. Comparing Adsorption and Desorption
Characteristics of TCNQ, F,TCNQ and
TTF on Au(111)

Considering the above discussion all three molecules TCNQ, F,TCNQ and
TTF can be evaporated intactly on a Au(111) surface on which they stick
and organize in a well-ordered manner (at room temperature). Moreover,
the desorption characteristics of higher lying layers are very similar. TPD
spectra display a zero-order shape of the desorption peaks which have been
assigned to the desorption of higher lying layers. They suggest the desorption
of intact molecules from higher lying layers for each of the discussed molecules.
Consequently, the impact of the underlying Au(111) substrate becomes only
visible for the first adsorbed layer. But there are huge differences concerning
the interfacial interaction and the adsorbate’s state of charge. TCNQ molecules
adsorbed on a Au(111) surface remain neutral and display characteristics of a
physisorbed adsorbate: no relevant intermolecular Coulomb interactions, no
charge transfer type interaction with the underlying Au(111) surface, unaf-
fected herringbone reconstruction at full monolayer coverage and a complete
desorption of probably intact molecules. Its fluorinated derivative F,TCNQ,
however, shows up to be negatively charged in direct contact with a Au(111)
surface. In STM investigations this difference is accompanied by a two-fold
coordination with Au adatoms and an adsorbate-induced disappearance of
the Au(111) herringbone reconstruction [96, 97, 328, 334]. In this thesis TPD
investigations suggest a second-order desorption peak shape for desorption of
molecules originating from the monolayer which again emphasizes the distinctly
higher metal-molecule interaction at the F,TCNQ/Au(111) interface. Contrary
to TCNQ and F,TCNQ, TTF donates charge to gold and is therefore found
to be positively charged on Au(111). According to the performed TPD inves-
tigations, a thermally induced dissociative interfacial reaction was supposed
which might be induced by a strong gold-sulfur bonding. Thus, in comparison
to TCNQ and F,TCNQ, TTF can not be removed intactly from a Au(111)
surface.

This thesis covers three possible charge states of molecular species adsorbed on
a Au(111) surface: positively charged (TTF), neutral (TCNQ) and negatively
charged (F4/TCNQ). A combined TPD and STM discussion of the adsorption
and desorption characteristics demonstrates very different metal-molecule inter-
actions as fundamental basis of these different charge states. The next chapter
presents UPS and 2PPE investigations targeting the electronic structure of
TCNQ, F,TCNQ and TTF adsorbed on Au(111).
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6. Electronic Structure of the
Molecule/Au(111) Interfaces

The interfacial electronic landscape visualizes the most fundamental motives
for interfacial metal-molecule interactions and thereby for both, the geometric
and electronic arrangement at interfaces. 2PPE represents a powerful exper-
imental tool for the investigation of this electronic perspective on interfacial
metal-molecule interactions as it was discussed in section 3.1. This chap-
ter presents 2PPE investigations targeting the electronic structure of TCNQ),
F,TCNQ and TTF adsorbed on Au(111). It provides access to a compact
view of the interfacial electronics and unveils the most fundamental motifs
of the underlying metal-molecule interactions. Each subsequent presentation
of the electronic structure of a metal/organic interface is accompanied by an
introducing summary of relevant preknowledge from literature and a conclusive
argumentation.

6.1. Interfacial Electronic Structure of
TCNQ/Au(111)

STM and TPD investigations (introduced in section 5.1) suggest a weak inter-
facial metal-molecule interaction and typical physisorption for TCN(Q adsorbed
on a clean Au(111) surface [328, 334-336]. Whereas on other substrates TCNQ
is known to be negatively charged, in particular: Ni(111) [321, 322], Cu(100)
[102, 324], Cu(111) [325], Ag(100) [324, 327], Ag(111) [327, 328], ITO [329],
TiO, [330], Graphene [331-333] and PEDOT:PSS [329]. Studying the interfa-
cial electronic structure of some of these combinations led to a wide-ranging
fundamental understanding of interfacial charge transfer type interactions.
In case of TCNQ adsorbed on TiO, [330], Ag(111) [328], Ag(100) [324] and
Cu(100) [323, 324] the LUMO of TCNQ was observed to be located below Ep
which can be interpreted as charge transfer from the underlying substrate to
the adsorbed TCNQ. Contrary, the LUMO remains unoccupied on Au(111)
(328, 334]. As a consequence the neutrality of TCN(Q molecules in contact with
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high work function materials can be traced back to the fact that occupying the
LUMO is not energetically favorable in those cases. Generally, this behavior
fits well to the ICT model as illustrated in figure 6.1.
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Here the work function of different TCNQ covered surfaces (®rceng/sub) is
plotted versus the work function of the bare substrate (®gyp,). It visualizes two
of three theoretically predicted behaviors as introduced in 2.4.1. Accordingly,
the obvious connection between LUMO filling and work function properties
can be explained using the ICT model as it was already established for TCNQ
[48, 191, 329]. The constant work function range of different TCNQ covered
surfaces from figure 6.1 (®rceng/sub = 4.8 €V) enables an estimation of the lower
pinning level W~ and the Coulomb energy B™:

W~ =48¢V =EA+B". (6.1)

However, this estimation is subject of obvious restrictions as mentioned in
section 2.4.1. In literature values for the EA of TCNQ from 2.8 €V to 4.3 eV can
be found which would implicate a B~ ranging between 0.5¢V and 2 ¢V [86, 368
375]. Furthermore, STS measurements of TCNQ adsorbed on a Au(111) surface
determined the energetic position of the LUMO to be 0.7eV above Eg which
suggests an EA at the upper end of the termed range [334]. In comparison,
the IP of TCNQ adsorbed on Au(111) is more or less validated to amount
7.8V [86, 329]. In summary, STS, XPS and UPS studies state neutral TCNQ
molecules adsorbed on the Au(111) surface [328, 334]. There is no evidence for
an interfacial charge transfer type interaction, neither a (partial) occupation
of the LUMO nor a work function increase due to an additional negatively
charged adsorbate layer.
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6.1. Interfacial Electronic Structure of TCNQ/Au(111)

In this thesis UPS and 2PPE are applied to the TCNQ/Au(111) interface
to study the interfacial electronic structure. Recently, STS measurements
stated an adsorbate-induced up-shift of the SS which might be explained by an
interfacial charge transfer type interaction or a work function change [334]. For
validation, figure 6.2 shows results from an ARPES study of the TCNQ/Au(111)
interface.
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Figure 6.2.: Studying the shifted SS of the TCNQ/Au(111) interface applying ARPES.
a) Coverage-dependent photoemission demonstrates an adsorbate-induced energetic up-
shift of the SS of 160 £ 30 meV. This shift occurs only for monolayer adsorption, higher
layers do not contribute or show any influence but intensity reduction. b) Angle-resolved
data unveil a more or less coverage-independent effective mass.

The SS of a clean Au(111) surface was found to be located energetically at
—0.4240.03 €V below Eg. It possesses a dispersion which can be described by an
effective mass of mgg = 0.34£0.05 m, observed via UPS or mgg = 0.23+0.02m,
observed via 2PPE (see chapter 4). Moreover, it is known that molecular
adsorption may cause an energetic shift of the SS [136, 138-143]. For a
TCNQ covered Au(111) surface the shifted SS (SS’) is energetically located
at g = —0.26 = 0.03 eV visualizing an energetic shift towards Er of about
Ags = 160 + 30meV. This result fits to the mentioned STS results [334].
Additionally, the performed UPS measurements prove that this shift is only
caused by adsorption of the first TCNQ layer. Higher adsorbate layers do not
contribute or show any influence but an intensity reduction which characterizes
the underlying mechanism to be completely interfacial: The adsorbate-induced
energetic up-shift of the SS has to be completely assigned to the metal-molecule
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interaction directly at the interface. An up-shift of the SS might be accompanied
by a work function reduction as the work function represents one side of the
potential barrier theoretically describing SSs (see section 2.2). ARPES data
at full monolayer coverage depicted in figure 6.2b demonstrate an almost
unchanged dispersion and an insignificant reduction of the effective mass
compared to the clean Au(111) surface.

In order to substantiate the conclusion drawn from STS, XPS und UPS studies
that there is no charge transfer type interaction at the TCNQ/Au(111) interface,
2PPE was applied to investigate the interfacial electronic structure in more
detail. Figure 6.3 visualizes monochromatic as well as dichromatic 2PPE spectra
and the according slope evaluations from which in total six electronic states
(separated from electronic states of the underlying Au(111) surface like d-band
features) can be derived, two occupied, three intermediate states and one final
state. Their energetic positions with respect to Er are listed in figure 6.4.
2PPE in general demonstrates an adsorbate-induced work function decrease
of A® = —0.30 £ 0.05¢V from 5.50 £ 0.02¢V of the clean Au(111) surface to
5.20 + 0.05eV at full monolayer TCNQ coverage. It can be explained by an
interplay between Pauli-repulsion and the molecular dipole perpendicular to the
surface (this dipole might be induced due to a down-bending of the molecule’s
cyano groups) assuming no charge transfer type interfacial interaction (as
discussed above). Actually, the observed adsorbate-induced reduction of the
work function fits to UPS measurements demonstrating an adsorbate-induced
up-shift of SS towards Ex according to theoretical predictions. This up-shift is
also observed via 2PPE.

Both, monochromatic and dichromatic 2PPE spectra, demonstrate the existence
of an intense 2PPE feature just below Eg which can be assigned due to its slope
and energetic position to the shifted SS (SS’). SS’ is observed at —0.26 £0.05 eV
with respect to Er implying an energetic up-shift of Agg = 160 4+ 30 meV. This
experimental result is in agreement with the previously discussed UPS results.
In addition to SS’, monochromatic 2PPE spectra display a second photoemission
feature which shifts with a slope of 2.0 + 0.1. According to this slope and
its energetic position at —2.48 + 0.05€V below Ey, this 2PPE feature can be
assigned to the HOMO of TCNQ. The concluded IP amounts to 7.7 £ 0.1eV
and therefore matches literature values [86, 329]. Unfortunately, the LUMO
of TCNQ was not observed via 2PPE which might have several reasons. On
one side the required photon energies to probe a formerly pumped LUMO are
relatively high and would induce a photoemission signal at the SE of 2PPE
spectra. Assuming a low signal intensity as observed for the HOMO-derived
signal makes an observation of a LUMO-derived signal in consequence of the
exponential-shaped electronic background almost impossible. Beside that the
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Figure 6.3.: 2PPE spectroscopy study of the TCNQ/Au(111) interface (monolayer
coverage). a) Besides d-band features of the underlying Au(111) substrate monochromatic
2PPE spectra display five photoemission features which can be assigned to the HOMO,
the shifted Shockley surface state (SS’), an unoccupied molecule-induced electronic state
(UMO), the first image potential state (IPS;) and an unoccupied final state (FS) via a
slope evaluation of photon energy dependent measurements in b). ¢) Dichromatic 2PPE
spectra reveal a second image potential state (IPS3) in addition which only appears
for high photon energies as visualized in another slope evaluation of photon energy
dependent measurements for the correlated signal in d).
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application of such high photon energies provokes photo-induced processes and a
modification of the interfacial electronic structure as will be discussed in chapter
7. Another reason for a very low intensity of a LUMO-derived signal in 2PPE
spectra might be a small cross section for the pumping process possibly induced
by a small wave-function overlap. Monochromatic as well as dichromatic 2PPE
spectra display a photoemission feature which can be assigned to an unoccupied
molecule-induced electronic state (in the following called unoccupied molecular
orbital, UMO). It is energetically located at 3.71 £ 0.05eV above Fr and
might arise from a higher lying unoccupied molecular orbital of TCNQ. Figure
6.5 displays an additionally performed AR2PPE measurement. It proves the
localized nature of the UMO-derived signal which prevents misassignment to the
occupied sp-band feature (SP) of the underlying Au(111) surface (in accordance
to the substrate characterization shown in chapter 4) . In addition to HOMO
and UMO, monochromatic 2PPE spectra contain a photoemission feature
which shows no photon energy dependence (FS, slope m= 0.1 +£0.2). It can be
assigned to an unoccupied final state located at 5.72 4 0.05eV above Er which
is also derived by a higher lying unoccupied molecular orbital of TCNQ. Beside
2PPE features which can be assigned to adsorbate-induced electronic states,
photon-energy series depict two additional peaks shifting across FE. According
to their slopes, these signals can be assigned to unoccupied electronic states
energetically located at 4.97+0.05eV and 4.45+0.05eV above Ef, respectively.
Due to their energetic position relative to Eva. (Eps1 = —0.75 £ 0.05eV and
Erpsa = —0.26 £ 0.05€V) these unoccupied electronic states can be assigned
to image potential states (IPS; and IPSy). They are definitely pinned to the
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vacuum level as shown during illumination series targeting the study of photo-
induced processes (see chapter 7). Considerably, these photo-induced processes
affect angle-resolved investigations which makes a detailed study of the image
potential states’ dispersions impossible. Nonetheless, their energetic position
relative to Ev,. indicates a very small quantum defect a ~ 0.06 (according to
equation 2.11) which fits to the high work function of the sample.

The studied TCNQ/Au(111) interface illustrates the complexity and intricacy
of interfacial electronic structures. Altogether, despite of d-band features of
the underlying substrate surface, six electronic states have been observed by
means of 2PPE and UPS: three molecule-induced electronic states which have
been assigned to molecular orbitals of TCNQ), two image potential states and
a shifted surface state. As predicted by STS, XPS and UPS studies there
are no indications in 2PPE data for a charge transfer type interaction at the
TCNQ/Au(111) interface. This conclusion is also substantiated by the slight
adsorbate-induced work function reduction. But this total picture changes
dramatically for the fluorinated derivative F,/TCNQ on Au(111) as will be
shown in the following section.
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6.2. Electronic Structure of the
F/,TCNQ/Au(111) Interface

In the course of this thesis already TPD measurements revealed that the metal-
molecule interactions at the TCNQ/Au(111) and F,TCNQ/Au(111) interfaces
differ substantially. While TCNQ adsorbed on Au(111) should be neutral
there are several studies demonstrating a charge transfer type interaction at
the F4TCNQ/Au(111) interface [47, 92, 96, 97, 343, 376]. In particular Koch
et al. [47] demonstrated via UPS, that the LUMO of F,;TCNQ molecules in
direct contact with the Au(111) surface is energetically located below Fg. This
first direct evidence of a charge transfer from the Au(111) surface to adsorbed
F4,TCNQ molecules was substantiated by subsequent STS measurements and
DFT calculations [96, 97, 376]. One further indication for a charge transfer
type interaction at the FyTCNQ/Au(111) interface can be found in extended
UPS investigations by Braun et al. [48, 101] and their determination of the
lower pinning level W™. Figure 6.6 illustrates the electronic position of the
F4sTCNQ’s HOMO with respect to Fr and the adsorbate-induced work function
change A® as a function of the substrates work function ®gy,.
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O .'.,' % tion change A® as a function of the sub-
g T & 1 strates work function ®g,y, (black) are indi-
a2 14 -1 _En cators for a charge transfer type interaction
..'.~ o at the F;,TCNQ/Au(111) interface. The
..... < fact that the lower pinning level W~ ~
0+ "'u. -0 5.55¢eV is energetically located below Ep
1 : : : : ";- suggests an ICT at the F,TCNQ/Au(111)

35 40 45 50 55 6.0 interface. Data adopted from ref. [101].

CDSub [CV]

For a substrate’s work function of ®g,, = 5.50 £+ 0.02€V (as in the present
case) and a lower pinning level of approximately 5.55¢eV the adsorbate-induced
work function change should amount fairly accurate zero. The cancellation
of the work function shift induced by Pauli repulsion and the fact that the
lower pinning level is energetically located below Er suggests an ICT at the
F,TCNQ/Au(111) interface. As the EA and IP of F,TCNQ were determined
to be energetically located around 5.2 eV and 8.3 eV, respectively, the Coulomb
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energy B~ in case of F;TCNQ adsorbed on Au(111) can be estimated to be
smaller than 0.5eV [101, 341]. This value is explicitly smaller than in case of
TCNQ and can be associated to an easier charging of F,TCNQ molecules [186].
Compared to the TCNQ/Au(111) interface, STS measurements demonstrate
again a significant DOS up to 1eV above Er [96, 97]. Also these features were
assigned to the LUMO of F,TCNQ which suggests, in combination with the
occupied LUMO-derived feature observed via UPS, a hybridized electronic
structure directly at the FyTCNQ/Au(111) interface. Additionally, the SS of
the underlying Au(111) surface seems to be quenched in STS spectra [96, 97].
Conclusively, this interface can be described accurately by the ICT model,
whereas STS and UPS in combination indicate a hybridized interfacial electronic
structure.

Photon energy dependent monochromatic as well as dichromatic 2PPE spectra
are visualized in figure 6.7. Despite of d-band features of the Au(111) substrate
in total five electronic states can be derived from these data: two occupied, two
intermediate states and one final state. Their energetic positions with respect
to Er are listed in figure 6.8. The work function of the F,/TCNQ/Au(111)
interface at monolayer coverage amounts to be 5.35 + 0.02 eV which implies a
work function shift of A® = 0.15+ 0.04eV. Compared to the TCNQ/Au(111)
surface, this down-shift is slightly lower which could be a hint for a higher
metal-molecule interaction. In literature a work function of ca. 5.6 eV can be
found [47, 101, 344, 377]. According to the ICT model, this value is expected
in case of a F4,TCNQ covered surfaces featuring integer charge transfer type
interactions [48, 101]. But detailed coverage dependent measurements in this
thesis imply an assignment of this value to thicker F,TCNQ films adsorbed
on a Au(111) surface (see chapter 9). So it has to be answered by 2PPE
spectroscopy whether there is evidence for an interfacial charge transfer type
interaction although the work function shift does not possess the value known
from literature.

Considering data from figure 6.7 two occupied electronic states can be derived
from 2PPE spectra, energetically located at —2.75+0.05eV and —0.42+0.07 eV
below Eg, respectively. In accordance to literature, the first mentioned state can
be assigned to the HOMO of F,TCNQ (IP = 8.3¢V [101, 341]). The latter can
be assigned either to the SS of the Au(111) substrate or to the LUMO-derived
occupied state previously observed via UPS [47]. Angle-resolved and coverage-
dependent 2PPE results discussed in chapter 9 oppose to a SS assignment.
Henceforth this occupied state is consequently assigned to a LUMO-derived
state (LUMO*) which gets occupied by electrons from the substrate at the
F,TCNQ/Au(111) interface leading to an energetic position below Ep. Its
energetic position fits to results from UPS and DFT calculations [47, 344, 376].

73



6. Electronic Structure of the Molecule/Au(111) Interfaces

0=1.0£0.1 ML b) 1 0 =1.0£0.1 ML

0 UMO,
m=1.1+0.1

— hv=485¢eV
—— hv=4.60 eV
— hv=4.40eV
hv=4.20eV

2PPE Intensity [normalized]

Ll

40 42 44 46 48 50

(9]
(o))
|
0
O
—_—
S

Egina - Er[eV] Photon Energy [eV]
C) _ 0=1.0+0.1 ML d)6.8- 0=1.0+0.1 ML
g —— hv,=2.33 eV, hy,=4.65 eV
N = hv;=2.30 eV, hv,= 4.60 eV UMO, 1 UMO,
2?4'; hv,=2.24 eV, hv,=4.49 eV m=09+03
= hv,=2.20 eV, hv,=4.40 eV
é — hv,=2.14 eV, hv,=4.27 eV % 6.4+
= = LUMO*
g F—Tﬁ m=3.1+02
g 56.0-
2 m
=
m UMO,
o 5.6 m=12+0.2
M .
I~ UMO: 1 ymo=
T T T T T T T T T
5.0 55 6.0 6.5 7.0 20 21 22 23 24
Erinat - Er [eV] Photon Energy [eV]

Figure 6.7.: 2PPE spectroscopy study of the F4,TCNQ/Au(111) interface (monolayer
coverage). a) Besides d-band features of the underlying Au(111) substrate monochromatic
2PPE spectra display five photoemission maxima which can be assigned to the HOMO,
a LUMO-derived state (LUMO*), two unoccupied molecule-induced electronic states
(UMO;), and an unoccupied final state (F'S) via slope evaluation of photon energy
dependent measurements in b). ¢) Dichromatic 2PPE spectra confirm these assignments
displaying LUMO*, UMO; and UMO, with appropriate slopes in d).
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Additionally to LUMO*, monochromatic as well as dichromatic 2PPE spectra
display two 2PPE features which can be assigned by photon energy dependent
measurements to intermediate states energetically located at 3.64 + 0.03 eV
and 4.32 £ 0.03 eV above Ef, respectively. As their energetic position is more
than one electron volt below Ey,. both intermediate states can not be assigned
to IPSs. Because of this argument both states are assigned to unoccupied
molecule-induced electronic states UMO;. At this point a clear distinction
between molecule-induced electronic states originating from molecular orbitals
or from interfacial hybrid states is not possible. However, coverage-dependent
and angle-resolved 2PPE measurements shown in chapter 9 point towards a
molecule-induced UMO, without any hybridizational effects with the underlying
metal states. Whereas a hybridization involving UMO; and LUMO* can not be
excluded. Another 2PPE feature which can be assigned to a molecule-induced
unoccupied state is energetically located at 6.48 + 0.05eV above Eg. Due to
its high energetic distance to Er both photons applied in a 2PPE process are
used to populate this state which causes its appearance as final state (FS).

Compared to the TCNQ/Au(111) surface, a F4TCNQ-covered Au(111) surface
features no shifted SS (SS’) or IPSs which might be also indications for a higher
interfacial metal-molecule interaction in case of F4,TCNQ. This interpretation
fits perfectly to results from TPD measurements in which F,TCNQ molecules
are comparatively stronger bound to the underlying Au(111) surface. In spite
of this significantly higher interfacial metal-molecule interaction, the work
function change induced by molecular adsorption is lower for F,/TCNQ than in
case of TCNQ at full monolayer coverage. According to that observation, the
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higher metal-molecule interaction can be associated with a lower work function
shift. Again this link can be explained by a charge transfer induced increased
interface dipole which almost cancels the Pauli-repulsion-induced work function
reduction.

While 2PPE data implicate no indications for a charge transfer type interaction
at the TCNQ/Au(111) interface this issue is completely different for its fluori-
nated derivative. There are several crucial evidences for a charge transfer from
a Au(111) surface to adsorbed F4TCNQ molecules, whereas this interaction is
reversed for adsorbed TTF molecules on a Au(111) surface. This makes TTF a
perfect counterpart to gain more insights into interfacial charge transfer type
interactions via 2PPE.
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6.3. Interfacial Electronic Structure of TTF-
covered Au(111)

In contrast to the F,TCNQ/Au(111) interface, a reverse charge transfer from
TTF molecules to the gold substrate essentially characterizes the TTF /Au(111)
interface [91, 94, 209, 329, 366, 367]. This charge transfer type interaction
implies positively charged molecular species on the Au(111) surface which
interact via an intermolecular long-range repulsive Coulomb interaction (as
discussed in section 5.3). During this thesis TPD measurements revealed a
dissociative interfacial desorption reaction of TTF molecules adsorbed on a
Au(111) surface (see section 5.3). It might be based on a strong chemical bond
between surfacial gold atoms and the sulfur atoms of the adsorbed molecule.
In the past the TTF/Au(111) interface led to some contradictious results from
an energetic point of view. First to mention there are different published
work function values for a thick film of TTF molecules adsorbed on a Au(111)
surface. Fraxedas et al. [366] demonstrated in 2011 an adsorbate-induced work
function decrease to an asymptotic value of 4.9 eV which contrasts to results
by Murdey and Salaneck from 2005 [329, 366]. They demonstrated a constant
work function value for various TTF-covered substrates which results in an
upper pinning level W+ of 4.2eV according to the ICT model. Figure 6.9
illustrates this constant work function value in combination with a thickness
dependent work function and ionization potential. The latter one indicates
band bending in TTF adsorbed on Au(111). Directly at the interface, however,
DFT calculations predict the HOMO to be energetically located just below
Ex which is difficult to reconcile with the experimental data shown in figure
6.9 [94, 209, 366]. Moreover, these calculations indicate a HOMO occupation
below 100 % which fits to the idea of a charge transfer type interaction at the
TTF/Au(111) interface. They also explain a high work function decrease due
to a charge transfer induced interface dipole and an increased smeared-out
electron density directly at the TTF/Au(111) interface [209].

In this thesis a 2PPE study of the TTF/Au(111) interface is performed to
gain more insights into the interfacial charge transfer type interaction. In
doing so especially the work function and the energetic position of the HOMO
constitute important indicators. Additional performed angle-resolved UPS
and 2PPE investigations are subject of another detailed analysis which is
reported in chapter 9. Nonetheless, compared to previous discussions, this
chapter includes also coverage-dependent measurements of the TTF/Au(111)
interface due to their key role in the assignment of occupied electronic states.
Coverage-dependent UPS data (hv = 6.08 €V, evaporation onto a substrate held
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Figure 6.9.: a) UPS data from ref. [329] demonstrate a constant work function for
TTF-covered high work function substrates according to the ICT model. The work
function of a TTF/Au(111) interface is coverage dependent and decreases asymptotically
to 4.2eV (black data in b)), whereas the ionization potential (IP) shifts to higher values
(red data in b)). The latter observation indicates band bending at the TTF/Au(111)
interface. Data adopted from ref. [329], dotted lines constitute guides to the eyes.

at 100 K) depicted in figure 6.10a signify an adsorbate-induced work function
drop from 5.50 + 0.02¢eV to 4.15 4+ 0.04 eV at full monolayer coverage. This
observation is in perfect agreement to the work function data of Murdey and
Salaneck [329] illustrated in figure 6.9 but oppose to results by Fraxedas et al.
[366]. In the submonolayer regime UPS data reveal an up-shift and broadening
of the Au(111) SS-derived signal. Up to full monolayer coverage it is shifted to
its final energetic position just below Er. According to its disappearance for
higher film thicknesses and considering DF'T results, this spectral feature can
be finally assigned to a hybridized interfacial electronic state derived from the
SS of the Au(111) surface and the HOMO [94, 366]. In the following it is called
HOMO*. Another interfacial electronic state derived from the TTF molecule’s
HOMO (HOMO™**) is energetically located at 1.6 & 0.1e¢V below Eg. The
experimental determined energetic positions of both interface states, HOMO*
and HOMO**| fit to predictions made by DFT calculations [94, 366]. But for
coverages above one monolayer UPS data indicate an intensity reduction of
both 2PPE features which have been assigned to the occupied interface states
HOMO* and HOMO**. This behavior might be explained by an additional
intermolecular interaction with the second adsorbed layer which leads to an
efficient screening or fundamental reorganization of the interfacial electronic
structure. T'TF molecules in higher adsorbate layers should be neutral due to
their higher distance to the Au(111) surface. Therefore a huge intensity increase
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Figure 6.10.: a) Coverage-dependent UPS investigations demonstrate a huge adsorbate-
induced work function decrease (SE of each spectrum) up to full monolayer coverage and
additionally, they demonstrate the appearance of two occupied HOMO-derived interface
states (HOMO* and HOMO**). Evaporation onto a substrate held at room temperature
results in a slightly lower work function of 4.15 4+ 0.04eV (blue line) and a more distinct
photoemission peak appearance in comparison to TTF films evaporated onto a substrate
held at 100 K (the usual case). For higher coverages the HOMO of non-interacting TTF
molecules is observed. b) Its coverage-dependent binding energy in combination with an
almost constant work function value for higher coverages indicates band bending at the
TTF/Au(111) interface in total agreement with previously reported results [329].

below —1.0¢eV binding energy for higher film thicknesses can be associated with
the HOMO of neutral TTF molecules. Presumably for full monolayer coverage
the 2PPE feature energetically located at —1.2 + 0.1 eV below Ey can be also
assigned to the HOMO of uncharged TTF molecules which implies a thickness-
dependent binding energy. This coverage-dependent binding energy shift of
neutral TTF molecules” HOMO from —1.2 & 0.1¢eV to almost —1.6 £ 0.1eV
evidences band bending at the TTF/Au(111) interface as visualized in figure
6.10b. It was previously reported by Murdey and Salaneck [329].

Evaporation onto a substrate held at room temperature results in a compara-
tively slightly lower work function of 4.20 + 0.04 eV and more distinct 2PPE
feature appearance at full monolayer coverage (blue line in figure 6.10a). This
observation might be related to a higher adsorbate diffusion which usually leads
to a higher degree of ordering and accordingly to sharper and more intense
spectral features.

Figure 6.11 presents monochromatic as well as dichromatic 2PPE spectra
and photon energy dependent data. Monochromatic spectra are depicted in
an adequate final state energy sequence to visualize 2PPE features near FE.
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Figure 6.11.: 2PPE spectroscopy study of the TTF/Au(111) interface (monolayer
coverage). Besides d-band features of the underlying Au(111) substrate, monochromatic
2PPE spectra illustrated in a) display four photoemission maxima which can be assigned
to a HOMO-derived occupied electronic state (HOMO*), two unoccupied interfacial
electronic states (IS;) and one image potential state (IPS;) via slope evaluation of
photon-energy-dependent measurements in b). ¢) Dichromatic 2PPE spectra confirm
these assignments displaying HOMO*, ISy, IS, and IPS; with appropriate slopes in d).
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Without exception deeper lying features can be assigned to d-band features of
the Au(111) surface. In total, 2PPE results end up in the observation of one
initial and three unoccupied molecule-induced electronic states. Their energetic
positions combined with so far presented UPS results are listed in an energy
diagram (figure 6.12). 2PPE spectra give evidence for an occupied molecule-
induced electronic state just below Eg. This energetic position enables an
assignment to the HOMO-derived occupied electronic state HOMO™* consistent
with the presented UPS results. Beside that 2PPE data display three additional
features which can be assigned to unoccupied intermediate states. First to
mention a state energetically located at 3.65 + 0.05eV above Er which features
a very low intensity. Due to its energetic position it is assigned to an IPS
(IPS;). Its low intensity permits no subsequent angle-resolved investigations
that is why an assignment to an interfacial unoccupied electronic state is also
possible. Both additionally observed unoccupied intermediate states (IS; and
IS;) demonstrate an intensity reduction caused by the adsorption of more
than one monolayer TTF molecules as illustrated in figure 6.13. As these
unoccupied states can not be assigned to IPS, due to their energetic position
relative to Fya.c, both states are assigned to unoccupied interface states. The
occurrence of both observed unoccupied interfacial states can be explained by
a hybridized electronic structure directly at the TTF/Au(111) interface which
is also responsible for the HOMO-derived occupied hybrid states HOMO* and
HOMO**. Nevertheless, it is difficult to find an explanation for its complete
disappearance after the adsorption of only a second TTF layer. A very efficient
screening of the interfacial electronic structure by further adsorbate layers
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might be possible. An alternative might be a geometric rearrangement of the
first adsorbed TTF layer due to the adsorption of higher layers which would
also imply a complete rearrangement of the interfacial electronic structure.
Moreover, coverage-dependent 2PPE data visualized in figure 6.13 demonstrate
a huge intensity increase at 6.5 to 7.0€V final state energy. It can be associated
with the HOMO signature of neutral TTF molecules adsorbed in the second
layer as already noticed in UPS measurements.

Compared to the F4TCNQ/Au(111) interface, the TTF/Au(111) interface is
characterized by a charge transfer type interaction in which TTF molecules
donate charge to the gold surface in terms of a HOMO-derived electronic hybrid
state which is energetically located just at Fr. DFT calculations also confirm
a partial depletion of HOMO* which fits to the overall charge transfer type
interaction at the TTF/Au(111) interface. This interfacial charge donation
from the first adsorbed TTF layer to the metal substrate causes an interface
dipole which lowers the substrate’s work function in addition to Pauli repul-
sion. Whereas the adsorbate-induced work function shift A® can be explained
using the ICT model, energy-resolved and coverage-dependent 2PPE data
suggest an interfacial hybridization. In total three occupied and three unoccu-
pied electronic states were observed in UPS and 2PPE measurements at the
TTF/Au(111) interface. Amongst those states there are at least four interfacial
electronic states with possible metal-molecule hybrid character: HOMO**,
HOMO*, IS; and IS,. In chapter 9 this hybrid character is confirmed by means
of angle-resolved UPS and 2PPE measurements revealing band formation at
the TTF/Au(111) interface.

hv=397¢V =—— 0=0.0ML
— 0=0.2+0.1 ML
= 0=0.5+0.1 ML
6=0.8£0.2 ML Figure 6.13: Coverage-dependent 2PPE
= 0=1.1£0.2 ML
— 0 =14+03 ML data of TTF adsorbed on a Au(111) sur-
HOMO 0 =1.8£0.4 ML face demonstrate a complex interfacial elec-

tronic structure. For coverages above 1 ML
interfacial electronic states get reduced in
their intensity. This process is completed
for two monolayer coverage which might
indicate a very efficient screening by the
second adsorbate layer or an structural
rearrangement of the first adsorbed TTF
layer due to the adsorption of higher layers.
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6.4. Comparing Electronic Structures of the
Investigated Metal/Organic Interfaces

Considering all presented results from this chapter enables a fundamental un-
derstanding of the interplay between molecular ordering, electronic states just
below Ep and a charge transfer type interaction at metal/organic interfaces. In
case of TCNQ adsorbed on a Au(111) surface, a well-defined geometric structure
was found via STM studies [328, 334-336]. Performed TPD measurements
suggest a weak metal-molecule interaction and thus physisorption as discussed
in section 5.1. Neither UPS, 2PPE nor STS data give evidence for an interfacial
hybridization or evidence for charged molecular species in direct contact with
the Au(111) surface. Nevertheless, there is an occupied electronic state just
below Er which can be assigned to the Au(111) SS shifted towards Er. This
picture dramatically changes for the F,TCNQ/Au(111) interface.

Also F4,TCNQ adsorbs in a well-defined geometric structure but already STM
and TPD measurements introduced in section 5.2 emphasize a higher metal-
molecule interaction [96, 97, 328, 334]. In contrast to TCNQ/Au(111), UPS and
2PPE measurements unveil an electronic structure of the F,TCNQ/Au(111)
interface which proves an interfacial charge transfer type interaction. Also
this metal /organic interface features an occupied electronic state just below
Eyx which in this case can be assigned to a LUMO-derived electronic state.
This result implies a LUMO occupation which ends up in a metal to molecule
electron transfer. Accordingly, F;/TCNQ molecules in direct contact with a
Au(111) surface are negatively charged, whereas TCNQ molecules stay neutral.
A reverse charge transfer type interaction was found at the TTF/Au(111) inter-
face. Here STM studies uncover a long-range repulsive intermolecular adsorbate
interaction and TPD measurements suggest a dissociative desorption reaction
(94, 366]. Moreover, UPS and 2PPE data display an molecule-induced occupied
electronic state at Er which in this case can be assigned to a HOMO-derived
electronic state. This observation is equivalent to a partial depopulation of
the HOMO which implies an electron transfer from the molecule to the metal
substrate. Consequently, the long-range repulsive intermolecular interaction
between TTF molecules adsorbed on a Au(111) surface can be ascribed to a
Coulomb-type interaction between positively charged molecular species.
Table 6.1 presents a brief overview of the results discussed in this chapter and
visualizes the essential differences. As discussed for the individual metal /organic
interfaces, respectively, the ICT model is applicable for each of the observed
adsorbate-induced work function shifts observed at these interfaces. According
to the ICT model, TTF is positively charged, F,TCNQ is negatively charged
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and TCNQ stays neutral adsorbed on a clean Au(111) surface. This state-
ment perfectly agrees with UPS and 2PPE results, especially derived work
function values of this thesis. However, in case of TTF and F4,TCNQ adsorbed
on Au(111) there are indications pointing towards significant hybridization.

TCNQ/ | RTCNQ/[ TTF/
Au(111) | Au(11l) | Au(111)

Well-defined
geometric structure v v v
Charge transfer
type interaction x v v

Occupied state
just below Ep

Molecule‘s
charge state X @ @
ICT model applicable \/ \/ \/
Metal-molecul
etal-molecule X V4 V4

hybridization

Table 6.1.: Comparing the discussed interfacial electronic structures. This brief overview
of presented experimental results and conclusions from this chapter enables a fundamental
understanding of the interplay between molecular ordering, electronic states just below
Er and a charge transfer type interaction at metal/organic interfaces.
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7. Photo-Induced Charge Transfer at
the TCNQ/Au(111) Interface

From a phenomenological point of view the most appropriate argument for
an extended analysis and characterization of photo-induced processes is their
possible field of application in organic electronic devices like organic solar cells,
sensors or switches [22, 123, 180, 378-381]. The functionality of these devices
is based on photo-induced processes like photoisomerization, photo-induced
charge transfer and photo-induced charge separation which might be the reason
for the wide-ranging application of light-using experimental methods in this
research field. Particularly, time-resolved experimental tools provide unique
insights into the physics of organic semiconductors and of metal /organic in-
terfaces as they can trace the chain of consequences initially triggered by the
adsorption of one photon.

In this chapter a photo-induced process occurring at the TCNQ/Au(111) inter-
face is presented and characterized by means of 2PPE. Its subsequent analysis
suggests a photo-induced charge transfer at the TCNQ/Au(111) interface. This
charge transfer from the metal substrate to the molecule would dramatically
increase the concentration of negatively charged molecular species directly at
the interface. However, this would have also impact on the work function of
the sample. In fact there are inconsistent work function values (or adsorbate-
induced work function changes) for the TCNQ/Au(111) interface reported in
UPS studies which were interpreted as hints towards or against an interfacial
charge transfer type interaction [44, 328, 329, 374]. As stated in section 6.1
there are no indications in the displayed 2PPE data for such an interfacial
interaction. Admittedly, these data were measured within an illumination time
of 10 s per spot which signifies the just acceptable photon dose for an unaffected
2PPE spectrum before photo-induced modifications occur. Figure 7.1 visualizes
the evolution of monochromatic 2PPE data towards longer illumination times
viz. higher photon doses for 4.75¢eV photon energy. The spectra were taken
within an illumination time of 10 s each in a subsequent order on the same spot
(so-called illumination series) in order to study photo-induced modifications
in more depth. For illustrative purposes only every tenth spectrum is shown.
Figure 7.1b-d illustrate photo-induced spectral changes in more detail as they
will be discussed in the following.
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Figure 7.1.: Visualizing photo-induced modifications in monochromatic 2PPE spectra
of the TCNQ/Au(111) interface via an illumination series. An overview of photo-induced
spectral modifications is shown in a). b) Displays the photo-induced shift of the SE
in more detail which later-on serves as indication for a subsequent characterization. c)
And d) depict selected spectral ranges demonstrating the constant energetic position
and 2PPE intensity of the HOMO, UMO and d-band derived features, the quenching of
the shifted SS (SS’) and an intensity increase of the FS-derived signature. The energetic
shift of IPS; can be explained due to its pinning to Fye.
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Out of all observed spectral changes the photo-induced shift of the SE might
be the most obvious and remarkable aspect. As visualized in figure 7.1b the
SE viz. the sample’s work function increases from 5.20 4+ 0.05eV up to a
saturation limit at 5.8540.05eV. This exponential increase serves further on as
measure for a quantitative characterization of this photo-induced process. The
photo-induced energetic up-shift of a 2PPE signature which was assigned to
IPS; is related to the work function change as IPSs are generally pinned to Fys,e.
Its pinning to Fy,. is the ultimate argument for its correct assignment. For
long illumination times or high photon doses, respectively, IPS; shifts across
FE as the applied pump photon energy is insufficient to excite an electron
into this unoccupied electronic state. Interestingly, IPS; is the only electronic
state at the TCNQ/Au(111) interface which gets energetically shifted during
an illumination series. All other 2PPE features are found to be located at
constant energetic positions relative to Er. This especially holds for 2PPE
peaks which can be assigned to molecule-derived electronic states like HOMO,
UMO and FS. Additionally, only FS and SS’ display a photo-induced 2PPE
signal intensity variation. Figure 7.1c demonstrates the slight intensity increase
of the F'S-derived feature after a sufficient illumination for a saturated work
function shift. The intensity increase of the FS-derived 2PPE feature might
be explained by a reduced energetic distance to Fy,., as the sample’s work
function gets increased by illumination as well, which presumably leads to an
increased probability of presence in this electronic state. Conversely, the 2PPE
feature which was assigned to SS’ gets suppressed for long illumination times
as illustrated in figure 7.1d.

In the following these photo-induced spectral changes and unaffected molecule-
derived spectral features are used for a subsequent discussion of possible
underlying physical processes. While considering only the photo-induced work
function increase in total four different physical phenomenons may serve as
an adequate reason for this observation. i) First to mention a photo-induced
degradation or photodissociation which might lead to the formation of dipolar
molecule fragments. These dipolar fragments may then influence the work
function [244, 382-384]. ii) A second explanation for a photo-induced work
function variation might be a structural rearrangement of dipolar molecules as
it is also observed for thicker films by erasing a so-called giant surface potential
219, 220, 385]. In this case a formerly to some degree ordered molecular struc-
ture gets randomized by UV irradiation. iii) The third physical reason which
has to be considered is an intermolecular chemical reaction like polymerization
or photoisomerization which entails a work function change due to generated
molecular radicals on the surface [124, 261, 321, 386, 387]. iv) The fourth
physical reason which has to be mentioned here is a photo-induced charge
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transfer type interaction. Such a photo-induced charge transfer usually implies
a very temporary excited molecule-induced state which decays on pico- or
femtosecond timescale [105, 120, 182, 184, 276, 388]. Nevertheless, there are
cases in which photo-induced charge transfer states are stabilized and can be
used for an efficient charge separation [173, 174, 180, 389-391].

For a detailed discussion and final assignment of the presented photo-induced
process at the TCNQ/Au(111) interface all addressed spectral changes have
to be taken into account. First of all the unmodified energetic position of
adsorbate-derived 2PPE features (relative to E) is suitable for an initial
selection. As intermolecular or intramolecular chemical reactions as well as
photo-induced decomposition would comprise a modification of the electronic
structure approaches i) and iii) have to be rejected. The quenching of SS is
conceivable for both photo-induced rearrangement or charge transfer. In case
of rearrangement the quenching might be explained by an increased metal-
molecule interaction [392-395]. Whereas an adsorbate-induced quenching of the
SS due to an interfacial hybridization was presented for the F,TCNQ/Au(111)
interface in the course of this thesis (see section 6.2 and later on chapter 9).
TCNQ is a flat symmetric molecule which possesses almost no intrinsic molecu-
lar dipole. Therefore the observed photo-induced work function shift can not
be explained by a pure molecular rearrangement at the interface. Especially a
photo-induced molecular rearrangement of flat-lying TCNQ molecules (as they
were observed via STM measurements [328, 334]) in an up-right position would
result in free Au(111) places which should be observable due to an increased
SS intensity. While the SS-derived signature gets quenched by illumination a
photo-induced substantial molecular rearrangement has to be excluded. Even
though a down-bending of cyano groups of flat lying molecules might have
some impact. It is known that for F,TCNQ molecules adsorbed on Cu(100)
this down-bending of cyano groups is thermally activated and leads to a work
function decrease due to a back donation of electrons to the substrate [93]. A
similar down-bending of cyano groups is a possible feature but not indispensable
for describing the photo-induced modifications at the TCNQ/Au(111) interface
via a light-triggered charge transfer type interaction. Solely an interfacial
charge transfer remains as adequate reason which implies a work function
increase due to the formation of a negatively charged interfacial layer. This
negatively charged layer consequently prevents electrons from leaving the sur-
face. Considering all described photo-induced modifications of the electronic
structure at the TCNQ/Au(111) interface, the most convenient explanation
is a photo-induced interfacial charge transfer type interaction which might be
accompanied by a down-bending of cyano groups.
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Unfortunately, it is not possible using 2PPE or UPS to gain more insights into
the adsorption geometry of TCNQ on Au(111) and a possible down-bending of
the molecule’s cyano groups as obtained via HREELS in case of F,TCNQ on
Cu(100) [93]. Nevertheless, Katayama et al. [93] demonstrated also a thermal
activation of this down-bending of the cyano groups and the accompanying
charge back donation to the underlying metal substrate. In order to investigate
a possibly similar thermal influence on the photo-induced spectral changes at
the TCNQ/Au(111) interface, figure 7.2a displays selected annealing steps and
their specific induced work function back-shifts towards the original value of
an unilluminated spot.
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Figure 7.2.: a) The photo-induced work function shift as well as all other spectral
changes at the TCNQ/Au(111) interface can be reversed by a thermally induced process.
An Arrhenius-like behavior of the thermally induced work function back-shift is illustrated
in b). It enables an estimation of the activation energy Ea of the reverse process to
43+11meV or 4.2+1.1kJ/mol, respectively. At this point @ constitutes the work function
after saturating illumination, ®p represents the work function of the unilluminated spot
and ®¢ depicts the sample’s work function after annealing.

The thermal annealing steps lasted 10 min each at different temperatures ranging
from 100 K to 325 K. In each case the thermal influence was checked on a former
sufficiently illuminated spot. Generally, the thermally induced work function
back-shift increases with increasing annealing temperature. Especially annealing
at higher temperatures demonstrates the reversibility of all described photo-
induced modifications in 2PPE spectra. As illustrated in an Arrhenius-plot
(figure 7.2b) the thermally induced work function back-shift of former sufficiently
illuminated spots at the TCNQ/Au(111) interface signifies an Arrhenius-like
behavior. For this graph the work function of the illuminated spot before
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(®4) and after an annealing step (®p) is compared with the work function of
an unilluminated spot (®¢). A linear behavior, as illustrated in figure 7.2b,
substantiates a full thermal reversibility of the photo-induced modifications
and results in an activation energy (Ea) of 43 £ 11meV (4.2 £+ 1.1%/mol).
This calculation was performed as discussed in ref. [124] and results in a
value which can be associated to a thermally induced transfer to the initial
state. Presumably, its low magnitude is favored by the substrate temperature
difference while molecular adsorption (300 K) and illumination (100 K).

After the assignment of the observed photo-induced modifications in 2PPE
spectra to a photo-induced interfacial charge transfer the subject of the following
part is its physical excitation process. For this purpose the photo-induced
work function shift was chosen as measure for a photon energy dependent
study. In order to gain additional insights into the efficiency of this process, the
photo-induced work function change was plotted versus the photon dose (PD,
number of incoming photons) as visualized for four different photon energies in
figure 7.3a. It can be noticed that the photo-induced work function shift follows
an asymptotic behavior which starts at &5 = 5.20 £ 0.05eV and saturates at
a constant value of &, = 5.85 £ 0.05¢eV. The following saturation function
was used to fit this behavior and to determine an effective cross section o:

¢ = dp + Adexp(-o - PD). (7.1)

Figure 7.3a illustrates this fit for four different photon energies which prove
a monoexponential behavior. Interestingly, for increasing photon energies the
cross section also increases which is visualized in figure 7.3b. Beside that there
is a photon energy threshold which amounts to be 4.2540.05¢eV up to which no
photo-induced charge transfer occurs at the TCNQ/Au(111) interface. Above
this threshold the cross section exponentially increases up to around 102! cm?
for a photon energy of 5eV. In addition, figure 7.3c demonstrates that there
is no power density dependence of the cross section for a given photon energy
which, in contrast, would exist for a non-linear two-photon process. This
result is supported by illumination experiments using an external pulsed laser
source shown in appendix C. Another result is illustrated in figure 7.3d. By
randomized repeated illumination series at constant photon energy the cross
section was found to depend on the polar angle (¢) of the sample.

According to these results, the photo-induced charge transfer at the TCNQ/
Au(111) interface is a single-photon-derived process with a threshold which
amounts to be 4.25 £ 0.05eV. But this threshold energy is higher than the
HOMO-LUMO gap (around 3.2¢eV, from combined STS and 2PPE results
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Figure 7.3.: Characterizing the demonstrated photo-induced spectral modifications by
monitoring the work function change at full monolayer TCNQ coverage. a) Illustrates
the monoexponential behavior of the work function shift and a strong photon energy
dependence. This strong photon energy dependence indicates a threshold at 4.25+0.07 eV
as visualized in b). In case of F4TCNQ such a photo-induced effect was not observed. ¢)
Demonstrates a power-density independent cross section, whereas an angular dependence
is shown in d).
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[334]) or the energetic position of the LUMO relative to Er (around 0.7 eV
[334]). As this threshold fits adequately to the intermediate state energy of
IPS;, the photo-induced interfacial charge transfer type interaction might be
driven by the population of IPSs which is followed by an electron transfer into
TCNQ molecules at the interface. Nevertheless, also a direct photo-induced
population of a molecule-induced anionic state seems possible. Unfortunately,
it was impossible to monitor the transferred electron in TCNQ molecules or the
appearance of anion states at the TCNQ/Au(111) interface with the available
2PPE setup. Photon energies below 4.25 4 0.05eV are not sufficient to trigger
the suggested photo-induced charge transfer mechanism which might correlate
to the fact that these photon energies are not sufficient to excite an electron
from an initial state below Er to IPSs. The observed angular dependence of the
cross section serves as another hint towards an image potential driven charge
transfer type interaction as the dispersion of IPS; leads to an angle-dependent
intermediate state energy of IPS;. This angular dependence results in an
increased threshold value for higher polar angles implying a decreasing cross
section for increasing polar angles at a constant photon energy as displayed in
figure 7.3d.

Figure 7.4 summarizes the photo-induced spectral changes in an energy dia-
gram. Considering all reported results this chapter suggests that the described
photo-induced charge transfer type interaction at the TCNQ/Au(111) interface
is triggered by a photon-induced population of IPSs followed by an electron
transfer into TCNQ molecules. Possibly this photo-induced charge transfer at
the TCNQ/Au(111) interface is stabilized due to the strong electron-accepting
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nature of TCNQ (according to its high EA [86, 372-375]). The herein pre-
sented results indicate that the corresponding photo-induced modifications
are completely reversible due to thermal annealing. Therefore, analogous to
F,TCNQ adsorbed on Cu(100), it might be possible that the photo-induced
charge transfer at the TCNQ/Au(111) interface is correlated with an uplifting
of formerly down-bended cyano groups [93]. For this special photo-induced
process mainly two applications seem possible: The application as photo-
sensitive hole injection layer and the utilization as organic UV-radiation sensor.
Both possibilities would immensely profit from the full thermal reversibility of
photo-induced processes. Comparing F,TCNQ with its unfluorinated derivative
TCNQ adsorbed on a clean Au(111) surface there is no photo-induced process
as visualized in figure 7.3b. This is due to the fact that F,TCNQ is found to be
already negatively charged on the Au(111) surface as demonstrated in section
6.2.
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8. Extended Space Charge Region and
Unoccupied Band Formation in
Epitaxial F,TCNQ Films

The generation and control of molecular ordering and self-organization at
metal /organic interfaces and within thin molecular films emerged as a key step
in the engineering of organic (opto)electronic devices [1, 396, 397]. Its strong im-
pact on charge carrier transport makes molecular ordering and self-organization
to easily accessible adjustment screws for device performance optimization
[52, 53, 398]. Charge transport in organic semiconducting materials can be
described either by thermally activated hopping of charge carriers or via band
transport. In comparison, the latter one usually leads to much higher charge
carrier mobilities and conductivities [25, 40, 64, 398-400]. Admittedly both,
band formation and band transport, are only possible in well-ordered crystal-like
extended molecular arrangements. For instance band transport was recently
demonstrated in extended aromatic m-systems in which m-stacking results in
an ordered molecular structure followed by molecular orbital hybridization
[59-61, 401, 402]. Moreover, band formation was observed at metal/organic
interfaces where delocalized substrate bands hybridize with localized molecular
orbitals [66, 68—70, 95, 106]. Nonetheless, these interfacial bands can not exist
in thicker adsorbate films due to a decreasing wave function overlap.

During this thesis F,TCNQ was found to grow in epitaxial well-ordered molec-
ular film structures on Au(111) surfaces. This chapter presents a first de-
termination of the geometrical and electronic structure of these well-ordered
F,TCNQ films by means of LEED and AR2PPE. Coverage-dependent 2PPE
measurements demonstrate the coverage-independent well-defined electronic
position of molecule-induced electronic states and the formation of an extended
space charge region. Whereas angle-resolved 2PPE clarifies band formation in
epitaxial well-ordered F,TCNQ films and states the first time observation of
an unoccupied band dispersion in a molecular crystal-like film.
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The geometric arrangement of F,TCNQ molecules adsorbed on Au(111) surfaces
was subject of several STM investigations as discussed in section 5.2 [96, 97].
They demonstrate an adsorption structure at full monolayer coverage which is
characterized by an unit cell containing one single molecule. This adsorption
structure is supported via coordination to gold adatoms [97]. In contrast,
single-crystals grown from dry acetonitrile feature an unit cell comprising four
molecules [64, 97, 403]. Intuitively one would assume a F4TCNQ growth on
Au(111) surfaces which transitions from a monomolecular unit cell directly at
the interface into the common molecular packing structure in solution-processed
F,TCNQ single-crystals. However, comparing LEED pattern for a sample at
full monolayer coverage and a 20+ 3 ML thick film shown in figure 8.1 indicates
an almost unchanged geometric structure.

Figure 8.1: LEED pattern of the
F4,TCNQ/Au(111) interface at full
monolayer coverage a) and for an epitaxial
20 + 3ML thin F,TCNQ film grown on a
Au(111) surface held at room temperature
b) (primary energy: 22¢eV). A comparison
indicates an almost unchanged geometric
structure.

Consequently, the crystalline structure of F,TCNQ films grown by thermal
evaporation of molecules onto a Au(111) surface held at room temperature is
strongly correlated to the molecular adsorption geometry at the interface. Thus
in the present case, F,TCNQ was found to grow in a well-ordered epitaxial fash-
ion which results in a crystalline molecular structure with only one molecule per
unit cell. Note, that such a crystalline structure with monomolecular primitive
unit cell is very uncommon for organic molecular crystals [64, 404].

Performing 2PPE at different film thicknesses enables experimental access to
the transition from the F,TCNQ/Au(111) interfacial electronic structure to the
electronic structure in epitaxial F,TCNQ films. Figure 8.2a illustrates 2PPE
spectra of different thick epitaxial F,TCNQ films grown on Au(111). For all
depicted coverages five 2PPE features are observed which can be assigned to
molecule-induced electronic states, according to findings from section 6.2. Un-
expectedly, the energetic position, intensity, and width of all observed spectral
features does not change with increasing coverage. The thickness-independent
intensity and width of 2PPE features can be ascribed to the well-ordered molec-
ular structure in the epitaxial F,TCNQ films as geometric disorder usually leads
to an energetic broadening and intensity decrease. A constant energetic posi-
tion of 2PPE features suggests that no decoupling effects between metal bands
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Figure 8.2.: a) Monochromatic 2PPE spectra of different F4TCNQ film thicknesses
grown on Au(111). b) Work function changes as a function of coverage. In the
submonolayer regime the work function change was fitted linearly (blue), whereas for
higher thicknesses the distributed density of states model [218] (red) was used.

and adsorbate-induced electronic states occur like, for example, band bending
as discussed in section 2.5.2. At first glance this result contradicts to the
established charge transfer type interaction at the F/TCNQ/Au(111) interface
which should have impact on the interfacial electronic structure [47, 92, 344].
But such an influence is only observed in a thickness-dependent work function
change illustrated in figure 8.2b. In the submonolayer regime the work function
decreases linearly from 5.5040.02 eV, the value of the clean Au(111) surface, to
5.35 £ 0.02€V (as inset in figure 8.2b) as consequence of an interplay between
Pauli-repulsion and charge transfer induced dipole formation. The linearity of
this adsorbate-induced work function shift might be explained by two scenarios.
On one side a linear work function shift can be explained by island-like film
growth [344]. Alternatively, for increasing coverage, a repulsive intermolecular
interaction would lead to a gradual decrease in the average interspace between
the adsorbate molecules [344]. The latter argumentation fits to the second-order
desorption shape shown by TPD measurements in section 5.2 for F,TCNQ
desorption in the submonolayer regime. In combination both results suggest a
repulsive intermolecular interaction between F,TCNQ molecules adsorbed on a
Au(111) surface. Comparing this conclusion with an analog observation for TTF
adsorbed on Au(111) via STM, this repulsive intermolecular interaction can
be traced back in both cases to an interfacial charge transfer type interaction
which implies a Coulomb-repulsion between charged molecular species [94].
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Epitaxial FyTCNQ Films

For F4,TCNQ coverages above one monolayer the work function rises asymptot-
ically to 5.60 £ 0.02eV. This limit is even larger than the work function of the
clean Au(111) substrate and was reported for various F,TCNQ covered surfaces
[48, 101]. As interfacial effects should not contribute for thicker F,TCNQ films,
this observation can be assigned to the formation of a space charge region. The
formation of such a region is usually discussed in combination with band bend-
ing to describe the transition from interfacial to the bulk electronic structure
[217, 230, 308, 405]. But in the present case the energetic position of molecule-
induced electronic states relative to Er was found to be constant which excludes
an explanation via band bending. Nonetheless, the asymptotic work function
increases up to ca. 15 ML film thickness is a strong indication for additional
charges in higher adsorbate layers. Presumably, the supply of negative charge
carriers from the underlying Au(111) substrate leads to the transport of a spe-
cific amount of negative charges to higher adsorbate layers. This effect might be
facilitated by the high molecular ordering and the small-dimensioned unit cell
in epitaxial F,TCNQ films grown on Au(111) surfaces. Recently, exceptional
transport properties in difluoro-tetracyanoquinodimethane (FoyTCNQ) single
crystals were attributed to a comparable crystal structure with a primitive unit
cell containing only one molecule [64]. Considering all arguments, the extended
space charge region in epitaxial F;/TCNQ films grown on Au(111) surfaces
might be explained by a film thickness-dependent charge carrier concentra-
tion. These charges originally stem from a charge transfer type interaction
directly at the F4TCNQ/Au(111) interface. The driving force for this efficient
charge transport to higher lying layers is the very high electron affinity of the
F,TCNQ molecule which is supported by a well-ordered molecular structure
and a small-dimensioned primitive unit cell.

Phenomenologically, the work function increase in epitaxial F,TCNQ films as a
function of coverage can be fitted using a simplified distributed density of states
model introduced by Mankel et al. [218]. This model describes the charge
carrier concentration in an organic semiconductor film in dependence of the dis-
tance to the interface using a constant density of states DOS(FE) as discussed in
section 2.5.2. In the present case a DOS value of around 102 cm—2eV ™! has been
derived. Recently, a similar value was found for a well-ordered semiconducting
polymer adsorbed on a gold surface, whereas different organic semiconductor
thin films adsorbed on inorganic, non-metallic substrates demonstrate a lower
DOS [55, 218]. Interestingly, in all these different systems the work function
change saturates already at low coverages (2 to 3 ML). In contrast, the space
charge region in epitaxial F,TCNQ films grown on Au(111) surfaces is much
more extended and goes up to ca. 15 ML film thickness.
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Figure 8.3.: a) AR2PPE spectra recorded with a photon energy of 4.74 eV demonstrate
the dispersion of UMOs in epitaxial F4/TCNQ films grown on a Au(111) surface. b)
The dispersion of UMO4 can be fitted by a free electron parabola which results in an
effective mass of m* = 1.4 + 0.1 m,.

F,TCNQ adsorbed on metal electrodes was successfully applied as hole injection
layer in organic (opto)electronic devices [47, 377, 406, 407|. So far this appli-
cability was explained due to the increased electrode’s work function and the
accompanying reduction of the hole injection barrier into the device. Results
discussed in this chapter point towards a much more complex interplay between
interfacial charge transfer type interaction and molecular ordering as motive for
efficient charge transport from a Au(111) surface into thin F,TCNQ films. In
order to gain more information about the effective charge transport in epitaxial
F,TCNQ films, AR2PPE measurements were performed for a 19 &+ 2 ML thick
film. However, AR2PPE probes the dispersion of electronic states or bands
parallel to the surface (kj), whereas &k, is the needed value for explaining the
charge transport from the interface into epitaxial F,TCNQ films. Nevertheless,
band formation in the direction parallel to the surface may suggest also band
formation perpendicular to the surface. Figure 8.3a visualizes the addressed
AR2PPE data. Indeed, the unoccupied molecule-induced electronic state UMO,
exhibits an angular dependent energetic shift, whereas both, the HOMO and
FS, remain localized. Evaluating the dispersion of UMO, using a parabolic
fit as shown in figure 8.3b results in an effective mass of m* = 1.4 + 0.1m,
which substantiates a quasi free electron behavior. Conclusively, the performed
AR2PPE measurement unveils band formation in epitaxial F,/TCNQ films
grown on a Au(111) surface. Such band formation has been reported for the
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occupied electronic regime of molecular crystals [59-61, 401, 402], but to date
an experimental proof of unoccupied molecular band formation in organic
molecular crystals is still missing. The surprising band formation in epitaxial
F,TCNQ films has to be allocated to a hybridization of neighboring molecules’
unoccupied molecular orbitals. The herein gained fundamental understanding
of the interplay between interfacial charge transfer, band formation and an
extended space charge region may be used to optimize the hole injection via
an application-adjusted thickness modification of an epitaxial F,TCNQ film
grown on metal electrodes in organic (opto)electronic devices.

Unoccupied band formation in epitaxial F,TCNQ films presented in this chap-
ter serves as definite indication for an intermolecular hybridization. Due to
the film thickness-independent geometric ordering in F4,/TCNQ adsorbed on
a Au(111) surface this hybridization might be also expected directly at the
F,TCNQ/Au(111) interface. The following chapter therefore presents and
discusses AR2PPE measurements of the F;TCNQ/Au(111) interface as well as
of the TTF/Au(111) interface. Interestingly, both charge transfer characterized
metal/organic interfaces feature band formation in the occupied as well as the
unoccupied electronic region.
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9. Band Formation at Metal/Organic
Interfaces with Charge Transfer
Type Interaction

Obviously, charge transport plays a crucial role in any kind of molecule-based
(opto)electronic devices. It can be described via a thermally activated hopping
transport in pure organic thin films, while its induced conductivity especially
depends on the intermolecular orbital overlap [40, 42, 408]. Notwithstanding,
amorphous molecular thin films feature a much smaller conductivity than well-
ordered molecular structures which can be associated with band formation in
molecular crystals [40, 167]. Nonetheless, in particular metal/organic interfaces
are crucial regarding the charge transport properties in an entire molecule-based
(opto)electronic device [44, 46, 48, 54, 56]. At these interfaces charges have
to be transferred from metallic electrodes into organic thin films in which
they can participate in transport mechanisms. In order to overcome possible
transferring embarrassments like low interfacial electron density overlap or a
significant hole injection barrier, band formation at metal/organic interfaces
recently attracted much interest [68-70, 95]. It is known that the interaction
between delocalized metal bands and localized molecular orbitals can give rise
to new delocalized interfacial hybrid bands. Oftentimes, the degree of dispersion
of these interfacial hybrid bands is strongly dominated by the participating
metal band as they possess similar effective masses [66, 70]. Up to date, the
PTCDA/Ag(110) interface and its derivative NTCDA /Ag(110), respectively,
are the only cases in which this linkage does not hold [69, 281]. For these
interfaces it has been proposed that the LUMO (located below Er) hybridizes
with the delocalized metal sp-states [69, 281]. Interfacial hybridization cer-
tainly implies a strong metal-molecule interaction which makes charge transfer
characterized metal /organic interfaces suitable to investigate interfacial band
formation.

During this thesis, the F;TCNQ/Au(111) interface as well as the TTF/Au(111)
interface were found to be such charge transfer characterized metal/organic
interfaces. According to the adsorbate-induced work function changes at both
interfaces, the charge transfer type interaction can be explained by the ICT
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model. Nonetheless, both analyzed interfacial electronic structures give oc-
casion to a possible interfacial hybridization [94, 209, 343, 344]. Interfacial
hybridization, however, might be connected to interfacial band formation. That
is why ARPES and AR2PPE were applied to study possible band formation at
these charge transfer characterized metal/organic interfaces.

Figure 9.1 visualizes ARPES data of a TTF/Au(111) interface at different
coverages. As previously discussed in section 6.3 this interface is characterized
by an electron transfer from the molecule to the metal surface. For a clean
Au(111) surface, as shown in figure 9.1a, the metal surface’s SS is observed
at its well-known binding energy of —0.42 + 0.03eV. Using ARPES data the
Au(111) SS’s dispersion can be calculated to an effective mass of 0.5+0.02m, as
illustrated in figure 9.2. This value is in accordance with previously presented
AR2PPE results (see chapter 4). Increasing the TTF coverage to 0.5 + 0.1 ML
leads to a broadening and energetic shift of this photoemission signature to-
wards Fr. As already discussed in section 6.3 this adsorbate-induced energetic
shift is attributed to a hybridization of the SS with the HOMO of the molecule
in accordance to DFT calculations [94, 209]. Following this argumentation, the
adsorbate-induced shifted SS-derived photoemission signature is declared as
HOMO* in figure 9.1b. The adsorption of additional TTF molecules up to
full monolayer coverage effects a further continuing energetic shift of HOMO*
towards Fpr. For submonolayer coverage as well as for full monolayer coverage
the interfacial hybrid state HOMO* is characterized by a SS-like dispersion
which, unfortunately, is not evaluable in case of full monolayer coverage due
to its energetic position just below Ep. Figure 9.2 illustrates this comparison.
Besides the energetic shift of HOMO* towards Ep, an increasing coverage
also implies a work function decrease (as previously discussed in section 6.3).
This enables the observation of two additional photoemission signatures for
full monolayer coverage as visualized in figure 9.1c. While HOMO** can be
assigned to a second HOMO-derived interfacial hybrid state, according to DF'T
calculations [94, 209], the HOMO of neutral, non-interacting TTF molecules
can be additionally observed. The HOMO-derived photoemission peak features
band bending for increasing TTF film thickness (as discussed in section 6.3)
but no dispersion. In contrast, the second HOMO-derived interfacial hybrid
state HOMO** exhibits a distinct electron-like dispersion. It can be described
using a free electron parabola and an effective mass which amounts to be
0.8+ 0.1 m,. According to the determined dispersions of the interfacial HOMO-
derived hybrid bands HOMO* and HOMO** shown in figure 9.2, both are
characterized by free electron-like dispersions. However, for 2.0 + 0.4 ML TTF
coverage both interfacial hybrid states, HOMO* and HOMO**, are reduced in
their intensity (as already discussed in section 6.3). Only the localized HOMO
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Figure 9.1.: ARPES data of a TTF/Au(111) interface for different coverages: a)
clean Au(111) surface, b) 0.5 £ 0.1 ML, ¢) 1.0+ 0.1 ML and d) 2.0 £ 0.4 ML. The two
HOMO-derived interfacial hybrid states HOMO* and HOMO** are characterized by an
electron-like dispersion, whereas the HOMO of neutral, non-interacting TTF molecules
is localized. Black dotted lines depict guides to the eyes in order to underline the
dispersion of HOMO* and HOMO**,
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of neutral, non-interacting TTF molecules is still observed at slightly shifted
binding energy (—1.5+ 0.1eV) due to band bending.

Hitherto presented ARPES data definitely reveal the delocalization of charge
carriers at the TTF/Au(11) interface. As the related delocalized hybrid states
exist only directly at the interface the term interfacial band formation is appro-
priate. These interfacial hybrid bands rise because of a strong metal-molecule
interaction which is accompanied by an efficient charge transfer from the
molecule into the metal substrate. It is also worth to mention at this point
that the observed interfacial hybrid band formation is in full agreement with
DFT calculations predicting an equivalent “additional electron density buildup
smeared out over the whole metal surface” (O. T. Hofmann, [209], page 20361).
In the following, subsequent AR2PPE investigations confirm that this interfacial
band formation can be also observed for the unoccupied energetic region above
Er. Monochromatic AR2PPE data shown in figure 9.3 reinforce the dispersion
of the HOMO-derived interfacial hybrid state HOMO* for full monolayer cov-
erage. In addition, these data expose an angle-dependent energetic shift of the
unoccupied interface state IS;. Also this dispersion can be described using a
parabolic fit which results in an effective mass of 0.8 4+ 0.1 m,. Interestingly,
this value equalizes the effective mass evaluated for the HOMO-derived interfa-
cial hybrid state HOMO**. Conclusively, the presented results targeting the
dispersion of the interfacial (hybrid) states HOMO*, HOMO** and IS, reveal
an interfacial charge carrier delocalization (in &) directly at the TTF/Au(111)
interface. Importantly, the degree of dispersion of these electronic states is
not dominated by the metal bands as the dispersion of these states does not
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Figure 9.3.: a) Monochromatic AR2PPE data unfold the dispersion of the interfacial
electronic state IS; at the TTF/Au(111) interface at full monolayer coverage. b) This
dispersion results in an effective mass amounting 0.8 +0.1 m, which equalizes the effective
mass evaluated for the HOMO-derived interfacial hybrid state HOMO**.

equalize the dispersion of the underlying Au(111) SS. Convincingly, the disper-
sion of the interfacial (hybrid) states HOMO*, HOMO** and IS, illustrates
the hybridization-induced delocalization of charge carriers at the TTF/Au(111)
interface. Up to date, the TTF/Au(111) interface is the first interface at which
band formation in the unoccupied energetic region was observed. Moreover,
the experimental results of this chapter may establish for the first time a link
between charge transfer, hybridization and band formation at metal/organic
interfaces.

In order to gain more insights into this linkage also the F,/TCNQ/Au(111)
interface was investigated by means of AR2PPE. Compared to TTF/Au(111),
the F4TCNQ/Au(111) interface is characterized by an electron transfer from
the metal substrate into the molecule. Nonetheless, analyzing the electronic
structure of the FyTCNQ/Au(111) interface by means of 2PPE and DFT calcu-
lations again points towards a significant interfacial hybridization (for details see
chapter 6) [343, 344]. Figure 9.4 shows AR2PPE data of a F,TCNQ/Au(111) in-
terface at full monolayer coverage for two different photon energies, 4.74 eV and
4.00 eV, respectively. In an overview, figure 9.4a visualizes that the adsorbate-
induced 2PPE features which were assigned to a FS and the HOMO of F,TCNQ
do not show any angular dependence. So again the HOMO is localized in the
direction parallel to the surface (k) as previously observed also for thicker
epitaxial FyTCNQ films (see chapter 8). Otherwise, UMO, is characterized
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Figure 9.4.: Monochromatic AR2PPE data for two different photon energies, 4.74 eV
(overview in a) and zoomed presentation in b)) and 4.00€V (zoomed presentation in c)),
respectively, reveal band formation directly at the F4TCNQ/Au(111) interface. The
dispersions of LUMO*, UMO; and UMO; are evaluated in d). Black dotted lines depict
guides to the eyes in order to underline these dispersions.
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by an electron-like dispersion as illustrated in more detail in figure 9.4b. This
electron-like dispersion of UMO, was also observed in thicker epitaxial F,TCNQ
films (see chapter 8). Its energetic position and effective mass perfectly matches
for full monolayer coverage and 19 4+ 2 ML film thickness as depicted in figure
9.5a.

a) hv=4.74 eV b) Lg hv=4.27eV
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Figure 9.5.: a) Comparing the energetic position and dispersion of UMO4 for 1 ML
and 19 + 2 ML film thickness. b) In an epitaxial F4TCNQ film of 22 + 3 ML thickness
LUMO* as well as UMO; are still located at the known energetic positions but possess
no dispersions.

But for lower photon energies, i.e. 4.00eV, which are insufficient to populate
UMOs, less intense UMO; and LUMO* derived 2PPE maxima can be ob-
served as shown in figure 9.4c. In these measurements both signatures show
a significant angle-dependent energetic position. Evaluating these angular
dependency as illustrated in 9.4d leads to an electron-like dispersion of UMO;
with an effective mass amounting 5.6 & 1.8 m,, whereas LUMO* displays a
reverse hole-like dispersion with an effective mass amounting —1.4 + 0.1 m,.
For 4.00 eV photon energy the respective peak positions were fitted using a
pair of Gaussians as detailed in appendix E. In contrast to UMO,, UMO; and
LUMO* lose their delocalized character in thicker epitaxial F,TCNQ films as
indicated by a monochromatic AR2PPE study at 4.27¢eV for a 22 4+ 3 ML thick
film shown in figure 9.5b.

The presented AR2PPE data demonstrate that UMO; and LUMO* feature a
dispersion parallel to the surface (k) directly at the F,TCNQ/Au(111) inter-
face. Interestingly, this dispersion is quenched for 22 + 3 ML film thickness as
shown in figure 9.5b. In contrast, UMO, is characterized by an electron-like
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dispersion which is almost the same at the interface and in epitaxial films. As a
consequence it can be concluded that UMO, gains its delocalized character from
an intermolecular hybridization without any impact of the Au(111) substrate
while the degree of delocalization of UMO; and LUMO* strongly depends on
the metal-molecule hybridization directly at the interface. Apart from that, the
HOMO displays no dispersion which emphasizes its localized character directly
at the F4/TCNQ/Au(111) interface as well as in epitaxial thin films.

In summary, the performed AR2PPE study of the F,;TCNQ/Au(111) interface
gives rise to in general three different angle-dependent variations of 2PPE
features’ energetic locations at metal/organic interfaces: localization (no dis-
persion, i.e. HOMO), electron-like dispersion (UMO; and UMO,) and hole-like
dispersion (LUMO*). According to unpublished DFT calculations by O. T.
Hofmann (TU Graz), the hole-like dispersion of LUMO* might originate from a
decreasing bonding character along the I' — K direction of this in I antibonding
interfacial hybrid state [409]. Up to now PTCDA/Ag(110) is the only interface
at which a hole-like dispersion of a LUMO-derived photoemission signature
located below Ep has been reported [69]. Both, the range of binding energy
variation and the angular dependence of the binding energy itself are similar
for PTCDA/Ag(110) as well as for F;,TCNQ/Au(111).

Moreover, the before-mentioned three different angle-dependent variations of
2PPE features’ energetic locations at metal/organic interfaces can be also
classified into three different hybrid state categories, namely localization (no
hybridization), intermolecular hybridization and interfacial hybridization. Lo-
calized electronic states without significant dispersion are the common case for
amorphous organic semiconductor thin films as less molecular ordering and/or
slight molecular orbital overlap impedes a hybridization of electronic states. For
comparison intermolecular hybridization describes the hybridization of equiva-
lent molecular orbitals of neighboring molecules. In this case a well-ordered
geometric structure and a sufficient molecular orbital overlap might lead to
molecular band formation as previously presented for an epitaxial F,TCNQ film
(see chapter 8). In contrast, in case of interfacial hybridization electronic states
of the adsorbate hybridize with bands of the underlying metal substrate. At the
presented F4,TCNQ/Au(111) interface electronic states from each of these three
categories were observed which in fact is unique per se. In detail, the HOMO
can be assigned to a localized molecule-induced state while UMO, represents
the only intermolecular hybrid state which is signified by a comparable disper-
sion in epitaxial films as well as directly at the F,TCNQ/Au(111) interface.
Certainly, UMO; and LUMO™ are also characterized by significant dispersions
directly at the interface but these dispersions vanish for increasing coverage.
That is why both, UMO, as well as LUMO*, are assigned to interfacial hybrid
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bands which lose their hybrid character for higher film thicknesses. Alone their
dispersion directly at the F,TCNQ/Au(111) interface is induced by the strong
metal-molecule interaction, whereas their energetic position surprisingly does
not significantly change (as discussed in chapter 8).

Altogether hybridization at both charge transfer characterized metal /organic
interfaces, TTF/Au(111) as well as F,TCNQ/Au(111), gives rise to dispersive
interfacial hybrid states and thus to charge carrier delocalization parallel to the
surface. The presented results suggest that interfacial hybridization, interfacial
band formation and interfacial charge transfer are strongly correlated. For
both investigated metal /organic interfaces the discussed ARPES and AR2PPE
measurements depict that interfacial hybridization implies a redistribution of
the interfacial electronic structure and accordingly of the charge carrier density
which in case of interfacial hybrid bands is delocalized at least parallel to the
surface. The redistributed charge carrier density in combination with hybrid
bands crossing Fr presumably determines the amount of transferred charge at
an hybrid interface and is therefore significant for the population or depopula-
tion of a metal /organic interface with charges. Prospectively, charge transfer
at metal /organic interfaces may serve as a sufficient prerequisite to possibly
observe an underlying hybridization and/or band formation. For a future
investigation of interfacial band formation one should therefore focus on charge
transfer characterized metal /organic interfaces.
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10. Adsorbate-Supported Relaxation
Dynamics of Hot Electrons at
Metal /Organic Interfaces

The predominant step in photochemical reactions at metal surfaces is the
generation of photo-excited “hot” electrons in the metal which may attach to
an adsorbate and may lead to photochemical reactions (femto-chemistry). As
TR2PPE is the method of choice providing direct access to the lifetime of these
hot electrons, the following chapter deals with the impact of adsorbates and
interfacial charge transfer on the hot electron’s lifetime. Understanding the
dynamics of optically excited electrons in metals is the prerequisite for their ap-
plication in (opto) electronic devices as the transient behavior of (photo)excited
“hot” electrons is crucial for charge transport and chemical reactions [410-413].
Therefore a detailed and quantitative knowledge of interfacial hot electron
relaxation phenomena can be used for technological engineering in solid-state
physics and surface chemistry [411, 413]. In this relation an increased hot elec-
tron lifetime generally results in an enhanced probability of their participation
in charge transport mechanisms or chemical reactions. Basically, the lifetime
of (photo)excited hot electrons in noble metals is determined by the excitation
energy, electronic band structure, spin polarization, dimensionality or film
thickness, respectively, and sample morphology [414-420]. Contributing relax-
ation mechanisms might be scattering events with excited holes, other “cold”
electrons (energetically located just below Er), phonons, plasmons, defects or
impurities, hot electron diffusion and the repopulation of lower excited states
by secondary electrons [411, 413, 414, 417]. Generally, hot electron lifetimes
are observed up to 600 fs at very low intermediate state energies E; — Ep [421]
which makes TR2PPE the perfect experimental tool to study hot electron
lifetimes at metal/organic interfaces.

Several TR2PPE studies have shown that the relaxation of hot electrons at
metal surfaces is dominated by inelastic electron-electron scattering for low
excitation energies, high phase space (E; — Er > 0.5¢eV) and low hot electron
density [411, 413, 414]. Assuming a free electron-like behavior, the inelastic
electron-electron scattering rate can be described by the Landau theory of Fermi
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liquids (FLT) from which the lifetime of hot electrons 74 can be calculated to
411, 413, 422]:

Ei

Terr = 70 m (10.1)

Herein the prefactor 7y is mainly determined by the electron density. De-
ductively, the available phase space strongly determines the lifetime of hot
electrons which tends to infinity for an infinitesimal small intermediate state
energy as hot electrons can scatter only into lower lying unoccupied electronic
states. Especially for small intermediate state energies, experiments observed a
significant deviation from FLT which can be assigned to a different secondary
decay channel or a combination of additional decay channels. Conclusively, the
lifetime of hot electrons 7 can be modeled using a scaling factor z and a second
(effective) decay constant 7 [417, 423]:

1 1 1
= 10.2
- (10.2)

T1 Z * TrLr

This model was demonstrated to adequately describe experimental data of
ultrafast hot electron dynamics in single-crystal Au(111) films [423]. Due to the
high work function of a clean Au(111) surface and the limited photon energy
range of the used femtosecond laser setup, it was not possible to study hot
electron dynamics of a clean Au(111) surface during this thesis. Fortunately,
as discussed in section 6.3, TTF adsorption lowers the surface work function to
4.15 + 0.04 eV which in turn enables the study of hot electron dynamics at the
TTF/Au(111) interface. Figure 10.1a displays a two-dimensional representation
of TR2PPE measurements at full monolayer TTF coverage. In such representa-
tions the normalized correlated dichromatic 2PPE signal at a given finale state
energy (left axis) or intermediate state energy (right axis) with respect to Er is
plotted as a function of pump-probe delay. Positive pump-probe delays imply
that the probe pulse (here hry = 4.01¢eV) reaches the sample after the pump
pulse (here hry = 3.09€V). At full monolayer coverage the interface state IS,
shows no significant lifetime while in the region towards the SE at 4.154+0.04 eV
final state energy or 0.00 £ 0.04 eV intermediate state energy, respectively, long
living electrons can be observed in an extended energy range of about 1eV.
Additionally, this two-dimensional representation already visualizes that for
decreasing intermediate state energy or phase space, respectively, the lifetime
of these electrons increases. Because of this behavior these long-living electrons
can be assigned to hot electrons at the TTF/Au(111) interface. Figure 10.1b
illustrates this two-dimensional representation for 2.0+ 0.5 ML and 3.0+0.8 ML
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Figure 10.1.: Time-resolved 2PPE measurements of the TTF/Au(111) interface at
different coverages. a) At 1.0 £ 0.1 ML coverage hot electrons can be observed in an
extended energy range of about 1eV. With decreasing intermediate state energy the
lifetime of hot electrons is increased up to some hundred fs, whereas the unoccupied
interfacial electronic state ISy features no significant lifetime. b) The adsorption of a
second and a third layer of TTF molecules has no significant impact on hot electron
lifetimes at the TTF/Au(111) interface.

TTF coverage, respectively, applying the same photon energies. For both cov-
erages the 2PPE intensity near the secondary edge decreases but features a
comparable pump-probe delay dependency. This observation demonstrates
that the adsorption of a second and a third layer of TTF molecules has no
significant impact on hot electron lifetimes at the TTF/Au(111) interface.

In order to study the lifetime of hot electrons at the TTF/Au(111) interface in
more detail, figure 10.2a depicts the cross-correlation curves averaged for a 0.1 eV
broad intermediate state energy range each. The averaged cross-correlation
curves were fitted using a monoexponential decay function (see equation 3.6).
These fits reveal that the cross correlation can be fitted using one single ex-
ponential decay and that the lifetime of hot electrons increases for decreasing
intermediate state energy. Figure 10.2b visualizes the energy-dependent lifetime
of hot electrons at the TTF/Au(111) interface for 1.0 + 0.1 ML as well as for
2.04+0.5 ML coverage. Moreover, data of hot electron dynamics in single-crystal
Au(111) films from ref. [423] are enclosed for comparison. As discussed before,
these hot electron dynamics in single-crystal Au(111) films can be described
using equation 10.2 while an interpretation as pure Fermi liquid fails [423].
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Figure 10.2.: Characterizing hot electron dynamics at the TTF/Au(111) interface. a)
Averaged cross-correlation curves for different intermediate state energies fitted by a
monoexponential decay function. b) Energy-dependence of hot electron lifetimes for the
TTF/Au(111) interfaces and single-crystal Au(111) films (data adopted from ref. [423]).

The presented hot electron dynamics at the TTF/Au(111) interface and in
single-crystal Au(111) films coincidence for high intermediate state energies
((E; — Ep) > 0.9eV), whereas for low intermediate state energy significant
differences occur. Generally, the hot electron dynamics at the TTF/Au(111)
interface are characterized by a steeper lifetime increase up to almost 400 fs
for an infinitesimal intermediate state energy which includes lower lifetimes in
the range from 0.3eV to 0.9eV. Above 0.4¢eV intermediate state energy hot
electron lifetimes at the TTF/Au(111) interface can be adequately described
using FLT and a constant background b = 40 fs. Including a scaling factor z
and a decay constant 7; also the data region below 0.4 €V intermediate state
energy can be sufficiently described. From this applied FLT fit (aFLT) the
second decay constant 7, can be estimated to amount 333 + 21 fs. This value is
consistent with a reported decay constant on single-crystal Au(111) films (the
corresponding aFLT-fit is also depicted in figure 10.2b) [423]. As hot electron
diffusion into the bulk usually plays a minor role [418, 420, 423, 424] this second
decay channel for hot electrons is usually assigned to electron-phonon scattering
on a sub-picosecond time scale [423, 425-428]. Electron-phonon scattering per
se is not influenced by the interfacial electronic structure as phonons describe
a solid state phenomenon. Contradictory, it will be shown in the following
that hot electron dynamics at the TTF/Au(111) interface strongly depend
on the interfacial electronic structure which excludes in this special case an
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electron-phonon scattering assisted decay. Regarding the scaling factor z in
performed aFLT-fits, polycrystalline Au(111) films possess a medium single
digit value [423, 425, 426], whereas for the TTF/Au(111) interface z is close to
one. As z gives more weight on the second decay channel (1) a value close to
one proves the ideal FLT-conform behavior of the investigated TTF/Au(111)
surface for intermediate state energies above 0.3eV.

Collectively, the presented results suggest a negligible impact of TTF adsorption
on hot electron lifetimes at a Au(111) surface. This finding is quite surprising
as the electronic band structure around Er should influence the hot electron
lifetimes at metal surfaces [156, 429, 430]. But TTF adsorption leads to a minor
effect on hot electron dynamics at a Au(111) surface, in comparison to polycrys-
talline Au(111) films, despite of the presented interfacial band formation and
charge transfer type interaction at the TTF/Au(111) interface (for details see
chapter 9). So in this special case a fundamental modification of the interfacial
electronic structure has no impact on the hot electron dynamics. In order to
understand this observation, one layer TCNQ was additionally evaporated onto
a fully covered TTF/Au(111) interface. Due to its high EA, TCNQ adsorption
should influence the ultrafast hot electron dynamics at the TTF/Au(111) inter-
face by a possible adsorbate-induced rearrangement. Annealing at 370 K leads
to a structural and electronic reorganization and the desorption of non-surface-
bound TTF and TCNQ molecules (see appendix F) which presumably results
in a single molecular layer of mixed TTF/TCNQ complexes adsorbed on the
Au(111) substrate (from now on called TCNQ/TTF/Au sample). In order to
prove the impact of this molecular reorganization on hot electron lifetimes, the
evaporation sequence was reversed: first a TCNQ monolayer was prepared and
annealed to 370 K, then TTF was additionally dosed on top and subsequently
annealed at 300 K which again led to a structural and electronic reorganization
and the desorption of non-surface-bound TTF and TCNQ molecules. From
now on this sample is called TTF/TCNQ/Au. Both samples, TCNQ/TTF/Au
and TTF/TCNQ/Au, are characterized by a very similar electronic structure
(see appendix F). This includes a similar work function of about 4.80 £ 0.10 eV
and the observation of a broad unoccupied electronic state energetically located
around 0.85 £+ 0.12eV below FEy,. which can be assigned to the first image
potential state (IPS;), according to AR2PPE investigations (see appendix F).
Unfortunately, the exact chemical composition of both samples is unknown,
but it can be assumed due to the similar electronic structure that both samples
consist of a comparable single layer of mixed TTF/TCN(Q molecules on a
Au(111) surface.
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10. Adsorbate-Supported Relaxation Dynamics of Hot Electrons at
Metal/Organic Interfaces

Figure 10.3 illustrates for both samples a two-dimensional representation of
TR2PPE measurements and cross-correlation curves averaged for 0.1eV in-
termediate state energy steps each. For these time-resolved measurements
the applied photon energies were 2.39eV and 4.79¢eV, respectively, in order
to probe again photo-excited electrons directly above Eg. Also in this case
positive pump-probe delays imply that the probe pulse (hiy = 4.79eV) reaches
the sample after the pump pulse (hrvy, = 2.39¢eV). TR2PPE measurements
of both mixed layer samples shown in figure 10.3a and ¢ reveal similar hot
electron dynamics. As previously performed for the TTF/Au(111) interface,
the cross-correlation curves averaged for 0.1 eV intermediate state energy steps
are illustrated in figure 10.3b and d to characterize the hot electron dynamics
at these mixed layer interfaces in more depth. Also for the mixed layer the
averaged cross-correlation curves can be fitted by a monoexponential decay
function. Figure 10.4 visualizes the resulting intermediate state energy de-
pendent lifetimes for TCNQ/TTF/Au and TTF/TCNQ/Au in comparison to
hot electron dynamics at the TTF/Au(111) interface. For intermediate state
energies above 0.5¢eV hot electron dynamics at mixed layer covered Au(111)
surfaces coincide with hot electron lifetimes at the TTF/Au(111) interface and
at single-crystal Au(111) films (see figure 10.2b). As previously discussed these
lifetimes are in full agreement with FLT which suggests an electron-electron
scattering assisted decay of hot electrons in this energy range. In contrast, for
intermediate state energies below 0.5eV the hot electron dynamics at mixed
layer covered Au(111) surfaces strongly differ from hot electron lifetimes at
the TTF/Au(111) interface or at single-crystal Au(111) films. Also in case
of low intermediate state energies the hot electron dynamics at mixed layer
covered Au(111) surfaces can be adequately described using FLT (without any
modification), whereas hot electron lifetimes at the TTF/Au(111) interface have
to be described using an additional decay channel. Therefore the intermixture
of TCNQ and TTF molecules adsorbed in a single layer on a Au(111) surface
quenches this additional decay channel. Due to its dependence on the interfacial
structure this decay channel at the TTF/Au(111) interface can not be assigned
to hot electron dissociation or electron-phonon scattering. So the ultrafast hot
electron dynamics at the TTF/Au(111) interface might be explained by a phase
space argument. Hybrid band formation at the charge transfer characterized
TTF/Au(111) interface leads to the formation of an increased density of occu-
pied and unoccupied electronic states near Er. This increased DOS near Ex can
be interpreted as an increased amount of available scattering partners as well
as an increased phase space as discussed for hot electron dynamics in transition
metals [411]. Both effects enable a fast electron-electron scattering assisted hot
electron relaxation also for low intermediate state energies at the TTF/Au(111)
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Figure 10.3.: Characterizing hot electron dynamics of a Au(111) surface covered with a
mixed TTF/TCNQ layer prepared in different evaporation sequences. a) And c¢) visualize
two-dimensional representations of TR2PPE measurements for TCNQ/TTF/Au and
TTF/TCNQ/Au, respectively. b) And d) illustrate cross-correlation curves averaged for
0.1eV intermediate state energy steps fitted by a monoexponential decay function.
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interface. In contrast, an intercalation of additional TCNQ molecules into the
first adsorbed layer, which can be traced by TPD measurements (shown in
appendix F), disturbs the well-defined geometric and electronic structure at
the TTF/Au(111) interface. This electronic disorder leads to a strong increase
of hot electron lifetimes especially for low intermediate state energies. The
reversibility of the dosing sequence has no effect on hot electron lifetimes which
can be quoted as an additional argument for increased hot electron lifetimes
due to TCNQ intercalation at the TTF/Au(111) interface.

The herein presented TR2PPE results suggest an adsorbate-supported hot
electron relaxation at the TTF/Au(111) interface which is characterized by hot
electron lifetimes up to almost 400 fs for infinitesimal small intermediate state
energies. However, these results contrast to FLT which predicts infinity lifetime
for infinitesimal small intermediate state energies. The short lifetimes at the
TTF/Au(111) interface can be explained by an adsorbate-induced increase of
the interfacial density of occupied and unoccupied electronic states around Ep
as discussed in terms of band formation in chapter 9. Especially for very low
intermediate state energies ((E; — Er) < 0.3€eV) this increase of the interfacial
DOS leads to an increased scattering rate and an increased phase space which
in turn results in limited hot electron lifetimes. An intercalation of TCNQ
molecules disturbs the well-defined geometric and electronic structure at the
interface which results in a decrease of the adsorbate-induced interfacial DOS
near Fr and consequently in an increase of hot electron lifetimes especially for
low intermediate state energy.
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11. Conclusion and Outlook

Within the scope of this thesis ultraviolet photoemission spectroscopy (UPS)
and two-photon photoemission (2PPE) were applied to study the electronic
structure of three different metal/organic interfaces. In combination the gained
insights led to a detailed understanding of correlations between charge transfer,
hybridization and band formation at metal/organic interfaces.

In order to ensure a reproducible preparation of these interfaces, the desorp-
tion characteristics of TCNQ, F,/TCNQ and TTF formerly evaporated on
a clean Au(111) surface were preparatory studied by means of temperature-
programmed desorption (TPD). These investigations gave indirect access to
intermolecular and adsorbate/substrate interactions in the respective first adsor-
bate layer. The obtained TPD data suggest a charge transfer type interaction
at the F,TCNQ/Au(111) interface due to an observed repulsive, presumably
Coulombic intermolecular interaction as it was previously reported for the
TTF/Au(111) interface [94]. In contrast, there is no evidence for such an inter-
molecular interaction at the TCNQ/Au(111) interface which points towards
neutral molecules in the first adsorbed layer.

It was the primary goal of this thesis to gain an overall picture of the electronic
structure at metal /organic interfaces which feature a charge transfer type inter-
action. The adsorbate-induced work function changes at the TCNQ/Au(111),
the F,TCNQ/Au(111) as well as the TTF/Au(111) interface revealed, according
to the integer charge transfer model, that these three metal /organic interfaces
cover three possible charge states of the adsorbed molecules on a Au(111) sur-
face: neutral (TCNQ), negatively charged (F,TCNQ) and positively charged
(TTF). In case of the F,TCNQ/Au(111) interface this result is supported
by the energetic position of a lowest unoccupied molecular orbital derived
occupied electronic state below the Fermi energy which suggests an electron
transfer from the metal surface into the molecule. Contrary, the TTF/Au(111)
interface features a highest occupied molecular orbital derived electronic state
directly at the Fermi energy which indicates an electron transfer from the adsor-
bate into the gold substrate. For both, FyTCNQ/Au(111) and TTF/Au(111),
energy-resolved and coverage-dependent 2PPE data point towards possible
hybridization between metal bands and molecular electronic states, whereas in
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11. Conclusion and Outlook

first instance, the electronic structure of the TCNQ/Au(111) interface displays
no indications for a charge transfer type interaction. However, 2PPE investiga-
tions revealed photo-induced spectral changes at the TCNQ/Au(111) interface
which indicate a photo-induced charge transfer type interaction at this interface
as well. Its characterization using the photo-induced work function increase as
measure suggests an image potential assisted population of the anion state and
a temperature-dependent back transfer to the initial state. Presumably, the
anionic molecule state is stabilized due to the strong electron accepting nature
of TCNQ.

In advance of investigating the electronic structure of the F,TCNQ/Au(111) in-
terface, low-energy electron diffraction (LEED) demonstrate epitaxial F4TCNQ
growth. 2PPE measurements showed that this epitaxial film growth is accom-
panied by a coverage-independent electronic structure but also by a coverage-
dependent work function change. The asymptotic work function evolution
for film thicknesses above one monolayer can be assigned to the formation
of a space charge region. Presumably, it is generated by a specific amount
of F4/TCNQ anions which are formed due to the transport of electrons from
the F,TCNQ/Au(111) interface also to higher adsorbate layers. Therefore
the driving force for this observation might be efficient charge transport to
higher lying adsorbate layers due to the very high electron affinity of F,TCNQ
molecules which is supported by a well-ordered molecular structure and a small-
dimensioned primitive unit cell. In this context, subsequent angle-resolved two-
photon photoemission (AR2PPE) measurements substantiate efficient charge
transport in epitaxial F,TCNQ films by the observation of intermolecular
hybridization and band formation.

In the course of this thesis angle-resolved photoemission (ARPES) and AR2PPE
exposed band formation and thus charge carrier delocalization parallel to the
surface at both, the F4TCNQ/Au(111) as well as the TTF/Au(111) interface.
Whereas the latter one is characterized by three interfacial hybrid bands which
are only observed directly at the metal/organic interface, the F4,TCNQ/Au(111)
interface constitutes the first metal/organic hybrid interface at which both,
interfacial hybrid states and intermolecular hybrid states, can be simultaneously
observed. Moreover, all experimentally observed dispersions do not match the
characteristic effective mass of the Shockley surface state (SS) of the Au(111)
surface. Up to date PTCDA/Ag(110) and NTCDA/Ag(110), respectively, are
the only metal/organic interfaces in which the dispersion of hybrid bands is not
equal to the dispersion of the metal substrate’s SS. The herein presented re-
sults strongly suggest a correlation between hybridization, band formation and
charge transfer at metal/organic interfaces. Generally, interfacial hybridization
implies a redistribution of the interfacial charge carrier density which in case
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of band formation is delocalized at least parallel to the surface. Additionally,
the hybridization induced charge carrier redistribution in combination with
hybrid bands crossing the Fermi energy presumably determines the transferred
amount of charge at the interface. Therefore charge transfer may prospectively
serve as sufficient prerequisite to observe underlying hybridization and/or band
formation at well-ordered metal/organic interfaces.

The last part of this thesis deals with hot electron dynamics of adsorbate-covered
Au(111) surfaces. Time-resolved two-photon photoemission (TR2PPE) data
display hot electron relaxation at the TTF/Au(111) interface with lifetimes of
up to 400 fs for infinitesimal intermediate state energies, whereas a TTF/TCNQ
mixed layer adsorbed on Au(111) features hot electron lifetimes up to 1000 fs in
agreement with Fermi liquid theory (FLT). Especially for low intermediate state
energies the ultrashort electron lifetimes at the TTF/Au(111) interface can be
explained by a reduced phase space which is provoked by the adsorbate-induced
interfacial density of electronic states around the Fermi energy. An intercalation
of TCNQ molecules disturbs this well-defined interfacial electronic structure
which therefore leads to an increase of hot electron lifetimes. Consequently,
this thesis also demonstrates the impact of interfacial hybridization on hot
electron lifetimes at metal/organic interfaces.

Prospectively, the herein presented results may lead to subsequent fundamental
insights into the impact of the electronic structure at metal/organic interfaces
on organic (opto)electronic device functionalities and performances. For in-
stance, the prevalent application of F,TCNQ as hole injection layer on gold
electrodes has to be discussed from now on in terms of interfacial hybridization,
band formation and charge transfer. In this context, subsequent studies at
organic electronic devices with well-defined metal/organic interfaces would
substantiate the gained fundamental conclusions. Similarly, the photo-induced
charge transfer at the TCNQ/Au(111) interface might be tested to be applica-
ble as UV-radiation sensitive organic electronic device. In future, the herein
achieved detailed understanding of correlations between charge transfer, band
formation and hot electron lifetimes at well-defined metal/organic interfaces
can be used to choose and prepare appropriate metal/organic interfaces for
the study of interfacial hybridization, band formation, charge transfer and
adsorbate-supported hot electron lifetimes.
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A. List of Acronyms

1C
1C-2PPE
1C-PES
2C
2C-2PPE
2C-PES
2D

2PPE

3D

aFLT
AR2PPE
ARPES
BBO
CBM
CNL
CTC
CW

DFT
DOS

EA

ELA

F,; TCNQ
F,TCNQ
fce

FE

FLA

FLT
FWHM
HCT
HOMO
HREELS
ICT

one color

one color two-photon photoemission
one color photon energy series

two color

two color two-photon photoemission
two color photon energy series
two-dimensional

two-photon photoemission
three-dimensional

applied Landau theory of Fermi liquids
angle-resolved two-photon photoemission
angle-resolved photoemission spectroscopy
beta-barium-borate

conduction band minimum

charge neutrality level

charge transfer complex

continious wave

density functional theory

density of states

electron affinity

energy level alignment
difluoro-tetracyanoquinodimethane
tetrafluoro-tetracyanoquinodimethane
face-centered cubic

Fermi edge

Fermi level alignment

Landau theory of Fermi liquids

full width at half maximum

hybrid charge transfer

highest occupied molecular orbital
high-resolution electron energy loss spectroscopy
integer charge transfer
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Appendix A: List of Acronyms

P
IPS

IR

IS
LEED
LUMO
ML
NTCDA
OLED
OPA
PES
PTCDA
QMS
RGA
SE

SS
STM
STS
TCNQ
TOF
TPD
TR2PPE
TTF
UHV
UMO
UPS
Uv
VLA
XPS
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ionization potential

image potential state

infrared

interface state

low-energy electron diffraction

lowest unoccupied molecular orbital
monolayer
naphthalene-tetracarboxylic dianhydride
organic light emitting diode

optical parametric amplifier
photoemission spectroscopy
perylenetetracarboxylic dianhydride
quadrupol mass spectrometer

residual gas analysis

secondary edge

Shockley surface state

scanning tunneling microscope
scanning tunneling spectroscopy
tetracyanoquinodimethane
time-of-flight spectrometer
temperature-programmed desorption
time-resolved two-photon photoemission
tetrathiafulvalene

ultra-high vacuum

unoccupied molecular orbital
ultraviolet photoemission spectroscopy
ultraviolet

vacuum level alignment

x-ray photoemission spectroscopy



B. Residual Gas Analysis

A residual gas analysis (RGA) is a common tool to study the chemical com-
position of the residual gas in a UHV-chamber. For this purpose a mass
spectrometer (Balzers QMG 112A) is used to record a fragmentation pattern
with ranging mass-to-charge ratios from 0 to 200 amu. The residual gas in the
applied UHV-chamber contains typical air composites like Ny, CO5 and H5O as
shown in figure B.1la. Moreover, there is no significant signal for m/, > 50 amu
which demonstrates the cleanliness of the apparatus. Only a negligible contam-
ination with chlorine is noted which in this special case originates from the
previous evaporation of chlorine-containing molecules.

During the thermal evaporation of organic molecules RGA is used to determine
detectable molecular fragments for subsequent TPD (spectroscopy) investi-
gations. Generally, the detection process in QMS requires the ionization of
molecules which may lead to dissociation into small molecular fragments and
consequently to a characteristic fragmentation pattern. For all herein intro-
duced molecules the molar mass is above 200 &/mol which is the upper limit of
the applied QMS detection range. Therefore the singly ionized intact molecules
TCNQT, F,TCNQ" and TTF* can not be observed in this thesis. Compared
to the fragmentation pattern of the residual gas in the UHV-chamber (with-
out evaporation), the illustrated patterns during the evaporation of TCNQ),
F4,TCNQ and TTF display various additional mass intensities as shown in
figure B.1. These additional mass intensities can be assigned to molecular
fragments listed in table B.1.

The following mass-to-charge ratios were chosen for a subsequent TPD analysis:
m/, = 178 amu for TCNQ, m/z = 31 amu for F;/TCNQ and m/; = 58 amu for
TTF. As long as the mass fragments in RGA, while evaporation and in TPD
spectroscopy, coincidence, it is common to assume the desorption of intact
molecules from the surface. This can be confirmed by 2PPE measurements of
the underlying metal surface after desorption of molecules as shown in chapter
6.
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Appendix B: Residual Gas Analysis
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Figure B.1.: Residual gas analysis while evaporation delivers fragmentation pattern
of TCNQ b), F4TCNQ ¢) and TTF d) which can be compared to the residual gas
in the UHV-chamber without evaporation a). The applied mass spectrometer allows
the detection of several molecular fragments up to 200 amu in each case. An possible
assignment of observed fragments is shown in table B.1.
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fragment mass [amu| chemical assignment

TCNQ 50 CyNT
(012N4H4) 62 041\1Jr
m = 204 amu 64 C3Ny
76 C,NJ, C¢Hy
88 CsNJ, C;H;
102 TCNQ**, C;NH]
112 CoHy
124 CloHI
128 CoNH;
150 CroNoHf
178 C1iNsH;
F,TCNQ 19 F*
(C12Ny4Fy) 31 CF*
m = 276 amu 50 C3N*
76 CyN7
88 CsNJ
93 C;NF*
100 CeNJ
112 C.N;
124 CsN;
129 CeFy
153 CsFy
177 CloF;
TTF 24 Cy
(CeS4Hy) 26 CoHy
m = 204 amu 32 St
40 C,0"
42 C,H,O"
58 CySHy
70 C3SHy
76 CSy
88 CoSy
102 TTF+, C3S,H
147 C4SsHS
159 C5SsH

Table B.1.: A residual gas analysis delivers detectable molecule fragment masses while
evaporation of TCNQ, F,TCNQ and TTF. These masses can be possibly assigned to
the here listed molecule fragments.
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C. INluminating the TCNQ/Au(111)
Interface with an External Laser
Source

In chapter 7, presented results strongly indicate a photo-induced interfacial
charge transfer type interaction at the TCNQ/Au(111) interface. Unfortu-
nately the spot-size in 2PPE measurements is very low (see section 3.3) which
prevents the investigation of photo-induced modifications using TPD. In or-
der to overcome this difficulty an upscaling was tried using an external laser
source (Surelite II, Continuum, USA) borrowed from the research group of
Prof. Petra Panak!. Its photon energy and output power (hr, = 4.66¢€V,
P= 6.5+ 0.5 mW) matches the specifications of the applied 2PPE setup. In
compliance with a photon energy dependent series of illumination experiments
discussed in chapter 7 a higher photon energy about 5eV would be great
for pursuing upscaling attempts. In order to achieve upscaling using this
available light source, the illumination spot of the external laser beam was
chosen to have a larger diameter than the measurement spot for 2PPE which
in the end led to a low photon dose per time interval (approximately twenty
times lower than in respective 2PPE experiments). Using a photon energy
of 4.13 ¢V for 2PPE measurements (hr) which is not sufficient to trigger a
photo-induced charge transfer at the TCNQ/Au(111) interface enables the
possibility to study the influence of irradiation with the external laser source by
means of 2PPE. Figure C.1 illustrates the photo-induced work function change
of the TCNQ/Au(111) interface as a function of illumination time with the
external laser. Due to the low photon dose per time interval, illumination for
several minutes induces a small work function change. However, a saturated
photo-induced work function change, as achieved via illumination series using
2PPE (see chapter 7), was not approachable. Nevertheless, subsequent anneal-
ing steps revealed a full reversibility of photo-induced spectral modifications
which in accordance to 2PPE investigations can be traced back to the identical

'Prof. Petra Panak, Radiochemistry Research Group, Physikalisch-Chemisches Institut,
Ruprecht-Karls-Universitdt Heidelberg
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Appendix C: Illuminating the TCNQ/Au(111) Interface with an External
Laser Source

= without illumination 0=1.0£0.1 ML
= 2 min illumination o :
—— 15 min illumination hv;=4.13 eV

60 min illumination  hv, = 4.66 eV Figure C.1: Illuminating the
?gighboring s]pot 300K TCNQ/Au(111) interface with an
= 10 minamnealing &t external laser source (hv = 4.66€V)

leads to identical photo-induced spectral
changes as observed by means of 2PPE as
they were presented in chapter 7. However
the photon dose for illumination in this
experiment is comparably low which
results in higher illumination times to
visualize a photo-induced charge transfer
at the TCNQ/Au(11l) interface. A
subsequent annealing demonstrates the
full thermal reversibility.
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physical process: a photo-induced charge transfer at the TCNQ/Au(111) inter-
face. In summary, two important findings can be derived from this additional
illumination experiment with an external laser source. First to mention, it
was possible to upscale the photo-induced modifications which enables subse-
quent experiments via TPD, STM or HREELS. A second conclusion can be
driven from the fact that the applied external laser source features pulses in
the nanosecond range, whereas 2PPE was performed using femtosecond laser
pulses. As both light sources cause a photo-induced charge transfer at the
TCNQ/Au(111) interface with comparable photon doses a non-linear optical
process for its stimulation can be excluded. Consequently, the photo-induced
charge transfer at the TCNQ/Au(111) interface is a single photon triggered
process.

130



D. Monochromatic 2PPE Spectra of

the F,TCNQ/Au(111) Interface for
Submonolayer Coverages

During he discussion of the coverage-dependent work function change in epi-
taxial F,TCNQ films grown on Au(111) surfaces in chapter 8, a linear work
function decrease for increasing submonolayer coverage was visualized. This
slight linear work function decrease (from 5.50 £ 0.02 €V to 5.35 + 0.02¢eV) was
assigned to an interplay between Pauli-repulsion and charge transfer induced
interface dipole. The latter one entails an intermolecular repulsive interaction
in full conformance with TPD results in the submonolayer regime (discussed
in section 5.2). As a consequence a gradual decrease in the average interspace
between the adsorbed molecules should be involved for increasing submonolayer
coverage. This appendix illustrates 2PPE data for different submonolayer
coverages in figure D.1 to demonstrate the evolution of 2PPE features up to
1 ML coverage. 2PPE signatures which were assigned to adsorbate-induced
electronic states like FS, UMO; and UMO, experience an intensity increase

hv=426¢eV

DD DDD
[ [ [ |

1 ML Figure D.1: 2PPE spectra of the
F4TCNQ/Au(111) interface for increasing
submonolayer coverage. While the work
function decreases with increasing coverage
] molecule-induced electronic states rise in
UMO,| ntensity and the Au(111)-derived SS gets
quenched.

2PPE Intensity [normalized]

5 6 7 8 9
EFinal - EF [eV]
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Appendix D: The Evolution of Molecule-Induced 2PPE Features at the
F,TCNQ/Au(111) Interface for Submonolayer Coverages

with increasing coverage, whereas the Au(111)-derived SS gets quenched up to
a coverage of 1 ML. Both evolutions can be assigned to an increasing number
of adsorbed F,TCNQ molecules on the Au(111) substrate which implies an
increasing molecule packing density and intensity of electronic states. Therefore
the gradual quenching of SS and the intensity increase of molecule-induced
2PPE features indicate a gradual interspace-reduction between the adsorbed
molecules. This argumentation is consistent with the noticed intermolecular
repulsive interaction of adsorbed molecules directly at the interface which was
concluded from TPD results in the submonolayer regime and from the linearity
of the adsorbate-induced work function decrease for increasing submonolayer
coverage.
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E. Fitting Electronic State Dispersions
at the F,TCNQ/Au(111) Interface

This appendix illustrates the detailed fitting results of monochromatic AR2PPE
data at 4.01eV photon energy for the F,TCNQ/Au(111) interface at full
monolayer coverage. Fitting was applied to 32 2PPE spectra taken at different
polar angles between 21° and -10° in the spectral range between 7.0eV and
7.9eV. The procedure contains two Gaussians of variable width, intensity and
energetic position which can be assigned to LUMO* and UMO;. Figure E.1
displays nine exemplarily 2PPE spectra taken at different polar angles (black
lines). The total fit including a linear background and the two Gaussians
is represented in red, whereas the two single Gaussians used in the fitting
procedure are shown in dark blue (peak width w; &~ 0.2eV) and light blue
(peak width wy ~ 0.1eV). The angle-dependent energetic positions of both
electronic states in the displayed 2PPE spectra demonstrate band formation at
the FyTCNQ/Au(111) interface which also entails the decrease of electronic
state intensities for higher polar angles due to an almost resonant excitation
around 0°. The peak positions from this fitting were used to visualize the
dispersion of LUMO* and UMO; directly at the Fy/TCNQ/Au(111) interface
in chapter 9.
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Appendix E: Fitting Electronic State Dispersions at the F4yTCNQ/Au(111)
Interface
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Figure E.1.: Detailed results from fitting AR2PPE data (monochromatic, hv = 4.01 €V,
0 = 1 ML) of the F,TCNQ/Au(111) interface. Fits (in red) contain two Gaussians of
constant width which can be assigned to LUMO* (dark blue) and UMO; (light blue).
The peak positions from this fitting were used to visualize the dispersion of LUMO* and

UMO; directly at the F4TCNQ/Au(111) interface in chapter 9.
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F. Investigating the Electronic
Structure in a TTF/TCNQ Mixed
Layer on Au(111)

TTF/TCNQ mixed layers adsorbed on Au(111) are investigated with special
view on their hot electron dynamics in chapter 10. This appendix contains a
description of their preparation and a compact view on their electronic structure.
Figure F.1 illustrates TPD measurements during the preparation procedure
which consists of two evaporation and annealing steps each.

0.6 7 m/z = 58 after TTF dosing T,=100K
_ and before TCNQ Figure F.1: TPD measurements
=} dosing T tracing the mixed layer formation of
S, TCNQ/TTF/Au. After TTF evaporation
2 0.4 1 and annealing up to 300 K molecules from
g higher layers desorb (7y2) which results
o in a well-defined TTF/Au(111) interface
= 02 of 1ML coverage. Subsequent TCNQ
2 adsorption and annealing to 370 K leads
% to TCNQ intercalation into the TTF
/2 = 177 after TCNQ dosing o monolayer which can be concluded from
0.0 - s TTF desorption of the monolayer (v3)

T T T T T accompanied by TCNQ desorption from
150 200 250 300 350 higher layers (a2)

Temperature [K]

First, TTF molecules are dosed on a clean Au(111) surface held at Tg = 100 K
which afterwards is heated to 300 K in order to thermally desorb TTF molecules
which are not in direct contact with the Au(111) substrate. The desorption of
these T'TF molecules in higher lying layers can be traced by TPD as visualized
in figure F.1 (black data). In combination this first evaporation and annealing
step leads to a coverage of 1 ML TTF. Subsequent TCNQ evaporation leads
to the adsorption of TCNQ molecules onto this TTF/Au(111) interface held
at Ts = 100 K. At first glance an intercalation of TCN(Q molecules into the
TTF monolayer can be excluded from the fact that the TCNQ adsorption
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onto a TTF-covered Au(111) held at T = 100 K only moderately affects the
hot electron dynamics of the underlying TTF/Au(111) interface as proven by
TR2PPE data shown in figure F.2a and further on evaluated using an aFLT fit
as depicted in figure F.3 (green line).

a) W% TCNQ/TTF/Au before annealing b) b TCNQ/TTF/Au after annealing

hvi=4.79 eV
2.0 hw,=2.39 eV 2.0

hvi=4.79 eV

hot
eleetrons

E,-Er[eV]

[pazifewiou]
Ayisusjul §ddg

0 400 800 1200 0 400 800 1200
Pump-Probe Delay [fs] Pump-Probe Delay [fs]

Figure F.2.: Two-dimensional representations of TR2PPE measurements for a TCNQ-
covered TTF/Au(111) interface with 1 ML coverage before a) and after the second
annealing step (up to 370K) b).

According to this fit, the maximum lifetime of photo-excited hot electrons at
infinitesimal intermediate state energy is 437 £+ 22fs. A subsequent annealing
step to 370 K, which was originally performed to desorb TCNQ molecules from
higher lying layers, leads to the desorption of TCNQ molecules and non-surface-
bound TTF molecules as it can be traced by TPD measurements (see figure F.2
gray and red data). From this observation a thermally induced intercalation of
TCNQ molecules into the TTF monolayer on Au(111) has to be considered as
in turn TTF molecules desorb from the former monolayer (desorption peak 73).
Conclusively after the second evaporation and annealing sequence the Au(111)
surface is presumably covered by a mixed layer of TTF and TCNQ molecules.
However, this TCNQ intercalation disturbs the well-defined electronic structure
at the TTF/Au(111) interface as discussed in chapter 10. As this well-defined
interfacial electronic structure is the prerequisite argument for ultrafast hot
electron dynamics at the TTF/Au(111) interface, hot electron lifetimes get
increased due to TCNQ intercalation as shown by TR2PPE data in figure F.2b.
According to Fermi liquid theory, TCNQ intercalation consequently increases
hot electron lifetimes for infinitesimal intermediate state energies up to about
1000 fs as visualized in figure F.3. Interestingly, comparable hot electron life-
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1200+ ® TTF/Au:0=10:0.1 ML
® TTF/Au: 6=2.0+0.5 ML
i ® TTF/TCNQ/Au annealt
—_ ® ® TCNQ/TTF/Au as dosed
2 TCNQ/TTF/Au annealt
';' 800 1 FLT: 0.5fs (E /(E.-Ex))’ Figure F.3: Resulting intermediate
E aFLT: © = 33321 fs state energy dependent lifetimes for
;@' z=1.1£0.1 TCNQ/TTF/Au (before and after the
. 400 - FLT b B j(z)j;lzf; ; second annealing step up to 370K) and
Al f — 21402 ° TTF/TCNQ/Au samples in comparison to
® b=0fs hot electron dynamics at the TTF/Au(111)
interface.
0 -

00 02 04 0.6 08 1.0
E, - E; [eV]

times can be achieved for a TCNQ/Au(111) sample with intercalated TTF
molecules by inverting the evaporation and annealing sequence.

In order to further study the electronic structure of these mixed layer interfaces
in more depth, dichromatic 2PPE spectra for different photon energies are shown
in figure F.4. Both mixed layer samples (TCNQ/TTF/Au andTTF/TCNQ/Au)
feature comparable work function values of 4.80 + 0.10eV. Moreover, dichro-
matic 2PPE spectra display two photoemission features which can be assigned
to unoccupied image potential states (IPS; and IPS,) energetically located
around 0.85 £ 0.12€eV below the vacuum energy according to photon-energy
dependent data (see figure F.4c). AR2PPE results additionally support this
assignment due to exposing a free electron-like dispersion of IPS; for both
mixed layer interfaces.
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Figure F.4.: 2PPE spectroscopy study of TCNQ/TTF/Au and TTF/TCNQ/Au

samples, prepared as described in chapter 10.

a)

Dichromatic 2PPE data of the

TCNQ/TTF/Au sample as well as of the TTF/TCNQ/Au sample b) display two
photoemission features which can be assigned to image potential states (IPS; and IPS5)
according to photon-energy-dependent data shown in c¢). d) AR2PPE data unveil the
free electron-like dispersion of IPS; for both mixed layer interfaces.
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