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Abstract

This work addresses several important topics of the field of organic elec-
tronics. The focus lies on organic/metal interfaces, which exist in all or-
ganic electronic devices. Physical properties of such interfaces are crucial
for device performance. Four main topics have been covered: (i) the impact
of molecular orientation on the energy levels, (ii) energy level tuning with
strong electron acceptors, (iii) the role of thermodynamic equilibrium at or-
ganic/organic homo-interfaces and (iv) the correlation of interfacial electronic
structure and bonding distance. To address these issues a broad experimen-
tal approach was necessary: mainly ultraviolet photoelectron spectroscopy
was used, supported by X-ray photoelectron spectroscopy, metastable atom
electron spectroscopy, X-ray diffraction and X-ray standing waves, to exam-
ine vacuum sublimed thin films of conjugated organic molecules (COMs) in
ultrahigh vacuum.

(i) A novel approach is presented to explain the phenomenon that the ion-
ization energy in molecular assemblies is orientation dependent. It is demon-
strated that this is due to a macroscopic impact of intramolecular dipoles
on the ionization energy in molecular assemblies. Furthermore, the corre-
lation of molecular orientation and conformation has been studied in detail
for COMs on various substrates. (ii) A new approach was developed to tune
hole injection barriers (∆h) at organic/metal interfaces by adsorbing a (sub-)
monolayer of an organic electron acceptor on the metal electrode. Charge
transfer from the metal to the acceptor leads to a chemisorbed layer, which
reduces ∆h to the COM overlayer. This concept was tested with three accep-
tors and a lowering of ∆h of up to 1.2 eV could be observed. (iii) A transition
from vacuum-level alignment to molecular level pinning at the homo-interface
between a lying monolayer and standing multilayers of a COM was observed,
which depended on the amount of a pre-deposited acceptor. The measured
shift in the vacuum level between monolayer and multilayer coverage was di-
rect evidence for thermodynamically driven charge transfer between molecu-
lar layers. (iv) A clear correlation between the strength of chemical bonding
of COMs and the bonding distance to metal substrates could be shown.
All these findings lead to a better understanding of organic/metal interface
physics and may help to enhance performance of organic devices in the future.

Keywords:
organic/metal interfaces, hole injection barrier, photoelectron spectroscopy,
molecular orientation



Zusammenfassung

In dieser Arbeit werden Fragestellungen aus dem Gebiet der Organischen
Elektronik behandelt, hauptsächlich Grenzflächen zwischen Metallen und
konjugierten organischen Molekülen (KOM), die Bestandteil fast aller Bau-
teile der Organischen Elektronik sind. Physikalische Eigenschaften solcher
Grenzflächen bestimmen die Effizienz von Bauteilen. Im einzelnen wird be-
handelt: (i) der Einfluss der Orientierung von Molekülen auf die Energieni-
veaus, (ii) das gezielte Einstellen von Energieniveaus mithilfe starker Elek-
tronenakzeptoren, (iii) die Rolle des thermodynamischen Gleichgewichts an
organisch-organischen Grenzflächen und (iv) der Zusammenhang zwischen
elektronischer Struktur an Grenzflächen und dem Bindungsabstand. Dazu
war ein breiter experimenteller Ansatz nötig: Es wurden hauptsächlich Mes-
sungen mit ultravioletter Photoelektronenspektroskopie, unterstützt von Rönt-
genphotoelektronenspektroskopie, Spektroskopie mit metastabilen Atomen,
Röntgenbeugung und stehenden Röntgenwellen, an vakuumsublimierten or-
ganischen dünnen Schichten im Ultrahochvakuum durchgeführt.

(i) Eine neue Erklärung für das Phänomen der orientierungsabhängigen
Ionisationsenergie in molekularen Verbünden wird gegeben. Dabei kommt
es zu einem makroskopischen Einfluss intramolekularer Dipole auf die Io-
nisationsenergie. (ii) Es wurde eine neue Methode gefunden, um die Lo-
chinjektionsbarriere (∆h) an organisch/metallischen Grenzflächen zu kon-
trollieren. Dazu wurden (Sub-)Monolagen starker Elektronenakzeptoren auf
Metalloberflächen adsorbiert. Dabei kommt es zu einem Ladungstransfer, der
∆h eines darauf aufgedampften KOMs verringern kann. Das Konzept wur-
de mit drei Akzeptoren getestet und ∆h konnte um bis zu 1.2 eV verringert
werden. (iii) Ein akzeptorvorbedeckungsabhängiger Übergang von Vakuum-
niveauangleichung zu einem “Pinning” molekularer Niveaus an Homogrenz-
flächen eines KOMs mit liegender Mono- und stehender Multilage konnte
beobachtet werden – ein direkter Beweis für einen thermodynamisch getrie-
benen Ladungstransfer. (iv) Ein klarer Zusammenhang zwischen der Stärke
der chemischen Bindung und dem Bindungsabstand von KOM zu Metall-
substraten konnte gezeigt werden. Die Ergebnisse führen zu einem besseren
Verständnis der Physik von KOM/Metall Grenzflächen und können zu einer
Verbesserung der Leistung von organischen Bauteilen führen.

Schlagwörter:
organischer Halbleiter/Metall Grenzflächen, Lochinjektionsbarriere,
Photoelektronenspektroskopie, molekulare Orientierung
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Chapter 1

Introduction

The field of organic electronics is one of the fastest growing research-fields
over the past few years [1–3]. Enormous progress in both, understanding of
fundamental physics and device performance could be achieved. Some appli-
cations like organic photovoltaic devices [4–6], organic field effect transistors
[7–9] or organic light emitting diodes [10, 11] are entering the market. The
major advantages are low-cost and low-energy fabrication as well as mechan-
ical flexibility. But still a gap exits between the comprehension of classic,
inorganic solid state physics with an immense basis of common knowledge
[12–14] and the comprehension of organic solid state physics [15–17]. Since
the number of different conjugated organic molecules (COMs) is virtually un-
limited and hence the bulk properties of active materials in organic devices
can be altered easily by taking different COMs, especially the functional
interfaces of COMs attract interest.

In nearly all COM based devices organic/metal interfaces occur [18–21].
For charge transport in devices like organic solar cells, organic field effect
transistors or organic light emitting diodes [Fig. 1.1] the charge carrier injec-

metal electrode

COM

transparent electrode
substrate

light emission

gate insulator

gate

COM

source drainchannel

(a) (b)

Figure 1.1: Schematic cross section of (a) an organic field effect transistor and
(b) an organic photovoltaic device with organic/metal interfaces at (a) the
source/COM and drain/COM contact and (b) the electrode/COM contact.
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tion barriers at these interfaces often act as bottlenecks. It was shown that
lowering the charge carrier injection barrier can enhance device performance
by orders of magnitude [12]. For this purpose it is indispensable to get a
deeper insight in organic/metal interface properties, since charge injection
barriers not only depend on electronic but also on structural properties like
molecular orientation, bonding distances or adsorption induced conformation
changes of molecules on metal substrates. Therefore, I focused in this work
on vacuum sublimed organic thin film model systems on metals to correlate
their electronic and structural properties.

This work is organized as follows: In Chapter 2 an introduction into
organic solid state physics and the experimental techniques is given, followed
by a description of the investigated COMs and details of the experimental
setups in Chapter 3. In the main part –Chapter 4– the experimental results
are presented and discussed. In Chapter 5 conclusions and outlooks are given.

Chapter 4 starts with the molecular orientation of COMs on metals and
the interplay of molecular orientation and electronic structure. As a model
system α, ω-dihexylsexithiopene (DH6T) is chosen, since it will be shown
that this rodlike molecule exhibits a peculiar growth mode on metals: The
monolayer is lying flat on the substrate while subsequent multilayers are
standing nearly upright. This orientational transition is accompagnied by
a shift of molecular levels, which lowers the hole injection barrier (∆h) at
the organic/metal interface by 0.5 eV. In literature, shifts of this order of
magnitude at lying/standing interfaces have been assigned to different in-
termolecular polarization efficiency for the different molecular crystal phases
[22–24]. It will be shown that in contrast to common believe the upper limit
of such polarization effects is only 0.15 eV. It will be demonstrated that the
molecular orbital shift can be assigned to an orientation dependent ionization
energy of molecular crystals. This idea is similar to the concept of different
work functions of different orientations in metal single crystals. However, it
has not been employed in the context of van der Waals crystals before. Fur-
thermore, the influence of the substrate on molecular growth will be discussed
in detail.

In the following part, I will present an approach to lower ∆h at or-
ganic/metal interfaces. For this purpose, strong electron accepting molecules
are used, which undergo a charge transfer with metal substrates. It will be
demonstrated that this charge transfer leads to an interface dipole at the
organic/metal interface. This dipole increases the effective substrate work
function. The molecular orbitals of subsequently deposited COMs are aligned
to this new work function and therefore the hole injection barrier is lowered.
With this novel concept the hole injection barrier of virtually any COM can
be lowered by up to 1.2 eV. Furthermore, the hole injection barrier can be
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tuned in the same energy range by controlling the acceptor pre-coverage.
The combination of the energy level tuning concept with the lying/stan-

ding transition of DH6T leads to a detailed insight into the energy level
alignment mechanisms at organic/organic homo-interfaces. Depending on
the acceptor pre-coverage of the metal substrate a transition from vaccuum
level alignment to Fermi-level pinning can be observed at the lying/standing
interface of DH6T. Fermi-level pinning is related with a thermodynamically
driven charge transfer across a hexyl layer, which was thought to exhibit
insulating properties before [25].

I will discuss the bonding distance of COMs on metals and demonstrate
that bonding distances are directly correlated with the interfacial electronic
structure of chemisorbed molecules. Measuring the bending of molecules on
metals (i.e. adsorption-induced conformation changes) allows to determine
the strength of adsorption induced intramolecular dipoles. This is important,
since these dipoles have to be considered for an appropriate description of
the energy level alignment at organic/metal interfaces.

The results of this work shed light on the complex phenomena at or-
ganic/metal interfaces. The correlation of different effects like interface
dipoles, charge transfer, bonding distance or molecular orientation is nec-
essary, since all these effects contribute to the energy level alignment at
organic/metal interfaces. This correlation is made possible by the combina-
tion of a number of experimental techniques like photoelectron spectroscopy,
metastable atom electron spectroscopy, X-ray diffraction and X-ray standing
waves. The results allow an improved control of interface properties and may
lead to better organic device performance in the near future.

3



Chapter 2

Fundamentals

This chapter provides a motivation for the experimental work in more de-
tail. The charge injection as a key issue for organic device performance is
highlighted and an introduction to related topics is presented. Then the
experimental techniques used within this work are described.

2.1 Organic/metal interfaces
In this section the importance of organic/metal interfaces is highlighted and
basic physics at such interfaces, including charge injection, energy level align-
ment and structural properties, are described in more detail.

2.1.1 Charge injection

In order to properly understand the organic/metal interface energetics and
the charge injection across such interfaces, some fundamental aspects of or-
ganic solid state physics [15–17, 26, 27] will be highlighted. The electronic
structure of typical organic molecules consists of π- and σ-bonds. In con-
jugated organic molecules –mainly treated in this work– π-electrons are de-
localized over a molecule. This closed shell structure leads to rather weak
intermolecular interactions and molecular crystals are typically governed by
van der Waals interactions. Due to the anisotropic shape of most COMs, also
most physical properties in molecular crystals exhibit high anisotropy. The
weak intermolecular interactions lead to a low density of free charge carriers,
that are delocalized over the whole structure, compared to their inorganic
counterparts [17, 28]. In addition, the charge carrier mobility in most or-
ganic crystals is very low. Thus, the mean free path of the charge carriers
is often in the order of the intermolecular distances. Therefore no or only
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low distinct band dispersion [29–31] exists. Charge is mainly transported
by hopping transport [32–34], i.e. by a tunneling based process. In the
Bässler-model [35] the charge transport is described by hopping of charge
carriers induced by an external electric field to neighbour molecules with
slightly larger or smaller energy. Moreover, since the space charge region at
organic/metal or organic/organic interfaces is inversely proportional to the
space charge density [12], usually no band bending occurs in organic thin
films at organic/metal or organic/organic interfaces. However, all transport
properties in organic crystals and organic thin films strongly depend on the
degree of order and the density of defects of the organic assembly. For exam-
ple the temperature dependence of the charge carrier mobility µ is ranging
from a band-like µ ∝ T−1 dependence for highly ordered molecular crystals
to a hopping-like µ ∝ T dependence for relatively unordered organic thin
films [15]. Therefore, the description of the electronic structure of organic
solids with “bands” is often not useful. The characterization of energy lev-
els is mainly done in the picture of (un)occupied molecular orbitals. The
energetic position of the HOMO (highest occupied molecular orbital) and
the LUMO (lowest unoccupied molecular orbital) levels are most useful for
the description of interface properties, because these are the transport lev-
els. For the description of the transport levels, polarization effects in organic
materials have to be considered. In general, a charged particle polarizes the
surrounding matter [36], i.e. in the case of an organic solid a charged molecule
polarizes its neighbours. The polarization follows the charged molecule quasi
instantaneously [15]. The positive polarization energy (Ph) is given by the
difference of the ionization energy of the free molecule (IEM) and of the
molecular crystal (or generally the molecular solid state) (IEC) [15]:

Ph = IEM − IEC . (2.1)

The negative polarization energy (Pe) is given analogously by the differences
of the electron affinities (Ai):

Pe = AC − AM . (2.2)

The transport levels are shifted by Ph (Pe) with respect to the gas phase
ground state.

In COM based devices often the injection limited current regime is ob-
served when current flows [37, 38], i.e. the current density in the device is
only determined by the charge carrier injection barriers at the interfaces.
In this case the current density across an organic/metal interface can be
approximated by the Richardson-Schottky-formula [12]:

j = AT 2 exp

(
− ∆h

kBT

) [
exp

(
qU

kBT

)
− 1

]
(2.3)
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(j denotes the current density, A the Richardson-constant, ∆h the hole injec-
tion barrier, T temperature, kB the Boltzmann-constant, q the elementary
charge and U the bias voltage). This equation shows the enormous impact
of ∆h on device performance, since the dependence between the current den-
sity and the hole injection barrier is exponential. Small changes in ∆h can
therefore change the current density across the interface by orders of magni-
tudes. For low injection barriers the situation can change to the space charge
limited current (SCLC) regime, where the current density across an organic
layer is given by the Mott-Gurney-formula [15]:

j =
9

8
εε0µ

U2

d3
(2.4)

(j denotes the current density, ε dielectric constant, ε0 vacuum permittivity,
µ mobility, U bias voltage and d layer thickness). In this case desirable for
applications, which can usually only be achieved for very low ∆h, the current
density is independent of ∆h. The magnitude of ∆h is determined by the
position of the HOMO level at the organic/metal interface, therefore the
energy level alignment at organic/metal interfaces must be discussed in more
detail.

2.1.2 Energy level alignment

Vacuum alignment vs. Fermi-level pinning

The energy level alignment at organic/metal interfaces is a key issue for the
performance of devices in the field of organic electronics [18, 19]. Two rather
simple models are often employed as energy level alignment mechanism to
estimate ∆h: (i) the Schottky-Mott limit, where the energetic positions of the
molecular levels are strictly determined by the work function of the metal
substrate involving vacuum level alignment, and (ii) Fermi-level pinning,
where the energetic positions of the molecular levels are pinned relative to
the Fermi-level (EF ) of the metal by charge transfer between the substrate
and adsorbate [39, 40]. However, these models do not incorporate the com-
plex processes determining the energy level alignment at organic/metal in-
terfaces, like the chemical interaction between substrate and adsorbate [41],
the electron push-back effect [18, 42–44], interface dipoles [18, 45, 46], or the
adsorption-induced geometry change of the molecules [47–49].

To satisfactionally describe the energy level alignment at organic/metal
interfaces, modified models that are well developed for inorganic semicon-
ductor/metal interfaces can be used as a first step, taking into account the
comparably weak adsorption of organic molecules on metal substrates and
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Figure 2.1: Schematic energy level diagram of interfaces between metals with
two different work functions (φi) and a COM in the Schottky-Mott-limit,
leading to different hole injection barriers (∆h,i).

the absence of free charge carriers in most organic semiconductors, which
inhibits band bending.

First, the case of strict vacuum level (Evac) alignment of energy levels will
be considered. In this case ∆h, which is defined as energy difference between
the Fermi-level of the metal and the HOMO onset of the COM, is given by
the difference between the work function (φ)1 of the metal and the ionization
energy (IE) of the COM:

∆h = IE − φ. (2.5)

Therefore, high work function electrodes lead to low hole injection barriers
at the organic/metal interface [Fig. 2.1].

However, strict vacuum level alignment is rather the exception than the
rule. For physisorbed molecules on metal surfaces the electron push-back
effect [18, 19, 43] has to be considered. The metal work function is the sum of
a bulk part, which is determined by the bulk chemical potential and a surface
part, which is determined by the electron density distribution on the surface
compared with the bulk, resulting in a surface dipole [36, 50]. Physisorbed
molecules on metal surfaces push back the metal electron density spilling out
of the pristine metal surface. Therefore, the part of the metal work function
consisting of the surface dipoles is decreased and the vacuum level exhibits
a shift (∆vac) [Fig. 2.2] upon deposition of a molecular layer. The value of

1In this work as usual in organic electronics “φ” represents energy values in contrast to
potential values. Moreover, sometimes φ is used for a COM, which is adsorbed on a metal
substrate system, although strictly spoken, φ of a semiconductor is not defined. In such a
case, φ is defined as difference between substrate EF and adsorbate Evac.
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Figure 2.2: Interface ener-
getics between a metal and
a COM including the inter-
face dipole, which is caus-
ing the shift in the vacuum
level ∆vac.

∆vac can be larger than 1 eV [18, 43, 51, 52] and differs for each particular
metal/COM pair. Although ∆vac increases ∆h, the principle of high work
function electrodes causing low hole injection barriers is still valid if the
push-back effect is considered. In literature the decrease of Evac caused by
the push-back effect is often termed “interface dipole”, although an existing
dipole is decreased by the adsorption of the molecules.

Vacuum level alignment is one of the two simple energy level alignment
mechanisms at organic/metal interfaces. The second is Fermi-level pinning.
In the case of Fermi-level pinning one has to deal with charged molecules,
so called polarons. The additional charge in a molecule leads to changes in
the molecular conformation and the intramolecular binding lengths [53, 54].
These changes consequently lead to a rearrangement of the molecular energy
levels [Fig. 2.3]. For both positive and negative polarons, the rearrangement
reduces the energy gap compared to the neutral state. The energy difference
between neutral and polaron state is the polaron relaxation energy. The
values of the polaron relaxation energies for organic thin films are in the
range of several hundred meV [39, 55].

The polaron relaxation energy has high impact on the energy level align-
ment at organic/metal interfaces. Considering a COM with a given IE vac-
uum level aligned on different metals, with increasing metal φ, ∆h will first
decrease. But if the IE of the COM minus its positive polaron relaxation
energy is in the range of the metal φ, the polaron level reaches an energetic
position just below EF . For a further increase in φ the polaron level cannot
move above the Fermi-level, since charge can flow across the organic/metal
interface driven by thermodynamics. In this case the HOMO is slightly pos-
itively charged and the polaron level near EF is partially occupied. This
new occupied state pins the molecular levels with respect to EF [39, 40, 55].

8



-+

neutral state positive polaron negative polaron

Figure 2.3: Schematic energy level diagram for a molecule in the neutral
state and in positively or negatively charged states, respectively.

An interface dipole is formed as consequence of the charge transfer and the
vacuum level is lowered. ∆h becomes independent of Evac and cannot be
lowered furthermore by the use of electrodes with higher work functions.
Fig. 2.4 demonstrates the situation at an organic/metal interface in the case
of Fermi-level pinning for metals with different work functions. In opposite
to vacuum level alignment [Fig. 2.1] an increase in φ leaves ∆h undisturbed,
but leads to an increase in ∆vac.

Thus, in thermodynamic equilibrium the positive polaron relaxation energy

� IE

EF

Evac

�vac,2

COMmetal

� IE

� h
EF

Evac �vac,1

COMmetal

�+

polaron

1 2LUMO

HOMO

� h

�+

polaron

LUMO

HOMO

Figure 2.4: Organic/metal interface energetics in the case of Fermi-level pin-
ning for metals with two different work functions. “polaron” symbolizes the
polaron level near EF existing just directly at the interface.
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of a COM on a metal surface gives the smallest ∆h that can be achieved inde-
pendent of the specific mechanism of energy level alignment [39, 55, 56]. So
far the choice of a high work function electrode was the only option to achieve
this lowermost hole injection barrier for a particular COM. But in organic
electronics additional electrode parameters like surface roughness, processing
features or stability play crucial roles. Therefore mechanisms are to be found
that allow to achieve the smallest possible ∆h value also for metals with low
φ.

Tuning the hole injection barrier

One approach to lower ∆h of a given metal/COM pair is the pre-coverage
of the metal surface with a strong electron accepting molecule, which under-
goes a charge transfer (CT) with the metal and therefore varies the surface
potential of the substrate. The molecular orbital levels of a subsequently
deposited COM may be aligned to the modified vacuum level leading to a
lowering of the hole injection barrier.

CT between different COMs is a well known phenomenon and resulting
charge transfer complexes (CTC) have been widely studied [57–61]. CT
occurs, if the electron affinity of the electron accepting molecule is larger
than the ionization energy of the electron donating molecule. In this case
electrons can be transferred from the donor to the acceptor. The amount
of transferred charge ranges from an elementary charge per molecule for
charge transfer salts to small fractions of a elementary charge per molecule
for systems where a hybridization of donor and acceptor levels takes place
[62]. Similar to a polaron a CT also leads to a rearrangement of the molecular
levels. In Fig. 2.5 the schematic electronic structure of the acceptor is shown.
The neutral acceptor LUMO is - at least partially - filled with negative charge.
The former LUMO (now the HOMO of the charged molecule) is shifted to
higher binding energies. In addition to the stabilization of the LUMO, the
CT causes also an energetic relaxation of the HOMO due to a change of
the molecular conformation. The CT leads also to the buildup of a dipole
between the negatively charged acceptor and the positively charged donor.

In recent works [63–69] such organic-organic CT was claimed to be re-
sponsible for different observations. Co-evaporation of acceptors with elec-
tron donor molecular species to form hole transport layers improved device
performance [63, 64] in organic light emitting devices significantly. This was
attributed to a reduction of ∆h due to the formation of a narrow space charge
region (several nm) near the metal contact facilitated by charge transfer be-
tween the acceptor and the organic donor matrix [65–67]. The conductiv-
ity in thin doped films increased by several orders of magnitude, both for

10
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LUMO + 1

HOMO
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Neutral CT

Figure 2.5: Schematic energy diagram of HOMO and HOMO-1 as well as
LUMO and LUMO+1 of a neutral electron accepting molecule (left side)
and a negatively charged acceptor (right side) with the Fermi-level (EF )
serving as the energy reference. The arrows indicate the origin of the newly
distributed levels in the negatively charged acceptor.

crystalline (vanadyl-[68] and zinc-phthalocyanine; ZnPc [65, 69]) and amor-
phous (ZnPc[69], and N,N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1-biphenyl-4,4’-
diamine; α-NPD[67]) samples. Another important issue is the space-charge
region formation mechanism in doped organic systems in the absence of an
electric field and the associated energy-level bending [65–67]. However, due
to the polaronic effects in organic materials, the explanation of these effects
by “doping” has to be treated with caution. Doping requires free charge car-
riers, which can overcome the mutual Coulomb attraction in doped systems.
This assumption is, particularly in disordered systems, no longer valid [70].
The observed phenomena may therefore not be due CTC formation between
electron accepting and donating molecules, but due to electrode interface
modifications via the accepting molecule. These modifications and the re-
sulting changes in the energy level alignment have not yet been investigated
in detail.

Strong electron accepting molecules may undergo a CT with metals. In
this case a thin layer of acceptors in the monolayer range on the metal surface
may lead to an interface dipole moment pointing towards to the surface. The
impact of this interface dipole on the work function can be approximated by
the Helmholtz equation:

∆φ =
q · nD · µ⊥

εε0

(2.6)

( ∆φ: change in the work function, q: elementary charge, nD: dipole surface
density, µ⊥: dipole moment perpendicular to the surface, ε: dielectric con-
stant, ε0: vacuum permittivity). The Helmholtz equation does not include
the interaction of the dipoles with external electric fields, such as those due
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to dipoles of other molecules. Therefore, the Helmholtz equation is valid only
for very small acceptor-coverages, where the dipole-dipole interaction can be
neglected. Otherwise the polarizability of the molecules leads to a decrease
of the net-dipole moment. In this case the Topping-model [71] has to be
applied, which includes the effect of depolarization; or an effective, coverage
dependent dielectric constant can be used, which yields the same results [72].
However, for prototypical organic monolayers of molecules with a permament
dipole the depolarization effect is only in the range of 100meV [72, 73]. Thus,
the Helmholtz equation can be regarded as a good approximation to estimate
the impact of CT-induced dipoles on the substrate work function.

The energy levels of subsequently deposited COMs are aligned to the
modified work function and the hole injection barrier of the COM on the
acceptor pre-covered metal substrate is lowered. Thus, the effects described
in Refs. [63–69] mentioned above are influenced by a metal-organic CT.
Furthermore, the linear relationship between ∆φ and nD can enable a simple
tuning of ∆h of virtually every COM at any metal surface by varying the
acceptor pre-coverage. This tuning is independent of the ability to form CTC
between the acceptor and the subsequently deposited COM. In Section 4.2
the energy level tuning approach will be described with several acceptors and
different overlayer COMs. It will be demonstrated that ∆h can be lowered
by up to 1.2 eV.

2.1.3 Structural properties

Electronic properties at organic/metal interfaces strongly depend on the
structural arrangement of organic molecules in thin films on the metal sub-
strates [42, 74–78]. Therefore, molecular growth and order has to be consid-
ered, to get a comprehensive understanding of the energy level alignment at
organic/metal interfaces.

Vacuum sublimed thin films

Organic thin films can be deposited by solution based processes or vacuum
sublimation. Since no solvent is involved in the adsorption process of va-
por grown thin films, the growth behavior only depends on the substrate-
adsorbate and the adsorbate-adsorbate interaction strength as well as on the
environment of thin film preparation. In this work only vacuum sublimed
organic thin films are investigated, since they allow to study the intrinsic
material properties. Ultrahigh vacuum conditions are necessary in order to
guarantee a well defined substrate for COM deposition. Under ambient con-
ditions surfaces are covered with undefined adsorbates, particulary water and
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organic composites. Also the adsorbed COMs themselves are influenced by
ambient conditions, especially by immediate oxidation. The growth of vac-
uum sublimed organic thin films is well investigated [79–83]. However, due
to the extraordinary diversity of the physical properties crucial for thin film
growth, like molecular shape, weight or intramolecular charge distribution
(intrinsic multipoles), it is difficult to point out general rules.

One has to distinguish between physisorbed (physically adsorbed) and
chemisorbed (chemically adsorbed) molecules. Although the transition is still
under discussion and fluent [84] a common denominator is that physisorbed
molecules are weakly bound and the molecular as well as the electronic struc-
ture stays undisturbed after adsorption, whereas chemisorbed molecules de-
velop covalent or ionic bonds with the substrate. The gain in enthalpy upon
adsorption for physisorbed molecules is in the order of 20 kJ/mol, whereas
for chemisorbed molecules this gain is about a magnitude higher [84]. Most
COMs physisorb on noble metals within this definition, but one has still to
look with care on this nominally physisorbed systems. “Weak chemisorp-
tion” should be a better term to describe this interaction, since also nomi-
nally physisorbed molecules are slightly distorted compared with gas-phase
molecules. But of course, depending on the properties of the molecule also
strong chemisorption can be observed: Molecules with large ionization en-
ergies or low electron affinities can even hybridize with the metal substrate.
The dominant substrate/molecule interaction for physisorbed molecules is
the van der Waals force. The resulting potential V between a surface and an
adsorbing molecule can be described with the Lennard-Jones-Potential [84]:

V = −4V0

[(σ
r

)6

−
(σ
r

)12
]

(2.7)

(V0 is the minimal potential energy, σ an effective molecular diameter and r
the surface-molecule distance). The (1/r)6 term includes the attractive van
der Waals forces and the (1/r)12 term the repulsive forces due to the Pauli
principle and the increased Coulomb repulsion due to less sufficient screening
of the nuclei [84]. This potential favors an overlap of molecular π-orbitals
with delocalized metal bands leading often to a planar adsorption geometry of
ring-shaped aromats like benzenes or thiophenes. For rodlike oligomers based
on these building blocks an analogous orientation was observed, leading to
lying molecules on metal surfaces, i.e. molecules with their long-axes and
molecular plane parallel to the substrate. These molecules undergo often a
gradual transition from lying to almost standing molecules as a function of
several hundred layers [85–87]. On weakly interacting substrates like SiO2

rodlike molecules usually prefer to grow in an almost standing orientation
from initial crystal growth, since this orientation allows better overlap of
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metal substrate weakly interacting substrate

(a)

(b)

Figure 2.6: (a) In each case one of many possible schematic growth scenar-
ios for rodlike molecules on a metal (left) or a weakly interacting (right)
substrate. (b) The three well known typical growth modes.

the molecular π-systems [79, 82]. Two sketches illustrating the scenarios are
shown in Fig. 2.6 (a).

The growth mode depends on the balance of adhesion energy at the in-
terface and cohesion energy in the bulk. Three typical growth modes can be
distinguished: Volmer-Weber (layer by layer), Frank-van der Merve (island)
and Stranski-Krastanov (islands on wetting layer) [Fig. 2.6 (b)]. However,
since diffusion on different timescales –ranging from diffusion during adsorp-
tion to diffusion on a timescale of months– is also possible, an organic thin
film can change between the different growth modes with time, e.g. dewetting
of the substrate is observed in certain cases [88]. In addition, polymorphism
is rather the rule than the exception [89, 90].

Molecular orientation

Due to the structural anisotropy of many organic molecules nearly all physical
properties of organic thin films depend on the molecular orientation relative
to the substrate [42, 74–78]. Some of these properties, like charge injection,
photoluminescence or transport properties directly impact the efficiency of
devices in organic electronics. It has been found that the current density
across organic/metal interfaces in model devices is much higher for standing
rodlike COMs than for lying rodlike COMs, which was explained by a de-
creased hole injection barrier [42, 91]. Therefore, in this work one focus lies
on the interplay of molecular orientation and electronic structure. It is known
that different molecular orientations affect the electronic structure of organic
thin films [22–24]. Various intermolecular interactions have been suggested
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to be the reason for these changes. Especially the shift of molecular orbitals
towards EF for standing molecules compared to films with a almost lying
orientation has been explained through a change in the polarization ability
by surrounding molecules [22–24]. However, the effect of polarization may
be overestimated. In this work a general concept is presented to explain this
effect with an orientation dependent ionization energy of molecular crystals.

Bonding distance

Another structural parameter that has to be considered for the energy level
alignment is the bonding distance (dh) of adsorbates on substrates [Fig. 2.7].

dh

substrate

adsorbate

Figure 2.7: Bonding distance (dh) of an adsorbate molecule upon a substrate
surface.

A strong correlation between dh and the bonding type of the adsorbate to
the substrate is expected. In weakly interacting systems (physisorption) the
bonding distance is expected to be rather large and small variations of dh do
not significantly affect the interfacial electronic structure [92]. In contrast, for
strongly interacting systems dh is expected to decrease and strongly depends
on the bonding type [47, 48, 93, 94]. In particular for charge transfer systems
it is expected that a strong correlation between the interfacial charge transfer
and the bonding distance exists, which again depends on the reactivity of the
metal substrate.

Not only the distance between adsorbate and substrate, but also (ad-
sorption induced) conformation changes of molecules on metal substrates
influence the energy level alignment, since they can lead to intramolecular
dipole moments, which have to be considered in the energy level alignment.
For molecules with an intrinsic dipole [95] and for the case of strongly inter-
acting systems, where it is obvious that dipoles can be induced by adsorption
[48, 49], bending induced dipole moments have been reported in literature.
However, the role of conformation change induced dipoles in the case of ini-
tially planar molecules on weakly interacting substrates have so far not been
explored. It can be assumed that also in this case adsorption induced dipoles
exist, which have to be considered in energy level alignment considerations
of such systems.
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2.2 Methods
To obtain the information that is needed for a comprehensive understanding
of organic/metal interfaces a broad experimental approach is necessary. Since
this work is focused on the electronic structure, the most frequently used ex-
perimental technique was ultraviolet photoelectron spectroscopy, which di-
rectly probes the valence electronic structure of the sample. As pointed
out in the previous chapter, the electronic structure is closely related to
structural properties; therefore, in selected cases a combination of ultraviolet
photoelectron spectroscopy investigations with techniques probing the struc-
tural arrangement of the sample, like metastable atom electron spectroscopy
and X-ray diffraction, has been performed. To assess information about the
bonding distances X-ray standing wave measurements were performed. In
this section the main principles of these techniques are described.

2.2.1 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is a widely used technique to study the
electronic properties of conjugated organic material [18, 41, 96, 97], a detailed

e-

h�

sample spectrometer

Figure 2.8: Scheme of the fundamental photoemission process.

description of the photoemission process can be found in various textbooks
[98–100]. As PES yields direct information on the density of occupied states,
the electronic structures of samples can be monitored in detail. Moreover,
information about chemical bonding, morphology and intermolecular inter-
actions, to give just some examples, can be obtained.

In Figure 2.8 the basic process of PES is sketched. Depending on the
excitation energy PES is commonly divided into ultraviolet photoelectron
spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS). The basic
principle is the same: the sample is excited by irradiation with monochro-
matic light with the energy hν and photoelectrons (e−) are produced via the
photoelectric effect. The kinetic energy of these electrons is measured with
a spectrometer.

16



E

E

vac

F

}

}
}�

EB

Ekin

�

EB

Ekin

h�

SS

e-

Figure 2.9: Energy level dia-
gram of PES, the left side sym-
bolizes the molecular energy
levels of an organic semicon-
ductor, the right side the cor-
responding photoemission spec-
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ergy of the exciting radiation,
e− excited electron, Evac the
vacuum level, EF the Fermi-
level, EB binding energy, Ekin

kinetic energy and φS sample
work function.

The information depth of PES is determined by the elastic mean free
path of the photoelectrons, which depends on their kinetic energy. In this
work excitation energies of hν of about 20 eV for UPS and in the range
from 400 eV to 1500 eV for XPS have been used. This corresponds to an
information depth of about one molecular layer in organic thin film samples
for UPS and a few layers for XPS. Thus PES and especially UPS is a very
surface sensitive technique. Via the investigation of thickness series of organic
thin films on metal substrates, i.e. a step by step deposition of the organic
layer, the electronic structure at the organic/metal interface as well as in the
bulk of the organic layer can be monitored and coverage dependent energy
level diagrams can be derived.

Figure 2.9 displays an energetic diagram of the PES process. The energy
of an exciting photon is transferred to an electron. If the photoelectron leaves
the sample without elastic scattering, the energy of the exciting photon hν
is divided into three parts:

hν = Ekin + φS + EB (2.8)

(Ekin: kinetic energy of the photoelectron, φS: sample work function, EB:
binding energy). For practical data analysis the position of EF of a metal
substrate serves as reference for EB and φ does not have to be known, for a
calculation of the binding energy.
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Figure 2.10: Energy distribution curve (EDC) with the SECO (ESECO
kin ) and

the Fermi-level (EF
kin) marked.

In the low kinetic energy region close to zero kinetic energy secondary
electrons are emitted, which have been already elastically scattered in the
solid on their way to the sample surface. During the scattering processes
these electrons have lost the information about their initial state. With
decreasing kinetic energy the intensity of the secondary electrons is increasing
but at a certain value the kinetic energy is not sufficient to overcome the
work function of the sample and the intensity drops to zero [Fig. 2.10]. This
secondary electron cutoff (SECO) allows the sample work function (φS) to
be determined. φS is the difference of the photon energy (hν) and the width
of the energy distribution curve (EDC) [Fig. 2.10]:

φS = hν − (EF
kin − ESECO

kin ) (2.9)

(EF
kin: kinetic energy of electrons excited from the Fermi-level, ESECO

kin : ki-
netic energy of the SECO).

The sample work function is the energy difference between EF and Evac

[Fig. 2.11 (a)]. Evac is essentially constant in close proximity to the sur-
face, but can vary significantly for differently terminated surfaces. In gen-
eral, a surface has an inhomogeneous distribution of positive (atomic nuclei)
and negative (electrons) charges along the surface normal, forming a surface
dipole layer that contributes to Evac [19, 97, 101]. In Fig. 2.11 (b) the impact
of such a dipole with length L on the potential Ξ is shown. For very small dis-
tances from the surface x � L, the dipole layer can be regarded as infinitely
extended and Ξ is independent of x. For larger distances x � L the dipole
layer can be regarded as a point dipole and the potential is proportional to
x−2 [19, 101]. Obviously, in an usual PES experiment sample and spectrom-
eter have a macroscopic distance and it would be expected that the surface
dipole does not contribute to the measured work function. However, sample
and spectrometer are electrically connected [Fig. 2.11 (a)] and the total en-
ergy of the photoelectrons is conserved in vacuum. Thus, irrespective of the
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Figure 2.11: (a) Energy level scheme of electrically connected sample and
spectrometer: sample work function (φS), spectrometer work function (φSp)
and their difference (φdiff ). (b) Impact of a surface dipole layer with length
L on the potential (Ξ). e− marks the position, where the kinetic energy of
the photoelectron is measured.

developing of the vacuum level between sample and spectrometer, the kinetic
energy of the photoelectron equal to the moment after just having left the
sample is measured [Fig. 2.11 (b)] [19, 97, 101]. The spectrometer itself also
has a work function (φSp). In most experimental setups φSp is larger than
φS of a common organic thin film sample2, hence φdiff is a barrier for the
photoelectrons, which cannot be overcome by electrons in the SECO region
[Fig. 2.11 (a)]. To allow these low energy electrons to overcome φdiff , usually
a negative bias voltage (Vbias) is applied to the sample. Then the position of
the SECO is given by:

ESECO
kin = φS − φSp︸ ︷︷ ︸

φdiff

+qVbias (2.10)

(q: elementary charge), and the position of EF
kin is determined by the photon

energy and the spectrometer work function:

EF
kin = hν − φSp + qVbias. (2.11)

The combination of these two equations leads to Equ. 2.9.
It should be noted that PES cannot measure the electronic structure

of an undisturbed sample, since the photo-hole itself interacts with the the
2φSp does not denote a classical metal work function, but the effective work function

of the whole spectrometer depending on parameters like lens voltages or pass energy.
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Figure 2.12: (a) Schematic energy level diagram of the HOMO level evolution
of an organic adsorbate on a metal substrate as function of film thickness. (b)
Sketch of the screening effect by the metal substrate on an organic monolayer
and multilayer.

electronic structure of the sample, i.e. final and initial state are different.
The initial state is a N electron state and the final state a N-1 electron state.
The transition probability w for the photoexcitation of an electron is given
in the first Born approximation by Fermi’s Golden Rule [98, 100]:

w ∝ 2π

h̄
|〈Ψf |H|Ψi〉|2δ(Ef − Ei − hν), (2.12)

in this equation Ψf corresponds to the final and Ψi to the initial state wave
function, H is the Hamiltonian and Ef and Ei are the energies of final and
initial states, respectively. Even in the simplest approximation –a one elec-
tron view for initial and final state wave functions– the transfer integral can
just be calculated to

〈Ψf |H|Ψi〉 = 〈φf,Ekin|H|φi,k〉〈Ψk
f,R(N − 1)|Ψk

i,R(N − 1)〉. (2.13)

In this equation φf,Ekin means the wave function of the photoemitted electron,
φi,k the wave function of the orbital from which the electron is excited and
Ψk

i,R(N−1) and Ψk
f,R(N−1) the wave functions of remaining initial and final

state electrons, respectively. This simplified equation can only be solved using
Koopmans’ theorem [98, 100], which neglects the impact of the photo-hole on
the wave function of the remaining electrons. With this approximation the
overlap integral in Eq. 2.13 becomes unity and the transition matrix element
simplifies to a one-electron matrix element. Only in this case the measured
binding energy corresponds to the binding energy of the undisturbed system.

In this context, the effect of the screening of the photo-hole by the sur-
rounding matter has to be closer considered, since it is a commonly observed
phenomenon in PES, in particular for organic thin films on metal substrates.
The ejected electron is slowed down by the Coulomb attraction of the re-
maining photo-hole, leading to a decrease of the measured kinetic energy.
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This decrease of Ekin is reduced by the screening of the photo-hole by the
polarization of the surrounding matter (i.e. the higher the polarization, the
higher Ekin). It was found that in general the energy levels of multilayers
occur at higher binding energies than the energy levels of (sub-)monolayers
[Fig. 2.12 (a)]; the differences are up to 0.4 eV [18, 19, 102]. This was ex-
plained by a higher polarizability of metals compared to the polarizability
of COMs [18, 19, 102]. In the case of a (sub-)monolayer of a COM on a
metal surface the screening is mainly facilitated by the metal of the half
space underneath the adsorbate. For increasing coverage of the organic film
the influence of the metal substrate decreases [Fig. 2.12 (b)].

Ultraviolet Photoelectron Spectroscopy

The onset of the photoelectron emission of organic thin film samples in the
high kinetic energy region due to emission from the HOMO allows the de-
termination of the hole injection barriers. In the valence electron region the
density of occupied states is probed and molecular levels can be assigned.
The SECO in the low kinetic energy region is used to determine the position
of Evac, which allows to derive the sample work function. With ∆h and φ,
the ionization energy can be calculated as the sum of these two values. Thus,
UPS is the experimental method of choice for tracking the energy levels at
organic/metal interfaces as a function of the film thickness.

In addition to the energetic position of spectral features, also their shape
contains precious information. As an example, a high resolution UPS spec-
trum of the HOMO region of a pentacene (PEN) monolayer on Au(111) is
shown in Fig. 2.13. The HOMO peak can be fitted well with four Voigt peaks,
which correspond to the HOMO and its first three vibrational progressions
of PEN on Au(111) [103]. The interaction strength of the hole-vibrational
coupling is given by the Huang-Rhys factor S [53, 103–105], which can be
calculated from the intensity of the vibrational progressions:

In =
Sn

n!
e−S (2.14)

where In is the intensity of the n-th vibrational band [104]. With S and the
energy of the vibrational modes hν, which couples strongly to the photoe-
mission process, the charge reorganization λ can be calculated:

λ =
∑
m

Smhνm (2.15)

where νm is the vibrational frequency of the m-th vibrational mode [104].
λ corresponds to the sum of the relaxation energy which is necessary for
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Figure 2.13: UPS HOMO region for a monolayer of PEN on Au(111). Dots
are experimental points; grey lines correspond to results from fitting with
four Voigt functions. For details see text. This plot is taken from Ref. [103].

the conformational transition of the molecule from the neutral state to the
charged state. In addition to this molecular information that is contained
in UPS spectra, information about intermolecular and adsorbate-substrate
interaction can be obtained by comparing spectra of adsorbed molecules with
their gas-phase spectra, since strong interactions may lead to a further broad-
ening of the spectral features. However, in all cases the low binding energy
onset of the HOMO peak is the crucial parameter for the transport proper-
ties of the organic thin film, because this onset represents the manifold of
available charge transport states.

Since UPS is a surface sensitive method it can also provide information
on the growth mode. Depending on the growth mode the suppression of
substrate features, like emission from the metal Fermi-edge or metal bands
occurs at different nominal coverages. Substrate features are rapidly sup-
pressed for low molecular coverages if molecules grow in the Volmer-Weber
mode. Depending on the dimension of the molecule and the orientation
on the substrate one or two nominal layers are usually enough to suppress
substrate features totally. For Frank-van der Merve or Stranski-Krastanov
growth mode however twenty or more nominal layers are not even capable
to totally suppress substrate features. Also XPS can be used to probe the
growth mode in a similar way by investigating the substrate core level inten-
sities. However, due to the larger information depth in XPS, the coverage,
which is necessary to suppress substrate features, is higher.
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Figure 2.14: XPS spectrum of the C(1s) peak of ethylfluoroacetate. This plot
(taken from Ref. [36]) demonstrates the influence of the chemical environment
on the binding energy of core levels.

X-ray Photoelectron Spectroscopy

With XPS the atomic core levels can be investigated. A wide range XPS
spectrum contains information about the elements which are present in the
sample. Taking different atomic cross sections for photoemission into ac-
count, the intensity ratio of peaks derived from different elements gives the
elemental composition of the sample. Thus, XPS can be used to identify
contaminations on pristine substrates and impurities in adsorbed molecules.
XPS can also be used to check whether molecules have been adsorbed in-
tact, because often damage (due to heating during evaporation) leads to a
decomposition of the molecule and the elemental ratio of the adsorbate is
changed.

The binding energy of core levels depends significantly on the bonding of
the respective atom to neighboring atoms in the molecule. These chemical
shifts of core levels can be in the range of up to 10 eV [Fig. 2.14]. A close
inspection of core levels can therefore be useful to obtain information on
atoms in different chemical environments. This again is a good tool to test if
the investigated molecules adsorb intact. Chemical reactions with the surface
can lead to additional shifts in the core level spectra.

Commonly observed additional features in XPS are shake-up and shake-
off lines [36, 100]. These additional lines result from two-electron processes
where a valence electron is excited by the emission of a core level photo-
electron. The valence electron can either be emitted as well (shake-off) or
stay in the solid (shake-up) [Fig. 2.15]. In organic thin films shake-ups and
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Figure 2.15: Schematic
drawing of the shake-
off and shake-up
process in core level
spectroscopy.

shake-offs lead to broad peaks shifted by several eV in binding energy with
respect to the original peak.

2.2.2 Metastable atom electron spectroscopy

Metastable atom electron spectroscopy (MAES) [106, 107] is closely related
to UPS. The sample is excited and the kinetic energy distribution of emitted
electrons is measured. In contrast to UPS, the excitation of the sample occurs
via metastable atoms, mostly He*. In UPS the limiting factor for the infor-
mation depth is the elastic mean free path of the photoelectrons. MAES is
even more surface sensitive than UPS, since He* atoms do not penetrate the
surface and therefore only the outermost orbitals of the adsorbed molecules
are probed. Obviously, for different orientations of molecules forming the
adsorbed film, different molecular orbitals are exposed on the surface of the
film. In Fig. 2.16 the situation of He* atoms approaching an organic thin
film is sketched for two different molecular orientations. If quantum chem-
ical calculations allow to assign the spectral features to molecular orbitals
located on different parts of the molecule, the molecular orientation can be
determined. Therefore, MAES is the technique of choice to gain both, in-
formation about the electronic structure and molecular orientation in one
experiment.

Metastable atoms are usually produced by electron bombardment or
cold or hot cathode discharge type sources. In this processes both, singlet
He*(21S) and triplet He*(23S) are produced. He*(21S) can be experimen-
tally suppressed by the use of a quenching lamp to get rid of satellites in
the resulting MAES spectrum. He*(23S) atoms have thermal velocity and
are deexcited when reaching the sample surface. Depending on the elec-
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Figure 2.16: Organic thin films with two different orientations and cor-
responding MAES spectra. In the spectra the emission corresponding to
molecular orbitals located in the part of the film near to the surface domi-
nates.

tronic structure of the sample, different deexcitation channels of He*(23S)
are possible. For organic thin film samples without a continuous density of
unoccupied states above EF the dominating process is penning ionization of
the molecules [Fig. 2.17 (a)]. The underlying process of penning ionization
is:

S +He∗ → S+ +He+ e− (2.16)

where S means sample. An electron from an occupied molecular orbital of
the sample is transferred to the 1s level of the He* atom. Simultaneously,
the electron from the 2s level in He* is ejected. Since this is a single electron
process in the sample, the resulting spectrum corresponds to the occupied
states in the detected region. For metal samples, i.e. for samples with a
continuous density of unoccupied states above EF , the situation is different:
The dominating deexcitation process is resonance ionization:

S +He∗ → S− +He+ (2.17)

followed by Auger neutralization:

S− +He+ → S+ +He+ e− (2.18)

[Fig. 2.17 (b)]. An electron can resonantly tunnel from the excited He* 2s
level into an empty state in the sample. The now positively charged sample is
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Figure 2.17: Deexcitation modes of metastable atoms in contact with a solid
surfaces. (a) Semiconducting sample and (b) metal sample.

then neutralized by an Auger process. In this process an electron in the metal
fills the vacant position in the He* 1s level and a further electron is ejected
from the metal. The spectrum of this multi-electron process is smeared out
and contains only little structure.

2.2.3 X-ray diffraction

X-ray diffraction (XRD) is a technique, which is widely used in many fields
of science and is well documented in literature [108–110]. However, a brief
description of XRD is given in the following.

In XRD measurements the diffraction of X-ray radiation at the crystal
net-planes is used. The Bragg-equation:

nλ = 2dhkl sin(ΘB) (2.19)

relates the lattice spacing (dhkl) of a set of net planes with Miller indices (hkl)
to the scattering angle (ΘB) for a certain X-ray wavelength (λ). Depend-
ing on the measurement geometry the structural order of thin organic films
perpendicular and parallel to the film surface can be investigated with XRD
[Fig. 2.18]. Specular XRD, usually referred to as X-ray reflectivity (XRR) for
small diffraction angles, allows to determine the out-of-plane lattice spacings
and gracing incidence diffraction (GID) the in-plane lattice spacings. The
investigation of interference phenomena (Kiessig fringes) [111], due to differ-
ences in the electron densities of stacked layers, at low scattering angles in
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Figure 2.18: Geometry for X-ray reflectivity (XRR) and gracing incidence
diffraction (GID) measurements. In XRR both, the sample and the detector
are rotated, in GID the rotation of the sample is not necessary, if fibre tex-
tured structures are measured. αi denotes the incident angle of the primary
beam and αf the exit angle above the sample plane in the GID geometry.

specular XRD allows to accurately determine film thicknesses and interface
roughnesses.

2.2.4 X-ray standing waves

X-ray standing waves (XSW) [112–114] is a technique based on a combination
of a diffraction approach with a spectroscopic method. XSW is a powerful
tool to obtain molecular bonding distances on a single crystalline substrate.
The basic principle is to measure XPS spectra of organic monolayers with
an X-ray standing wave produced by Bragg-reflection [Equ. 2.19] on a single
crystalline substrate. By slightly varying the excitation photon energy the
nodes and antinodes of the standing wave map the space parallel to the
substrate surface. The intensity of excitation energy dependent XPS signals
is varied depending on the bonding distance of the atom [Fig. 2.19]. With
this technique bonding distances with an accuracy as good as 0.1 Å can be
determined [93].

The normalized spatial intensity of the XSW field ISW (~r) is given by the
superposition of the incoming plane wave with the electrical field vector ( ~E0)
and the Bragg-reflected wave ( ~EH):

ISW (~r) =
| ~E0 + ~EH |2

|E0|2
= 1 +R + 2C

√
R cos(ν − 2π ~H · ~r) (2.20)

(R = |EH/E0|2: reflectivity; ν: phase of the complex amplitude ratio:
EH/E0 =

√
R exp(iν); ~H: reciprocal lattice vector; C: polarization factor).

The C factor equals 1 for σ-polarization and cos(2ΘB) for π-polarization. R
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Figure 2.19: Principle of the XSW technique. The XSW field is the coherent
superposition of incident and diffracted wave. Bright parts correspond to the
antinodes and dark parts to the nodes of the standing X-ray wave in which
the XPS intensity (e−) of the adsorbate is measured.

E - E (eV)
Bragg

Figure 2.20: XSW yield Yp and reflectivity R as function of excitation en-
ergy relative to the Bragg energy (EBragg) for different coherent adsorption
positions ~H · ~r. This figure is taken from Ref. [112].

and ν can be calculated in the framework of the dynamical diffraction theory
[112]. The XSW field is used as excitation source for photoemission of the
adsorbate, i.e. the XPS signal of the adsorbate is measured in ISW . In the
dipole approximation the yield of a spectroscopic signal (Yp) of an adsorbate
is proportional to the electric field at the center of the atoms and thus pro-
portional to ISW . This proportionality is only valid in the ideal coherent
case, i.e. all atoms of the adsorbate have the same adsorption position. The
effect of different adsorption positions on Yp is illustrated in Fig. 2.20. The
signal of the reflectivity R solely originates from the metal substrate. In an
experiment the mean half width of R provides information about the crys-
tal quality and mosaicity. Yp only depends on the coherent position of the
adsorbate, which is expressed in terms of fractions of the reciprocal lattice
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vector ~H of the substrate in Fig. 2.20. In order to obtain a Yp curve, the XPS
intensity at several photon energies close to the Bragg energy (E-EBragg) has
to be measured.

Practically, no system reaches perfect coherence and a normalized dis-
tribution function n(~r) describing the spread of atoms around their average
position has to be introduced:

Yp =

∫
Yp(~r)n(~r)d~r = 1 +R + 2C

√
R

∫
n(~r) cos(ν − 2π ~H · ~r)d~r. (2.21)

In usual this equation is rewritten by the introduction of two parameters,
the coherent position PH = ~H · ~r and the coherent fraction fH :

Yp = 1 +R + 2C
√
RfH cos(ν − 2πPH). (2.22)

Both values (PH andfH) range between 0 and 1 and contain the information
of interest in an XSW experiment. PH gives the position of the adsorbate
atoms in fractions of ~H and fH provides information about the structural
order of the adsorbate. fH = 0 corresponds to a totally disordered system
with randomly distributed atoms and fH = 1 to a perfectly ordered adlayer
with all atoms having the same bonding distance to the substrate surface
atoms.
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Chapter 3

Materials and Experimental
Setups

In the following chapter the investigated molecules and the used substrates
are introduced and experimental details are given.

3.1 Materials
This section motivates the choice of the specific investigated organic molecules
and the substrates; their properties necessary for the understanding of the ex-
perimental results are given in Chapter 4. For detailed information literature
citations are provided.

3.1.1 Organic Adsorbates

An overview of the chemical structures of the investigated molecules is given
in Fig. 3.1. In Table 3.1 the acronyms of the compound names are given
together with references to the synthesis or to the suppliers. In order to clarify
organic/metal interface properties with its complex correlation of various
physical properties it is necessary to investigate several different molecules,
well chosen due to their distinct physical properties. Ideally, the molecules
combine application relevant properties with properties helpful to test novel
concepts of fundamental physics.

In order to investigate the interplay of molecular orientation and elec-
tronic structure it is necessary to study molecules which exhibit a different
electronic structure for different orientations. In addition, an orientational
transition on metal substrates should occur at a thickness scale of a few or-
ganic layers. 6T and its hexyl chain substituted derivative DH6T have been
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acronym compound name source
6T α-sexithiophene Aldrich
DH6T α,ω-dihexylsexithiophene H. C. Starck
F4-TCNQ 2,3,5,6-tetrafluoro- Fluka

7,7,8,8-tetracyanoquinodimethane
FAQ octafluoroanthraquinone [124]
TCAQ 11,11,12,12-tetracyano- [125]

9,10-anthraquinodimethane
PEN pentacene Aldrich
PFP perfluoropentacene [7]
PTCDA 3,4,9,10-perylene tetracarboxyilic Aldrich

dianhydride
6P p-sexiphenyl TCI Europe
α-NPD N,N’-bis-(1-naphthyl)-N,N’-diphenyl- Aldrich

1,1-biphenyl-4,4’-diamine
TTC tetratetracontane Fluka

Table 3.1: Overview of investigated molecules.

chosen for this purpose. The organic semiconductor 6T is widely investi-
gated and can exhibit good device performance as active material in OFETs
[115–118]. It can be regarded as a prototype for a rodlike COM. It has been
reported that the addition of hexyl chains enhances charge carrier mobilities
and the on/off current ratio in OFETs [119–122]. As functional side groups
can significantly influence the growth behavior [79, 83, 121, 123], the increase
in device performance may be correlated with a change in the molecular ori-
entation of thin films based on DH6T. Therefore, these molecules are perfect
candidates for a fundamental study on the interplay of electronic structure
and molecular orientation.

For energy level tuning strong electron accepting molecules are necessary.
One of the strongest known organic electron acceptors is F4-TCNQ [63–65]
and therefore an appropriate candidate to undergo a CT with noble met-
als. The acceptors FAQ and TCAQ have the advantage of higher molecular
weight compared to F4-TCNQ. This may lead to easier handling in device
processing.

Regarding the correlation of bonding distance and interfacial electronic
structure, weak and strong interacting systems are expected to exhibit pro-
nounced differences. Therefore, in order to find resilient correlations between
the interfacial electronic structure and the bonding distance, it is necessary
to study at least two systems. PTCDA was chosen as a prototype of a
strong reactive molecule, which adsorbs structurally well defined on a vari-
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Figure 3.1: Chemical structure of the investigated molecules, for more details
see Table 3.1.
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ety of metal substrates [47–49]. PFP, in contrast, is only weakly bound on
metal substrates [103] and can therefore act as complement to PTCDA as
a prototype for a weakly interacting system. Moreover, the fluorination of
PEN, another important material in organic electronics [126–129], leads to
an increase in device performance of n-type OFETs [7, 130].

In some experiments additional molecules have been necessary. Obvi-
ously, the concept of energy level tuning with acceptors requires COMs which
are deposited on top of the acceptor pre-covered metal substrates. For this
purpose α-NPD, which forms amorphous films on a variety of substrates
[18, 67] and 6P, a COM with a high IE [60, 131], were used. In order to
study the mechanisms of organic thin film growth it is helpful to alter the
substrate properties in a defined way. TTC (a long alkyl chain) forms highly
ordered monolayers on various metal substrates [132–134] and was chosen to
pre-pattern metal surfaces.

3.1.2 Substrates

Experiments have been performed on a variety of different substrates. As
model systems the metal single crystals Ag(111), Au(111), and Cu(111) were
chosen, since they are structurally well defined. The (111)-orientation was
chosen because of its stability and its wide spread use in experiments. These
three metals cover a wide range of surface reactivity and work functions,
which are properties that have strong influence on both, the molecular ori-
entation and the electronic structure of adsorbed COMs. To investigate
molecules in an application relevant context also polycrystalline Au was
chosen as substrate, since it is a commonly used electrode in the field of
organic electronics. To study the influence of substrate/adsorbate interac-
tion strength on the molecular orientation highly oriented pyrolitic graphite
(HOPG), a semimetal, was chosen as additional substrate.

3.2 Experimental Setups and Data Analysis
In this section the experimental setups used within this work and the exper-
imental procedures are described.

Organic thin film preparation

Sample preparation and measurements were done as follows: The single crys-
tals were cleaned by repeated Ar-ion (Ekin = 600 eV) sputtering and anneal-
ing cycles (up to 550 ◦C) until a clear low electron energy diffraction (LEED)

33



pattern was observed. The polycrystalline Au substrates were evaporated in-
situ onto a Cu-foil with a thickness of at least 400 Å. Afterwards they were
Ar-ion sputtered. HOPG (ZYA grade) was cleaved in air just before load-
ing into the preparation chamber and cleaned by in-situ heating at 400 ◦C
for 15 h. Molecules were evaporated using resistively heated pinhole sources
(consisting of ca. 0.5×1 cm large bags, made of 0.025 mm thick Ta-foil), at
evaporation rates of about 1Å/min. The film mass-thickness was monitored
with a quartz crystal microbalance (QCM). No corrections were made for
possible different sticking coefficients on the microbalance and the substrate.
The mass density of all molecules was estimated to 1.35 g/cm3. The low sub-
limation temperatures of the used molecules (ranging from 80 ◦C to 350 ◦C),
the low evaporation rates and the material saving design of the evapora-
tion sources let the pressure during evaporation remain low (typically about
5 × 10−9 mbar). All preparation steps and measurements were performed
with the substrate at room temperature and under ultrahigh vacuum (UHV)
conditions.

UPS at HASYLAB

Unless explicitly noted, UPS experiments were performed at the FLIPPER II
end-station at the synchrotron radiation source HASYLAB (Hamburg, Ger-
many) [135]. The experimental setup is shown in Fig. 3.2; it consisted of
four interconnected UHV chambers, which allowed sample transfer without
breaking UHV conditions. All chambers could be separated from each other
by valves and could be pumped separately. Organic chambers I and II (base
pressure 2×10−9 mbar) were each equipped with a QCM mounted on a linear
feedtrough and a flange for organic evaporators. The two separated organic
evaporation chambers allowed to prepare organic/organic heterostructures
without cross-contamination during evaporation. The preparation chamber
(base pressure 1 × 10−10 mbar) was equipped with a heatable manipulator,
an ion source for sputtering, a QCM and three metal evaporators. In the
analysis chamber (base pressure 2× 10−10 mbar) the electron analyzer and a
LEED system were mounted. In addition, the end-station provided a sample
magazine for the storage of up to eight samples and a fast entry load lock.

Spectra were recorded with a double-pass cylindrical mirror analyzer with
the energy resolution set to 150 meV (measured as 80% to 20% intensity drop
at a metal Fermi-edge). The photon energy was 22 eV unless otherwise noted.
The angle between incident synchrotron radiation and the analyzer entrance
was fixed to 90◦, spectra were recorded angle-integrated (analyzer acceptance
angle 12◦ - 24◦ and 56◦ - 68◦) with the angle between detector and surface
normal of the sample set to 50◦. The SECOs (for determination of φ and
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Figure 3.2: Top view of the FLIPPER II end-station at HASYLAB. For
better clearness fast entry load lock, pumping systems and less important
details are not included. “CH.” stands for chamber, “evp.” for evaporator
and “QCM” for quartz crystal microbalance.

IE) were measured with the sample biased at voltages ranging from -3.00 V
to -7.00 V. To avoid sample charging during the photoemission experiments
on multilayer DH6T films, these spectra were recorded with an Al-foil in the
photon beam, reducing the photon flux by a factor of seven.

UPS and XPS at BESSY

Most of the XPS experiments and some of the UPS experiments were per-
formed at the end-station SurICat (beamline PM4) at the synchrotron light
source BESSY (Berlin, Germany) [136]. The UHV system consists of inter-
connected sample preparation (base pressure: 5 × 10−9 mbar) and analysis
(base pressure: 1 × 10−10 mbar) chambers. The spectra were collected with
a hemispherical electron energy analyzer (Scienta SES 100) with 120 meV
energy resolution. Excitation energies were 400 eV and 630 eV for XPS and
32 eV for UPS experiments.

MAES and UPS at Chiba University

MAES and some of the UPS measurements were performed in the labora-
tories of Prof. Nobuo Ueno at Chiba University (Japan) [137]. The in-
terconnected sample preparation chambers (base pressure 3 × 10−10 mbar)
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Figure 3.3: Example for fitting routine of (a) the secondary electron cutoff
(SECO) and (b) the hole injection barrier (∆h).

and analysis chamber (base pressure 2×10−10 mbar) allowed sample transfer
without breaking UHV conditions. Spectra were recorded with a hemispher-
ical electron energy analyzer (VG-CLAM4). UPS spectra were measured
using p-polarized He I radiation, the angle between incident photons and
detected photoelectrons was fixed to 45◦ with an acceptance angle of ±12◦.
The spectra were measured at photoelectron take-off angles (θe) of 0◦ (normal
emission) and 45◦ (off-normal emission). The energy resolution was set to
70 meV. MAES spectra were recorded using He* (2 3S; 19.82 eV). All spectra
were measured with the sample biased at -5.00 V.

XPS at Humboldt University

Additional XPS measurements were performed at Humboldt University in a
custom UHV-system (base pressure preparation chamber: 3×10−9 mbar and
base pressure analysis chamber: 1× 10−10 mbar) with a non monochromated
Al Kα source and a hemispherical analyzer (Specs, PHOIBOS-100).

Data Analysis of spectroscopic results

For analysis of UPS spectra the computer-program Origin 7.0 was used. The
secondary electron cutoff in the low kinetic energy region of the spectra was
determined by the intersection of linear fits of the cutoff and the background
[Fig. 3.3 (a)]. In the high kinetic energy region the position of the Fermi-level
was identified using a metal Fermi-edge. Binding energies (EB) were referred
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to EF :
EB = EEF

kin − Ekin (3.1)

(Ekin: kinetic energy, EEF
kin: kinetic energy of EF ). In UPS spectra of COMs

the hole injection barrier was determined by the difference between EF and
the onset of the HOMO emission [Fig. 3.3 (b)]. The HOMO onset was de-
termined as intersection of a linear background and linear fit of the low BE
side of the HOMO. The ionization energy was calculated as follows:

IE = hν − (E∆h
kin − ESECO

kin + qVbias) (3.2)

(IE: ionization energy, hν: excitation photon energy, E∆h
kin: kinetic energy of

the hole injection barrier, ESECO
kin : kinetic energy of the secondary electron

cutoff, q elementary charge, Vbias: bias voltage). For calculating the work
function φ, E∆h

kin must be replaced by EEF
kin in formula 3.2. If not stated oth-

erwise the error of all given IE and φ values is ± 0.05 eV, estimated as sum
of the error for measurements at different sample spots and of the statistical
error of reading accuracy. To obtain the pure molecule spectra from spec-
tra still containing substrate contributions, spectra were normalized to the
intensity at EF and the substrate spectrum was subtracted [102, 138].

The energy calibration of the XPS spectra was done with a metal sub-
strate core level as reference. Data fitting (Voigt peaks and Shirley back-
ground) was performed using the program WINSPEC, developed at Namur
University (Belgium).

The analysis of MAES data was done using Origin 7.0 by comparison
(i) of the different experimental spectra, (ii) of the experimental spectra to
simulated spectra and (iii) of the experimental spectra to spectra taken from
literature.

XRD at HASYLAB

XRR (X-ray reflectivity) and GID (gracing incidence diffraction) measure-
ments have been performed at the beamline W1.1 [139] at HASYLAB under
ambient conditions. The wavelength was set to 1.1808 Å. In the GID exper-
iment an incident angle of the primary beam of αi = 0.15◦ was chosen, the
exit angle above the sample plane αf was set to 0.5◦, the acceptance angle
defined by the detector slits was less than 0.3◦. Films have been prepared at
FLIPPER II directly before the measurements. The data analysis was done
according to Equ. 2.19 using Origin 7.0.
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XSW at ESRF

XSW measurements were done at beamline ID 32 at the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France) [93]. The UHV sys-
tem conists of a combined preparation and analysis chamber (base pressure:
3 × 10−10 mbar). XPS spectra were recorded with a hemispherical electron
analyzer (Physical Electronics) at an angle of 45◦ relative to the incoming
X-ray beam. X-ray reflectivity was measured with a photodiode mounted at
a small angle relative to the incoming beam.

Fitting of XSW spectra was done using the programs xps2dare and dare,
both developed at ESRF, following Equ. 2.22. However, this equation is only
valid in the dipole approximation. Since higher order terms contributing to
the photoemission yield cannot be neglected for low Z elements and photon
energies of several keV, the values given by the fit for the coherent fraction
and position (feff and peff ) have to be corrected in order to get the corrected
values fH and pH . The correction was done using:

feff = |SI |fH and Peff = PH −
Ψ

2π
(3.3)

(SI and Ψ: non-dipolar correction terms: fH : coherent fraction and PH :
coherent position). The values for the correction terms are given in Table 3.2.

C(1s) F(1s)
SI 1.382 1.365
ψ -0.055 -0.067

Table 3.2: Non-dipolar correction terms for the C(1s) and F(1s) core levels of
an adsorbate on a Cu(111) substrate. These values are taken from Ref. [93].

The bonding distance (dH) was calculated using:

dH = d0(1 + PH) (3.4)

with d0 = 2.084 Å being the lattice spacing of Cu(111).

Calculation of theoretical spectra

The theoretical spectra are the superposition of the Gaussian-broadened en-
ergy eigenvalues of molecules, calculated with density functional theory using
Gaussian03 (Program Package Gaussian03 (B3LYP/6-31 G*) [140]. Calcu-
lations were carried out by Hirohiko Fukagawa (DH6T) or Jürgen Klanker-
mayer (FAQ), respectively.
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Chapter 4

Results and Discussion

In this chapter the experimental results are described and discussed. First,
the molecular orientation of DH6T and 6T is treated in detail. A novel
concept of face dependent intramolecular dipoles is presented. In the fol-
lowing part organic/metal charge transfer complexes, which enable energy
level tuning are described. The next section deals with energy level align-
ment mechanisms at organic/metal and organic/organic interfaces. In the
last part the interplay of bonding distances and electronic structure at or-
ganic/metal interfaces will be discussed.

4.1 Molecular Orientation
In this section the impact of the molecular orientation on the electronic
structure at organic/metal interfaces is discussed. The focus lies on the im-
pact of alkyl substitution of 6T on thin film growth and electronic structure.
Experiments were performed for DH6T on different substrates and on or-
ganic heterostructures of DH6T and other organic molecules. Actually, one
may not expect significant changes in the organic/metal interface electronic
properties due to simple addition of alkyl chains (compared to the unsub-
stituted oligomer), because of the insulating nature of the saturated alkyls.
In fact, β, β′-dihexylsexithiophene exhibits essentially the same energetics
at interfaces to Au as 6T [141]. However, the growth of molecules may
be substantially changed by alkyl chain addition [121, 123]. Consequently,
the electronic structure of a molecular film, and also its interface electronic
properties depends on different molecular organization [142]. For DH6T on
metals the electronic structure changes by an orientational transition from
lying monolayer to standing multilayer. In addition, a new concept of an
orientation dependent IE in molecular crystals is presented.
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Most of the results of this section are published in Refs. [143] (lying
monolayer/standing multilayer), [144] (orientation dependent IE) and [145]
(interplay of substrate and growth). The XRD measurements were performed
with the help of Ingo Salzmann. The calculations concerning the IE of lying
and standing DH6T were done by Georg Heimel.

4.1.1 Lying monolayer/standing multilayer

The molecular orientation and the electronic structure of DH6T on Ag(111)
was explored in detail using the experimental techniques UPS, XPS, and
MAES, since DH6T/Ag(111) is a prototype sytem for a lying monolayer/
standing multilayer transition, as found in the present work.

UPS

UPS measurements on DH6T/Ag(111) were performed with synchrotron ra-
diation at the FLIPPER II end station and with He I radiation at Chiba
University. Since the results differ slightly both experimental results are
presented.

First the DH6T spectra measured at FLIPPER II are compared with
the spectra of the unsubstituted 6T. The overall shape of the photoemission
spectra of ca. a monolayer (nominal mass thickness 4Å) of 6T and DH6T
on Ag(111) was very similar [see Fig. 4.1 (a)], since the conjugated moieties
of both molecules are the same. However, the DH6T spectrum was rigidly
shifted towards lower binding energy. In the DH6T monolayer spectrum
the peak centered at 1.60 eV BE was assigned to the HOMO and the peak
centered at 2.20 eV BE to the HOMO-1. Close inspection reveals that the
hole injection barrier was 0.15 eV smaller for a monolayer of DH6T compared
to a monolayer of 6T. The same energy difference was found for the ionization
energies of the two thin film samples (IE6T = 5.00 eV and IEDH6T = 4.85 eV).
The lower observed value for both ∆h and IE of DH6T can be explained by
increased intramolecular screening due to the additionally available electron
density on the hexyl chains, which are absent for 6T. The similarity of 6T
and DH6T photoemission spectra and electronic properties is consistent with
flat lying molecules in a monolayer DH6T.

In contrast to other organic rodlike molecules, such as PEN, 6P, or 6T
[18, 19, 102] the photoemission spectra of multilayer DH6T films on Ag(111)
[bottom curve in Fig. 4.1 (a)] were shifted towards lower BE compared to
the monolayer (L1). In order to investigate the origin of that unusual shift,
coverage-dependent photoemission spectra of DH6T on Ag(111) [Fig. 4.1 (b)]
were recorded. Notably, there was no gradual shift of DH6T features, but
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Figure 4.1: (a) UPS spectra of 4 Å 6T/Ag(111) (top), 4Å DH6T/Ag(111)
(middle), and 32 Å DH6T/Ag(111) (bottom). The contribution from the Ag
substrate was subtracted from both 4 Å films. (b) Low BE range photoemis-
sion spectra for increasing DH6T coverage (θDH6T ) on Ag(111). The inset
shows the secondary electron cutoff, “kin. en.” means kinetic energy.

for coverages larger than 4Å a new emission feature appeared at the low BE
side of the monolayer HOMO (centered at ca. 0.90 eV BE), and remained at
constant BE for increasing coverage. With increasing DH6T thickness the
intensity of the new peak was also increasing. This new peak was therefore
assigned to the HOMO of the second layer (L2) DH6T. For L2 not only the
HOMO was located at lower binding energies, but the whole DH6T spectrum
was shifted rigidly to lower BE. The intensity ratio of HOMO and HOMO-1
changed from nearly 1:1 in L1 to 1:2 in L2. As evident from a comparison
of the 4 Å and the 32 Å DH6T/Ag(111) spectra, the HOMO of L1 DH6T
coincidentally appeared at the same BE as the HOMO-1 of L2 DH6T. The
new HOMO position for L2 DH6T lowered ∆h by 0.50 eV compared to L1.
Noteworthy, no further change in the sample work function after the initial φ
reduction due to the electron push back effect during L1 formation [see inset
of Fig. 4.1 (b)] could be observed.

For DH6T/Ag(111) ∆h is reduced with increasing coverage, but in gen-
eral, ∆h for organic materials deposited on metal substrates increases slightly
(a few tenths of an eV) as a function of film thickness [18, 19] e.g., from 1.23
eV for a monolayer 6T/Ag(111) to 1.38 eV for multilayers [102]. A reduction
of ∆h has only been reported on a larger thickness scale (in the order of sev-
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Figure 4.2: UPS results of the thickness series of DH6T/Ag(111). θDH6T

denotes the DH6T coverage and θe the photoelectron take-off angle.

eral organic layers) for PEN [22, 23]. This behavior has been attributed to
a transition from lying to standing PEN. In analogy, the ∆h shift of 0.50 eV
between L1 and L2 is attributed to a transition from flat lying DH6T to
standing DH6T. This assumption has been proofed by means of atomic force
microscopy, where distinct step heights of 35Å of multilayer island have been
found [143], corresponding to nearly upright standing DH6T with a length
in the all-trans conformation of 38.1Å [121]. The lying monolayer/standing
multilayer growth model will be also confirmed by complementary experi-
mental techniques later in this section, but for reasons of coherence the He I
UPS results will be discussed first.

The UPS spectra of DH6T/Ag(111) measured with He I [Fig. 4.2] are
similar to the FLIPPER II data, but exhibit some differences. The main dif-
ference was the first appearance of the L2 photoemission features at higher
DH6T coverages in the He I experiments. Up to a coverage of 5 Å the spec-
tra were very similar to the FLIPPER II data with the HOMO centered at
1.60 eV BE, but increasing the DH6T coverage to 10 Å did not result in a
new photoemission feature at the low binding energy side of the HOMO,
but shifted the spectrum to higher binding energies. This behavior can be
explained by screening by the metal substrate. However, in this set of ex-
periments the formation of the standing phase did not start after a nominal
monolayer coverage. Just for coverages higher 10Å the formation of standing
multilayer began. The shift between the L1 HOMO (10 Å DH6T) and the L2
HOMO (80 Å DH6T) was again 0.50 eV. The SECO did not exhibit a shift
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after monolayer formation. The ionization energy was 5.05 eV for lying and
4.55 eV for standing DH6T, i.e. slightly larger than the IEs of the FLIPPER
II samples. In the case of measurements with He I coverages of up to 80 Å
could be measured, wheras with synchrotron light for coverages higher than
40 Å the sample exhibited charging. In addition to these differences, which
can be attributed to different growth modes in the two sets of experiments,
also the different excitation mechanisms (synchrotron light vs. He I radi-
ation) impacts the results. In the He I measurements the transition from
lying to standing DH6T did not result in different intensity contributions to
HOMO and HOMO-1 (compare the 10 Å and the 80 Å spectra). Thus, the
additional tool of the intensity contribution to distinguish between lying and
standing DH6T is only provided by the FLIPPER II data.

Although the used Ag(111) single crystal substrates were nominally equal,
slight differences in surface properties like varying terrace sizes or step edge
densities can have enormous impact on organic thin film growth [79, 82]. The
crystals have been cleaned in the same way (by repeated sputter and anneal-
ing cycles) and in both cases a clear LEED pattern could be observed. How-
ever, it is probable, that the both crystals did not exhibited exactly the same
surface properties. This is corrobated by the slightly different work func-
tions of the pristine crystals (φFLIPPER II = 4.40 eV and φChiba = 4.55 eV).
Also the preparation conditions of the organic thin film may differ in the
two experimental setups. Especially the substrate temperature during film
growth can impact the growth of organic thin films heavily [115, 146, 147].
The substrate surface temperature could not be controlled in both labora-
tories, therefore it could not be confirmed, that the substrate cooled down
to room temperature before the evaporation of the organic film. The given
thickness values corresponds to the mass thickness given by the quartz crys-
tal microbalance. The evaporation geometries in the UHV-chambers may
cause a mismatch between the measured thickness value on the microbal-
ance and the real thickness on the sample. However, in both experimental
setups the microbalance was very close to the sample and the distance from
the evaporator to the sample rather large. Moreover, in many other exper-
iments in both preparation chambers the correct thickness assignment has
been confirmed. Thus, the impact of a wrong tooling factor cannot explain
the mismatch in the experimental findings in a simple way. However, the en-
tirety of the slightly different substrates and growth conditions may lead to
the observed variation of the critical coverage for the orientational transition
and the slightly different IEs of the DH6T films in the two laboraties.
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Figure 4.3: XPS spectra of S(2p)
core levels of 4 Å and 30 Å DH6T
films on Ag(111). Straight lines
represent the resulting fits, dashed
lines are the fits of L1 and L2 con-
tribution to the 30 Å film peak.

XPS

It is interesting, whether also the core levels were involved in the shift of the
valence orbital levels at the L1/L2 interface. For this reason XPS measure-
ments were performed on DH6T/Ag(111) films. Fig. 4.3 displays the spectra
of the S(2p) core levels of DH6T on Ag(111). For monolayer coverage (4 Å)
the peaks were centered at 164.40 eV BE [S(2p1/2)] and 165.65 eV [S(2p3/2)],
respectively. For multilayer coverage (30 Å) new photoemission features ap-
peared at the low BE sides of the peaks. Fitting the data with fixed L1 peak
positions and additional L2 peaks resulted in L2 peaks shifted 0.55 eV to
lower BE. This shift corresponded well with the shift in the valence electron
region between L1 and L2 of DH6T/Ag(111) of 0.50 eV. Also the C(1s) peak
shifted from monolayer to multilayer coverage to lower binding energies, but
due to the presence of C in six different chemical environments in DH6T
the peak was very broad even for monolayer coverage and does not allow for
unambiguous feature assignment.

MAES

In order to get a more direct information on the molecular orientation of
DH6T/Ag(111) and to confirm our assignments based on UPS (see above),
MAES spectra were recorded. The analysis of these spectra requires knowl-
edge about the molecular orbitals of DH6T. In Fig. 4.4 the results of calcula-
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Figure 4.4: Energy eigenvalues and simulated gaussian broadened spectrum
of DH6T. The values are vertically shifted and extended. Some exemplary
molecular orbital states are displayed for the regions discussed in the text: (i)
HOMO, HOMO-1 and HOMO-2, (ii) HOMO-8 as representative for the lo-
calized π-states and (iii) HOMO-59 and HOMO-63 as typical representatives
for the hexyl dominated orbitals in the higher binding energy region.

tions of the molecular orbitals of DH6T and a simulated Gaussian broadened
DH6T spectrum are shown. The spectrum can be divided into three char-
acteristic regions [see Fig. 4.4]: part (i) at low binding energies is assigned
to delocalized π-orbitals of the conjugated 6T core, consisting of HOMO,
HOMO-1 and HOMO-2. Part (ii) is dominated by six narrowly spaced lo-
calized π-states and part (iii) on the higher binding energy side is dominated
by σ-states localized mainly on the alkyl chains of DH6T.

In the MAES spectra [Fig. 4.5], the deposition of up to 10 Å DH6T on
Ag(111) suppressed the metal derived features and features attributed to the
organic molecules appeared. HOMO, HOMO-1 and HOMO-2 were hardly
resolvable even for the thicker DH6T films, however the localized π-peak
centered around 5.30 eV BE was clearly visible. In the higher binding energy
region several alkyl chain derived peaks appeared. With increasing DH6T
coverage the intensity of the 5.30 eV BE peak increased to a maximum at a
film thickness of 10Å and decreased again for higher coverages.
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Figure 4.5: MAES results of the thickness series of DH6T/Ag(111). θDH6T

denotes the DH6T coverage. The regions where emission from the conjugated
backbones (i and ii) and from the hexyl chains (iii) dominates the spectra
are marked by lines.

For the discussion of the molecular orientation of DH6T/Ag(111) the
peak of the six narrowly spaced localized π-states around 5.30 eV BE in
the MAES spectra is of importance. In this binding energy region no alkyl
chain derived states are expected from the calculations. For lying DH6T
both the alkyl chains and the conjugated backbone are accessible for MAES.
However, for standing DH6T, with the alkyl chains forming the outermost
surface of the film, the π-states of the conjugated part are not accessible.
Therefore, the intensity of this peak can be used to gather information about
the composition of the layer surface. For comparison, in case of the DH6T
related polymer poly(3-hexylthiophene) (P3HT), the P3HT HOMO is totally
suppressed in the MAES spectra if P3HT is in edge-on orientation with the
hexyl chains on top. If P3HT is in face-on orientation the P3HT HOMO
could be observed [25]. The reduction of the intensity of the localized π-
state with increasing DH6T coverage in the MAES spectra supports the lying
monolayer/standing multilayer model. In contradiction to P3HT the peak
is not suppressed totally even for 80 Å DH6T coverage. This behavior can
be explained with island growth of standing DH6T, so that also for nominal
multilayer coverage part of the monolayer is still accessible for MAES.
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(b)

Figure 4.6: (a) Schematic energy level diagram for DH6T on Ag(111). θDH6T

denotes the DH6T thickness, Evac the vacuum level, and ∆h the hole injec-
tion barrier (HOMO-onset), EF is the Fermi-level of the metal substrate (b)
Sketch of proposed growth model of DH6T/Ag(111).

Summary of DH6T/Ag(111)

The results on growth and electronic structure are summarized in Fig. 4.6 (a),
where an energy level diagram derived from UPS measurements at FLIPPER
II is given and in Fig. 4.6 (b), where the corresponding growth model is
shown. The abrupt change in the molecular orientation from lying monolayer
to standing multilayer is directly reflected in the electronic structure of the
DH6T/Ag(111) sample. The orientational transition leads to a lowering of
the hole injection barrier by 0.50 eV. The vacuum level stays constant at the
L1/L2 interface, therefore also the ionization energy is lowered for standing
DH6T compared with lying DH6T. The UPS results with He I yielded slightly
different results, but for the discussion it is not of relevance, if the lying phase
consists of one or two nominal layers. Note, that for DH6T/metals in this
work “L1” is used as acronym for the lying phase and “L2” as acronym for
the standing phase. For clarification of the reason for the change in the
electronic structure by the orientational transition, further experiments have
been performed.
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4.1.2 Upper limit for orientation induced polarization
effects

For other organic systems where shifts of energy levels in the order of 0.50 eV
have also been observed depending on the orientation of the molecules, differ-
ent polarization energies for lying and standing molecules has been claimed
out to explain the energy level shifts [22–24, 148, 149]. Closely related to
this approach is the “screening” effect [Section 2.2.1], i.e. the observation
in PES that the energy levels of an organic adsorbate on metals occurs at
up to 0.40 eV higher binding energies for multilayers than for monolayers,
which is originated in the different polarization energies of metals and COMs.
However, it seems unlikely that the anisotropic polarizability of organic films
should lead to an effect of larger magnitude than the screening of the metal
substrate.

In order to obtain an upper limit for the difference in photo-hole screen-
ing by differently oriented neighboring molecules, the following scenario is
considered: A photo-hole created in the topmost organic layer is screened
only by the lower half-space of surrounding molecules (and, possibly, the
metal substrate). A photo-hole created on a molecule deeper in the organic
film is screened by a lower and upper half-space of surrounding molecules.
Clearly, the presence or absence of neighboring molecules in the upper half-
space must have a more pronounced effect on the polarization energy (and
thus the measured IE) than differences in the orientation of the neighbor-
ing molecules. The S(2p) XPS signal of a 20 Å 6T film on Ag(111) that
was buried by subsequently deposited layers of α-NPD was measured, which
exhibits an amorphous growth mode and does not contain sulfur itself.

Fig. 4.7 shows that, for the pristine 6T layer, the stronger S(2p3/2) peak
was centered at a binding energy of 164.58 eV. Upon subsequent deposition
of 20 Å α-NPD, the peak shifted by 0.14 eV towards lower binding energy,
i.e., to 164.44 eV. Upon further deposition of α-NPD, the peak energy stayed
constant to within 0.05 eV. It is thus established that the presence or absence
of a half-space of π-conjugated molecules contributes a maximum of ca. 0.15
eV to the polarization energy of the photo-hole, consistent with similar results
in Refs. [150, 151]. Also, re-examining the XPS data in Figure 4.3 leads to
similar result: The binding energy of the S(2p) peaks attributed to the first
(lying) layer of DH6T does not change upon deposition of subsequent layers
of DH6T. Consequently, the effect of different orientation of neighboring
molecules can be expected to be less than 0.15 eV.

It is more difficult to demonstrate the influence of capping layers on the
UPS spectrum of underlying layers than on the XPS spectrum, because of
the larger information depth and the straight-forward peak assignment in
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Figure 4.7: Al Kα XPS spectra of the sulfur 2p region of 20 Å of 6T/Ag(111)
subsequently covered with α-NPD as function of α-NPD thickness (θ) and
corresponding fits. The dashed line is a guide for the eye.

XPS. However, it was reported that the UPS spectra of Xe and Kr adsorbed
on Pd(001) are hardly affected by the adsorption of Ar as top layer [152].
Because of the short lifetime of core holes [153], which are filled very rapidly
by electrons from the valence region [154], screening should be the same
in XPS and UPS; indeed, no substantial differences could be observed for
screening by the metal substrates for rare-gas multilayers in XPS and UPS
[152].

Clearly, with the upper limit for orientation induced changes in the po-
larizability of COMs of 0.15 eV, the change of 0.50 eV between L1 and L2
DH6T/Ag(111) cannot be explained by different polarization energies of L1
and L2 alone. The question arises, why molecular crystals should not have an
orientation dependent IE, similar to φ of metal single crystals, which depend
on the orientation of the crystal.

4.1.3 Orientation dependent IE of COMs

It is well established that the work function of metals depends on the crystal
face [50, 155, 156]. φ is defined as the energy difference between EF and the
electrostatic potential in the vacuum above the sample. For, e.g., copper, φ of
the (100), (110), and (111) surfaces is spread over a range of 0.50 eV [155, 156].
As EF is constant, this observation has been explained by the difference
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Figure 4.8: Calculated spec-
tra of DH6T in the lying
(L1) and the standing (L2)
phase. The spectra are ref-
erenced to Evac. This plot is
taken from Ref. [144].

in the intrinsic “surface dipole”: Differences in the surface geometric and,
consequently, electronic structure cause a different amount of the electron
cloud to spill out of the bulk into vacuum [50, 157]. The resulting dipoles
raise Evac to a larger or smaller extent and thus impact φ [157, 158]. Note
that this effect can only be observed for laterally extended surfaces, as the
spatial region above the sample where Evac is raised reaches farther away
from the surface with increasing sample size (i.e., area of the exposed surface)
[19, 101]; small metal nanoparticles with multiple facets of different crystal
orientations have only one well-defined ionization potential [159, 160].

For non-covalent (i.e., van der Waals) crystals, surface dipoles and work-
function anisotropy have not yet been explored. While variations of several
tenths of an eV in the ionization energy depending on the molecular orien-
tation on a surface have been reported before [22, 23, 149], no consistent
picture has emerged. For the case of DH6T/Ag(111) DFT calculations were
performed in order to see if the 0.50 eV offset between lying and standing
DH6T can be explained by a phenomena similiar to the metallic case.

The occupied density-of-states (DOS) calculated with DFT [144] for a ly-
ing and standing layer of DH6T is shown in Fig. 4.8. In addition to good qual-
itative agreement with the experimental UPS spectra [Fig. 4.1 and Fig 4.2],
we find that indeed, all molecular levels are closer to Evac for the lying DH6T
compared to the standing DH6T, i.e., the IE is lower for standing molecules.

A simple electrostatic model demonstrates the impact of intramolecular
dipoles on IE of a molecule. Since the saturated hexyl chains do not have an
intramolecular dipole, they can be neglected. The π-electron system above
and below each thiophene ring is clearly negatively charged; these nega-
tive charges are compensated by point charges in the plane of the molecule
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Figure 4.9: (a) Electrostatic modeling of the orientation-dependent ioniza-
tion energy of 6T. Gray circles correspond to the negatively charged π-system
above and below each thiophene ring. Black circles are the positive charge
in the plane of the molecule. ~µ means the interface dipole moment. (b)
Impact of ~µ on IE. IEL is the ionization energy of lying and IES of standing
molecules. ∆IE is the surface dipole induced difference in IE.

[Fig. 4.9]. Even for a single molecule this inhomogeneous charge distribution
leads to an inhomogeneous electrical potential around the molecule. But this
potential converges extremely rapidly, so that no orientation dependent IE
can be measured. The situation changes for molecular crystals as soon as
the lateral extent of the supra-molecular structure is large compared to a sin-
gle molecule. Now intermolecular dipole-dipole and quadrupole-quadrupole
interaction leads to a slower convergency of the inhomogeneous potential.
Thus, an interface dipole arises with its dipole moment perpendicular to
the molecular long axis [Fig. 4.9 (a)]. The IE for electrons ejected along
such a dipole is larger than for electrons ejected perpendicular to the dipole
[Fig. 4.9 (b)]. This behavior explains the measured IE difference for lying and
standing DH6T. Note that, while the surface dipole of metals can be pushed
back upon adsorption of molecules, these intramolecular surface dipoles are
not changed upon establishing contact to either the (metal) substrate or an-
other organic layer (in the absence of chemical reactions). For macroscopic
samples in UPS experiments the orientation of the crystal to the substrate
and not the angle between detector and sample is relevant for IE.

The qualitative considerations presented above have been rationalized
quantitatively in Ref. [144] with two models. One simple electrostatic model
is similar to Fig. 4.9 (a) with 6T modeled by point charges. From this model
an infinite molecular 6T-crystal was built. In a second model the 6T crystals
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were calculated with DFT. Both models reveal similar results fitting well to
the experimental values.

4.1.4 Influence of substrate on molecular growth

At this point the question why standing DH6T molecules exhibit an electronic
structure different to lying DH6T could be answered. But still the driving
force for DH6T to stand up is unknown. In order to elucidate this issue,
DH6T and 6T have been investigated on a variety of substrates with different
experimental techniques. Since DH6T/Ag(111) acts as a reference case, XRD
measurements were performed, allowing the determination of the unit cell.
DH6T was measured on Au(111) and polycrystalline Au to test the generality
of the concept of lying L1/standing L2 on metals. HOPG as substrate acts
as a reference case of a weakly interacting system. Ag(111) pre-covered with
TTC tests the role of alkyl chains in the standing up process. Furthermore
experiments on 6T/DH6T heterostructures were performed that demonstrate
the abibility of DH6T to change the growth mode of 6T.

XRD

X-ray diffraction measurements were performed on DH6T films of 48 Å nom-
inal thickness on Ag(111), the results are summarized in Fig. 4.10. The XRR
spectrum exhibited Kiessig-fringes [111] at low values of momentum trans-

Bragg

Kiessig

Figure 4.10: XRR and GID (inset) spectra of a nominally 48 Å thick DH6T
film on Ag(111). XRR exhibits Kiessig fringes at low qz values and a weak
indication of a Bragg peak at high qz, both features are marked with lines.

fer (qz) that can be attributed to a smooth DH6T film of 36.5 Å thickness.
A weak Bragg peak corresponding to a lattice spacing of 3.9Å was found.
In the GID spectrum two pronounced peaks at qz values of 1.749Å−1 and
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Figure 4.11: Example of a herringbone motif.

1.990 Å−1 could be observed corresponding to lattice planes perpendicular
to the sample surface, which was confirmed by out-of plane scans along the
exit angle αf . These in-plane reflections correspond to lattice spacings of
3.59 Å and 3.16Å, which can not be explained by the structures of DH6T
reported up to now [117, 121]. However, from our findings a unit cell for
DH6T/Ag(111) can be modeled if a structure of the 6T-backbone similar to
pristine 6T is proposed.

The vertical thickness of 36.5 Å derived from the Kiessig fringes in XRR is
slightly larger than the reported diffraction spacing of 35.5Å for a DH6T film
on SiO2 composed of molecules tilted by 16◦ with respect to the substrate
normal [121]. Moreover, the reported unit cell cannot be used to explain the
present GID results. The XRD results of DH6T/Ag(111) are not sufficient
to derive the unit cell of DH6T without further assumptions, since only two
in-plane peaks could be observed.1 However, it is reasonable to assume that
the 6T backbone of DH6T adopts a similar packing motif as in all reported
cases in various environments [117, 161–163], i.e. a monoclinic unit cell with
a herringbone motif [Fig 4.11]. The two 6T polymorphs for which a unit cell
could be determined [117, 163] exhibit rather different unit cell dimensions
but almost the same unit cell volume (difference < 1%), a fact which can also
be confirmed for other rodlike organic molecules like pentacene [164, 165],
where the unit cell volumes of all known polymorphs differs by less than 5%.
Therefore, the following approach is reasonable: (i) fix the unit cell volume
in the model for the DH6T backbone structure in the vicinity of the reported
values for pristine 6T, (ii) find unit cell dimensions a and b that allow to
index the GID peaks with lowermost indices (hk0) by permutation of h,k
and that is most similar to one of the known structures of 6T. Following
this approach allows to propose the following unit cell for the 6T backbone
of DH6T: a = 6.631 Å, b = 7.180 Å, c = 22.35 Å, β = (90 ± 1)◦, which is

1It can be excluded that the reflections found in GID stem from lying DH6T molecules,
since the corresponding lattice spacings are far below the extensions of the DH6T molecule,
no peak at low momentum transfer could be observed and textured growth of lying DH6T
on the single crystal substrate has to be expected, which is highly unlikely to be observed
without azimuthal sample rotation (not performed due to experimental limitations).
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a (Å) b (Å) c (Å) β Z V (Å3)
Horowitz et al.[117] 6.029 7.851 44.708 89.24◦ 4 2116

6T backbone 6.631 7.180 22.25 (90± 1)◦ 2 1059
DH6T 6.631 7.180 36.5 (90± 1)◦ 2 1738

Table 4.1: Unit cell dimensions of the 6T crystal structure reported by
Horowitz et al. [117] (transformed to ascending axis dimensions), of the
standing phase of the DH6T conjugated backbone and of DH6T/Ag(111). Z
denotes the number of molecules in the unit cell, V is cell volume. The tilt
angle between backbone and hexyl-chains in the latter case was determined
to 28◦.

similar to the unit cell reported by Horowitz et al. [117]. The two GID
peaks can then be assigned to the (020) and (120) reflections. Taking into
account the film thickness of 36.5Å derived from the oscillations in the XRR
spectrum, the unit cell dimensions of standing DH6T on lying DH6T can now
be modeled. The small Bragg peak in the XRR spectrum that corresponds
to a lattice spacing of 3.9 Å, is an indication of a lying DH6T layer consisting
of at least two layers, since one single layer cannot cause Bragg diffraction.
This finding together with a comparison to the recently reported structure
of α,ω-dihexylquaterthiophene (DH4T) [166], allows to rule out that the
thickness oscillations stem from the overall film thickness. This would lead
to an unreasonably high mass density of > 1.3 g cm−3 for the hexyl-chains
of the standing molecules (DH4T: 0.78 g cm−3) as well as to a tilt angle of
> 60◦ (DH4T is fully extended). Therefore the spacing of 36.5Å is proposed
to correspond to the (001) lattice spacing (d001) of the DH6T structure, which
leads to the following unit cell dimensions of the standing DH6T monolayer:
a = 6.631Å, b = 7.180, c = 36.5 Å, β = (90 ± 1)◦. The low tilt angle of
the alkyl chains of 28◦, as well as a mass density of ca. 0.7 g cm−3 for the
volume occupied by the alkyl chains fit well to the DH4T values. The unit
cell dimensions are summarized in Table 4.1.

This result for DH6T on Ag(111) supports the growth model of an abrupt
change in molecular orientation in thin DH6T films on Ag(111).

DH6T/Au

To show that the results for DH6T/Ag(111) are relevant for other metal sub-
strates as well, UPS measurements of DH6T on the model substrate Au(111)
and the application relevant substrate polycrystalline Au were performed.
Thickness dependent spectra are shown in Fig. 4.12. For 4 Å DH6T on
Au(111) [Fig. 4.12 (a)] the peaks at the lower BE side of the localized π-
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Figure 4.12: Thickness dependent UPS spectra of DH6T on the substrates
(a) Au(111) and (b) polycrystalline Au. In all spectra the substrate contri-
bution is subtracted. θ means DH6T layer thickness. The insets display the
secondary electron cutoff.

electron peak centered at 3.50 V were smeared out and not clearly distin-
guishable. The hole injection barrier was 0.50 eV and IE 4.70 eV. Increasing
the film thickness up to 12 Å resulted in a shift of molecular levels by 0.20 eV
towards lower binding energies. Increasing the thickness further led to the de-
velopment of three clearly distinguishable peaks between EF and the 3.50 eV
peak. These peaks were assigned as HOMO, HOMO-1 and HOMO-2. In-
creasing the film thickness did not change the vacuum level, so multilayer
DH6T on Au(111) had an IE of 4.50 eV. DH6T on polycrystalline Au exhib-
ited a similar behavior, but the slightly lower substrate φ [5.10 eV, compared
to 5.20 eV of Au(111)] led to a different energy level alignment. L1 DH6T/Au
had a ∆h of 0.60 eV and an IE of 4.55 eV, L2 DH6T/Au a ∆h of 0.45 eV and an
IE of 4.30 eV. For DH6T on polycrystalline Au, even for monolayer coverage
HOMO and HOMO-1 could be resolved separately.

As for DH6T/Ag(111) also for DH6T on both, the poly- and single crys-
talline Au, going from monolayer to multilayer coverage changed the inten-
sity contribution to HOMO and HOMO-1 and shifted the spectra to lower
binding energies. These changes are again interpreted as change in DH6T
morphology from lying molecules in the monolayer to inclined molecules in
multilayer. But due to the different chemical interaction between DH6T and
Ag on the one hand and DH6T and Au on the other hand, especially in the
monolayer regime some differences existed. On both Au substrates the shift
of molecular levels set on beyond the nominal monolayer coverage and was
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Figure 4.13: Possible growth model of DH6T/Au.

smaller compared to the shift of DH6T on Ag(111). These observations sug-
gest different adsorptions mechanisms on the different metals. It is possible
that a part of the molecules is inclined also in the submonolayer coverage
range on Au [Fig. 4.13], leading to a superposition of the emission from lying
and inclined molecules.

These results underline that the effect of lying L1/standing L2 is rather
general for DH6T on metals. As long as the first DH6T layer grows lying
on the surface, which is likely to occur on a variety of metals due to the
relatively strong interaction between the π-system of the COM and metal
bands, a similar situation will be encountered.

DH6T/HOPG

In the case of DH6T/HOPG [Fig. 4.14] the UPS spectra appeared to be qual-
itatively similar to DH6T/Ag(111) up to a coverage of 20 Å, but the absolute
energy positions of the peaks were different: 1.25 eV BE and 1.80 eV BE for
HOMO and HOMO-1, respectively. At 20 Å coverage the peak-width in-
creased, however without a substantial change of the peak maxima position.
Therefore the hole injection barrier was reduced from 1.00 eV in the mono-
layer region to 0.60 eV in the multilayer. The vacuum level stayed essentially
constant throughthought the deposition of DH6T on HOPG, i.e. the ioniza-
tion energy was reduced from 5.50 eV (L1) to 5.05 eV (L2). In MAES the
feature at 13.1 eV BE is assigned to a final state structure originated in the
σ* band [167, 168]. This feature was visible up to a coverage of 20 Å. The
adsorbate exhibited clear features in the alkyl chain region as well as in the
conjugated backbone region for all investigated coverage values. Opposite to
DH6T/Ag(111) the intensity of the peak of the localized π-states was not
decreased by increasing the DH6T coverage.

DH6T/TTC/Ag(111)

The experiments on DH6T/TTC/Ag(111) were conducted in order to test the
role of the alkyl chains in the observed process of the orientational transition
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Figure 4.14: UPS and MAES results of the thickness series of DH6T on
HOPG. From left to right the secondary electron region and the valence
electron region of the UPS spectra and the MAES spectra are displayed.
θDH6T denotes the DH6T coverage and θe the photoelectron take-off angle.
UPS was additionally measured with θe = 0◦ yielding essentially the same
results as for θe = 45◦. In the MAES spectra the regions where emission from
the conjugated backbones (i and ii) and from the hexyl chains (iii) dominates
the spectra are marked. All these spectra were measured at Chiba University.

of DH6T on Ag(111). TTC is a long alkane which forms highly ordered lying
monolayers on various metal substrates [132–134].

In the case of DH6T/TTC/Ag(111) [Fig. 4.15] the substrate pre-coverage
by 4 Å TTC decreased φ by 0.55 eV. In the valence region of the UPS spectra
the metal derived features were suppressed, but no features of the satu-
rated TTC could be measured. In MAES all Ag(111) derived features were
suppressed upon TTC deposition. The spectrum was similar to a reported
monolayer TTC spectrum on Ag [44]. Therefore, it can be concluded, that
this TTC coverage corresponds to a closed and well ordered monolayer of
TTC on Ag(111). Depositing up to 8 Å DH6T on the TTC pre-covered
Ag(111) substrate resulted in molecule derived features in the UPS spec-
tra that were very similar to DH6T on pristine Ag(111), with HOMO and
HOMO-1 peaks centered at 1.85 eV BE and 2.50 eV BE, respectively. In this
case, the work function was decreased to 3.75 eV. The IE was 5.05 eV. The
deposition of multilayer DH6T on TTC/Ag(111) did not result in a new
peak at the low binding energy side of the former HOMO, like for DH6T on
pristine Ag(111). In MAES, neither the localized π-peak nor the delocalized
π-orbitals of DH6T could be observed in the low binding energy region for
all DH6T coverages. However, in the higher BE region alkyl chain derived
emission could be observed.
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Figure 4.15: UPS and MAES results of the thickness series of DH6T on
TTC/Ag(111). θDH6T denotes the DH6T coverage and θe the photoelec-
tron take-off angle. UPS was additionally measured with θe = 0◦ yielding
essentially the same results as for θe = 45◦. The label 0* means Ag(111)
pre-covered with a monolayer TTC. In the MAES spectra the three differ-
ent emission regimes are marked. All these spectra were measured at Chiba
University.

Summary of DH6T growth

For the discussion of the electron spectroscopic results with respect to the
molecular orientation two main parameters have to be considered in analogy
to the results of DH6T/Ag(111): (i) The ionization energy given by the
UPS results. The IE strongly depends on the orientation of the 6T core of
DH6T and thus provides information about the orientation of the conjugated
backbone of the molecule. And (ii) the existence of the peak of the six
narrowly spaced localized π-states around 5 eV BE in the MAES spectra
which is only accessible for lying molecules. In Table 4.2 the ionization
energies found for mono- and multilayer DH6T on the respective substrates
are summarized. In this table for the IEs of DH6T/Ag(111) the values from
the measurements at Chiba University are taken. Also in the discussion of
growth modes the model with two lying layers is considered, since this growth
mode was also observed in XRD measurements.

A growth model of DH6T/Ag(111) is given in Fig. 4.16. For the L2
orientation the unit cell established with XRR and GID is being used. Island
growth mode of multilayers is concluded from the MAES spectra, where the
peak of the localized π-states does not vanish totally even for thick films. In
case of layer by layer or Stranski-Krastanov growth of L2, the observation
of this peak would be hindered by the alkyl chains. The exact L1 structure
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Ag(111) HOPG TTC/Ag(111)
L1 5.05 5.50 5.05
L2 4.55 5.05 5.15

Table 4.2: Ionization energies in eV of monolayer (L1) and multilayer (L2)
coverage of DH6T on the respective substrates.

is unknown, but the Chiba UPS results and X-ray diffraction results point
to (at least) two lying layers. The top view structure of the lying phase was
determined for DH6T on Au(111) by scanning tunneling microscopy (STM)
[169]. An analogous orientation on Ag(111) can be expected, since the UPS
spectra of DH6T on Ag(111) and on Au are very similar.

side view

top view
(monolayer)

DH6T/Ag(111) DH6T/HOPG

DH6T/TTC/Ag(111) DH6T/SiO2

side view

Figure 4.16: Proposed growth models of DH6T on the investigated sub-
strates. The structure of DH6T/TTC/Ag(111) is one specific of several pos-
sible models. The top views for DH6T/Ag(111) [169] and DH6T/HOPG [170]
are taken from literature. For the sake of completeness also the structure of
DH6T/SiO2 is shown, taken from Ref. [121].

In the case of DH6T on HOPG, no substantial changes could be observed
between L1 and L2 coverage in both UPS as MAES spectra. The IE is
reduced by this transition, but no shift of the HOMO and HOMO-1 peak
maxima was observed. Therefore changes in the molecular orientation be-
tween mono- and multilayer are unlikely. The structure of the lying phase of
DH6T/HOPG measured with STM in solution [170] resembles the bulk phase
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of DH6T [121] (DH6T/SiO2 in Fig. 4.16), merely the orientation with respect
to the substrate surface plane is changed. Thus, DH6T can grow undisturbed
in its bulk phase from monolayer coverage onwards on HOPG. A suggested
growth model of DH6T/HOPG is shown in Fig. 4.16, where the orientation
and conformation is taken from literature [121, 170]. Growth in the Stranski-
Krastanov mode can be concluded from MAES, where up to a coverage of
20 Å (which is clearly more than a nominal lying monolayer) the HOPG σ*
signal can be observed; it vanishes for higher coverages. HOPG is known as
substrate that allows growth of highly ordered organic thin films, which can
exhibit band structures like in the case of PEN/HOPG [30]. Therefore it may
be that also DH6T exhibits a significant band width on HOPG which could
explain the observed broadening of HOMO and HOMO-1 without structural
changes. Because the broadening of the HOMO causes a change in the IE,
in the case of band dispersion the IE values cannot be used to make assump-
tions about the molecular orientation. The detailed analysis of electron band
dispersion of DH6T, however, requires refined measurements.

At first glance, a contradiction between our UPS and MAES results in
case of DH6T/TTC/Ag(111) exists. The ionization energy clearly points
to a lying orientation of the molecules, but in MAES no peaks originating
from the conjugated part of the molecules are being observed. Our XRR
and GID results as well as literature data [121, 166] clearly show that the
tilt angle between the alkyl chains and the conjugated backbone is flexible,
i.e. DH6T cannot only change its orientation but also its conformation. A
close inspection of the L2 films of DH6T on Ag(111) and on TTC/Ag(111)
reveals differences in the specific part of MAES spectra, which is attributed
to emission from the alkyl chains [Figs. 4.5 and 4.15]. In literature the
influence of alkane orientation on MAES spectra has been discussed in detail
[171, 172]. The hesitant increase in the hexyl derived emission on the low
BE range (around 6 eV BE) for DH6T/Ag(111) is typical for almost standing
alkyls [172], (as corroborated by XRR and GID). Whereas the fast increase
of the hexyl emission intensity in the same part of the spectra of multilayers
DH6T/TTC/Ag(111) points to almost lying alkyls [171]. At this point for
DH6T/TTC/Ag(111) can be assumed: (i) lying 6T backbones, (ii) lying alkyl
chains and (iii) only alkyl chains in the uppermost layer. It is impossible to
find a growth model that fulfills all the prerequisites. But small deviations of
the proposed orientations are possible, since the spectroscopic methods UPS
and MAES only give molecular orientations with low accuracy. And indeed,
little tilt angles of the DH6T components can lead to a possible growth model
which satisfies all assumptions [Fig. 4.16].

Interestingly, the molecular orientation and conformation of the DH6T
multilayer on Ag(111) and of DH6T/TTC/Ag(111) is very different. This
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finding leads to deeper insight in driving forces for molecules to change their
orientation. Since unsubstituted 6T on metals does not change its orientation
at the L1/L2 interface, the transition of DH6T at this interface has to be
related with the alkyl chains. Therefore DH6T on the pure alkyl chains of
TTC/Ag(111) was expected to grow in the standing phase even for monolayer
DH6T coverage. This is obviously not the case. Thus, it is demonstrated
that the balanced interplay of alkyl chain and backbone influence impacts the
molecular orientation and conformation in a crucial way. Even the position
of the alkyl chains on the backbone has to be considerd, since β, β′ hexyl
substituted 6T on Au does not change its orientation at the L1/L2 interface
[141]. As expected from this observations, on HOPG the orientation and
conformation is again different. In this case, the weakly interacting substrate
allows DH6T to grow in the bulk phase from beginning.

6T/DH6T/metal

Opposite to DH6T, unsubstituted 6T does not exhibit an orientational tran-
sition at the L1/L2 interface [86, 87]. Since 6T is a promising candidate for
organic field effect transistors [75, 116] it would be of great interest also to
change the 6T orientation and thus ∆h. One approach is to deposit 6T on
DH6T pre-patterned metal substrates.

UPS results of 6T/DH6T heterostructures are shown in Fig. 4.17 (a) and
(b). Multilayer 6T on monolayer DH6T/Ag(111) [Fig. 4.17 (a)] had a ∆h of
1.25 eV and a IE of 4.85 eV, HOMO and HOMO-1 had an intensity ratio of
1:1. For multilayer 6T on multilayer DH6T the spectrum was shifted, it had
a lower ∆h (0.85 eV) and IE (4.50 eV) and an intensity ratio of HOMO and
HOMO-1 of almost 1:2. In both cases depositing 6T on DH6T did not change
the SECO position essentially, the shift of 0.1 eV between 4 Å DH6T/Ag(111)
and 100 Å 6T/4 Å DH6T/Ag(111) can be attributed to the formation of an
interface dipole at the metal/organic interface due to the electron push back
effect. Using polycrystalline Au as substrates yielded quantitatively the same
results [Fig. 4.17 (b)]. The hole injection barrier of multilayer 6T changed
from 1.00 eV to 0.70 eV and the IE from 4.60 eV to 4.35 eV by changing the
DH6T pre-coverage thickness from 4 Å to 20 Å.

6T spectra on L1 DH6T pre-covered metals had the same peak posi-
tions and peak intensity contributions as the 6T spectra on pristine metals
[Fig. 4.19]. The changes in 6T spectra by going to L2 DH6T pre-coverage
were the same as the changes in DH6T spectra on pristine metals by the
transition L1 to L2. Therefore a growth model as sketched in Fig. 4.18 (a)
and (b) can be proposed. On the lying molecules of L1 DH6T also 6T is lying
flat, like 6T direct on metals. But on the standing molecules of L2 DH6T
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Figure 4.17: UPS spectra of 6T on L1 DH6T (upper plots) and on L2 DH6T
(bottom plots) on the substrates (a) Ag(111) and (b) polycrystalline Au. In
(b) all spectra are substrate subtracted. The insets display the secondary
electron cutoff.

(a) (b)

Figure 4.18: Growth model of 6T on (a) monolayer DH6T and (b) multilayer
DH6T on a metal substrate.
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also 6T is standing as it happens for 6T on pristine metals only for thicker
films. Therefore, 6T could be forced to grow in two different orientations by
different DH6T pre-coverage thicknesses. For both, application and funda-
mental physics, it is interesting that the length scale of the process leading
from lying to standing 6T could be reduced from hundreds of layers on pris-
tine substrates [86, 87] to just two layers by pre-patterning the substrate
with DH6T. But without exact knowledge about the driving force of DH6T
to obtain inclined multilayer the discussion about the driving force of 6T on
multilayer DH6T to obtain inclined molecules must be very speculative. One
may only notice generally that either the inclined phase of DH6T’s conju-
gated backbones or the saturated alkyl chains are responsible for enabling
6T to adopt its bulk phase.

DH6T/6T/metal

Figure 4.19: UPS spectra of DH6T on multilayer 6T on the substrates (a)
Ag(111) and (b) polycrystalline Au. In (b) all spectra except the spectrum
labeled 150 Å 6T* are substrate subtracted. The insets display the secondary
electron cutoff.

The investigation of the reversed deposition sequence in order to investi-
gate whether also DH6T exhibited a different growth mode on 6T/metal as
on pristine substrates is complicated due to the pronounced island growth
of 6T on the used metal substrates. 6T in the nominal monolayer thickness
had such large uncovered substrate patches that it was in this particular
case senseless to measure this heterostructure. But even a nominal 150 Å 6T
film did not lead to a closed organic layer as can be seen in substrate con-
tributions to the 6T spectra in Fig. 4.19 (a) and (b). However, depositing

63



5 Å DH6T on 150 Å 6T/Ag(111) resulted in a new small peak centered at
0.85 eV BE. This peak is shifted 0.95 eV with respect to 6T HOMO, thus
more than the usual difference of 6T and DH6T levels in the same orienta-
tion and is so that attributed as the HOMO of standing DH6T molecules.
Depositing more DH6T on 150 Å 6T/Ag(111) increased the 0.85 eV peak.
For 5 Å DH6T/150 Å 6T/Au no new peak at the low BE side of the 6T
HOMO can be resolved, but for higher DH6T coverage standing molecule’s
features appeared. In all cases the SECO was not changed. These results
may lead to the conclusion that DH6T adsorbed on 6T from beginning
on in the standing orientation. The HOMO feature of inclined DH6T of
5 Å DH6T/150Å 6T/Au may be to small for the instruments resolution or
may get lost in the substrate subtracting process. But it can be also the
case, that DH6T was adsorbing on pristine substrate patches between the
6T islands. In this case nominal 5Å DH6T coverage concentrated on free
substrate patches were a much higher effective coverage. On the free patches
DH6T could grow in the usual lying L1 inclined L2 scheme and the small
peak of the 5 Å DH6T/150Å 6T/Ag(111) was the DH6T L2 peak. Unfor-
tunately, with the data available it is not possible to decide onto a single
scenario.

Discussion of substrate influence

The measurements of DH6T on a variety of substrates have demonstrated
that the DH6T conformation and orientation strongly depends on the sub-
strate. At least three polymorphs exist on the five investigated substrates.
X-ray diffraction experiments allowed to estimate the unit cell parameters of
standing DH6T on lying DH6T on Ag(111). The totally different molecular
orientation and conformation on the five substrates with the lying mono-
layer/standing multilayer mode at metals, the bulk phase on HOPG and a
complete altered growth on TTC/Ag(111), allowed to shed light on the in-
terplay of conjugated and unconjugated parts of organic molecules in the
growth process on various substrates.

Since molecular growth is a very delicate issue [79–83] it is hard to link
cause and impact for a specific growth mode. But some general considera-
tions could be confirmed by the experimental work. The favorable overlap
of π-molecular orbitals with metal d-bands could be demonstrated for the
lying monolayer of DH6T on metals. The standing orientation dominates for
stronger intermolecular π-π-overlap, however it could not be clarified why
the alkyl substitution of 6T leads to such an abrupt transition. On well
defined, weakly interacting substrates, highly ordered organic structures are
likely, which could be demonstrated with the assumed band-like behavior of
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DH6T/HOPG. But also rather unexpected observations were made: (i) it
was expected that DH6T on TTC grows similar to L2 DH6T/Ag(111), (ii)
the difference in the amount of lying DH6T layers on the nominally equal
Ag(111) crystals surprises. These examples show that the dominant mech-
anisms of molecular growth, with a huge number of degrees of freedom like
orientation, conformation or abrupt changes in growth mode, cannot be re-
solved easily. However, in the context of molecular growth, in addition to
the specific findings concerning DH6T like the unit cell on Ag(111) and the
growth modes on the other substrates, some general useful findings were
made. An upper limit (0.15 eV) for orientation dependent changes in the
polarization energy for organics was found. An explanation for orientation
dependent IEs of van der Waals crystals was found. And an approach to con-
trol the growth mode of COMs by pre-patterning the substrates with other
COMs was demonstrated.

4.2 Charge Transfer Complexes
In this section the experimental results of measurements on charge trans-
fer complexes are presented. The section is organized in the following way:
First the ability of F4-TCNQ to react with Au surfaces and to pin the energy
levels of subsequently deposited organic materials at the interface is demon-
strated. By comparing organic materials that form charge transfer complexes
with F4-TCNQ (6T and α-NPD) with one that does not (6P), a dependence
of the pinning-behavior on charge transfer complex formation between the
organic molecules and the acceptor is excluded. Afterwards results of the
weaker acceptors FAQ and TCAQ are discussed in the same context. Nor-
bert Koch took lead in the data analysis for F4-TCNQ and TCAQ. Most
data of this section is published in Refs. [173] (F4-TCNQ), [124] (FAQ) and
[125] (TCAQ).

4.2.1 F4-TCNQ

CT between Au and F4-TCNQ

First, the ability of F4-TCNQ to form a CTC with Au is demonstrated.
UPS spectra of F4-TCNQ on polycrystalline Au are shown in Fig. 4.20.
Depositing 5Å F4-TCNQ on Au increased φ from 5.25 eV (pristine Au) to
5.6 eV (5 Å F4-TCNQ/Au) as revealed by the shift of the secondary elec-
tron cutoff shown in Fig. 4.20 (a). In the valence electron region near the
Fermi-level [Fig. 4.20 (b)] two new photoemission features appeared after
the deposition of 5 Å F4-TCNQ. These are indicated by the shaded areas
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Figure 4.20: (a) SECO region of UPS spectra for pristine Au (bottom)
and 5 Å F4-TCNQ/Au (top). (b) Near EF -region of UPS spectra of F4-
TCNQ/Au; the shaded area indicated the new photoemission features in-
duced by F4-TCNQ. Bottom spectrum (labeled “diff.”) is the difference be-
tween 5 Å F4-TCNQ/Au and pristine Au (scaled to the intensity at EF ).
These UPS spectra were measured at BESSY.

centered at 0.45 eV and 1.45 eV, according to the difference spectrum in
Fig. 4.20 (b) where the Au-contribution was subtracted. Further deposition
of F4-TCNQ (60Å) decreased the intensity of these two peaks as the in-
tensity of the metal Fermi-edge. XPS measurements for 5 Å F4-TCNQ/Au
[Fig. 4.21] exhibited two peaks in the N(1s) region at 397.8 eV and 399.15 eV
BE, both ± 0.05 eV. Further deposition of F4-TCNQ (60 Å) led to an inten-
sity increase in the higher BE component in the N(1s) spectrum. In addition
to these spectroscopic measurements, scanning tunneling microscopy exper-
iments of F4-TCNQ on Au(111) [174] confirm that the acceptor molecules
remain intact when adsorbed on Au and adsorb in a planar conformation.

All measured features can be explained by a significant charge transfer
between Au and F4-TCNQ. Starting the discussion with the XPS data, the
higher BE N(1s) peak is assigned to neutral F4-TCNQ and the lower BE
peak to the anion species. This interpretation follows the general rule that
negatively charged molecules will exhibit lower binding energies in the core
levels than neutral molecules. In previous reports of the unfluorinated par-
ent molecule TCNQ [175, 176] a similar shift occurred in the XPS peaks
and was explained in the same way. The third broad component centered at
400.5± 0.05 eV BE is attributed to shake-up processes [175, 176]. The domi-
nance of the peak attributed to the charged F4-TCNQ for monolayer coverage
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Figure 4.21: N(1s) XPS spec-
tra (photon energy: 630 eV) of
5 Å F4-TCNQ/Au, and 60 Å F4-
TCNQ/Au (with peak components
and background obtained by the fit-
ting routine).

and the increase of the peak intensity of the neutral F4-TCNQ by increasing
the film thickness is consistent with the CT-model: only F4-TCNQ in direct
contact with the metal undergoes a CT. The lower BE peak did not vanish
for multilayer coverage because of pronounced island growth of F4-TCNQ on
Au.

The proposed electron transfer is fully consistent with the appearance
of two new peaks close to EF in the UPS spectra [Fig. 4.20 (b)]. These
peaks are derived from the relaxed HOMO (higher BE) and the stabilized
- now (partially) filled - LUMO (lower BE) [28, 60] of the pristine molecule
[Fig. 2.5]. After deposition of F4-TCNQ multilayers, in which the molecules
are in their neutral state (as also suggested by XPS results), the intensity
of these two peaks is reduced [top spectrum in Fig. 4.20 (b)]. Also the shift
in the SECO after F4-TCNQ deposition [Fig. 4.20 (a)] points to a CT-type
reaction between Au and F4-TCNQ.

For physisorbed molecules a decrease in the work function of a metal
after molecule deposition is the rule [18, 19]. But in the case of F4-TCNQ φ
increased by 0.35 eV for 5Å F4-TCNQ coverage. An electron transfer from
Au to the organic molecule will lead to negatively charged F4-TCNQ on top
of the Au-surface and positive mirror charges in the Au substrate. The result
is a dipole with the dipole moment (~µ) pointing towards the metal surface
[Fig. 4.22]. The relation of dipole moment and work function is given by the
Helmholtz equation [Eq. 2.6] which is repeated here:

∆φ =
q · nD · µ⊥

εε0

(4.1)

( ∆φ: change in the work function, q: elementary charge, nD: dipole sur-
face density; µ⊥: dipole moment perpendicular to the surface, ε: dielectric
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Figure 4.22: Interface dipole (~µ) established by the CT between F4-TCNQ
and Au substrate.

constant, ε0: vacuum permittivity). This equation demonstrate that an in-
terface dipole pointing towards the metal surface will increase the substrate
work function.

Energy level tuning with F4-TCNQ

Having established that F4-TCNQ forms a charge transfer complex on the
surface of Au, now the influence of different F4-TCNQ pre-coverages (θF4−TCNQ)
on the interface energetics when another organic molecular material is de-
posited afterwards can be discussed. The first one that is discussed is 6T.
Charge transfer complex formation between oligothiophenes and F4-TCNQ
is known [177, 178], therefore, this material pair is of direct relevance for
testing the concept of energy level bending within the framework of organic
electrical doping [65–67].

In Fig. 4.23 (a) the impact of pre-covering Au with 0.15 Å F4-TCNQ on
subsequently deposited 150 Å 6T is displayed. In comparison with 6T on pris-
tine Au the spectrum was shifted rigidly to lower binding energies by 0.15 eV.
This shift included the peaks originated in the delocalized molecular orbitals
HOMO, HOMO-1 and HOMO-2 as the peak attributed to the localized π-
electron peak in the 3.5 eV BE region. ∆h for 150 Å 6T/Au was 0.95 eV and
for 150Å 6T/0.15Å F4-TCNQ/Au 0.80 eV. Increasing θF4−TCNQ up to 5 Å,
increased also the rigid shift of molecular levels towards lower BE and led
to a hole injection barrier of the 6T overlayer of just 0.30 eV [Fig. 4.23 (b)].
This appears to be the lowest value of ∆h possible for 6T on F4-TCNQ pre-
covered Au (at room temperature), as can be inferred from the data summary
[Fig. 4.24 (a)]. There also values for the vacuum level shift (relative to the
pristine Au surface; i.e., sample work function change) ∆vac are shown as
function of F4-TCNQ pre-coverage thickness. Both values had a nearly lin-
ear dependency on θF4−TCNQ for low pre-coverages (up to 0.5Å) and stayed
(within the error bars) constant for higher F4-TCNQ pre-coverages. Mind
that the correlation coefficient between θF4−TCNQ and ∆h on the one side
and θF4−TCNQ and ∆vac on the other side is not the same.

To elucidate whether charge transfer between F4-TCNQ and the subse-
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Figure 4.23: (a) UPS spectra of 150Å 6T on with 0.15Å F4-TCNQ pre-
covered Au, including pristine Au spectrum and F4-TCNQ pre-covered sub-
strate spectrum (spectrum labeled “Au*”). The spectrum of 150Å 6T/Au
acts as reference. (b) Same as (a) for 5 Å F4-TCNQ pre-coverage.

quently deposited organic material is the dominant mechanism for the ob-
served lowering of ∆h corresponding experiments on 6P have been performed.
Charge transfer can be ruled out in this case because of the large ionization
energy of 6P of ca. 5.9 eV [18, 19, 60] whereas the electron affinity of F4-
TCNQ is only 5.24 eV [67]. However, ∆h was significantly reduced for 6P
when F4-TCNQ was pre-adsorbed on Au. The minimum ∆h = 0.6 eV was
achieved with only 1.5Å F4-TCNQ/Au [Fig. 4.24 (b)]. Larger F4-TCNQ
did not lead to a further decrease of the hole-injection barrier [Fig. 4.24 (b)].
Therefore, the huge reduction of ∆h by 1.2 eV was not due to the formation
of an organic charge transfer complex, or electrical doping, but was simply
due to the modification of the Au surface by the strong electron acceptor
F4-TCNQ.

Results from a third example (α-NPD) are summarized in Fig. 4.24 (c).
This can be seen as an intermediate case, where weaker charge transfer be-
tween the two organic materials has been claimed [67], due to the similarity
of α-NPD ionization energy (5.3 eV [18, 67]) and F4-TCNQ electron affinity
(5.24 eV). Nevertheless, the dependence of ∆h on F4-TCNQ follows the same
trend as for 6P. ∆h decreases from 1.2 eV (pristine Au) to 0.55 eV (> 0.6 Å
F4-TCNQ) for α-NPD films of 50 Å thickness (and remains unchanged for
thicker films). This is in between the values of 0.62 eV for 0.5%- and 0.36 eV
for 30%-F4-TCNQ-doped α-NPD [67].
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Figure 4.24: Hole-injection barrier (∆h) (upper plots) and vacuum level shift
relative to pristine Au (∆vac) for (a) 6T (at 100 Å thickness), (b) 6P (at 80 Å
thickness) and (c) α-NPD (at 50Å thickness) on F4-TCNQ/Au as function
of F4-TCNQ pre-coverage ( θF4−TCNQ). The symbol size corresponds to the
experimental error.

From the obtained results it can be concluded that the energy level align-
ment at organic/metal interfaces in the presence of a strong electron accep-
tor (in this case F4-TCNQ) is largely determined by the number of acceptor
molecules in direct contact to the metal substrate. In Fig. 4.25 the gen-
eral principle is schematically shown. Low F4-TCNQ pre-coverage (left side)
leads to a small interface dipole (~µ) and therefore to just a small increase in
the substrate work function [Equ. 2.6]. However, for sub-monolayer coverage,
the surface potential felt by subsequently deposited molecules is an average
of local φ’s of covered and uncovered substrate patches [98, 179–181]. The
energy levels of the second material are then aligned relative to the cover-
age dependent, area-averaged surface potential established by F4-TCNQ/Au
[181]. This is supported by the observation that the width of photoemis-
sion features from 6T, 6P, and α-NPD did not depend on θF4−TCNQ, which
would be the case if the spectra arose from the superposition of emission from
patches with underlying bare Au and those pre-covered with F4-TCNQ. En-
ergy levels in valence electron region (only the HOMO is shown in Fig. 4.25),
are vacuum aligned and the hole injection barrier is rather large. Higher
F4-TCNQ pre-coverage leads to a larger ~µ and smaller ∆vac. Therefore also
the hole injection barrier of the subsequently deposited COM is lower than
for the smaller θF4−TCNQ.

If charge transfer between the acceptor and the subsequently deposited
organic material can be excluded, acceptor pre-coverage is the only parameter
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Figure 4.25: Simplified working principle of the energy level tuning mech-
anism. θF4−TCNQ means F4-TCNQ pre-coverage thickness and F4 means
F4-TCNQ. For details see text.

determining ∆h. Once the energy level alignment is defined at the interface,
no further shifts of energy levels as a function of film thickness occur (except
for photo-hole screening effects). The consequence is that the observation of
energy level bending in co-evaporated samples (i.e. doping) probably arises
from more acceptor molecules reaching the metal surface as the film thickness
is increased. The possibility of extensive F4-TCNQ diffusion through an
organic matrix has been reported [67], however, since most organic molecular
materials do not follow a layer-by-layer growth mode [79], increasing the film
thickness will also increase the amount of acceptor at the metal surface.

The key result is that for all three investigated material-pairs ∆h de-
creased with increasing F4-TCNQ pre-coverage (on Au) until a “critical cov-
erage” (θcrit) was reached, and remained virtually constant for larger F4-
TCNQ. In particular, for 6P [Fig. 4.24 (b)] and α-NPD [Fig. 4.24 (c)] it
appears that in the range of θF4−TCNQ = 0, ...θcrit a linear relationship may
exist between ∆h and θF4−TCNQ. The molecular levels of F4-TCNQ are
pinned relative to the Au substrate by a charge transfer-type interaction and
energy levels of subsequently deposited COMs are aligned to the modified
substrate work function. This mechanism undoubtedly holds for material
pairs without charge transfer. The situation becomes more complex, if the
second organic material has electron donor-type character: molecules may re-
act with F4-TCNQ that is not in contact with Au (multilayer), or may even
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interact strongly with Au-F4-TCNQ, resulting in a charge transfer complex
with three components. This can explain the unexpected behavior of ∆vac

for 6T and F4-TCNQ [Fig. 4.24 (a)]: while ∆h was reduced by 0.7 eV, ∆vac

changed by only 0.3 - 0.4 eV. In contrast, these two values change by the
same amount for 6P and α-NPD [Fig. 4.24 (a) and (b)]), corresponding to
a rigid shift of all energy levels (including the vacuum level) as function of
F4-TCNQ pre-coverage thickness.

4.2.2 FAQ

Though F4-TCNQ is a strong acceptor and can tune ∆h of virtually any
COM, it has the disadvantage of low molecular weight and low thermal sta-
bility. Hence F4-TCNQ is unlikely to be used in a real device and there is
need for other acceptors strong enough to undergo a significant charge trans-
fer with noble metal surfaces, such as Ag and Au, with higher molecular
weight. FAQ is such a larger acceptor. In this section the ability of FAQ
to accept sufficient negative charge from Ag and Au surfaces after adsorp-
tion, to allow for hole injection barrier reduction towards another conjugated
electroactive organic material is demonstrated.

CT between FAQ and noble metal substrates

Deposition of FAQ on Au [Fig. 4.26] resulted in the attenuation of Au pho-
toemission features (Fermi-edge and 5d band peaks centered at 3.20 eV and
6.10 eV BE) and the appearance of new photoemission features, derived from
molecules, most clearly visible a peak centered at 4.50 eV BE. The experimen-
tal curves show the time dependent evolution of the spectrum of a FAQ/Au
film with a nominal thickness of 16 Å and the spectrum of the pristine Au as
reference. Note that for all FAQ films “film thickness” refers to the nominal
mass-thickness (determined by the quartz microbalance) of a molecular film.
However, pronounced island-growth can result in large uncovered substrate
patches next to comparably “thick” molecular multilayer-islands. With in-
creasing time after deposition of FAQ on Au the contribution from Au to
the spectrum is becoming stronger (compare spectra for 10 min and 55 min
time laps between film preparation and UPS measurement in Fig. [4.26]).
This can be interpreted as an increase of uncovered substrate patches, due to
either FAQ desorption or dewetting [85]. Even the spectrum measured only
10 min. after evaporation shows contributions from Au, typical for Frank-
van der Merve or Stranski-Krastanov growth mode. In order to obtain the
molecule spectrum without the Au-contribution the pristine substrate spec-
trum was subtracted from the spectrum of FAQ/Au after normalization to
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Figure 4.26: UPS spectra (hν =
45 eV) of FAQ/Au: pristine Au
(top) and chronological evolution of
a nominally 16 Å thick FAQ film;
t denotes the time lapsed between
evaporation of FAQ on Au and UPS
measurements. The spectrum “10*”
is spectrum “10” after Au contri-
bution subtraction. The spectrum
“theor.” is the calculated spectrum
of FAQ. The inset displays the sec-
ondary electron cutoff of pristine
Au and FAQ/Au with monolayer
coverage.

the intensity at the Fermi-level [Fig. 4.26, spectrum 10*]. This spectrum
resembles closely the theoretical spectrum of a neutral molecule [Fig. 4.26,
spectrum theor.]. This last observation would be expected for physisorbed
molecules, since in this case the electronic structure of the adsorbed molecule
is hardly disturbed by the metal. If molecules were chemisorbed via signifi-
cant electron transfer from the metal, the electronic structure should change
according to the schematic shown in Fig. 2.5. The stabilized former LUMO
(now the HOMO of the charged molecule) is shifted to higher binding ener-
gies and should occur now in the UPS spectrum as CT-peak just below EF .
In addition to the stabilization of the LUMO, the CT should also cause an
energetic relaxation of the HOMO due to a change in molecular conforma-
tion.

However, our measured spectra do not exhibit a clear CT-induced peak
near EF (even in a close-up of this region). After these simple considera-
tions, one may consequently speculate that FAQ indeed physisorbs on Au.
But the BE position of the FAQ HOMO with the onset at 3.10 eV BE is
in contradiction to simple physisorption, because the optical energy gap of
FAQ (measured with optical absorption spectroscopy in acetone solution) is
2.85 eV. Since the transport gap in the solid-state can be larger by several
hundred meV than the optical gap [182], our experimental results indicate
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that EF is very close to or even at the LUMO of neutral FAQ. This situation
is not commonly observed for COMs physisorbed on Au. However, a weak
electron transfer from Au to FAQ could explain this behavior, as outlined
above. The newly occupied states in the former energy gap lead to the appro-
priate movement of EF relative to the molecular levels. Note that the electron
transfer can be very small, inhibiting its observation by UPS. Further support
for the proposed electron transfer from Au to FAQ comes from the change of
φ after deposition of the acceptor. Depositing FAQ in the monolayer region
on Au resulted in a decrease of φ by 0.40 eV [inset Fig. 4.26]. This value is
very small compared to just physisorbed molecular layers, where decreases
of typically 1 eV [18, 43, 51, 52] were reported. On the other hand, CT
causes an increase in sample work function. Assuming a planar adsorption
geometry, the small decrease of φ for FAQ/Au is an indication of additional
CT-induced dipoles, partially canceling the push-back induced φ-decrease.
However, the true situation cannot be simply explained by a superposition
of push-back and CT-induced dipoles, since the both mechanisms are not
decoupled on a molecular scale.

Deposition of FAQ on Ag(111) [Fig. 4.27 (a)] also resulted in an atten-
uation of metal photoemission features (Fermi-edge and Ag 4d band peaks
centered at 4.90 eV and 6.50 eV BE) and the appearance of new photoemis-
sion features, derived from molecular orbitals. In contrast to FAQ/Au, no
time-dependent spectral changes on the scale of several hours could be ob-
served for FAQ/Ag(111). Apparent molecule-derived photoemission features
included a peak centered at 0.95 eV BE and a shoulder at the lower BE side
of the metal emission with its onset at 2.35 eV BE [Fig. 4.27 (b)]. With in-
creasing nominal film thickness only intensities but not the position of these
two features changed. Even for 48 Å FAQ the Fermi-edge of the substrate
was still visible, which can be explained by island or Stranski-Krastanov
growth mode. Consequently, the spectrum still contains significant contri-
butions from Ag(111). In order to obtain the spectrum of the adsorbate
only, the pristine substrate spectrum was subtracted from the one of 48 Å
FAQ/Ag(111) [Fig. 4.27 (a), spectrum 48*]. This spectrum has some similar-
ity with the substrate-subtracted spectra of FAQ on Au [Fig. 4.26, spectrum
10*], but there are three obvious differences: (i) the clear appearing of a
low BE peak close to EF (at 0.95 eV), (ii) the onset of the high intensity
peak (2.35 eV) is shifted to lower BE by 0.75 eV compared to FAQ/Au (3.10
eV), and (iii) this peak appears to be composed of at least two components
(centered at ca. 3.95 eV and 3.05 eV), while it appears as single component
feature for FAQ/Au [centered at 4.55 eV; c.f. Fig. 4.26]. All these differences
can be explained by a stronger CT between FAQ and Ag(111) in comparison
to FAQ and Au. (i) If more negative charge is transferred from the metal
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Figure 4.27: (a) UPS spectra (hν = 45 eV) of FAQ on Ag(111) for increasing
FAQ coverages (θFAQ). The spectrum “48*” is the 48 Å FAQ spectrum after
Ag-contribution subtraction. Inset: sample work function (φ) as function of
FAQ coverage. (b) Close up of the near-EF region of 8 Å FAQ on Ag(111)
with the pristine metal spectrum as reference. The shaded area corresponds
to the LUMO-derived CT-peak.

to fill the former LUMO, the resultant CT-peak has more intensity, and was
thus clearly observed by UPS [Fig. 4.27 (a)]. (ii) Due to the additional charge
on FAQ, conformational rearrangements are more pronounced, leading to a
larger relaxation of the HOMO. Consequently, the feature derived from the
neutral FAQ HOMO is observed at lower BE. (iii) The apparent broadening
(into at least two components) of the neutral FAQ HOMO-derived peak has
two reasons: first, a superposition of negatively charged molecular emission
from the chemisorbed monolayer, and emission from neutral molecules in
multilayers. Second, calculations showed that the first strong photoemission
peak [Fig. 4.26] is composed of six almost degenerate molecular orbitals. The
CT and the accompanying geometrical changes on FAQ lift this degeneracy,
resulting in the observed increased energy splitting of these six orbitals.

The inset in Fig. 4.27 (a) shows the evolution of φ as function of nominal
coverage. This evolution can be divided into three regions: (i) a decrease of
φ for coverages < 2 Å, (ii) an increase up to 8 Å, and (iii) a small decrease for
higher coverages. The following model is proposed to explain these different
regions. Although FAQ on Ag(111) did not show pronounced desorption or
dewetting on the time scale of minutes (as did FAQ on Au), FAQ can dif-
fuse during the adsorption process on the metal surface on a much shorter

75



Figure 4.28: Comparison of
UPS spectra (hν = 45 eV)
for 150 Å thick 6T films
on FAQ-pre-covered metal
surfaces (upper curves) and
6T deposited on pristine (a)
Ag(111), and (b) Au. The
vertical lines indicate the rigid
shift of the spectra including
the HOMO-onset and the
localized π-orbital maximum
(in the 4 eV BE region).

time scale. Nucleation in the low coverage regime possibly occurs at sur-
face defects, such as step edges [183]. At defect sites, the dipole moment
resulting from a CT between FAQ and metal needs not necessarily to point
in the direction perpendicular to the metal surface. The dipole moments of
the dipoles pointing in different direction can cancel each other or can even
cause the measured decrease in φ. At coverages higher than 2Å defects are
saturated, molecular island growth proceeds on terraces, and φ increases as
expected for a strong CT. The small decrease for coverages > 8 Å can be
due to multilayer formation, where no further charge transfer occurs, but
subtle changes in the monolayer conformation may be induced by multilayer
over-growth.

Energy level tuning with FAQ

Fig. 4.28 depicts the results of experiments for 6T deposited on FAQ-pre-
covered metal surfaces. Pre-covering Ag(111) with 7 Å FAQ resulted in a
rigid shift of 0.60 eV to lower BE of the spectrum for a nominally 150Å thick
6T film in comparison to 6T (of the same thickness) on pristine Ag(111)
[Fig. 4.28 (a)]. The origin of the shift is the modified surface potential of
the substrate due to the CT-type interaction. The formation of an organic-
organic CT-complex between FAQ and 6T is unlikely, since optical absorp-
tion spectra of mixed DH6T and FAQ solutions did not exhibit new CT-
induced absorption features below the individual molecules’ energy gaps.
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Pre-covering Au with FAQ also resulted in a rigid shift to lower BE of the
6T spectrum [Fig. 4.28 (b)], but to a smaller extent (0.40 eV). This is con-
sistent with our proposition that there is a finite CT between FAQ and Au,
but smaller than for Ag(111). Note that 6T features on FAQ pre-covered
Au are broader compared to 6T on pristine Au. The origin are likely to
be surface inhomogeneities (due to the pronounced island growth/dewetting
of FAQ/Au) on a mesoscopic scale. In this case the measured spectrum is
a superposition of spectra from substrate patches with different local work
functions. Due to the island or Stranski-Krastanov growth mode of FAQ the
6T spectrum thus contains contributions from 6T lying directly on the Au
surface, 6T on the chemisorbed monolayer FAQ, and on multilayer FAQ.

4.2.3 TCAQ

CT between TCAQ and Ag(111)

The deposition of 5Å TCAQ (ca. one monolayer) onto Au resulted in the
observation of new photoemission features [Fig. 4.29 (a)], and a decrease of
φ by 0.5 eV [inset of Fig. 4.29 (a); φ of pristine Au: 5.1 eV]. Since the middle
spectrum of Fig. 4.29 (a) still contains contributions from the Au substrate,
these were subtracted (after normalization to the intensity at EF ) to display
the features of the organic adlayer only (bottom curve). The peak centered
at 3.5 eV binding energy is assigned to be derived from the HOMO of TCAQ.
Deposition of TCAQ onto Ag(111) also resulted in new photoemission fea-
tures [Fig. 4.29 (b)]. After the subtraction of spectral contributions from
Ag (bottom curve), the overall spectral shape of TCAQ/Ag closely resem-
bles that of TCAQ/Au. The only significant difference is a rigid shift of
0.2 eV towards higher BE. Noteworthy, the secondary electron cutoff energy
position before and after adsorption of TCAQ on Ag did not change [inset
Fig. 4.29 (b)], i.e., sample φ was constant at 4.45 eV. The ionization energy
for both TCAQ/Au and TCAQ/Ag(111) is measured as 7.25 eV.

A rather weak interaction between TCAQ and Au is proposed, since no
CT-induced occupied states in the empty energy gap could be observed (c.f.
bottom curve Fig. 4.29 (a)). The reduction in sample φ after adsorbing
molecules is then explained by a decrease of the pristine metal surface dipole
due to the electron push-back effect. The absence of changes in φ for the
deposition of TCAQ on Ag points towards a stronger type of interaction.
The fact of constant instead of a decrease suggests an electron transfer from
the metal towards the molecular layer. Furthermore, close inspection of the
TCAQ/Ag spectrum reveals that a new photoemission feature appears close
to EF [at 0.7 eV BE in Fig. 4.29 (c)]. This CT-peak is absent for the pristine
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Figure 4.29: (a) UPS spectra of pristine polycrystalline Au (top), 5 Å TCAQ
on Au (middle), and the Au-contribution subtracted (bottom). Inset: sec-
ondary electron cutoff spectra. (b) UPS spectra of pristine Ag(111) (top),
5 Å TCAQ on Ag(111) (middle), and the Ag-contribution subtracted (bot-
tom). Inset: secondary electron cutoff spectra. (c) Near-EF UPS spectra of
pristine Ag(111) (bottom) and 5 Å TCAQ on Ag(111) (top), displaying the
additional photoemission feature (CT-peak) centered at 0.7 eV BE.
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Figure 4.30: Comparison of UPS spectra for (a) low and (b) high 6T cov-
erage (θ6T ) on Ag(111) with and without 0.5 Å TCAQ pre-adsorbed (as in-
dicated). (c) Hole injection barrier (∆h) and interface dipole relative to
pristine Ag(111) (∆vac) for 25 Å thick 6T films on Ag(111) as function of
TCAQ pre-adsorbate coverage (θTCAQ).

Ag surface, as well as for TCAQ/Au. Consequently, it can be proposeed that
a TCAQ monolayer adsorbed on Ag undergoes such a charge transfer.

Energy level tuning with TCAQ

When depositing 6T on top of a monolayer of TCAQ pre-adsorbed on Au,
by UPS no differences in the energy level alignment compared to 6T directly
deposited onto Au could be observed. For both cases, a ∆h between 6T and
Au of 0.75 eV (spectra not shown) was measured, consistent with previous re-
ports on 6T/Au [182]. In contrast, a significantly lower ∆h for 6T on Ag(111)
could be found when TCAQ was pre-adsorbed on the metal surface, even in
the sub-monolayer range. ∆h for low 6T coverage (Fig. 4.30 (a), top curve)
on pristine Ag was 1.30 eV, and only 1.05 eV on Ag with only 0.5 Å TCAQ
adsorbed before 6T deposition [Fig. 4.30 (a), bottom curve]. Similarly, ∆h

for high 6T coverage [Fig. 4.30 (b), top curve] on pristine Ag was 1.4 eV, and
1.1 eV on Ag with 0.5 Å TCAQ pre-adsorbed [Fig. 4.30 (b), bottom curve]. In
all cases, the spectra resemble pristine 6T. The rigid shift of spectra towards
higher BE when comparing low and high 6T coverage (0.1-0.2 eV for peak
maxima) is due to a decreased screening efficiency of the photo-hole farther
away from the metal substrate [138]. Increasing TCAQ pre-coverage did not
lead to a significant further decrease of ∆h for 6T on Ag. However, if only
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0.1 Å TCAQ were adsorbed onto Ag before 6T deposition, ∆h was reduced by
only 0.1 eV relative to 6T on pristine Ag. The values of ∆h for varying TCAQ
coverage (θTCAQ) are summarized in Fig. 4.30 (c) together with ∆vac. Both
values show the same dependence on the acceptor pre-coverage. Therefore
the energy level alignment should only be controlled by the Ag(111)/TCAQ
surface reaction and not by an organic/organic CT between TCAQ and 6T
[Section 4.2.1]. And indeed, appreciable charge transfer between the electron
acceptor TCAQ and the donor 6T can be ruled out. The ionization energy of
6T (measured in the present experiments at 5.2 eV) is much larger than the
estimated electron affinity of TCAQ (upper limit: ionization energy (7.25 eV)
- optical gap (3.1 eV [184]) = 4.15 eV). Furthermore, if charge transfer were
the cause for the lowering of ∆h (in analogy to the reports on “doping” with
fluorinated TCNQ [63–65, 67]), this effect would have been observed also for
Au as substrate; this was not the case.

4.3 Energy level alignment mechanisms
This section is focused on the energy level alignment mechanisms at or-
ganic/metal and organic/organic interfaces. The two previously discussed
issues –the role of the molecular orientation and the energy level tuning– are
combined in one experiment, i.e. the energy levels of DH6T were measured
on F4-TCNQ pre-covered metal substrates. A transition from vacuum-level
alignment to molecular level pinning - reminiscent of Fermi-level pinning - at
the homo-interface between DH6T monolayer and multilayers was observed,
which depended on the amount of pre-deposited F4-TCNQ. The results of
this section are published in Ref. [185].

DH6T/F4-TCNQ/Ag(111)

Fig. 4.31 (a) shows the spectra of a DH6T thickness-dependence series on 1 Å
F4-TCNQ pre-covered Ag(111). F4-TCNQ chemisorbed on Ag resulted in
three characteristic photoemission features (centered at 0.70 eV, 2.00 eV and
2.80 eV BE), reminiscent of an organic-metal charge transfer type interaction.
Sample φ was increased by 0.30 eV by F4-TCNQ deposition. The shape of the
UPS spectra of DH6T deposited on 1 Å F4-TCNQ/Ag(111) was very similar
to the spectra of DH6T on pristine Ag(111) [Fig. 4.1 (b)]. However, all
spectra were rigidly shifted by 0.45 eV to lower binding energies, because the
DH6T molecular levels were re-aligned to the F4-TCNQ modified substrate
surface potential. As for DH6T/Ag(111) with increasing film thickness the
spectra were shifted 0.60 eV towards lower BE and the intensity ratio of
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Figure 4.31: (a) SECO (left side) and valence region photoemission spectrum
(right side) for DH6T with increasing coverage (θDH6T ) on 1 Å F4-TCNQ
pre-covered Ag(111). “0*” is the spectrum of the F4-TCNQ pre-covered sub-
strate. Closed symbols mark HOMO and HOMO-1 of L1, open symbols mark
the same features for L2. (b) Same as (a) for 3Å F4-TCNQ pre-coverage.
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Figure 4.32: (a) Growth model and (b) interface electronic structure model
for DH6T/Ag(111) (left side) and DH6T/(thick)F4-TCNQ/Ag(111) (right
side). L1 indicates monolayer DH6T, L2 multilayer DH6T, Evac vacuum
level, EF Fermi-level, ∆φL1,L2 the work function shift, ∆HOMO the HOMO
shift, δ+ symbolizes the slightly positively charged pinned HOMO, F4 means
F4-TCNQ.

HOMO and HOMO-1 was changed from ca. 1:1 to ca. 1:2. These changes
in the position and lineshape of DH6T spectra were already assigned to a
transition from flat lying molecules in the monolayer to standing molecules in
multilayers. Thus, beyond 3 Å DH6T coverage the formation of multilayers
sets in [Fig. 4.31 (a)]. The hole injection barrier for multilayer (e.g., 40Å)
DH6T/Ag(111) was only 0.10 eV. Note that the SECO remained essentially
at constant kinetic energy for monolayer and multilayer DH6T coverage.

Pre-covering Ag(111) with 3Å F4-TCNQ led to a larger increase in sam-
ple φ (0.60 eV) and hence to a larger rigid shift of molecular levels of sub-
sequently deposited DH6T [Fig. 4.31 (b)] compared to DH6T on 1Å F4-
TCNQ/Ag(111). Now, even for the monolayer DH6T ∆h was only 0.10 eV.
Going from L1 to L2 changed the intensity ratio of HOMO and HOMO-1
from almost 1:1 to ca. 1:2, which again is interpreted as evidence for standing
molecules. Noteworthy, this change was not accompanied by a further de-
crease of ∆h. Also the SECO showed a different behavior compared to DH6T
on 1 ÅF4-TCNQ/Ag(111). Even after monolayer completion the SECO con-
tinued to shift towards lower kinetic energies and reached the same position
for the multilayers as for the case shown in Fig. 4.31 (a).

Fig. 4.32 summarizes these results. Part (a) indicates the growth model
of DH6T on pristine Ag(111) (left side) and DH6T on F4-TCNQ pre-covered
Ag(111) (right side). Part (b) displays the corresponding schematic of the
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interface electronic structure. Note that the energy level alignment of the
DH6T homo-interface L1/L2 was the same for DH6T/Ag(111) and DH6T
on 1 Å F4-TCNQ/Ag(111), however, rigidly shifted. For low (or even zero)
F4-TCNQ (left side) the vacuum level remained constant at the DH6T homo-
interface L1/L2, but the DH6T HOMO shifted towards EF (∆HOMO), i.e.,
the ionization energy of L2 was smaller than for L1. On the other hand
(right side), for F4-TCNQ > 3 Å the hole injection barrier stayed constant
at the L1/L2 interface and Evac exhibited a shift (∆φL1,L2). This behavior
is typical for molecular orbital level pinning [55]. It has been suggested that
the transition from vacuum level alignment to molecular orbital level pinning
occurs when ∆h becomes of the same magnitude as the positive polaron re-
laxation energy [39, 55, 56]. In this case, charge must be redistributed across
the interface, leading to an interface dipole. In other words, the vacuum
level is changed but the hole injection barrier stays constant. The measured
vacuum level shift ∆φL1,L2 is direct evidence for an interface dipole and the
accompanied charge redistribution across the DH6T homo-interface L1/L2.
Remarkably, our results demonstrate that the insulating hexyl chains do not
obstruct this charge transfer, but allow for thermodynamic equilibrium to
be established. Since the hexyl chains are just tilted by 28◦ with respect to
the nearly upright DH6T backbone, the charge has to flow almost along the
hexyl long axis.

DH6T/F4-TCNQ/Au

To extend the above results obtained on the model substrate Ag(111) to
a more application relevant substrate, similar experiments were performed
using polycrystalline Au as substrate. On pristine Au, DH6T showed the
same rigid shift (as on Ag) of molecular levels when going from L1 to L2
[Fig. 4.33 (a), upper part]. For 1 Å F4-TCNQ pre-coverage, already the
monolayer DH6T had a hole injection barrier of only 0.10 eV. Multilayer
formation did not lead to a further reduction of ∆h [Fig. 4.33 (a), bottom
part]. Changes in the hole injection barrier and the vacuum level for lower
F4-TCNQ pre-coverages are summarized in Fig. 4.33 (b). The upper part dis-
plays ∆h of L1 and L2 of DH6T as function of F4-TCNQ pre-coverage. The
bottom part displays the corresponding vacuum level shift (∆vac) with respect
to pristine Au. Multilayer DH6T on pristine Au had the same ∆vac as mono-
layer DH6T, but a decreased ∆h, equivalent to DH6T/Ag(111) [Fig. 4.32 (b)].
For F4-TCNQ pre-covered Au with a monolayer of DH6T, ∆h depended al-
most linearly on F4-TCNQ until 0.5 Å was reached, leveled off between 0.5 Å
and 1Å and remained constant between 1 and 5 Å. Apparently, also the
vacuum level shift was reduced until 1 Å F4-TCNQ pre-coverage and stayed
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Figure 4.33: (a) UPS spectra of DH6T/Au (upper spectra) and DH6T on
1 Å F4-TCNQ/Au (bottom spectra), θDH6T is the DH6T layer thickness,
the arrows indicate the HOMO onset. (b) Hole injection barrier (∆h) and
vacuum level shift (∆vac) [referenced to the vacuum level of pristine Au]
of a monolayer (filled squares) and multilayers (open circles) DH6T on F4-
TCNQ/Au films as function of F4-TCNQ pre-coverage thickness (θF4−TCNQ).

essentially constant further on. The constant values for the thick DH6T film
point to molecular level pinning. In this case the alignment of molecular
orbitals is controlled by the molecular polaronic level and not by the effec-
tive substrate work function. One can distinguish three different energy level
alignment mechanisms regimes of DH6T as function F4-TCNQ pre-coverage:
(i) On pristine Au and on 0.10 Å F4-TCNQ/Au the molecular levels of L1
and L2 were vacuum level controlled. (ii) From 0.10 to 1 Å F4-TCNQ/Au
L1 was still vacuum level controlled, but L2 was molecular level pinned. (iii)
For F4-TCNQ larger than 1 Å both L1 and L2 were pinned.

Amount of charge transfer

One can estimate the average charge transfer per molecule using the Helmholtz
equation [Equ. 2.6]:

∆φL1,L2 =
q · nD · µ⊥

εε0

(4.2)

and the DH6T molecular area density nM . (∆φL1,L2: measured change in the
work function at the monolayer/multilayer DH6T interface, q: elementary
charge, nD: dipole surface density, µ⊥: dipole moment perpendicular to
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the surface, ε: dielectric constant, ε0: vacuum permittivity.) ∆φL1,L2 was
measured to be 0.85 eV on both metal substrates. The layer thickness of L2
is known to be 36.5Å for DH6T/Ag(111) [Sec. 4.1.4], and assumed to be
similar for DH6T/Au. For our calculations, half of this value was used to
estimate the distance between the charges giving rise to ∆φL1,L2. For ε a
value of 3 was chosen, which is a commonly accepted value for conjugated
organic materials [182]. nM was estimated from the crystal structure of L2
DH6T/Ag(111) with nM = 4.20×1014 cm−2 [Sec. 4.1.4]. The ratio of nD and
nM gives for the average charge per DH6T molecule in the multilayer 0.02 q.
This relatively small value can explain why no new density of states (i.e.,
corresponding to polaronic levels) was observed close to EF by photoemission.

Photoemission results of DH6T/F4-TCNQ/metal heterostructures have
shown that for high work function electrodes (in this case metals covered with
strong electron acceptors) the positive polaron relaxation energy of multilayer
DH6T film is in the range of the DH6T hole injection barrier. In this case, the
energy level alignment changes from being vacuum level controlled to molec-
ular orbital level pinning. The measured shift in the vacuum level between
monolayer and multilayer DH6T is direct evidence for interface dipoles and
for charge transfer between molecular layers. The observed pinning behavior
suggests that hexyl chains are not appropriate insulating layers for the use
in molecular electronics, and longer chains may be needed.

4.4 Bonding Distance
In this section the interplay of bonding distance and electronic interface struc-
ture is described. In the first part the electronic structure of interfaces be-
tween noble metals and PTCDA are presented and compared with literature
XSW-data of bonding distances of PTCDA on these substrates. In the second
part the bonding distances of PEN and PFP on Cu(111) are presented. The
XSW measurements and data analysis have been made in close collaboration
with Alexander Gerlach (Universität Tübingen). The results are published
in Refs. [186] (PTCDA) and [187] (PEN and PFP).

4.4.1 PTCDA on metals

PTCDA as model molecule

An interesting model molecule in the context of bonding distance vs. in-
terface electronic structure is PTCDA. The electronic as well as the geo-
metric structure of PTCDA on different metal substrates has been studied

85



in detail [188–201]. It is known that PTCDA can react strongly with met-
als via electron transfer [188–191], resulting in anionic molecular species.
Despite the manifold possible interactions at the interface, PTCDA multi-
layers exhibit the same hole injection barrier on a variety of polycrystalline
metal substrates, covering a wide range of work functions (ca. 3.7 eV to
5.2 eV). For PTCDA on Mg, In, Sn and Au, [192] as well as for PTCDA
on Au and Co, [193] the molecular levels have been investigated by UPS.
For PTCDA on Au, Al and Sn the hole injection barriers have been deter-
mined from current-voltage measurements in model devices [194]. Structural
information for PTCDA adsorbed on single crystalline substrates Au(111),
Ag(111) and Cu(111) has been obtained by means of low and high energy
electron diffraction, STM and X-ray diffraction [195, 196, 200, 202]. Re-
cent X-ray standing wave studies have shown different adsorption geome-
tries for PTCDA on Au(111) [47], Ag(111) [47–49] and Cu(111) [49]. In
addition to different average bonding distances of PTCDA on these metal
surfaces, significant deviations from the planar bulk-conformation of the or-
ganic molecule were found. To obtain deeper insight in bonding mechanisms
at organic/metal interfaces it is necessary to compare these data with the
interfacial electronic structure of PTCDA on these three metal substrates.
For PTCDA/Ag(111) it is already known that hybridization of unoccupied
and occupied molecular orbitals with Ag 4d-bands occurs in the monolayer
[188, 203], accompanied by electron transfer from the metal to the molecule.
This well characterized system may act as a reference for PTCDA/Au(111),
where the bonding is expected to be weaker than on Ag(111) [189, 197, 204]
and for PTCDA/Cu(111) [200, 201], where a stronger chemical interaction
is expected [49, 205]. UPS measurements on PTCDA/metal interfaces with
Au(111), Ag(111) and Cu(111) substrates were performed. These data reveal
a correlation between the adsorption geometry and the interface electronic
structure, leading to deeper insight into this interesting model system. In
addition, the electronic structure of multilayer PTCDA has been measured
on each substrate. Despite the remarkable differences in adsorption geometry
and interfacial electronic structure for monolayers, the multilayer electronic
structure and energy level alignment are virtually identical for all three cases.

PTCDA/metals: UPS

The thickness dependent evolution of the photoemission spectra for PTCDA
on the three different (111)-substrates is shown in Figure 4.34.

The deposition of up to 2 Å PTCDA on Au(111) resulted in the attenua-
tion of the Au derived photoemission features and the growth of a shoulder
centered at 1.80 eV BE on the low binding energy side of the Au 5d-bands. In
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Figure 4.34: Thickness dependent UPS spectra of PTCDA on Au(111),
Ag(111) and Cu(111). θ denotes the layer thickness. The first row displays
in each case the secondary electron cutoff spectra and the survey spectra.
H marks in each case the HOMO of multilayer PTCDA. The second row
shows the corresponding spectrum in the region close to the Fermi-energy
(EF ) on an enlarged scale. H’ marks the HOMO and L’ the LUMO derived
interface states in the case of PTCDA/Ag(111), H” and L” the same for
PTCDA/Cu(111). ∆vac denotes the decrease in the vacuum level between
the pristine metal and multilayers of PTCDA.
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analogy to earlier studies [182, 204], this feature is attributed to the HOMO
of PTCDA. No indication for another molecular adsorption-induced photoe-
mission feature close to EF was found. Increasing the coverage up to 48Å
led to a continuous shift of this feature to 2.55 eV BE. At this multilayer cov-
erage, the spectrum fully agrees with PTCDA spectra on polycrystalline Au
reported previously [182, 193]. For 1 Å PTCDA/Au(111) the sample work
function decreased by 0.20 eV compared to pristine Au(111), and by further
0.25 eV at a coverage of up to 48 Å (i.e., -0.45 eV total vacuum level shift).

For the Ag(111) substrate the deposition of 1Å PTCDA resulted in sev-
eral new photoemission features; a peak centered at 0.2 eV BE directly below
the Fermi-edge of the metal (L’) and another peak centered at 1.55 eV BE
(H’). Increasing the coverage up to 2 Å led to enhanced intensity of both
peaks. However, for 4 Å PTCDA coverage the intensity of the two peaks L’
and H’ decreased and a new peak centered at 2.20 eV BE emerged. Increas-
ing the coverage up to the final value of 48 Å led to a shift of this peak to
2.45 eV BE, while the two low BE peaks vanished. For sub-monolayer cover-
age φ decreased by only 0.10 eV and stayed constant for higher coverages.

The deposition of up to 2 Å PTCDA on Cu(111) also resulted in two new
photoemission features in the region near to EF , i.e. a broad peak centered
at 0.80 eV BE (L”) and another peak centered at 1.70 eV BE (H”). At higher
coverages the intensities of these peaks decreased and at 48 Å PTCDA cov-
erage these peaks and the metal Fermi-edge were no longer visible. However,
similar to the case of PTCDA/Ag(111) a new peak centered at 2.55 eV BE
emerged at multilayer coverage. The work function was decreased by 0.15 eV
for a coverage of 1 Å PTCDA and stayed essentially constant for further
PTCDA deposition.

The work function at monolayer coverage was 4.75 eV on all three sub-
strates, regardless of the shape of the photoemission spectrum. Depending
on the specific growth mode a nominal coverage of 2 to 3 Å corresponds
to a nominal monolayer on all three substrates. The HOMO positions of
all multilayer samples were virtually identical, with the peaks centered at
2.55 eV BE for PTCDA/Au(111) and PTCDA/Cu(111), and at 2.45 eV BE
for PTCDA/Ag(111). Consequently, the PTCDA ionization energies were
identical on all three substrates within the error bar of ± 0.05 eV, namely
6.80 eV on Au(111), 6.85 eV on Ag(111) and 6.75 eV on Cu(111).

PTCDA/metals: Bonding types

In the following the photoemission results will be discussed in the light of
previous knowledge about the properties of PTCDA/metal interfaces. Par-
ticular relation to recently reported bonding distance values will be made,
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which will finally allow to arrive at a comprehensive picture of PTCDA/metal
interface energetics.

It has been suggested that the interaction between a conjugated or-
ganic molecule and a Au(111) surface should be rather weak [189, 197].
Consequently, no clear signature of molecule-metal reaction-induced peaks
within the energy gap region of PTCDA was observed in the spectra of
PTCDA/Au(111), even at sub-monolayer coverage [Fig. 4.34]. The shift of
the HOMO between monolayer and multilayer of 0.75 eV towards higher bind-
ing energies seems unusually large for weakly interacting conjugated organic
molecules on metals. Usually, the screening of the photo-hole by the metal
charge density results in shifts up to 0.40 eV between mono- and multilayer
coverage of molecules on metals [102, 206]. The position of the HOMO in
the monolayer (1.80 eV BE) is in good agreement with scanning tunneling
spectroscopy (STS) data, where a HOMO position of 1.90 eV BE was mea-
sured [197]. In contrast, another STS study found the HOMO centered at
2.18 eV BE for monolayer PTCDA/Au(111) and at 2.32 eV BE for 2-3 lay-
ers PTCDA/Au(111) [204]. As an explanation for this discrepancy, different
tip-surface interactions and/or tunneling distances were suggested [197]. A
monolayer of PTCDA on Au(111) forms well ordered domains with two dis-
tinct structures, but only one modification is observed in the second and
subsequent layers [207, 208]. A recent STS study of the unoccupied states of
PTCDA/Au(111) reported differences in the position of the LUMO of up to
0.35 eV depending on the adsorption domain of PTCDA [209]. The authors
suggested hydrogen-bond-mediated intermolecular interaction to be responsi-
ble for the different peak positions. By analogy, differences of the same order
of magnitude should be possible for occupied states. The area-averaged UPS
spectra reveal both peaks, but the peak at higher BE may be masked by the
dominant Au 5d emission. However, the differences in the electronic struc-
ture of the two monolayer adsorption domains, coupled with the polarization
effect of the photo-hole can explain the 0.75 eV shift of the PTCDA HOMO
between mono- and multilayer. UPS data of multilayer PTCDA on polycrys-
talline Au report the HOMO peak centered at 2.60 eV BE [182] or 2.35 eV BE
[193], respectively. Considering the structural differences between Au(111)
and polycrystalline Au, our value is in good agreement with the literature.

The absence of clear molecule-derived photoemission features in the en-
ergy gap region may thus be interpreted as indicative of physisorption of
PTCDA on Au(111). However, the small decrease of φ by only 0.45 eV
induced by a monolayer of PTCDA on Au(111) compared to the pristine
substrate may indicate a stronger interaction than only physisorption. The
electron push-back effect frequently leads to a larger decrease of φ (in the
range of 1 eV) for molecules physisorbed on Au surfaces [18, 43]. Molecules
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chemisorbed on a metal via electron transfer (from the metal to the molecule)
induce an additional contribution to the total interface dipole, which can
partially or totally cancel the push back effect [Section 4.2]. If the charge
transfer for PTCDA/Au(111) was very small, the experimental observation
would merely be limited by the fact that the newly induced density of states is
simply too low to be detected [Section 4.2.2]. Moreover, detailed theoretical
work for PTCDA/Au(111) suggested significant molecular level broadening
and interface electron density rearrangement induced by the metal proximity
[92], which could be regarded as another way of describing a “soft” chemisorp-
tion process.

PTCDA on Ag(111) exhibits a strong chemical interaction, accompanied
by electron transfer from Ag to PTCDA [188, 189]. Following earlier re-
ports, the (sub-)monolayer peaks in the energy gap of PTCDA are assigned
to hybrid states of the Ag 4d-bands and the LUMO (now partially filled L’),
HOMO (now the H’), and the HOMO-1 states of neutral PTCDA [188, 203].
At elevated temperatures PTCDA/Ag(111) grows in the Stranski-Krastanov
mode, but at room temperature the growth becomes more layer-by-layer
like [210, 211]. Consequently, these interface states are no longer visible in
the UPS signal for higher PTCDA coverages. The LUMO-derived interface
peak (L’) is located directly at the Fermi-level, thus a monolayer PTCDA
on Ag(111) is metallic [188]. The peak emerging at 2.20 eV BE at a cov-
erage of 4Å was assigned to the HOMO of neutral molecules [188]. The
shift of the HOMO peak to 2.45 eV BE for 48 Å PTCDA coverage can be at-
tributed to different polarization energies of PTCDA for the monolayer and
multilayers [204]. The decrease in φ between the pristine metal and mono-
layer PTCDA is much smaller than for PTCDA/Au(111), also indicative of
a stronger chemical interaction between the substrate and the adsorbate.

The observation of interface states for a monolayer of PTCDA on Cu(111)
shows that strong chemical interaction occurs at this interface. As the behav-
ior of the SECO is similar to PTCDA/Ag(111), significant electron transfer
from the metal to the molecule takes place as well. Thus, peak L” is as-
signed to the (partially) filled LUMO and H” from the HOMO of the neutral
PTCDA molecule. However, these interface states of PTCDA on Cu(111) are
centered at significantly higher binding energies than for PTCDA/Ag(111).
The energetic differences indicate that the hybridization of the molecular
levels and the Cu 3d-bands is different from the case of PTCDA/Ag(111).
Because the peaks are shifted to higher binding energies, stronger bonding of
PTCDA to Cu(111) is likely. For monolayer PTCDA on Cu(111) the LUMO
derived interface state (L”) is located clearly below the Fermi-level, i.e., a
monolayer of PTCDA on Cu(111) is expected to be semiconducting, in con-
trast to the metallic molecular layer on Ag(111). Since PTCDA on Cu(111)
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Figure 4.35: (a) Schematic energy level diagram of PTCDA on Au(111),
Ag(111) and Cu(111). The shaded area corresponds to the metal electron
density, gray bars to occupied and open bars to unoccupied molecular or-
bitals. From left to right, the pristine metal, the interface region with the
LUMO and HOMO derived interface states labeled L’ and H’ for the metal-
lic case of PTCDA/Ag(111) and L” and H” for the semiconductive case of
PTCDA/Cu(111) and multilayer PTCDA (H and L) are shown. The posi-
tions of the LUMOs are estimated from the transport gap, measured with
(inverse) photoemission for PTCDA/Ag [204]. (b) Schematic binding po-
sitions of PTCDA on the three different substrates as measured in [47–49].
The position of the oxygen atoms in PTCDA/Au(111) was not measured with
XSW, however a merely planar adsorption geometry of PTCDA on Au(111)
might be assumed [195, 196].

grows in the Stranki-Krastanov mode [200], the interface state photoemis-
sion is not completely attenuated by overlayer material in the UPS spectra
at multilayer coverages. The position of the HOMO of the multilayer is con-
sistent with UPS data for PTCDA on polycrystalline Cu, where a HOMO
position of 2.47 eV BE has been reported [193].

Electronic structure vs. bonding distance

The electronic structure of PTCDA on the different substrates exhibits re-
markable differences, ranging from “soft” chemisorption (on Au) to strong
hybridization of metal bands and molecular orbitals, yielding metallic (on
Ag) or semiconducting monolayers (on Cu). It is now interesting to see how
these differences in the electronic structure are reflected in the adsorption
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Figure 4.36: Chemical structure of PTCDA, the indices mark the anhydride
(Oα) and the carboxylic (Oβ) oxygen.

geometry and bonding distance of PTCDA on the metal substrates (or, of
course, vice versa). In Fig. 4.35 the binding models of PTCDA on Au(111),
Ag(111) and Cu(111), are summarized schematically. The PTCDA energy
levels in the interface region are compared to those in PTCDA multilayers
[Fig. 4.35 (a)] and the binding positions dH of the carbon and oxygen atoms
of PTCDA adsorbed on the three noble metals [Fig. 4.35 (b)], using the
results from X-ray standing wave studies [47–49].

The comparably weak PTCDA/Au(111) interaction is reflected in both
the electronic structure and the adsorption geometry. In the UPS spec-
tra no LUMO-derived features appeared at the PTCDA/Au(111) interface.
The XSW results report an average carbon bonding distance of PTCDA on
Au(111) (dH = 3.27Å) [47] close to the molecular stacking distance measured
in PTCDA single crystals (d(102) = 3.22Å) [212], which also suggests a rather
weak interaction. For PTCDA on Ag(111) a clear LUMO-derived peak (L’)
appeared in the interface region directly at the Fermi-edge, which leads to
the metallic character of adsorbed PTCDA. The interface electronic struc-
ture of PTCDA on Ag(111) has already been discussed in detail [188, 203]
and is presented here for completeness. The adsorption geometry with an
average carbon bonding distance of dH = 2.86Å [48, 49] directly supports the
strong chemical interaction of PTCDA with Ag(111). In addition, PTCDA
on Ag(111) shows a nonplanar adsorption geometry with the carboxylic oxy-
gens (Oβ) [Fig. 4.36] bent towards and the anhydride oxygens (Oα) bent away
from the metal surface with respect to the carbon plane. On the Cu(111)
substrate the higher binding energy of the LUMO-derived peak (L”) com-
pared to PTCDA/Ag(111) nicely correlates with the even smaller bonding
distance of PTCDA carbons (dH = 2.66Å) [49]. In addition, the PTCDA
bending on Cu is also different than on Ag, as all of the oxygen atoms are
bent away from the surface with respect to the PTCDA carbon plane.

Making an overall comparison of UPS and XSW results, a direct corre-
lation between the adsorption geometry and strength of chemical bonding
can be found. With increasing metal reactivity the chemical interaction,
as revealed by the interfacial electronic structure, increases and the car-
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bon bonding distance decreases accordingly. The distortion of the PTCDA
molecules in the case of the strongly interacting systems PTCDA/Ag(111)
and PTCDA/Cu(111) is not yet fully understood [49]. However, it can be
speculated that the different molecular conformations (i.e., bending of the
carboxylic oxygens) are directly related to the amount of charge transferred to
the molecule, evidenced by the metallic-type monolayer PTCDA on Ag(111)
and the semiconducting-type on Cu(111).

PTCDA energy level alignment

In the following, the properties of the PTCDA multilayers on the three dif-
ferent substrates are considered. The PTCDA ionization energies were found
to be essentially the same on all three substrates. Despite the obvious dif-
ferences in the (sub-)monolayer spectra, the hole injection barriers of mul-
tilayer PTCDA on all three substrates are virtually identical. Considering
the work functions of PTCDA monolayers on the three substrates this find-
ing is no longer surprising, since φ for all three monolayer PTCDA/metal
systems is the same. Particularly for PTCDA on Ag(111) and Cu(111) the
chemisorbed monolayer must be regarded as a modified metal substrate for
the multilayer growth. The molecular levels of PTCDA in the multilayer
are thus aligned relative to the modified substrate φ as in other organic
heterostructures [173, 213]. Therefore the observation of the nearly equal
∆h on all three substrates irrespective of the initial clean metal substrate
work function cannot be interpreted in terms of “classical” Fermi-level pin-
ning in the framework of organic/metal interfaces, where besides a small
charge transfer between the metal and the adsorbate no chemical interaction
occurs and a small density of interface states is able to pin the molecular
orbitals [39, 40]. Reactive PTCDA is possibly a special case, which is not
compatible with the existing energy level alignment models. The three-layer
model (metal – chemisorbed monolayer – multilayer) can explain our find-
ings, but the reason for the constant work functions of the PTCDA/metal
systems remains open. An alternative approach may be provided by the cal-
culations of charge neutrality levels (CNL) [92, 214]. In the case of PTCDA
on Au(111), a CNL level is found (2.45± 0.10) eV above the center of the
PTCDA HOMO level, the CNL again is located 0.02 eV above EF [92]. This
result is in good agreement with our measured HOMO positions. Vázquez
et al. [92, 214] stated that changes in the bonding distance of PTCDA and
distortions in the range of the experimentally measured values on the dif-
ferent substrates have no significant influence on the position of the CNL.
Therefore, also for PTCDA/Ag(111) and PTCDA/Cu(111) the CNL theory
should be applicable. It should be interesting to see in future work, whether
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this theory, which was designed for chemically weakly interacting systems,
can successfully describe the physics at these interfaces.

PTCDA summary

In conclusion, chemisorption with different interaction strength of PTCDA on
the substrates Au(111), Ag(111) and Cu(111) could be demonstrated using
photoemission. Our results confirm the results from recent XSW studies and
reveal the correlation between the strength of the chemical interaction and
the average bonding distance. Taking PTCDA on Ag(111) as a reference it
can be found that PTCDA binds more strongly to Cu(111) and less strongly
to Au(111). For PTCDA on Au(111) no additional states are observed in the
energy gap and the bonding distance is large. For PTCDA on Cu(111) the
LUMO-derived interface state is more tightly bound than on Ag(111), the
bonding distance is smaller, and the PTCDA molecule is distorted. Multiple
layers of PTCDA on all three substrates have the same hole injection barrier
since the work function of PTCDA monolayers is identical in all three cases.

4.4.2 Perfluoropentacene and Pentacene

So far, in this thesis the emphasis was on the hole injection barrier at or-
ganic/metal interfaces, but also the electron injection barrier (∆e) has to be
considered since the magnitude of the ∆e has the same impact on device
performance as the magnitude of ∆h [26, 27]. The determination of ∆e is
more demanding than that of ∆h, since inverse photoemission often results
in rapid sample damage. Therefore, also in literature, mainly ∆h is discussed
in detail. One strategy to decrease ∆e at organic semiconductor/metal inter-
faces is to increase IE of the organic material. This increase can efficiently
be facilitated by the attachment of building blocks with high electron affinity
like fluorine to the COM backbone.

Within the simple model of the Schottky-Mott limit, ∆e then decreases
for any given metal. However, the invalidity of the Schottky-Mott limit (i.e.,
vacuum level alignment) for organic/metal interfaces is well documented in
literature [18, 19]. The actual value of charge injection barriers is governed
by the type and strength of organic/metal interaction, often accompanied by
metal surface charge redistribution due to the adsorbed molecules, and also
charge transfer between metal and molecules. In addition, charge polariza-
tion by surrounding matter, and changes of molecular conformation (possi-
bly inducing/changing intramolecular dipoles) strongly influence charge in-
jection barrier heights. This complex combination of several effects makes
it practically impossible to predict injection barriers based on simple mod-
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Figure 4.37: X-ray standing wave yield (Yp) for PEN and PFP atoms on
Cu(111). The curves are vertically shifted by 1.5 for clearness. In addition
the reflectivity signal (R) of the Cu(111) substrate is shown.

els. However, in order to elucidate the influence of the bonding distance on
∆e and ∆h dh of two prototypical organic semiconductor materials (PEN
and perfluorinated PEN) on the Cu(111) surface are compared. The results
are discussed in conjunction with results of UPS, XPS, STM and model
calculations. The discussion allows to assess hole injection barriers, sample
work function changes, strength of organic/metal interaction, molecule-metal
bonding distances, molecular distortions and distortion-induced intramolec-
ular dipoles.

Bonding distances of PEN and PFP on Cu(111)

For PEN and PFP the bonding distances on Cu(111) were measured using
XSW, the results are shown in Fig. 4.37. The characteristic variation of
the photoelectron yield in the X-ray interference field of the Bragg reflec-
tion provides different coherent positions. Retrieving the phase information
an (average) C-Cu bonding distance of (2.34 ±0.02)Å for PEN, and (2.98
±0.07)Å for PFP is found, i.e., a significant difference of 0.64 Å between the
two adsorbates. Moreover, the XSW results suggest that the PFP molecule
does not adsorb in a coplanar conformation, as would generally be expected
due to the weak molecule-metal interaction. The F atoms of PFP reside
above the aromatic core, i.e., at a distance of (3.08±0.04)Å from the Cu
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PEN PFP
C(1s) C(1s) F(1s)

fH 0.55(6) 0.41(7) 0.41(4)
PH 0.120(9) 0.424(35) 0.472(17)
dh 2.34(2) Å 2.98(7) Å 3.08(4) Å

Table 4.3: Coherent fraction (fH), coherent position (PH) and bonding dis-
tance (dh) of PEN and PFP on Cu(111).

Figure 4.38: C(1s) core level spectra and corresponding fits of PFP and PEN
on Cu(111) for different excitation energies (hν) near the Bragg condition.

surface. The results from the XSW analysis are summarized in Tab. 4.3.
A careful analysis of the XPS spectra of PFP/Cu(111) shows a splitting of

the C(1s) peak in three independent peaks [Fig. 4.38]. This finding is consis-
tent with high resolution XPS spectra of PFP/Cu(111) [187]. In Ref. [187]
the two components of the C1s core-levels are assigned to the chemically
inequivalent C atoms within a molecule, i.e., C atoms directly bound to F
(peak centered at 286.90 eV, CF ) and those bound just to neighboring C (peak
centered at 284.90 eV, CC). The broad component centered at 290.70 eV is
assigned to a shake-up of the C(1s) core level.

Unfortunately in the low resolution XPS spectra for the XSW scans the
splitting could not be resolved in detail. It was not possible to measure high
resolution XPS scans for the XSW analysis, due to the experimental limi-
tation of beam stability, which was not sufficient for long acquisition times.
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Figure 4.39: Schematic conformation of PEN and PFP on Cu(111) with the
molecular long axis parallel to the page (not entire molecule shown). Open
circles correspond to F, gray circles to C. For PFP two models exist (see
text).

Therefore the value for the C-Cu distance given in Table 4.3 corresponds
to the averaged distance of the two carbon species. Note that the coherent
fraction for PFP is significantly lower than for PEN. But a few high reso-
lution XPS spectra recorded at different excitation energies near the Bragg-
condition allows to resolve the two different carbon species [Fig. 4.38]. The
intensity ratio of the two peaks exhibits significant differences for the differ-
ent photon energies. A comparison with the calculated curves for the XSW
yield [Fig. 2.22] led to the assumption that CF is at a higher bonding position
than CC . This finding is corroborated by the higher bonding position of F in
comparison to the average bonding position of C. A quantitative estimation
is not possible due to the lack of sufficient data even for an analysis in the
Argand-diagram [215].

In high resolution XPS scans also the C(1s) core level of monolayer
PEN/Cu(111) is split of in two peaks [187]. This split is explained by strong
organic/metal chemisorption. In contrast, multilayer PEN on Cu(111) does
not show such an split [187]. Unfortunately the peak-split of 0.65 eV is not
resolvable in the XPS scans for the XSW analysis due to experimental lim-
itations, here the C(1s) peak can only be fitted with one component in this
case [Fig. 4.38]. Again, the broad component at higher BE is assigned to
shake-ups. The shape of the C(1s) peak did not change for different exci-
tation energies, suggesting a flat adsorption geometry of PEN on Cu(111).
However, since the splitting of the C1s core level is too small to be resolved
in XSW scans a non-planar adsorption geometry cannot be ruled out.

The XSW results of PEN and PFP on Cu(111) are summarized in Fig. 4.39.
For PFP two models are suggested: The model labeled “average C” is derived
quantitatively from the XSW analysis and corresponds to the average carbon
bonding distance neglecting the two different carbon species (CC and CF ).
The model labeled “speculative C” corresponds to the more likely case of dif-

97



ferent bonding positions of CC and CF . However, a quantitative description
of bonding distances is not possible in this case.

As discussed in Section 4.4.1, the bonding distance may act as direct
indicator for the strength of chemical bonding at an organic/metal inter-
face. Hence, PEN should be bound stronger to Cu than PFP. Indeed, this
assumption is directly evidenced by STM imaging [187, 216]. No stable im-
ages of laterally ordered domains could be obtained at room temperature for
PFP on Cu(111) [187], whereas for PEN on Cu(119) individual molecules
of a disordered phase could be imaged at room temperature, due to strong
chemisorption [216]. The distortion of the PFP molecule allows the estima-
tion of the lower limit of the PFP-Cu bonding energy, by comparing the total
energies of a molecule in its coplanar to its distorted conformation. Quan-
tum chemical calculations for the “average C” model [187] yield an energy
difference of ∼0.11 eV for these two conformations, which hence corresponds
to the minimum of energy gained by the molecular adsorption on the metal
surface.

Adsorption induced dipoles

In the following the impact of the distortion of PFP on Cu(111) on the en-
ergy level alignment will be discussed. The deposition of PFP on Cu(111)
leads to a decrease of the sample work function by 0.35 eV [187]. This is
a comparably small value for a weak chemisorbed COM on a metal. Usu-
ally the push-back effect leads to a reduction of φ in the order of up to
1 eV [18, 43, 51, 52]. The distortion of PFP leads to an additional internal
dipole moment, which has to be considered in the energy level alignment
process. The measurement of the different bonding distances of F and C in
PFP/Cu(111) allows to calculate the dipole moment of PFP normal to the
molecular plane to µ⊥ ≈ 0.53 D [187]. Taking into account this dipole in-
duced change of the sample work function (∆φ) via the Helmholtz-equation
[Equ. 2.6] and using the surface molecular density nm = 7.8×1013 cm−2 ob-
tained from STM [187], a value of ∆φ≈+0.15 eV can be obtained for the
intramolecular dipole induced work function increase (∆φ= +0.16 eV for a
relative dielectric constant ε= 1, and ∆φ= +0.13 eV for ε= 1.22 [73] which is
the only estimate available at present of for an organic monolayer on a metal
surface). This effect counteracts the lowering of φ in the weak-adsorption
regime. Therefore, the dipole induced by the molecular bending has to be
added to the measured ∆vac in order to correctly determine the magnitude
of the push-back effect at the PFP/Cu(111) interface. Notably, this value
of 0.50 eV agrees quantitatively with reported experimental [43] and theo-
retical [217] values for physisorbed cyclohexane (C6H12) on Cu(111), where
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the adsorption-induced lowering of φ was exclusively related to Pauli repul-
sion. This highlights that an adsorption-induced intramolecular dipole (of
an initially non-dipolar molecule), even in the regime of supposedly weak
organic/metal interaction, has to be taken into account to derive a complete
picture of adsorption energetics. Interestingly, while theory quantitatively
described the vacuum level changes upon the adsorption of molecules, the
bonding distances seem overestimated [43]. Apparently, while details of the
adsorption of organic molecules on metal surfaces can coherently be assessed
experimentally, a full theoretical description remains a challenging task.

The understanding of the structural and electronic properties of inter-
faces formed between conjugated organic molecules and metals is a crucial
prerequisite for future progress in the fields of organic and molecular electron-
ics. It could be shown that clear-cut correlations exist between strength of
molecule/metal interaction, average bonding distances, adsorption-induced
molecular conformation changes leading to intramolecular dipoles, organic/
metal interface dipoles, and the resulting energy level alignment. The ad-
sorption induced situation for two archetypal organic molecules, i.e., PEN
and PFP on Cu(111), showed that even for weak organic/metal interac-
tions (PFP) significant distortions of the molecule occurred. This resulted
in adsorption-induced intramolecular dipoles (≈ 0.5 D), which considerably
influenced interface energetics, and allowed to derive a coherent physical pic-
ture of the investigated interfaces.
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Chapter 5

Conclusions and Outlook

This work correlated various properties of a number of organic/metal inter-
faces, in order to gain deeper insight in the mechanisms allowing to control
interfacial energy level alignment. For this purpose a variety of experimental
techniques was used: With UPS the electronic structure at organic/metal
interfaces could be monitored, including the energetic positions of molecular
orbital levels and of vacuum levels. Furthermore, information on the the
morphology and the molecular orientation could be obtained. With XPS
chemical shifts could be observed that allowed the identification of chemi-
cal reactions at the investigated interfaces. MAES helped to determine the
molecular orientation, with XSW information on the bonding distance could
be obtained and XRD allowed to asses the crystalline structure of thin or-
ganic films. The experimental work was in parts supported by theoretical
calculations from collaborators.

The most important interface property for device efficiency in organic
electronics is the energy level alignment, since the charge injection barriers
at organic/metal interfaces determine the current flow. The energetic po-
sition of molecular orbital levels at such interfaces is however governed by
the interplay of numerous properties, which have to be carefully correlated
in order to gain a thorough understanding of interface energetics. The elec-
tronic structure is mainly affected by: (i) interface dipoles resulting from:
the electron push back effect, charge transfer between metal and adsorbate
and intramolecular dipoles (intrinsic or adsorption induced), (ii) chemical
interactions of adsorbates (physisorption vs. chemisorption), (iii) the thin
film morphology, (iv) the molecular orientation and conformation and (v)
bonding distances of adsorbates. The aim of this thesis was to collect as
much knowledge as possible about these points (i) to (v).

With the experiments performed on DH6T it was possible to clearly cor-
relate the molecular orientation to the electronic structure of organic thin
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films. It was shown that the lowering of the hole injection barrier by an ori-
entational transition from lying to standing molecules affects all molecular
orbitals. It was demonstrated that shifts of the observed magnitude cannot
be explained by changes in the polarization energies for different molecular
orientations alone. Therefore, a novel concept was established extending the
approach of orientation dependent work functions of metal single crystals to
the ionization energy of van der Waals crystals. Furthermore the molecu-
lar orientation of a COM could be controlled by pre-patterning the metal
substrate with another COM.

With the experiments performed on electron acceptors it was possible to
correlate an interface charge transfer to an effective substrate work function.
This enables energy level tuning of virtually any COM over a large energy
range, which enables to control the hole injection barrier of COMs on metals.
Moreover, the combination of strong electron acceptors with the orientational
change of DH6T at the monolayer/multilayer interface led to insight into
energy level alignment mechanisms at organic/organic interfaces, where a
thermodynamically driven charge transfer across nominally insulating hexyl
changes was demonstrated.

With the experiments on PTCDA a strong correlation between bonding
distance and interfacial charge transfer could be established. The XSW-
measurements on PEN and PFP allowed to determine adsorption induced
intramolecular dipoles also for weakly interacting systems.

With the obtained correlations various unanswered questions on organic/
metal interfaces have been addressed. The findings may be helpful on the
way to fully understand the interface physics. By an enhanced control over
interface properties higher device efficiency in organic electronics may be
achieved. Several starting points for future investigations based on this work
are evident: One approach could be to find strong acceptors with high ther-
mal stability for energy level tuning, since the acceptors used in this work are
either too weak (TCAQ) or thermally too unstable (F4-TCNQ and FAQ) to
be used in applications. The control over the molecular orientation by pre-
treating the substrates was demonstrated to be another tool to lower charge
injection barriers at organic/metal interfaces, since the orientation of 6T was
successfully changed by DH6T pre-coverage lowering the 6T hole injection
barrier. The mechanisms behind the pre-patterning results are not fully
understood yet and should be explored further. The new knowledge gener-
ated through this thesis is expected to directly lead to application-oriented
progress in the fields of organic and molecular electronics. New device ar-
chitectures are anticipated, which can pave the way towards high efficiency
organic devices on various length-scales via controlled handling of interface
properties.
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Figure 5.1: Schematic energy level diagram of an organic/metal interface (a)
in thermodynamic equilibrium and (b) in thermodynamic non-equilibrium
enabled by a spacer layer of alkylated sexithiophene (a-6T). In the equilib-
rium case, the positive polaron relaxation energy (PE) builds up a barrier
for hole (h+) injection from the metal to the HOMO of the COM. In the
non-equilibrium case this barrier is reduced to zero and charge can flow un-
hampered.

A central question that is raised by the results of this work is: Can persis-
tent thermodynamic non-equilibrium at organic/metal interfaces be achieved
by specific design, and can this be used to reduce charge carrier injection bar-
riers at organic/metal interfaces below present limits? As a first step it would
be necessary for this purpose to extend the work to 6T substituted with longer
alkyl chains (e.g., dodecyl) than hexyl, in order to establish an alkyl chain
length at which thermodynamic equilibrium across the organic layer can no
longer be established by spontaneous charge carrier tunneling processes on
practical time scales. It can be expected that sexithiophenes with longer
alkyl chains will exhibit a similar growth mode as DH6T. It would be nec-
essary that films of the alkylated 6T exhibit highly ordered layer by layer
growth to enable smooth films without pinhole-connections to the substrate.
As a next step, further work could be directed towards establishing a reliable
mechanism to reduce the hole injection barrier at organic/metal interfaces
to virtually zero. For this purpose heterostructures of a low IE COM (e.g.
PEN) on top of metals pre-covered with a smooth bilayer of alkyl substi-
tuted 6T with the lying monolayer/standing second layer arrangement could
be fabricated. If the alkyl chain length is sufficiently high to hamper estab-
lishing thermodynamic equilibrium between the metal substrate and PEN,
occupied states in the top PEN layer should actually be located above the
metal Fermi-energy. This would correspond to a situation far off equilibrium,

102



and is expected to exhibit interesting charge injection properties [Fig. 5.1].
Moreover, such an ordered organic semiconducting layer separated from a
metal substrate by insulating alkyl chains could be used to fabricate field
effect transistor structures with yet unprecedented high switching speed and
low gate voltages.
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The acronyms for the molecules used in this work are not contained in this
list, details are given in Tab. 3.1 and Fig. 3.1.

BE binding energy
CNL charge neutrality level
COM conjugated organic molecule
CT charge transfer
CTC charge transfer complex
DFT density functional theory
dh bonding distance
DOS density of occupied states
e− electron
EB binding energy
EBragg Bragg energy
EF Fermi-level
Ekin kinetic energy
Evac vacuum level
fH coherent fraction
GID gracing incidence diffraction
h Planck’s constant
HOMO highest occupied molecular orbital
HOPG highly oriented pyrolitic graphite
IE ionization energy
L1 (lying) monolayer
L2 (standing) multilayer
LEED low electron energy diffraction
LUMO lowest unoccupied molecular orbital
MAES metastable atom electron spectroscopy
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MO molecular orbital
nD dipole surface density
OLED organic light emitting device
PES photoelectron spectroscopy
PH coherent position
Ph positive polarization energy
q elementary charge
qz momentum transfer
QCM quartz crystal microbalance
SECO secondary electron cut off
STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
UHV ultrahigh vacuum
UPS ultraviolet photoelectron spectroscopy
UV ultraviolet
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRR X-ray reflectivity
XSW X-ray standing waves
Yp X-ray standing wave yield
αi incident angle
αf exit angle
∆e electron injection barrier
∆h hole injection barrier
∆HOMO HOMO shift
∆vac vacuum level shift
∆φ work function change
∆φL1,L2 vacuum level shift at the L1/L2 interface
ε dielectric constant
ε0 vacuum permittivity
θ coverage
θe electron take-off angle
ΘB Bragg angle
~µ dipole moment
µ⊥ perpendicular dipole moment
ν frequency
φ work function
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