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Abstract

The scope of this work is the combination of the organic semiconductor
pentacene (PEN) with different conjugated organic molecules to form ap-
plication relevant heterostructures in vacuum sublimed films. Following a
multi-technique approach – comprising x-ray diffraction, vibrational spec-
troscopy, atomic force microscopy and photoelectron spectroscopy – PEN
heterostructures with (i) fullerene (C60), (ii) perfluoropentacene (PFP) and
(iii) 6,13-pentacenequinone (PQ) were thoroughly characterized to judge on
the respective application potential for organic electronic devices. (i) PEN
heterostructures with C60 were investigated regarding the correlation of en-
ergetic, structural and morphological properties with the performance of or-
ganic photovoltaic cells (OPVCs) for both layered and mixed structures.
Morphological rather than energetic or structural issues were identified to
account for performance differences of bulk-heterojunction OPVCs compared
to layered devices. (ii) Structural investigations were carried out on pure PFP
films as well as on layered and mixed heterostructures with PEN. The thin
film polymorph of PFP was solved and it is evidenced that blended films form
a mixed crystal structure. This result led to the finding of both fundamental
and application-related relevance that the ionization energy of organic films
composed of molecules with intramolecular polar bonds (like C-H and C-F
for PEN and PFP, respectively), can be tuned through the mixing ratio of
the compounds. (iii) For pure PQ films a so far unknown thin film polymorph
on silicon-oxide substrates was solved using x-ray diffraction reciprocal space
mapping evidencing a loss of the herringbone arrangement known from the
PQ bulk structure. For PEN heterostructures with PQ a highly molecular-
orientation dependent ionization energy and energy level offsets interesting
for the use in OPVCs were found. Mixed films of PEN and PQ exhibit phase
separation and no intercalation was found even at PQ concentrations as low
as 2%. Finally, the possible oxidation of PEN to PQ under oxygen exposure
was investigated via the defined exposure of PEN films and single crystals
to O2 and/or water and to reactive oxygen species. It is demonstrated that
O2 and water do not react noticeably with PEN, whereas singlet oxygen and
ozone readily oxidize the PEN film, however, producing highly volatile reac-
tion products instead of PQ.

Keywords:
organic semiconductors, x-ray diffraction, photoelectron spectroscopy,
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Zusammenfassung

Das Ziel dieser Arbeit ist die Herstellung und die eingehende Charakterisie-
rung von Heterostrukturen des organischen Halbleiters Pentazen (PEN) mit
verschiedenen konjugierten organischen Materialien im Hinblick auf das An-
wendungspotenzial im Bereich der organischen Elektronik. Für die Untersu-
chung von PEN-Heterostrukturen mit (i) Fulleren (C60), (ii) Perfluoropenta-
zen (PFP) und (iii) 6,13-Pentazenchinon (PQ) wurden mehrere komplemen-
täre experimentelle Techniken angewendet: Röntgenbeugung, Schwingungs-
spektroskopie, Rasterkraftmikroskopie und Photoelektronenspektroskopie. (i)
Für PEN - Heterostrukturen mit C60 wurden die elektronischen, strukturel-
len und morphologischen Eigenschaften mit der Leistung von organischen
Solarzellen (OSCs) für geschichtete und gemischte Systeme korreliert. Dabei
wurde gezeigt, dass morphologische anstatt struktureller oder energetischer
Ursachen die Leistungsunterschiede der beiden untersuchten Zelltypen erklä-
ren. (ii) Strukturuntersuchungen an reinen PFP-Filmen sowie an geschichte-
ten und gemischten Heterostrukturen mit PEN wurden durchgeführt. Dabei
wurde die Struktur der PFP-Dünnfilmphase gelöst und das Wachstum von
PEN+PFP Mischkristallen gezeigt. Diese Mischung auf molekularer Ebene
wurde erfolgreich angewandt, um die Ionisationsenergie (IE) des Films mit
dem Mischungsverhältnis durchzustimmen, was durch die Existenz von in-
nermolekularen polaren Bindungen (C-H und C-F für PEN und PFP) erklärt
wurde. (iii) Für reine PQ Filme wurde die Struktur der PQ-Dünnfilmphase
gelöst, dabei ist im Gegensatz zur Einkristallstruktur nur ein Molekül pro
Einheitszelle vorhanden. Es wurde eine stark orientierungsabhängige IE von
PQ und PEN gefunden und gezeigt, dass die relative Lage der Energienive-
aus für die Anwendung als OSC geeignet ist. Die Untersuchung von Mischsy-
stemen zeigte phasensepariertes Wachstum ohne Hinweise auf Interkalation
selbst bei PQ Konzentrationen von nur 2%. Des Weiteren wurde eine mögli-
che Oxidation von PEN in dünnen Filmen und Einkristallen zu PQ mittels
definierter Einwirkung von molekularem Sauerstoff und/oder Wasser sowie
reaktiven Sauerstoffspezies untersucht, wobei O2 und Wasser keine nachhal-
tigen Auswirkungen zeigten. Singlett-Sauerstoff und Ozon hingegen greifen
PEN-Filme an und liefern flüchtige Reaktionsprodukte.

Schlagwörter:
organischer Halbleiter, Röntgenbeugung, Photoelektronenspektroskopie,
organische Solarzellen
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Chapter 1

Introduction

Since the early eighties of the last century enormous research efforts have been
directed towards the exploration of organic semiconductors focussing on both
the fundamental physical properties and the use as active material in the field
of organic electronics. This high interest can be explained by the applicabil-
ity of molecular thin films formed by conjugated organic compounds for novel
electronic devices including organic field-effect transistors (OFETs), organic
light-emitting diodes (OLEDs) or organic photovoltaic cells (OPVCs) [1–14].
Most notably, the possibility to alter both the electronic and the structural
properties of molecular compounds through chemical substitution is regarded
as the key advantage of organic compounds over inorganic semiconductors
[15]. At the current stage of development and research organic electronic
devices are already entering the market. In particular, OLED based dis-
plays allow for ultra-thin and mechanically flexible device architectures as
well as low energy consumption. Obviously, the possibility to chemically
design materials with specific desired properties demands a comprehensive
understanding of the underlying physical phenomena in order to further the
ongoing technological research.

The leitmotif of this work is the combination of pentacene (PEN) – with-
out doubt one of the most prominent organic semiconductors [14–17] – with
three different organic compounds to form application-relevant heterostruc-
tures in vacuum sublimed films: fullerene (C60), perfluoropentacene (PFP)
and pentacenequinone (PQ). The objective is to provide understanding of
the structural, energetic and morphological properties allowing for a well-
founded judgement on the respective application potential in organic elec-
tronics. Throughout this work a multi-technique approach is followed com-
prising x-ray diffraction, vibrational spectroscopy, atomic force microscopy
and photoelectron spectroscopy to access complementary information on the
structural and energetic properties of PEN-based heterostructures.
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This work is structured in the following way: First, in Chap. 2 the fun-
damental properties of organic semiconductors are outlined and structural,
morphological and energetic basic principles are introduced (Sec. 2.1). Ex-
emplarily for the broad field of organic electronics the basic operation prin-
ciples of organic photovoltaic cells (OPVCs) are described. In the following
(Sec. 2.2), the principles of crystallography and x-ray diffraction (XRD) are
outlined to the extent necessary for the discussion of the x-ray diffraction
methods in Chap. 3. Moreover, this section covers the principles of the other
experimental methods applied in this work: ultraviolet photoelectron spec-
troscopy (UPS), Fourier transform infrared spectroscopy (FT-IR) and atomic
force microscopy (AFM). In Chap. 4 details on the materials used within this
work are given and the experimental setups and parameters are described
in-depth.

The results of the experimental studies carried out in this work repre-
sent the central part of this thesis (Chap. 5). The first PEN heterostruc-
ture presented is the highly application-relevant combination of PEN with
C60 (Sec.5.1), which was investigated regarding the correlation of energetic,
structural and morphological properties with the performance of OPVCs for
both layered and blended structures. In contrast to OPVCs based on lay-
ered C60/PEN structures, which are already well documented in literature to
exhibit notable device performance results [18–22], OPVCs based on blends
of this material pair acting as donor/acceptor bulk-heterojunction have not
yet been reported. Devices of this type are characterized and the underly-
ing blended C60/PEN heterostructures are investigated in detail by UPS,
XRD and AFM and compared to layered structures. The experimental re-
sults confirm that only a comprehensive multi-technique view on the physical
properties allows a correct interpretation of OPVC characteristics.

A second heterostructure of PEN that is presented in the following sec-
tions is the combination with PFP, which was reported to exhibit outstanding
application relevance, in particular as active material in OFETs [23–25]. In
Sec. 5.2 it is demonstrated that PFP exhibits polymorphism in thin films
and the corresponding structure of this up to now unknown thin film phase,
solved using various XRD techniques including reciprocal space mapping, is
presented. Structural investigations were carried out on layered PFP/PEN
and co-deposited PEN:PFP films, which were both reported to exhibit am-
bipolar behaviour in OFETs [23]. It is found that PFP forms a crystalline thin
film nicely wetting PEN underlayers, which is of importance for organic elec-
tronic devices like OFETs relying on the existence of thin continuous films.
Furthermore, it is shown that PFP forms a mixed crystal structure with
PEN in blended films achieved via co-deposition. This experimental result
led to a finding of both fundamental and application-related relevance, which
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is presented in Sec. 5.3: The ionization energy of organic films composed of
molecules with intramolecular polar bonds (like C-H and C-F for PEN and
PFP, respectively), which mix on a molecular scale, can be tuned through
the mixing ratio of the compounds. This is experimentally evidenced by UPS
investigations, which are accompanied by XRD and FT-IR measurements to
demonstrate the mixing, by AFM investigations to investigate morphology
and by electrostatic modelling to theoretically substantiate the findings.

The third PEN heterostructure covered in this work is the combination
with PQ. First, the results of UPS investigations on PEN/PQ and PQ/PEN
layered films are presented (Sec. 5.4), where a highly molecular-orientation
dependent ionization energy was found. This is explained by the different
surface termination of films comprising lying molecules (π-system surface
termination) and standing molecules (C-H bond surface termination), once
more confirming the necessity for the detailed knowledge on the structural
arrangement in thin organic films used for applications in organic electron-
ics. The energy level offset determined by UPS seems applicable for the
use as heterojunction for charge separation (exciton dissociation) in OPVCs.
Bulk-heterojunction based OPVCs are however based on mixed structures
exhibiting phase separation, desirably at the length scale of the exciton dif-
fusion length. Therefore, pure, layered and 1:1 co-deposited films of PEN
and PQ were extensively characterized regarding the structural arrangement
and morphological properties using XRD, FT-IR and AFM (Sec. 5.5). It is
found that PEN and PQ exhibit pronounced phase separation in the case of
co-deposition and that (textured) growth of PQ in its bulk phase polymorph
is suppressed in this case. Moreover, the length scale of phase separation
revealed to be changeable by the deposition rate. It is evidenced that PQ
exhibits polymorphic growth comprising a thin film polymorph on silicon-
oxide substrates, which was solved using x-ray diffraction reciprocal space
mapping (Sec. 5.6). Surprisingly, the molecular arrangement is markedly dif-
ferent from the bulk structure, as the unit cell comprises only one molecule,
which leads to a loss of the herringbone arrangement known from the PQ
bulk. Apart from forming an interesting functional heterojunction with PEN,
the energy level offset between PEN and PQ deduced from UPS shows that
PQ can form deep traps for electrons if present in PEN films. Since PQ is a
common chemical impurity found in commercially available PEN source ma-
terial, even low PQ concentrations may strongly impact the corresponding
device performance. This issue is addressed by controlled co-evaporated of
PEN with different (low) PQ concentrations (Sec. 5.7). Via structural inves-
tigations it is demonstrated that PQ does not significantly intercalate with
PEN but rather forms either phase-separated patches or accumulates at PEN
grain boundaries. Finally, a further possible path to PQ presence in PEN
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films may be the oxidation of PEN to PQ under oxygen exposure, which is
highly relevant issue for applications. This matter is investigated via defined
exposure of PEN thin films and single crystals to O2 and/or water as well as
to reactive oxygen species (ozone and singlet oxygen).

Finally, in the last chapter of this work, the experimental results are
summarized and an outlook on further work based on the current outcomes
is given. Certainly, a work of this extent can only provide an insight into
limited aspects of this intriguing field of research following the aim of depth
instead of breadth.
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Chapter 2

Fundamentals

This chapter introduces the physical fundamentals necessary for the discus-
sion of the experimental techniques (Chap. 3) and results (Chap. 5). Fur-
thermore, the basic principles of organic semiconductor (OSC) physics and
of their application to organic photovoltaic devices are presented in the fol-
lowing. This outline is restricted to the introduction of the terms and basics
necessary for the comprehension of the experimental results obtained with
the applied techniques.

2.1 Organic molecular solids
Molecules consisting primarily of carbon (and usually hydrogen) are referred
to as organic molecules for historical reasons [26], since they are the basis
of all life processes. Their outstanding importance is based on the electron
configuration of atomic carbon in the ground state (1s22s22p2), which leads
to the degeneration of one s- and two p-orbitals to three hybrid orbitals ori-
ented in a plane (sp2-hybridization). The hybrid orbitals can form σ-bonds
with other atoms, while the third p-orbital remains oriented perpendicular
to the sp2-hybrid plane. This leads to the possibility of forming π-bonds
in molecules resulting in a delocalized electron density above and below the
molecular plane and therefore allows the formation of double bonds via σ- and
π-bonds.Conjugated organic molecules (COMs) exhibit alternating single and
double bonds with delocalized electrons along the molecule. The most im-
portant group of COMs are aromatic molecules containing cyclicly arranged
conjugated constituents like six conjugated carbon atoms in case of benzene.
In the solid state, these COMs form molecular crystals exhibiting relatively
low intermolecular bond strengths dominantly of Van der Waals (VdW) type,
which is caused by dipole-dipole interactions of neutral molecules. Compared
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to covalent or ionic bonding, this type of force is weak and short ranged (de-
clines with the 7th power of the distance), which explains the low melting
points of organic molecular crystals and the fact that the physical properties
of molecular solids can often be well deduced from the properties of individ-
ual molecules [13, 27]. All molecules investigated in this work are aromatic
molecules in the solid state.

2.1.1 Molecular packing in organic molecular crystals

(a) (c)

(b) (d)

Figure 2.1: The four fundamental types of crystal packing found for aro-
matic hydrocarbons with the compound names and reference codes from
the Cambridge Structural database in brackets: (a) Herringbone structure
(pentacene, PENCEN), (b) γ-structure (hexabenzocoronene, HBZCOR), (c)
sandwich herringbone (pyrene, PYRENE) and (d) β-structure (violanthrene,
CORXAI10).

The molecular interaction in organic molecular solids is most often dom-
inated by weak VdW interactions. Moreover, organic molecules are often
anisotropically shaped, directly influencing their packing in molecular crys-
tals. In the considerations of close packing of molecules the concept of the
Van der Waals volume [28, 29], which is defined as the volume occupied by a
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molecule impenetrable by other neighbouring molecules, showed to be highly
important. For the atoms forming a molecule, Van der Waals radii are in-
troduced, and in the rigid-atom model [29] the distance between peripheral
atoms in neighbouring molecules, which are in contact without overlap, is the
sum of the respective Van der Waals radii of the constituting atoms. For the
atomic compounds that form the molecules investigated in this work, i.e.,
for hydrogen, carbon, oxygen and fluorine, values of 1.1Å, 1.7Å, 1.5Åand
1.5Å, respectively, have been determined [29]. Note, that within the force
field simulations presented in this work the molecules were treated as rigid
bodies with an extension of the Van der Waals volume.

Already from the molecular structure valuable assumptions about the
crystal packing can be made. This approach was pioneered by A.Gavezotti
and G.R.Desiraju for aromatic hydrocarbons [30, 31]. They categorized the
structures into four different structure types that are adopted due to the
relative importance of C-C, C-H and H-H interactions, and therefore the
stoichiometric C/H ratio in the molecule. The four types are illustrated in
Fig. 2.1: (a) the herringbone structure, (b) the γ-structure (flattened-out
herringbone), (c) the sandwich herringbone structure and (d) the layered β-
structure made up of ’graphitic’ planes. While the C-C interactions are best
optimized between molecules of high C/H ratio oriented parallel with respect
to their molecular plane (π-π stacking [32]) (Fig. 2.1d), the C-H interactions
are most effective between inclined molecules with low C/H ratio comprising
electrostatic interactions between positive H(δ+) and negative C(δ−) partial
charges (Fig. 2.1a). The structure types in Figs. 2.1b and 2.1c are interme-
diate cases. However, anticipative considerations on crystal structures based
on the molecular shape and compounds can only give a first guess on the
real structural order in molecular crystals. Organic molecular crystals com-
posed of one molecular compound can exhibit numerous polymorphs, which
can even adopt a highly different molecular arrangement, as will be demon-
strated in Sec. 5.6. Despite recent progresses [33, 34], crystal structures of
organic molecular compounds are far from being predictable and structural
investigations are therefore indispensable.

2.1.2 Thin film growth

Thin organic films are often produced under vacuum conditions by molecular
beam deposition. This implies that molecules are deposited with a certain
rate of arrival R (m−2s−1) onto a given substrate surface. The growth process
of a thin organic film is a non-equilibrium process and dynamic rather than
equilibrium thermodynamic considerations have to be applied to describe the
various growth behaviours. Although the process of thin film growth is far

7



Deposition
Re-evaporation

Nucleation DissociationDiffusion

(intra-layer)

Diffusion

(inter-layer)

Nucleation
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Layer-by-layer growth mode

(Frank-van der Merwe)

Layer-plus-island growth mode

(Stranski-Krastonov)

(a)

(b)

Figure 2.2: (a) Schematic diagram of processes on a molecular scale in
nucleation and film growth on surfaces. (b) Schematic representation of the
three crystal growth modes.

from being completely understood there exist several models that have been
applied for various OSCs [17, 35, 36]. Upon deposition the following dynamic
processes occur on a molecular scale (see Fig. 2.2a): Intra-layer diffusion of
the molecule on the layer of arrival, inter-layer diffusion overcoming steps be-
tween layers of the film, formation of molecular assemblies (i.e., nucleation as
basis of film growth), dissociation of previously formed nuclei smaller or equal
to the critical cluster size1, nucleation at special sites of the substrate (e.g.,
structural defects, chemical impurities etc.) or re-evaporation into vacuum
[37, 40, 41]. The resulting film morphology essentially depends on the inter-
action between the substrate and the adsorbate and the growth of thin films
can be divided qualitatively into three different modes (see Fig. 2.2b). If the
interaction between the adsorbate molecules is stronger than the interaction
with the substrate, small clusters are nucleated directly at the substrate and
grow into 3D islands (Volmer-Weber mode). In the opposite extreme case
of the adsorbate-substrate interaction strength exceeding the intermolecular
interaction strength a closed layer is formed on the substrate followed by
closed top layers (Frank- van der Merwe mode). The intermediate case of

1The critical cluster size (i) is the most unstable size, i.e., only clusters composed of
> i molecules tend to grow rather than decay (whereas for < i decay is more probable
and local equilibrium tends to hold) [37]. The value of i can be experimentally determined
using a scaling law formalism, which takes into account the deposition rate, nucleation
density and the island size distribution at a specific sub-monolayer coverage [38]. For
example, i = 4 was determined for PEN using this model [39].
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islands nucleating on a (few) closed monolayer(s) is often found in organic
thin film growth (Stranski-Krastanov mode), where subsequent layer growth
becomes unfavorable at a certain film thickness. This mode is observed for
PEN and PFP on SiOx in this work (see Sec. 5.2 and 5.5) [37].

In general, organic molecules (e.g., rod-like molecules like PEN) have
an anisotropic shape. This implies that the kinetic processes illustrated in
Fig. 2.2a have to take into account the molecular flexibility and the molecular
orientation on the substrate. The intuitive assumption that single molecules
arriving at the substrate adopt a lying orientation was experimentally con-
firmed [17]. However, when several molecules meeting in the diffusion process
have finally formed a stable agglomerate they can tilt out of the substrate
plane and adopt a certain intrinsic crystal structure, which is often found to
be specific for thin film growth and usually denoted as thin film phase [17].
Models often applied to describe the growth of thin films are diffusion-limited
aggregation (DLA) with the diffusing particles simply sticking to the growing
aggregate leading to fractal island shapes [42], a generalized formulation of
DLA including a curvature dependent sticking probability as well as diffusion
along the fractal branches of an initial island in order to maximize the num-
ber of nearest neighbours leading to more regular structures [43], and growth
models based on the Ehrlich-Schwoebel effect [44, 45] comprising an energy
barrier for downward interlayer mass transport that leads to the nucleation
of mounds in the form of terraces with monomolecular steps [17, 35, 36].
Attempts to model experimentally found morphologies must be based on a
combination of the above models.

2.1.3 Electronic structure

Fundamental terms and definitions

Pentacene (PEN) (see Sec. 4.1) is a polycyclic aromatic hydrocarbon and is
likely one of the most thoroughly investigated organic molecular compounds
due to its applicability as an OSC in the field of organic electronics. PEN
and the shorter molecules in the series of the polyacenes, i.e., tetracene, an-
thracene, naphthalene and benzene, exhibit optical absorption wavelengths of
their fundamental absorption directly proportional to the molecular length.
In more detail, the optical gap depends on extension of the π-electron system
present in COMs [13, 46]. The fundamental optical absorptions are due to
excitations of the π-electron system and exhibit excitation energies of some
eV thus commonly absorbing in the range of visible light. For instance, the
fundamental transition of PEN in thin solid films is found around 670 nm
(1.85 eV), which is in the red range of the visible spectrum. In terms of
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Figure 2.3: Energy levels in organic molecules and molecular crystals. This
figure illustrates the energy level difference between an organic molecule (1)
in the gas phase and (2 - 3) in its condensed phase, where the energy levels
of the separated electron-hole pair (2) is compared to the energy levels of
a Frenkel-exciton (3) of energy Eoptgap with binding energy Ebindex generated by
optical excitation. Evac denotes the vacuum level; IE and IEgas the ionization
energies; EA and EAgas the electron affinities; Etransgap and Egasgap the HOMO-
LUMO gaps of the molecule in condensed and gas phase, respectively. E(P+)
and E(P−) denote the positive and negative polarization energies.

molecular physics this molecular excitation is explained as π-electron tran-
sition from the highest occupied molecular orbital (HOMO) energy level to
the lowest unoccupied molecular orbital (LUMO) energy level. The energy
value of the fundamental optical transition onset therefore is the optical gap
(Eoptgap) of the COM. However, optical excitations usually do not lead to the
generation of uncorrelated electron/hole pairs. Bound states of electrons and
holes termed excitons are generated in OSCs upon optical excitation. Usu-
ally, these excitons consist of an electron-hole pair on the same molecule
(Frenkel-excitons) exhibiting an energy lower than the energy difference be-
tween the respective separated electron-hole pair at infinite distance (the
transport gap Etransgap ) by the exciton binding energy (Ebindex =Etransgap -Eoptgap) [47–
49]. The energy levels of an organic molecular solid are illustrated in Fig. 2.3
in comparison to the energy levels of the free molecule in gas phase; Evac de-
notes the vacuum level (VL) (for a detailed discussion see Sec. 3.2), i.e., the
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energy of an electron at infinite distance from the surface as energy reference
level, IE denotes the ionization energy and EA the electron affinity2. The
IEs [EAs] of the free molecule and molecule in the condensed state differ by
the positive [negative] polarization energy E(P+)= IEgas - IE [E(P−)=EA -
EAgas], which is caused by the polarizability of the surrounding molecules in
the molecular crystal. The values of IE and IEgas and therefore E(P+) are
experimentally accessible by means of ultraviolet photoelectron spectroscopy
(UPS) (see Sec. 3.2 and Fig. 3.5) and E(P+) was found to be in the order of
1.6 eV for the series of the polyacenes [13, 46].

Interfaces of organic molecules with metal substrates

Interfaces of semiconducting COMs with electrodes are common to all devices
in the field of organic electronics. Besides electrodes based on intrinsically
conducting polymers (ICPs) that permit production of all-organic devices
[51], electrodes made of metals are of outermost importance. Hence, the en-
ergy level alignment at interfaces of COMs with metals is of high research
interest, since it strongly impacts the charge injection processes into the elec-
trode. In particular, a parameter of highest importance is the hole injection
barrier (∆h), which is defined as the difference in energy between the electrode
Fermi level (EF ) and the organic transport level at the interface, which can
be experimentally assessed by photoelectron spectroscopy; the fundamental
energetics at COM/metal interfaces are illustrated in Fig. 2.4.

First and foremost, the nature of interaction between the COM and
the substrate is decisive for interface energetics, where the extreme cases
of chemical interaction (chemisorption) are differentiated from weak adsorp-
tion purely based on the VdW interaction (physisorption) in literature [52].
Chemisorbed COMs exhibit covalent or ionic bonds to the substrate, which
significantly alters the electronic structure of the COM, as often found for
strong electron accepting molecules on metal substrates [53]. In contrast, the
electronic structure of purely physisorbed COMs remains in principal undis-
turbed upon adsorption and the potential between COM and substrate can
be well described with the Lennard-Jones-potential, [52]:

V = 4V0

[(
σ

r

)12

−
(
σ

r

)6
]
, (2.1)

2The IE is defined as the energy necessary to promote an electron from the HOMO-level
to the vacuum level and the EA as energy necessary to remove an electron from the LUMO
to Evac. Note, that molecules are n-electron systems of rather low order being significantly
disturbed by addition or removal of an electron. Therefore, the (more common) definition
of EA as energy gained by an originally neutral atom upon formation of a negative ion
has to be treated with caution [50].
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where V0 denotes the minimal potential energy, σ the effective molecular
diameter and r the surface-molecular distance. The repulsive term propor-
tional to r−12 is due to Coulomb and Pauli repulsion; the attractive term
∝ r−6 describes the VdW interaction being proportional to the square of the
molecular polarizability. Therefore it becomes clear that the VdW interaction
is strong for highly polarizable compounds like COMs (with their delocalized
π-orbitals) adsorbed on metals, which preferentially leads to lying adsorption
geometries of rod-like or disk-shaped COMs on metallic substrates [13].

Energy level alignment at interfaces

The simplest model for discussing interfacial energetics is that of vacuum
level alignment, also known as the Schottky-Mott limit ; this case is illus-
trated in Fig. 2.4a. Herein, ∆h and the corresponding value for electron
injection, the electron injection barrier 3 (∆e), are simply derived from the
IE and the EA of the COM and the work function of the metal substrate
(φ) via ∆h=IE -φ and ∆e=φ - EA. However, this case is more the exception
than the rule for interfaces of COMs with electrodes, since the adsorption
of COMs on metal substrates prevalently leads to more complicated inter-
facial energetics comprising changes in the vacuum level due to interface
dipoles (IDs): The work function of a metal is the sum of bulk and sur-
face contributions, i.e., the bulk chemical potential of the metal and surface
dipoles mostly due to electrons spilling out from the metal surface into the
vacuum. Upon adsorption of COMs the repulsion between the COM elec-
trons and the metal electron tail into the vacuum compresses the tail and
decreases the intrinsic surface dipole present at the bare metal. This leads
to an abrupt downward shift of the vacuum level (∆vac) due to the so-called
push-back effect, which can exceed 1 eV [54–56]. Compared to the situation
of the Schottky-Mott limit, this also leads to an increase in ∆h by ∆vac,
which hence leads to the unfortunate consequence of a reduction of the hole
injection performance [50, 54, 57, 58]; this situation is illustrated in Fig. 2.4b.
Further mechanisms that cause ∆vac include chemical interactions of COMs
with the substrate involving charge transfer across the interface or effects
of intrinsic permanent dipoles of the COMs [57]. Using ICPs like poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as substrates

3Since it is difficult to experimentally access the value of EA, which has been done
via inverse photoelectron spectroscopy for few materials only [54] and since these experi-
ments have not been performed within this work, the discussion is restricted to ∆h in the
following.
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Figure 2.4: Schematic energy level diagrams for interfaces between metal
substrates of different work functions φ1, φ2, φ3 with an organic adsorbate of
ionization energy IE (a) in the Schottky-Mott limit (vacuum level alignment),
(b) with an ID present leading to a downward shift of Evac by ∆vac for a
substrate of work function φ1, (c) same as (b) but with a higher work function
φ2, and (d) in the case of Fermi-level pinning for a substrate with φ3 leading to
a higher VL-shift (∆′vac). EF denotes the Fermi energy of the metal substrate;
Evac the vacuum level; ∆h (∆e) the hole (electron) injection barrier; POL
the energetic position of the positive (negative) polaron level colored green
(red) and δ+ symbolizes the HOMO level being slightly positively charged.

(see Sec. 4.1), which exhibit a work function4 comparable to high-φ metals
like gold, leads to a significantly lower ∆h compared to metal substrates.
This is due to the closed-shell character of the polymer, which has much
fewer free electrons than metals and therefore does not exhibit a significant
electron-tail and the corresponding push-back effect [58].

In both cases, the Schottky-Mott limit and in the presence of an ID,
∆h depends on φ. As long as φ is small compared to the IE of the COM
(or IE+∆vac if IDs are present), using substrates with higher φ will lead
to a decrease in ∆h (Fig. 2.4c). However, if φ is in the range of the IE (or
respectively IE+∆vac) the situation becomes more complicated, since a fur-
ther increase in φ leads to charge transfer from the COM to the substrate
to establish thermodynamic equilibrium. In general, the electronic struc-
ture of charged molecules is significantly different from the neutral case: The
absent (additional) charge in the HOMO (LUMO) level leads to changes

4The work function range found for different PEDOT:PSS formulations in thin films is
φ = 4.3− 5.2 eV depending on the PEDOT to PSS ratio as well as on the morphology of
the films, since local dipoles are present [59].
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in the molecular conformation and the geometry of the molecule, positive
(negative) polarons are formed. The corresponding energy level, the positive
(negative) polaron level is different from the neutral HOMO (LUMO) state
by the positive (negative) polaron relaxation energy of the positive (negative)
polaron, which can be several hundred meV [60, 61]. For the case of organic
molecules adsorbed on high-φ substrates this can lead to the following sce-
nario: if φ (minus possible contributions from surface dipoles) exceeds the IE
minus the positive polaron relaxation energy, spontaneous charge-transfer oc-
curs across the organic/metal interface consequently forming an (additional)
interface dipole (further) shifting the vacuum level downwards. Hence, ∆h

becomes independent of φ. A further increase in φ solely increases ∆vac, a sit-
uation referred to as Fermi-level pinning in literature [60–63] (see Fig. 2.4d).
Since ∆vac due to IDs (e.g., caused by the push-back effect) can exceed 1 eV
on metal substrates, Fermi-level pinning of COMs like PEN on metal sub-
strates has not yet been observed5. In contrast, on ICPs like PEDOT:PSS
Fermi-level pinning is the dominant mechanism of energy level alignment for
PEN. It was found that ∆h for PEN on PEDOT:PSS is almost constant at
0.35± 0.05 eV for different substrate-φ values (see also Sec. 5.1), which can
be varied by almost 1 eV through changing the PEDOT to PSS ratio, i.e.,
this value of ∆h should correspond to the positive polaron relaxation energy
of PEN on PEDOT:PSS. The effect of Fermi-level pinning was explained by
electron transfer from PEN to PEDOT at the interface inducing an ID of up
to almost 1 eV for increasing values of φ [59].

Molecular orientation dependence of the ionization energy

Orientation dependent IEs have been observed for numerous systems in-
cluding PEN on highly oriented graphite [65] or α, ω-dihexylsexithiophene
on Ag(111) [66]. This observation has often been attributed to an orien-
tation dependent intermolecular screening of the photo-hole generated by
the experimental photoemission process in the measurement of the IE (see
Sec. 3.2), which was expressed in terms of the polarization energy P [67, 68]
depending on the local state of aggregation and the crystal structure [69].
However, it was shown in a recent study that the upper limit for the differ-
ence in photo-hole screening by differently orientated neighboring molecules

5PEN deposited on metal substrates of increasing φ exhibits a linear decrease
of ∆h together with a linear increase of the IDs shifting ∆vac to lower energies
[59]. Metals pre-covered with strong electron acceptors like 2,3,5,6-tetrafluoro- 7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) that undergo a charge-transfer reaction with the
metal substrate were reported to exhibit Fermi-level pinning due to the corresponding
increase of the substrate work-function [64].
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of α-sexithiophene (6T) is 0.15 eV, although an IE difference between lying
and standing molecules of 0.6 eV was experimentally observed in this case6.
Therefore the experimentally observed orientation dependence of the IE can-
not be explained in terms of photo-hole screening effects (alone) [70].

It was demonstrated in the cited study that the IE of OSCs is a param-
eter that intrinsically depends on the molecular orientation. In this context
it must be emphasized that one isolated individual molecule clearly exhibits
only one value of IE but that multiple values are found for molecules in
ordered assemblies. Using density functional theory based calculations and
electrostatic modelling it was shown that the IE of oriented molecular as-
semblies depends on the surface termination of the layer, i.e., on the sur-
face dipole built into the molecular layers. In case of PEN, the IE depends
on whether the conjugated π-system with its negative charge density (lying
molecules) or the hydrogen-terminated molecular ends carrying a slightly
positive partial charge (standing molecules) form the film surface, since this
yields a differently oriented surface dipole. Taking into account these con-
siderations, the difference in IE for lying and standing PEN was calculated
to 0.6 eV [70], which is in very good agreement with the difference in the
observed IE values deduced from UPS in the present work (see Sec. 5.4). As
a consequence of this effect, surface dipoles of organic assemblies caused by
polar end-groups can presumably be used to predictably tune the IE of thin
films, which was carried out by mixing PEN with perfluoropentacene (see
Fig. 4.1) in the study presented in Sec. 5.3.

Charge injection and transport

Applications in the field of organic electronics invariably employ (mostly
metal-) contacts for charge injection/extraction and the efficiency of these
processes is a crucial parameter for device performance. Since the transport
gap of typical undoped COMs like PEN (Etransgap =2.2 eV [54]) is by far larger
than the thermal energy at room temperature (kBT ≈ 25meV) the number
of free charge carriers is usually low [13, 46]. Assuming ohmic contacts,
i.e., contacts that do not limit the current flow, the current at low external

6In the cited study [70], the difference in polarization energy was estimated for a 6T
film on Ag(111) by the investigation of a sulfur core-level shift in x-ray photoelectron
spectroscopy: The observed shift between the pure film on Ag(111) and the film covered
with a closed layer of an amorphous, conjugated organic material (not containing sulfur
itself) was much lower (0.14 eV) than the IE difference between lying and standing 6T
(0.6 eV). Therefore it was concluded that the presence or absence of neighboring molecules
in the upper half-space must clearly have a stronger effect on the polarization energy
and therefore on the measured IE than differences in the orientation of the neighboring
molecules.
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voltages is determined by the motion of the intrinsically present free electrons
and holes with a current density johm scaling linearly with the externally
applied voltage U (see Fig. 2.5), which is given by Ohm’s law [71]:

johm = en0µ
U

d
, (2.2)

where e is the elementary charge, n0 the density of intrinsically present free
charge carriers, µ the charge carrier mobility and d the length of the sample7.
The charge carrier mobility8 is the fundamental charge transport quantity
specific for a certain OSC and is a tensor of second rank with six independent
components accounting for the anisotropy of charge transport in ordered
(crystalline) OSCs [72, 73].

If the contact between OSC and metal electrodes is different from ohmic
there are two dominating processes of charge injection to overcome energetic
interfacial barriers: (i) Tunneling at the Fermi energy of the metal through
the barrier (Fowler-Nordheim tunneling dominant for large barriers and/or
low temperatures [74]) and (ii) thermally-activated thermionic injection both
allowing for the Schottky-effect, i.e., the mirror charge of the injected electron
lowering the barrier height. The current density of a realistic Schottky-barrier

7Note that the relations presented in this chapter hold analogously for holes.
8There are various methods to experimentally determine µ, the most important are

time-of-flight measurements [72], the space charge limited current method in diode con-
figuration from jsclc (see text) and the extraction of µ from the electrical characteristics
of field-effect transistors in the saturation regime via µ = 2LIsd

WC(Vg−Vt)2
, where Isd is the

current between source and drain, Vg the gate voltage, Vt the threshold voltage at which
the current starts to rise, L and W are the length and width of of the conducting channel
and C is the capacitance on the gate dielectric [3]. In these devices the charge transport
takes place in a very narrow channel at the interface and therefore µ is highly sensitive to
structural defects at the organic/dielectric interface.
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is approximately given by the Shockley-formula [75]:

j = AT 2 exp (− ∆′e
kBT

) exp (
eU

ξkBT
− 1), (2.3)

where A denotes the Richardson constant, T the absolute temperature, ∆′e
the effective electron-injection barrier, kB Boltzmann’s constant, U the ex-
ternally applied voltage and ξ accounts for the ideality of the Schottky-diode.
This equation holds in full analogy for the injection of holes. Note that ∆′e is
lower than ∆e by

√
e3F/4πε0ε due to the Schottky-effect, with F being the

external electric field, ε the relative permittivity and ε0 the permittivity of
free space [13]. The exponential dependence of j on ∆e (and ∆h, respectively)
demonstrates the importance of low injection barriers in organic electronics.

At higher external voltages the electrons injected from the electrodes
outnumber the intrinsically present carriers of the OSC, i.e., the density
of the injected excess-electrons becomes larger than n0. The OSC hence
exhibits a space charge density that significantly determines the internal
electric field and the current [13]. In the absence of traps, i.e., accessible
energetic states in the energy gap due to chemical impurities or structural
defects, the current is denoted as trap-free space charge limited current (TF-
SCLC) scaling quadratically with the externally applied voltage (see Fig. 2.5),
which can be described by the Mott-Gurney equation (Child’s law):

jsclc =
9

8
εε0µ

U2

d3
, (2.4)

where µ is assumed to be independent of the external field. In the more
realistic case of traps present in the OSC, which suppress current flow by
localizing charge carriers [76], the equation has to be modified by µ→ µeff =
Θµ, where Θ is a parameter that accounts for the density and the depth of
the traps and can be � 1 [13]. This modified equation can be used to
approximate the region between the ohmic and the TF-SCLC region (see
Fig. 2.5). At a certain critical voltage, Utfl, the charge injected through the
contacts is sufficient to fill all the deep traps and an abrupt increase of the
current density occurs. The current-voltage characteristics can be used to
determine the mobility values in OSCs [76].

The mechanism of charge transport at the nanoscale is strongly dependent
on the structural order in the molecular assembly. In ultra-pure organic
single crystals (e.g., of PEN) band transport has been observed exhibiting a
temperature dependent mobility µ(T ) ∝ T n with n around −3

2
for polyacenes

[72, 76–78]. In the case of band-like transport, µ for electrons is often almost
equal to that of holes and the increase in mobility at decreasing temperature
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indicates phonon scattering as dominant limitating process. For instance,
the hole mobility in PEN single crystals was reported to increase from 35 to
58 cm2/Vs by cooling from room temperature to 225K [77]. Moreover, band
dispersion has also been observed for well-ordered thin organic films [79–82].

In contrast to the case of single crystals, the opposite extreme exam-
ple, i.e., amorphous OSCs, exhibits mobilities lower by several orders of
magnitude and µ rising with temperature. This points to a fundamentally
different transport mechanism, which is modelled in the framework of the
Bässler model as thermally assisted hopping transport between neighbouring
molecules comprising an energetically inhomogeneous Gaussian distribution
of the localized transport states [83]. The hopping rate between neighbouring
sites depends on the wave function overlap, which is itself the subject of a
Gaussian distribution, since in disordered media the inter-site distance is lo-
cally variable and the coupling among the (generally non-spherical) molecules
is dependent on the mutual orientation. Hopping processes to energetically
lower sites do not need activation, whereas hopping to energetically higher
sites requires an activation energy of the difference between the neighbour-
ing transport levels, which is itself dependent on the external field strength
[13, 83]. This model predicts a temperature dependence of µ ∝ exp(−T−2),
which allows fitting experimental data reasonably well [73].

2.1.4 Organic photovoltaic cells
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Figure 2.6: (a) Schematic representation of a layered organic solar cell, where
layers of donor and acceptor materials are sandwiched between two electrodes
in comparison to an idealized bulk-heterojunction organic photovoltaic device
(b), where the organic materials are blended together. Isolated domains of
the respective materials that are parasitic to the solar cell performance are
drawn with a red border.
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Although photoconductivity in anthracene was already discovered about
one century ago [84, 85], it took until 1986 for organic photovoltaic cells
(OPVCs) to attract significant interest, as C.W. Tang introduced a two layer
OPVC with a power conversion efficiency of almost 1% [8]. This device intro-
duced the concept of an organic heterojunction (OH) into the field of organic
photovoltaics, which uses two materials of different values of IE and EA as
strategy to enable efficient dissociation of photo-generated excitons. In 1991
M. Hiramoto et al. introduced a further development of OHs by sandwiching
a co-deposited layer of the two materials between the pure layers significantly
enhancing the performance of the OPVC [86]. Devices based on this concept
are denoted as organic bulk-heterojunction (or: dispersed) photovoltaic cells
and are nowadays often based on blends of COMs with polymers [9, 87–89].
A schematic illustration of layered and bulk-heterojunction OPVCs is given
in Fig. 2.6.
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Figure 2.7: Schematic Energy level diagrams of two metals (a) being not
in contact and (b) after contact and of two different organic semiconduct-
ing layers sandwiched between the metals (c) under short-circuit conditions
and (d) flat-band conditions under illumination. For simplification, interface
dipoles occurring at the metal/COM interfaces (see Sec. 2.1.3) are neglected
in this schematic.
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All OPVCs comprise contacts of the organic materials with conducting
electrodes (e.g., metals) and in general, electrodes with different φ are be-
ing used; the corresponding schematic energy diagram is shown in Fig. 2.7a.
If the metals are brought into contact, a current between the metals flows
until the Fermi levels EF1 and EF2 are aligned, with metal 1 (2) being pos-
itively (negatively) charged at the interface. This gives rise to a built-in
voltage (Ubi), which depends on the difference of the respective work func-
tions (φbi) of the metals with φM1 and φM2: Ubi = φbi/e = (φM2 − φM1)/e
(see Fig. 2.7b) [13]. In a layered OH based OPVC two layers of OSCs are
sandwiched between such metal electrodes of different φ, this case is schemat-
ically illustrated in Fig. 2.7c, where the low IE material is denoted as donor
and the high EA material as acceptor, since in the process of charge sepa-
ration an electron from the donor is transferred into the acceptor material.
In the general case, the electrodes are externally short-circuited, since the
purpose of the device is to drive an external consumer load. Hence, in anal-
ogy to the case shown in Fig. 2.7b, the Fermi levels of the electrodes are
aligned and Ubi leads to an electric field in the heterostructure with a profile
changing linearly through the layers in the absence of space charges, as do
the respective HOMO and LUMO levels. This situation is generally denoted
as short-circuit condition. If the OPVC is operated, i.e., the device is illumi-
nated and excitons are successfully dissociated, electrons (holes) flow through
the acceptor (donor) material to the low-φ (high-φ) electrode driven by Ubi

and at a certain point these carriers induce an electric field that cancels the
built-in field leading to flat-band conditions (Fig. 2.7c). If the circuit is open,
i.e., if the OPVC is illuminated but no load is connected, the voltage between
the electrodes is denoted as the open circuit voltage (Uoc); if the device is
short circuited, the short circuit current density Jsc flows (see Fig. 2.8). In
this simplified picture it is evident that the maximum photovoltage that can
be achieved equals the built-in voltage9.

The power conversion efficiency ηp of a OPVC under a given incident
optical power density (Pinc) depends on the following parameters that can be
deduced from the current density versus voltage characteristics (J-V curve)
(see Fig. 2.8): (i) Uoc, (ii) the current density under zero bias, Jsc, and (iii)
the fill factor (FF) characterizing the shape of the J-V curve in the power-
generating forth quadrant, which is defined as FF=max(JV )/JscUoc, where
max(JV ) defines the maximum power point (MPP) of the device:

ηp = JscUocFF/Pinc. (2.5)
9This assumption is denoted as metal-insulator-metal picture and its validity is still un-

der debate since an additional influence of the energy level offset of the organic compounds
was observed [90].
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The central process in an OPVC is the process of charge separation, which
is illustrated in Fig. 2.9 in detail. Under illumination with light of sufficient
energy, Frenkel excitons (see Sec. 2.1.3) are generated in the OSC with an
absorption efficiency ηA, which can reach 100% for sufficiently thick organic
films (step (1) in Fig. 2.9a). The excitons with a binding energy Ebindex exhibit
an undirected diffusion independent of the external electric field, since they
do not carry a net charge (step (2) in Fig. 2.9b)10. This step is quantified
by the exciton diffusion efficiency ηed, which is the ratio of excitons reach-
ing a heterojunction via diffusion to the excitons that prematurely recom-
bine. Highly efficient exciton dissociation occurs at donor/acceptor material
heterojunctions if the mutual energy level alignment is appropriate: If the
exciton energy Eex is larger than the energetic offset of the HOMO of the
donor and the LUMO of the acceptor, exciton dissociation at the heterojunc-
tion is energetically favourable and will occur with an efficiency ηct of almost
100%, since it occurs at a much faster timescale (< 100 fs) compared to the
competing processes of radiative (ns-scale) and non-radiative recombination
(sub-ns scale) [13] (step (3) in Fig. 2.9c). In contrast to ηA and ηct, the exciton
diffusion efficiency ηed is generally a significant limiting factor. It strongly
depends on the distance between the location of exciton generation and the
heterojunction, which therefore should be at the length scale of the exciton
diffusion length LD (in the range of tens of nanometers) [9, 10]. After the
dissociation process the built-in field transports the separated electron and
hole to the respective electrodes where the charge carriers are collected. In

10The built-in field can- to a certain extent- lead to the dissociation of the excitons [91],
which is the photocurrent generating process in a single layer OPVC, however, at low
efficiency, since the field strength is low.
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Figure 2.9: The process of charge separation in an OPVC illustrated for
absorption in the donor material. (a) Excitation with light leads to the
formation of excitons with an efficiency ηA (step 1). (b) The excitons ex-
hibit anisotropic diffusion and meet a donor/acceptor heterojunction with
efficiency ηed (step 2). (c) At the heterojunction exciton dissociation occurs
with an efficiency ηct transferring the electron in the acceptor material and
leaving the hole in the donor in the respective transport levels (step 3). (d)
The built-in field transports the charge carriers to the respective electrodes
(step 4) where they are collected with an efficiency ηcc (step 5).

the aspired but often unrealistic case of homogenous layers of high structural
order and therefore high charge carrier mobilities this process can exhibit a
charge collection efficiency ηcc of almost ∼100% [92]. The complete external
quantum efficiency ηeqe, i.e., the total number of electrons flowing into the
external circuit per incident photon, finally is the product of the efficiencies
of the individual consecutive steps:

ηeqe = ηAηiqe = ηAηedηctηcc, (2.6)

where ηiqe denotes the internal quantum efficiency, which is the ratio of
the number of carriers collected at an electrode to the number of photons
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absorbed [49]. This relation clearly demonstrates the central advantage of
bulk-heterojunction based OPVCs as schematically illustrated in Fig. 2.6:
Compared to the case of the layered OPVC, where only those excitons gen-
erated in a capture zone of extension LD contribute to the photocurrent,
excitons generated in the interpenetrating network of donor and acceptor
material reach the interface with high probability if the length scale of phase
separation is in the range of LD. It is evident that the existence of contin-
uous paths to the electrodes formed by the donor and acceptor materials
is mandatory, since isolated domains trap charges and lead to recombina-
tion (areas marked with red borders in Fig. 2.6b). However, the value of ηcc,
which can be almost 100% leading to ηeqe ≈ ηAηed in layered OPVCs of high
structural order, can be significantly reduced in bulk heterojunction based
devices due to poor charge transport and increased trapping and recombina-
tion processes [92]. This particularly demonstrates the importance of control
over structural properties at the nanoscale to achieve highest order in thin
films of phase separated donor/acceptor blends.
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2.2 Crystallography and x-ray diffraction
The thorough structural characterization of OSCs and their mutual hetero-
junctions represents a central point of this work. In the following section,
basic ideas of crystallography and x-ray diffraction are outlined to the extent
needed for the description of the applied experimental techniques.

2.2.1 Fundamentals of crystallography

A crystal is a three-dimensional repetition of a given motif (atoms or molecules)
by translation within a lattice, called the direct lattice. This lattice is defined
by base vectors ~a, ~b, ~c of length a, b, c and angles α between b and c, β
between a and c and γ between a and b, where this whole set of parameters
represents the unit cell parameters of the crystal structure. Calculations of
lengths of vectors in the lattice, of mutual angles and of distances between
planes can easily be performed using the metric tensor of the direct lattice
(direct metric) Gik, which is advantageous in computerized methods:

Gik =


~a · ~a ~a ·~b ~a · ~c
~b · ~a ~b ·~b ~b · ~c
~c · ~a ~c ·~b ~c · ~c

 =

 a2 ab cos γ ac cos β
ba cos γ b2 bc cosα
ca cos β cb cosα c2

 .(2.7)
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Figure 2.10: (a) The definition of the Miller indices h, k, l, of a net plane (hkl).
(b) The spherical projection of a (cubic) crystal structure. The intersection of
the normal vectors on planes (poles) of a cubic crystal structure with the unit
sphere yields a unique representation of the crystal system. The respective
Miller indices of the planes are given at the points of intersection.
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The most important property of Gik is that it relates the components of
direct lattice vectors ek = Gike

i to the respective components in reciprocal
space ei, using the Einstein summation convention and the tensor algebra
formalism of covariant (direct) and contravariant (reciprocal) vectors [93].
The inverse of the direct metric is the metric tensor of the reciprocal lattice
(reciprocal metric) Gij = (Gij)

−1, which then performs the inverse operation
ej = Gijej. It is analogously defined as the direct metric with the correspond-
ing reciprocal unit cell parameters a∗, b∗, c∗, α∗, β∗, γ∗, which therefore can
be immediately derived by a simple matrix inversion of Gik. The reciprocal
base vectors ~a∗, ~b∗, ~c∗ are defined as:

~a∗ =
~b× ~c
V

, ~b∗ =
~c× ~a
V

, ~c∗ =
~a×~b
V

, (2.8)

where V denotes the volume of the unit cell in the direct lattice (V∗ for
the reciprocal lattice), which equals the square root of the determinants of
direct metric tensor (reciprocal metric tensor for V∗, respectively) [93]. From
these relations the fundamental properties of the reciprocal lattice follow:
~a·~a∗ = ~b·~b∗ = ~c·~c∗ = 1 as well as ~a·~b∗ = ~a·~c∗ = ~b·~c∗ = ~b·~a∗ = ~c·~a∗ = ~c·~b∗ = 0
and for the volumes: V ∗ = V −1. A given vector in reciprocal space

~Hhkl = h~a∗ + k~b∗ + l~c∗ (2.9)

stands perpendicular to a plane of the direct lattice, which is defined by
its intersection with the direct basis vectors, i.e., 1/h, 1/k, and 1/l, where
the integer indices h, k, l are the Miller indices of the net plane (hkl)11, as
illustrated in Fig. 2.10a. The correlation of direct and reciprocal space can
therefore be directly seen by the vectors ~p1 = ~a

h
− ~b

k
, ~p2 =

~b
k
− ~c

l
and ~p3 = ~c

l
− ~a

h
,

which are in-plane vectors and hence the normal vector ~n = ~p1× ~p2, which is
~n = h(~b×~c)+k(~c×~a)+l(~a×~b), lies parallel to ~Hhkl defined above. The length
of the reciprocal lattice vector | ~Hhkl| is the reciprocal value of the lattice
spacing dhkl of (hkl): dhkl = 1

| ~Hhkl|
[94, 95]. The plane normals and hence the

reciprocal lattice vectors are of fundamental importance in crystallography,
since they allow one to unambiguously represent a given crystal system by
poles. The spherical projection of a (cubic) crystal structure is demonstrated
in Fig. 2.10b. Moreover, the reciprocal lattice is directly correlated with the
phenomenon of diffraction, which is outlined in the next section.

11In the strict sense (hkl) denotes only the one plane at axis intersection 1/h, 1/k, and
1/l and the entirety of parallel planes of same spacing is denoted as {hkl}. However,
as common in XRD literature, the notation (hkl) is used throughout this work for the
manifold of planes of same spacing dhkl and for the corresponding diffraction peaks
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2.2.2 Fundamentals of x-ray diffraction

The amplitude of the diffracted wave
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Figure 2.11: (a) Definition of the scattering vector ~q as basis of the derivation
of Bragg’s law. (b) Plot of the N-slit interference function for N=12. (c)
Graphical derivation of Bragg’s law via the path difference 2∆ = 2dhkl sin Θ
of diffracted beams from two neighbouring lattice planes separated by dhkl.
Constructive interference takes place for 2∆ = nλ with the integer diffraction
order n leading to nλ = 2dhkl sin Θ.

The scattering techniques applied in this work are based on the elastic
scattering of hard x-rays with an energy of typically 10.5 kV, where the en-
ergies of incident and diffracted beams are equal, i.e., |~ki| = | ~kf | = k = 2π

λ
,

where ~ki and ~kf are the wave vectors of the incoming and diffracted beams,
respectively. Most diffraction phenomena in x-ray diffraction can be well
described by the kinematical scattering theory [96] based on Thomson scat-
tering [97] neglecting multiple scattering and assuming the total amplitude
of the scattered wave given by a simple summation over all partial waves12.
In the framework of this theory, the amplitude A1 of an elastically scattered
incident plane wave emitted by a single electron at position ~re is given by
[96, 99]:

A1 = A0
1

4πε0

e2

mc2

P

R0

ei(
~kf−~ki)·~re = A0r0

P

R0

ei~q·~re , (2.10)

where A0 is the amplitude of the incoming wave, 1
4πε0

e2

mc2
= r0 ≈ 2.82 ×

10−15 m is the Thomson scattering length (classical electron radius), P the
12The amplitude of the scattered wave is inversely proportional to the mass of the

scattering particle, therefore contributions of the atomic nuclei can be neglected [98].
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polarization factor and R0 the distance to the observer, which is of relevance
since a spherical wave is emitted. The change in direction of ~ki to ~kf was
expressed by the scattering vector ~q (or: momentum transfer):

~q = ~kf − ~ki (2.11)

in the second step and geometric considerations immediately yield Bragg’s
law as illustrated in Figs. 2.11a and 2.11c:

|~q| = 2k sin Θ =
4π

λ
sin Θ, (2.12)

nλ = 2dhkl sin Θ, (2.13)

where n herein denotes the order of diffraction and Θ is the Bragg angle
defined in Fig. 2.11a. The polarization factor P takes into account the po-
larization of the incident beam and depends on the scattering geometry as
well as on the kind of the x-ray source. It is defined by the angle between
the direction vector of the polarization ~p and ~kf via P = sin2[ 6 (~p, ~kf )] [100].
For specular x-ray diffraction (see Sec. 3.1.1) it is 1 in the synchrotron experi-
ments carried out in this work, since herein the x-ray beam is highly polarized
and the electric field vector ~E lies in the scattering plane. For off-specular
diffraction in the synchrotron experiments performed in grazing incidence
geometry (see Sec. 3.1.2) it can be expressed as P = cos2 β cos2 φ + sin2 β,
with the angle φ being the in-plane angle and β being the out-of-plane angle,
as defined in Fig. 3.3 for the sample system [100]. For unpolarized light, as
provided by laboratory x-ray tubes, it is P =

√
0.5(1 + cos2 2Θ) [96].

For a complete atom to be considered (amplitude A2) , the amplitudes
of all single electrons (Equ. 2.10) – expressed by their density distribution –
have to be added via integration:

A2 = A0r0
P

R0

∫ +∞

−∞
ρ(~r′)ei~q·(

~Rn+~rj+~r′)d3~r′ = A0r0
1

R0

f(q)ei~q·(
~Rn+~rj), (2.14)

where ~Rn is the position of the origin of the nth-unit cell of the crystal, ~rj the
position of atom j in the unit cell, ~r′ the position of the electrons of atom j
in unit cell n over which the integration is performed, and f(q) is the atomic
form factor given as:

f(q) =
∫ +∞

−∞
ρ(~r′)ei~q·

~r′d3~r′, (2.15)

which is the Fourier transform of the electron density of a single (spherical)
atom and is a tabular value for the distinct chemical elements. Since the
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intensity of diffraction scales with the square of the amplitude, it scales with
the square of the number of electrons within the atom, which leads to com-
parably low scattering intensities in the case of (mostly carbon and hydrogen
based) organic molecules.

Next, the atoms j within one unit cell are added, which yields for Nc

atoms in a cell:

A3 = A0r0
P

R0

Nc∑
j=1

fj(q)e
i~q·( ~Rn+~rj) = A0r0

P

R0

F (~q)ei~q·
~Rn , (2.16)

where F (~q) is the structure factor 13

F (~q) =
Nc∑
j=1

fj(q)e
i~q·~rj . (2.17)

It is of central importance in x-ray diffraction, since it correlates the atomic
positions in the unit cell with the intensities of the reflections. Mathemati-
cally, F (~q) has the form of a Fourier transform. However, since the intensity
as the measured quantity is proportional to the square of F (~q), the phase
information is lost and the inverse transformation to obtain the atomic posi-
tions from the peak intensity is not directly possible, which is known as the
phase problem in structure determination.

Finally, the amplitude of the whole crystal A4 can be derived by a summa-
tion over all N unit cells of the crystal. Assuming a crystal with unit cell axes
~ax, ~ay and ~az parallel to the x, y, z-axis, respectively, ~Rn = n1 ~ax+n2 ~ay+n3 ~az
being the position of the origin of the nth-unit cell and N1, N2, N3 being the
total number of unit cells in the three directions, A4 can be derived to:

A4 = A0r0
P

R0

F (~q)
N1−1∑
n1=0

N2−1∑
n2=0

N3−1∑
n3=0

ei~q(n1 ~ax+n2 ~ay+n3 ~az) (2.18)

= A0r0
P

R0

F (~q)JN1(~q · ~ax)JN2(~q · ~ay)JN3(~q · ~az), (2.19)

where JN is the N-slit interference function. Hence, the intensity in a scat-
tering experiment is proportional to the square modulus of JN . For a one-
dimensional crystal composed of N cells, it can be derived by forming the
geometric sum in equation 2.18:

|JN(~q · ~ax)|2 = |
N−1∑
n=0

ein~q· ~ax|2 = |1− e
iN~q· ~ax

1− ei~q· ~ax
|2 =

sin2 Nqxax

2

sin2 qxax

2

, (2.20)

13Instead of defining F (~q) as sum over the atomic form factors, it can equivalently be
defined as F (~q) =

∫
uc
ρ(~r)ei~q·~rd3~r, i.e., as the integral over the total charge distribution

of the unit cell (uc).
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where the component of the scattering vector in x-direction qx was introduced
in the last step. The relevant function of type sin2Nx

sin2 x
is plotted for N=12 in

Fig. 2.11b and it can be clearly seen that distinct maxima arise at multiples
of 2π, which become a series of delta functions for N→ ∞. Therefore, the
amplitude of the diffracted wave is only not vanishing in certain, well-defined
directions and equation 2.18 directly leads to the Laue equations as they
were derived by Max Theodor Felix von Laue, which have to be satisfied
simultaneously for the intensity to be a maximum [101]:

~q · ~ax = 2πh, (2.21)
~q · ~ay = 2πk, (2.22)
~q · ~az = 2πl. (2.23)

Most importantly, this is only the case if ~q is a reciprocal lattice vector
~Hhkl, as can be seen from the definition of the reciprocal lattice (Equ. 2.8).
Moreover, from these equations the physical meaning of the reciprocal lat-
tice becomes clear: An arbitrary set of integers h, k, l, i.e., an arbitrary
~Hhkl (Equ. 2.9) leads to a scattering vector ~q that satisfies the Laue equa-
tions, therefore the allowed values for constructive interference form a three
dimensional lattice, which is the reciprocal lattice, exhibiting base vectors
pairwise orthogonal to the direct vectors defining the diffracting crystal it-
self.

In real diffraction experiments the experimentally determined intensity
deviates from the calculated intensity and several corrections have to be ap-
plied to account for properties of both the x-ray beam14 (e.g. its polarization)
and the geometry of the scattering experiment (e.g. specular diffraction or
experiments in grazing incidence geometry). This is done by multiplying the
calculated intensity with several intensity factors. The most important are:
(i) The Lorentz factor L, which takes into account the influence of the lim-
ited resolution of the experiment due to the divergence of the incident and
diffracted beam. L depends on the way that the reciprocal lattice points
pass through the Ewald-sphere, i.e., the sphere of reflection, and therefore
varies with the experimental method. For specular diffraction experiments,
it is determined by L = 1/ sin(2Θ) and for grazing incidence geometry it is
determined by L = 1/(cosαi sinφ cos β) with αi being the (small) incident
angle [100]. (ii) The area factor A, which takes into account the active area
of the incident beam on the sample and which depends on the incident angle
αi. The active area is then ∼ 1/ sinαi, where slits limiting the incident and
diffracted beam have to be considered. (iii) The rod intersection factor R,

14The beam can be regarded as monochromatic in the synchrotron experiments carried
out in this work in good approximation.
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which accounts for the finite size of the crystal scattering rods (see below)
in surface diffraction. The intersection of rod and Ewald sphere depends on
the out-of plane angle β (see Fig. 3.2) at fixed detector slit size. At a given
β the detector integrates over ∆q⊥ of q⊥, the vertical component of the mo-
mentum transfer leading to ∆q⊥ ≈ 2π

λ
∆β cos β for a small divergence of the

incident beam, where ∆β denotes the (constant) ratio of out-of-plane width
of the detector slit and the distance between sample and detector [100]. This
leads to a rod intersection factor of R ∼ cos β. The measured intensity Iexp
is related to the calculated intensity Icalc by multiplying the latter with the
intensity factors.

Kinematic and dynamic diffraction

In the case of specular diffraction, where the angle of incidence and diffraction
are equal and qx = qy = 0, Equ. 2.18 reduces to:

A4 = A0r0
P

R0

F (qz)N1N2

N3−1∑
n3=0

ein3qzaz = A0r0
P

R0

F (qz)N1N2
1− eiN3qzaz

1− eiqzaz

(2.24)
and equals Equ. 2.20, where the maxima are located at values of qz = 2πl

az
with

integer l (see Fig. 2.11b). This directly provides the lattice spacing az normal
to the sample surface, which equals a unit cell parameter in orthogonal crystal
systems. Moreover, the interference function exhibits minima with distances

∆qLauez =
2π

N3az
=

2π

DL

, (2.25)

where DL denotes the coherent film thickness perpendicular to the surface.
Incoherently scattering domains lead to an attenuation of the oscillations.
Therefore, the presence of pronounced Laue oscillations around Bragg peaks
in specular x-ray diffraction experiments (Fig. 2.12) acts as an indicator for
high film quality [102].

From Equ. 2.18 fundamental properties of diffracting patterns from thin
films can be deduced. For a film of monolayer thickness, N3 has to be set
to 1, which makes the diffraction independent of the component of ~q along
the surface normal, i.e., from the momentum transfer perpendicular to the
surface q⊥. This means, that in contrast to an infinite three-dimensional
crystal forming a point lattice in reciprocal space, scattering from a mono-
layer leads to a two-dimensional lattice of rods perpendicular to the surface
in reciprocal space [99, 103]. In a reciprocal space map (see Sec. 3.1.2) the
rods from monolayer diffraction can be seen as lines along q⊥. In the ex-
perimentally important case of thin multilayer films, a situation occurs, in
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which the measured intensity along the rods goes through a minimum be-
tween the Bragg points. This can again be seen from the rapidly varying
interference function (Equ. 2.20) at high values of N , which cannot be re-

solved in a real experiment. The numerator of I(qz) ∼
sin2 N3qzaz

2

sin2 qzaz
2

can then be
approximated by 1

2
away from the Bragg points (i.e., for qzaz 6= 2π), which

leads to I(qz) ∼ 1
2 sin2 qzaz

2
being independent of the value of N3. Therefore

the intensity between the Bragg points is non-zero and declines with the
square of the qz-distance from the Bragg points. The rods in the diffraction
pattern are then denoted as crystal truncation rods, since they represent the
folding of the sharp Bragg points from the infinite crystal with the 1

q2z
-tails

originating from the inverse Fourier transform of the surface termination by
a step-function. This implies that a deviation from a perfectly terminated
film due to the roughness of real surfaces can be deduced from the shape of
the crystal truncation rod [99, 103, 104].

Not all features that are observed in the x-ray diffraction results pre-
sented in this work can be satisfyingly described by the kinematical theory.
The second important diffraction theory is the dynamical scattering theory,
which represents the exact solution of Maxwell’s equations for the electro-
magnetic wave fields and can be well applied for highly perfect systems. It
includes multiple scattering, polarization effects as well as refraction and re-
flection effects at interfaces, but, in contrast to the kinematic approach, it
is inappropriate to deal with imperfections giving rise to diffuse scattering
in the vicinity of Bragg peaks [96]. The distorted-wave Born approximation
(DWBA) [105] is a combination of both theories, which dynamically takes
into account refraction effects at smooth interfaces and kinematically treats
lateral inhomogeneities. It allows one to describe the phenomenon of max-
ima of diffuse scattering whenever αi ≈ αc or αf ≈ αc, where αi and αf are
the incident and exit angles, respectively and αc is the critical angle of total
reflection. These maxima occur for instance in reciprocal space maps at an
exit angle of αc and are called the Yoneda peaks [96, 106, 107] and are of
purely dynamical nature [98]. For the experimentalist, a constant αf position
of the Yoneda peaks at varying in-plane scattering angle (see Sec. 3.1.2) is
useful to assure the correct sample alignment in reciprocal space maps.

Reflection and refraction of x-rays

At low incident angles αi of the incoming wave vector ~ki the wavelength de-
pending refractive index n of the penetrated medium must not be neglected.
In general, the change of propagation direction upon entering from a medium
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with n0 into a medium with n can be described by Snell’s law:

cosαi
cosαt

=
n

n0

, (2.26)

where αt denotes the angle of the refracted beam measured from the surface
of the medium. In contrast to normal dispersion as found for visible light,
where n increases with decreasing wavelength in most media, x-rays exhibit
anomalous dispersion with n decreasing for decreasing wavelength and n < 1.
That also means that the x-ray wavelength increases to λ/n upon entering the
medium and that refraction therefore happens away from the plane normal.
In the medium, exponential damping from incident intensity I0 to I occurs,
which follows the law of Lambert-Beer :

I = I0e
−µ(λ)l, (2.27)

where µ(λ) is the wavelength dependent linear attenuation coefficient and l
the path in the medium. For x-rays in homogenous media, far away from
absorption edges and impinging at grazing angles αi, the refractive index can
be expressed as [107]:

n = 1− δ + iβ = 1− λ2

2π
re%e + i

λ

4π
µ(λ), (2.28)

where δ and β are the dispersion and absorption terms, respectively, and
%e denotes the electron density of the medium. From the dispersion part in
Equ. 2.28, it follows for a single interface between vacuum (n = 1) and a
certain medium via Snell’s law that cosαi = (1 − δ) cosαt and in the case
of αt = 0, the incident angle becomes the critical angle of total external
reflection15 αc and can be approximated as

αc ≈
√

2δ = λ

√
re%e
π

(2.29)

This expression allows one to estimate the electron density of the medium
and consequently the corresponding mass density %m via

%e =
α2
cπ

λ2re
, %m =

A%e
NAZ

, (2.30)

15Since αi and αt are very small around the critical angle for x-rays, cosα ≈ 1
2 (1− α2

2 )

holds for both angles leading via Snell’s law (with β = 0) to (1− α2
i

2 ) = (1− α2
t

2 )(1−δ) and
for αtδ ≈ 0 to 2δ ≈ α2

i − α2
t , which reduces in the case of total reflection, where αt = 0,

to αc ≈
√

2δ.
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where Z is the atomic number, A is the mass number and NA is the Avogadro
constant. In experiments αc is taken as the incident angle at which the total
reflected intensity becomes 50% of the incident intensity [98].

At the vacuum/medium interface the parallel component of the wave
vector is conserved and the complex reflection and transmission coefficients
r and t, respectively, are given by the Fresnel formulae16:

r =
ki,z − kt,z
ki,z + kt,z

=
sinαi − sinαt
sinαi + sinαt

, (2.31)

t =
2ki,z

ki,z + kt,z
=

2 sinαi

sinαi +
√
n2 − cos2 αi

, (2.32)

where ki,z = k sinαi and kt,z = nk sinαt = k
√
n2 − cos2 αi denote the z-

components of the incoming and transmitted beam. The intensities of the
reflected (Fresnel reflectivity) and the transmitted beam (Fresnel transmis-
sion) are RF = |r|2 and TF = |t|2, respectively. It can be shown (with-
out absorption) that RF is 1 for αi < αc and that it decreases rapidly for
αi > αc, whereas TF exhibits a maximum at αi = αc since the reflected and
transmitted waves interfere constructively enhancing the transmitted ampli-
tude by a factor of two. For both cases absorption leads to RF < 1 for
αi < αc as well as to a reduction of the enhancement of TF for αi = αc
[107]. Furthermore, the value of kt,z ' ik(α2

c − α2
i )

1/2 for αi < αc and the
amplitude A of the wave (propagating in the x-z plane) therefore becomes
A ∼ eikt,zz = e−zk(α2

c−α2
i )1/2

= e−z/Λ, where the penetration depth Λ was intro-
duced, at which A decreased to 1/e. Λ is therefore extremely low for αi < αc
and can be approximated by [108]:

Λ ' λ

2π(α2
c − α2

i )
1/2
, (2.33)

which leads to typical values of Λ of some nanometers. In contrast to the
significant damping along the z-direction, the wave vector component in the
medium along the x-direction kx, t = k cosαi provides a wave propagating
along the surface17 [108], which is referred to as evanescent wave in litera-
ture [107, 109]. These relations highlight the strengths of x-ray diffraction
at gracing angles: It allows one to perform highly surface sensitive Bragg
scattering and to determine the structural properties of ultra-thin films with
strongly reduced substrate contributions.

16Equ. 2.31 gives the Fresnel formulae for s-polarized light with the electric field vector
lying in the plane of the surface. The corresponding formulae for p-polarization do not
differ significantly for x-rays due to n ≈ 1 [107]

17Note that these equations for kx, t and kz, t do not take into account absorption
resulting from β > 0, which is however low for organic thin films.
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Figure 2.12: Specular scan on a
thin film of hexabenzocoronene (see
Fig. 2.1b) on SiOx illustrating the dis-
tance between two consecutive min-
ima (or maxima) of the Kiessig fringes
and Laue oscillations, ∆qKiessigz and
∆qLauez , respectively. Inset: zoomed
representation of the low qz-region de-
mostrating the footprint effect.

In the case of a thin film on a substrate, interference effects occur between
the beams reflected at the film surface and at the film/substrate interface
due to the different optical path of the beams leading to a phase difference
∆ between the beams. This leads to a sequence of minima and maxima of
the reflected intensity, which are denoted as Kiessig fringes [110, 111]. The
intensity exhibits a maximum whenever ∆ is an integer multiple (m) of the
wavelength18: ∆ = mλ. From simple geometric considerations, taking into
account Snell’s law and the approximation αt =

√
α2
i − α2

c it follows:

∆ = mλ = 2DK sinαt ≈ 2DKαt = 2DK

√
α2
i − α2

c (2.34)

α2
i,m = α2

t + (
λ

2DK

)2m2, (2.35)

which allows one to graphically determine the layer thickness DK and the
critical angle αc from the angle positions αi,m with maximal intensity. Plot-
ting the squares of αi,m versus the squares of the Kiessig fringe order the
linear slope yields the layer thickness and the axis intersection determines αc
and, consequently, the refractive index of the layer. Expressed in terms of
momentum transfer in reciprocal space this relation can be written as:

∆qKiessigz =
2π

DK

, (2.36)

where ∆qKiessigz denotes the qz-spacing of the fringes. Note that this ex-
pression is similar to Equ. 2.25 for the Laue oscillations although they are of
different physical origin and contain complementary information on the in-
vestigated film. Kiessig fringes are independent of the crystallinity of the film

18In the original work H.Kiessig considered a nickel film on a glass substrate, therefore
a phase jump at the nickel/glass interface had to be taken into account, since for x-rays
glass is optically denser than nickel [111].
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and provide the total film thickness, whereas the Laue oscillations yield the
number of coherently scattering lattice planes of crystalline matter. Hence,
if the two values are in the same range, a crystalline arrangement through-
out the film can be deduced. The two types of oscillations are illustrated in
Fig. 2.12 together with the footprint effect at low angles accounting for the
experimental projection of the incoming beam onto the sample surface, which
may be larger than the sample size and has to be corrected if intensities are
considered [98].

The investigation of multilayer systems is a more demanding task, since
multiple interfaces between layers of different n have to be taken into account,
which collectively determine the resulting reflected beam. This problem
can be treated with a formalism introduced by LymanG.Parratt [107, 112].
Herein, a recursive scheme is applied taking into account the Fresnel coeffi-
cients at the downward interface j (Equ. 2.31) rj,j+1 = (kz,j − kz,j+1)/(kz,j +
kz,j+1) with kz,j = k(h2

j−cos2 αi)
1/2 being the z-component of the wave vector

in layer j, the lowermost layer and vacuum having index N and 1, respec-
tively. Therefrom, a recursive formula for the amplitude ratio of reflected to
transmitted wave at interface j can be derived, starting with the boundary
condition that the substrate is infinitely thick and therefore cannot provide
a beam from the interior (N+1). Hence, after N iterations, the overall am-
plitude of the reflected beam is obtained. This formalism can be extended
to account for interface roughness between the adjacent layers by simply re-
placing the Fresnel coefficients for sharp interfaces with modified coefficients
comprising the root-mean square (rms) roughness (see Sec. 3.4), if the rough-
ness is much lower than the respective layer thickness [107]. Therefore, using
this model, a measured spectrum of a multilayer film can be fitted to ex-
tract the layer thicknesses, the vertical electron density profile as well as the
interface roughnesses.

Line profile analysis

Already in 1918 Paul Scherrer established a correlation between the width
of Bragg reflections and the size of the scattering crystal. Hence, he demon-
strated that x-ray diffraction can be used to access information on the mi-
crostructure of solid state matter and derived a formula that correlates the
integral breadth in 2Θ of a Bragg peak (β2Θ) with the crystallite size along
the scattering vector [113, 114], where the integral breadth is defined as the
width the peak would have, if modeled by a rectangular box with same max-
imum intensity I0 and the same integral intensity Iint =

∫+∞
−∞ I(2Θ)d2Θ, i.e.,

β2Θ = Iint/I0. Apart from using this definition to determine β2Θ, it can be
extracted from a fit of the peak with an appropriate fit function. In x-ray
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diffraction the Voigt-function fV (2Θ) is widely used to represent experimen-
tal data [109, 115]. It is a convolution of a Cauchy (Lorentz) function fC and
a Gaussian function fG with the two as limiting cases. It is defined as:

fV (2Θ) =
βV
βCβG

∫ +∞

−∞
fC(ξ)fG(2Θ− ξ)dξ, (2.37)

where βV , βC and βG denote the integral breadths of the Voigt, Cauchy and
Gaussian profile, respectively and the shape of the Voigt function depends
only on βC and βG, since βV depends on those values. Since fitting of a given
profile with fV (2Θ) is a demanding task, a simplified version, the pseudo-
Voigt function was introduced, which is defined as:

fpV (2Θ) = ηfC + (1− η)fG, (2.38)

where the weight parameter η describes the Cauchy ratio in the convoluted
profile. From η and the full width at half maximum 2w, the integral breadth
can be directly deduced via βpV (2Θ) = (ηπ + (1 − η)

√
π ln 2)w, which has

been performed in all cases where integral breadths were used in this work.
Using the Scherrer formula, the out-of-plane crystalline coherence length DS,
i.e., the size of coherently diffracting domains, can be estimated:

DS ≈
λ

β2Θ cos Θ
=

2π

∆qz
, (2.39)

where ∆qz denotes the integral peak breadth, here expressed in terms of mo-
mentum transfer. This relation can be directly derived from the integration
of the square of the interference function with DS = N3az. In the above
formulation the Scherrer formula is valid for cube-shaped and monodisperse
crystallites only. However, already in this simple form it can act as valuable
(rough) estimate for the dimensions of crystalline domains. Similar expres-
sions for various differently shaped crystallites including spheres or tetrahedra
can also be derived. In the realistic case of a broad rather than a monodis-
perse distribution a size distribution function g(D) can be introduced indi-
cating the probability g(D)dD that the value of D of an individual crystallite
falls into the range dD. The size parameter derived from the Scherrer formula
accounts for the ratio of the fourth central statistical moment 〈D4〉 over the
third moment 〈D3〉 of g(D), where 〈Dx〉 =

∫
Dxg(D)dD and it is denoted as

〈D〉V = 〈D4〉/〈D3〉, the volume-weighted average crystallite size. Therefore,
the size parameter DS obtained by the Scherrer formula is generally to be
understood as volume-averaged mean [109].

Apart from broadening effects due to the finite size of the scattering
crystallites, x-ray diffraction experiments always exhibit instrumental broad-
ening, which is independent of the sample microstructure. Experimental
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factors like beam monochromatization, beam divergence etc., broaden the
Bragg diffraction peaks. The influence of instrumental broadening can be
determined using well defined, untextured standard samples of minimal mi-
crostrain and large enough crystallite size. In the present work synchrotron
radiation was used for all scattering experiments and the upper limit of in-
strumental broadening was estimated via the integral breadth of the Ag(111)
Bragg peak of a silver single crystal (β2Θ = 0.0382 ± 0.0003◦), which is low
compared to the breadth of typical peaks of organic layers that are in the
range of 0.2◦. Therefore a constant value of instrumental broadening over the
whole investigated angular range could be assumed in good approximation.

In realistic thin films distortions of the crystal lattice will always be
present, which are caused by lattice defects contracting or expanding bond
lengths, which leads to strain fields in the lattice with extensions over large
distances. Therefore, the lattice spacing occurring in Bragg’s law has no
sharp value and must be accounted for by a distribution, which leads to
a broadening of the reflections around d0, which is denoted as microstrain
broadening19. It follows that the integral breadth of a recorded reflection
is therefore a convolution of instrumental broadening, finite-size and strain
induced broadening. However, it can be shown that (after correction for in-
strumental broadening) the integral breadth due to finite-size broadening βS
can be separated from the integral breadth due to strain broadening βD , since
the latter scales with tan Θ, whereas cos−1 Θ occurs in the Scherrer formula
[109, 116]. Williamson and Hall established in 1953 a method to graphically
separate βS from βD by a plot of:

β∗2Θ = β∗S + β∗D = 1/〈D〉V + 2ed∗, (2.40)

where 〈D〉V denotes the volume-weighted average thickness of the crystal-
lites along the scattering vector and e denotes the maximum (upper limit)
strain that is proportional to the crystal lattice distortion [109, 117, 118].
The parameters marked with (*) are expressed in reciprocal units: β∗2Θ =
β2Θcos(θ)/λ, d∗ = 2sin(θ)/λ. This kind of analysis is denoted asWilliamson-
Hall analysis (WHA). It must be emphasized that absolute values determined
by WHA have to be treated with caution [119], however, in this work WHA
was mainly applied to investigate relative changes of crystallite size and mi-
crostrain, which allows one to draw qualitative conclusions on the growth
behaviour under well defined conditions like thermal treatment (Sec. 5.1) or
co-deposition of two materials (Sec. 5.2 and 5.7).

19Note that the dimensions of the affected volume is low compared to Λ. In contrast,
macrostrains exceeding the Λ-scale cause a shift of the Bragg reflection rather than a
simple broadening around d0 [109]
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Chapter 3

Experimental methods

In this chapter the experimental methods applied in this work are introduced.
The main experimental tools were x-ray diffraction in various measurement
geometries as well as ultraviolet photoelectron spectroscopy, atomic force mi-
croscopy and vibrational spectroscopy. Detailed information on the specific
experimental setups and the instrumental parameters applied can be found
in Chap. 4.

3.1 X-ray diffraction techniques
The fundamentals of x-ray diffraction and reciprocal space have been intro-
duced in Sec. 2.2. There it was shown that the momentum transfer in a scat-
tering experiment can be vectorially expressed by the difference of scattered
and incident wave vectors. Since the considerations were restricted to elastic
scattering, i.e., ki= kf = k= 2π/λ, there exists a well defined limited region
of reciprocal space that can be accessed via x-ray diffraction experiments for
~ki and ~kf not penetrating through the sample. This region is illustrated in
Fig. 3.1 as uncolored interior of a half sphere of radius 2k, whereas the inac-
cessible regions of radius k are colored in yellow (termed Laue-zones)1. This
figure shows the two main experimental geometries applied in this work in
different colors:

(i) The vectors colored red in Fig. 3.1 illustrate the case of specular x-ray
diffraction (XRD) symmetric (αi=αf ) with respect to the sample surface
(frequently termed as Θ/2Θ scan), which is by far the most commonly used
technique (see Sec. 3.1.1) [109, 121]. The length of the scattering vector ~q
along the surface normal (usually termed qz in Θ/2Θ scans) is varied and

1Note that there are additional inaccessible regions around the y-axis in Fig. 3.1 [120]
which were not drawn to maintain clarity.
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Bragg peaks are observed whenever ~q matches a reciprocal lattice vector ac-
cording to Bragg’s law (Equ. 2.12), i.e., the out-of-plane order is investigated.
If the sample is tilted at fixed ~q in the vicinity of the Bragg angle Θ around
the y-axis with ~q hence forming a circle around the origin of reciprocal space,
the scan is denoted as rocking scan and allows one to investigate the shape
of reciprocal lattice points and to deduce information on the mosaicity of
the sample. At low incident angles (with the detector, therefore, near the
primary beam) the scattering vector ~q is small (far below the (001) reciprocal
lattice point in Fig. 3.1) and the technique is then usually called x-ray reflec-
tivity (XRR) probing the vicinity of the origin of reciprocal space. It allows
one to deduce electron densities, layer thicknesses and interface roughnesses
of thin films and multilayer samples (according to the formalism derived in
Sec. 2.2.2). Apart from reciprocal lattice points on the z-axis, any experi-
mentally accessible position of reciprocal space can be investigated. This is
demonstrated by the vectors colored violet in Fig. 3.1 with ~q pointing to a
position in the xz-plane apart from the z-axis, which is done with the same
~ki as above, but different ~kf .

(ii) The vectors colored blue in Fig. 3.1 show the geometry of grazing
incidence diffraction (GID) where ~ki impinges on the sample surface below
αc. This allows one to make use of the enhanced surface sensitivity due
to the evanescent wave being present and the strikingly reduced value of
the penetration depth Λ (see Sec. 2.2.2). If αf is similar to αi the vertical
component of momentum transfer (usually termed q⊥ instead of qz in GID)
is small and the scan almost takes place within the xy-plane. The scattering
vector ~q (with its projection on the plane q‖) is then varied along the vicinity
of the border of the Laue-zone. Thus, with GID, information on the in-plane
arrangement of the sample can be obtained (in-plane diffraction). Moreover,
the grazing incidence geometry allows one to record maps of the reciprocal
space by simultaneously varying q‖ and q⊥, a technique, which is termed
gracing incidence reciprocal space mapping (RSM). In such maps features
like the crystal truncation rod or even rods from monolayer films can be
directly visualized (see Sec. 3.1.2).

In polycrystalline samples with complete isotropic crystallite orientation
the condition ~q = ~Hhkl is always fulfilled if Bragg’s law is fulfilled. This is
generally the case in powder diffraction. However, if the crystallites exhibit a
certain preferential orientation, which is termed texture, this is no more the
case. In the important case of a polycrystalline thin film with crystallites
being preferentially oriented with respect to a certain direction in the sample
reference frame, the anisotropy of crystallite orientation is named fiber-texture
(also often referred to as two dimensional powder) with the fiber-axis as
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Figure 3.1: Schematic of the wave vectors ~ki and ~kf , the scattering vector ~q,
its parallel and vertical components q‖ and q⊥ (qz) respectively, for the most
important experimental geometries XRD and GID (RSM). The uncolored
regions of the half-sphere of radius 2ki is the experimentally accessible region
in reflection, whereas the yellow half-spheres (Laue zones) are only accessible
in transmission; points with indices (hkl) denote reciprocal lattice points of
a cubic crystal structure that are accessible (black) or inaccessible (white) at
the given sample orientation. For fiber-textured films the lattice points lie
on circles around the fiber axis. The XRD (or XRR at low Θ) arrangement
of specular diffraction is illustrated in red, the GID (RSM) arrangement in
blue. XRD scans are performed with qz varying along the z-axis, rocking
scans with qz fixed in space and the sample rotating around the y-axis, GID
scans in the vicinity of the Laue zones at low q⊥ and reciprocal space maps
by varying both q⊥ and q‖. Violet vectors illustrate a more general situation
of ~q being apart from the z-axis in the xz-plane.
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axis of preferential orientation. The structural investigations performed in
this work deal with thin films on substrates being flat but not inducing
preferential azimuthal order of the adsorbate crystallites. Therefore, the
substrate surface normal is the most likely direction of the fiber axis, which
was observed for PEN, PQ as well as PFP (see Sec. 5). For specular XRD
investigations on fiber textured films this means that only the peak series
originating from net planes perpendicular to the fiber axis (e.g., the (00l)-
series) can be observed. However, for RSM or GID investigations the presence
of a fiber axis means that the off-axis reciprocal lattice points lie on circles
around the axis collectively intersecting the reciprocal space map in RSM or
the scan path in GID experiments, respectively. Therefore, the sample does
not need to be azimuthally rotated as would be the case for the investigation
of single crystals.

3.1.1 Specular x-ray diffraction

The fundamental relationships of specular XRD were introduced in Sec. 2.2.2
in terms of ~q = ~kf − ~ki ≡ ~Hhkl and the underlying geometry in reciprocal
space was outlined in the previous section. For the general case depicted in
Fig. 3.1 (violet vectors) lattice planes inclined to the surface plane can be
probed, which again lie perpendicular to ~q. The components qx, and qz of
the scattering vector are then [98]:

qx =
2π

λ
(cosαf − cosαi), (3.1)

qz =
2π

λ
(sinαi + sinαf ), (3.2)

expressed by αi, αf in the sample coordinate system as introduced in Fig. 3.1
with αi+αf = 2Θ. For symmetric specular diffraction (red vectors in Fig. 3.1)
with αi = αf , i.e., for a scan along the specular rod (00l), these equations
simplify to:

qx = 0, (3.3)

qz =
4π

λ
sin Θ. (3.4)

A specular XRD scan is generally the first step for the structural investiga-
tion of a thin film, since untextured (3D-powder like) samples can be easily
distinguished from fiber-textured (2D-powder like) films. From the breadth
of the Bragg peaks the microstructure of the film can be investigated via the
Scherrer formula, or, if a peak series is being found, via WHA (Sec. 2.2.2).
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Figure 3.2: Schematic illustration of the geometry of a RSM experiment
performed with a point detector moving on a half sphere together with the
corresponding angles ϕ and β, which are the spherical coordinates of the
sample coordinate system. Since the experiment is performed under grazing
incidence conditions with αi < αc most of the incident intensity is totally
reflected.

3.1.2 Grazing-incidence x-ray diffraction

In the most general case of ~ki impinging under angles αi w.r.t. the xy-plane,
under θi w.r.t. the xz-plane and of ~kf being detected under αf w.r.t. the
xy-plane and under θf w.r.t. the xz-plane, the three components of ~q are
given by [98]

qx =
2π

λ
(cosαf cos θf − cosαi cos θi), (3.5)

qy =
2π

λ
(cosαf sin θf + cosαi sin θi), (3.6)

qz =
2π

λ
(sinαi + sinαf ), (3.7)

which can be simplified for the case of ~ki being oriented in the xz-plane with
cos θi = 1. The relevant coordinate of in-plane diffraction investigations of
fiber textured films is q‖ =

√
q2
x + q2

y, as outlined above. This is the case
depicted in Fig. 3.1 (blue vectors).

A central aim of this work is the determination of unit cell parame-
ters using grazing incidence RSM. In the experimental setup used for RSM
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Figure 3.3: (a) Angles ϕ and β of the diffracted beam ~kf in the sample
coordinate system for an incident beam ~ki impinging under the angle αi w.r.t.
sample plane. (b) The same situation depicted in the laboratory system with
angles ν, δ. Vectors in the figure are printed bold.

(Sec. 4.2.1) a point detector is moved on along two angles to record a recipro-
cal space map under gracing incidence conditions; the principal geometry is
illustrated in Fig. 3.2 in the sample coordinate system with spherical coordi-
nates φ and β. Since the fixed angle of incidence2 αi is chosen below αc most
of the incident intensity is reflected under αf =αi. At certain angles (ϕ, β),
which equal (θf , αf )3 in Fig. 3.1, Bragg’s law may be fulfilled resulting in a
peak in the map. However, in the present experimental setup the detector
movement is not directly performed along ϕ and β of the sample coordinate
system (right-handed axes 1′, 2′, 3′), since the primary beam is fixed in space
and the sample has to be rotated around axis 2′ to account for αi. This
rotation is the transformation between the sample system and the laboratory
coordinate system (axes 1, 2, 3) with spherical coordinates ν and δ, which
are the independent directions of detector movement. This type of setup is
referred to as 2+2 type diffractometer [122]; the two coordinate systems are
illustrated in Fig. 3.3.

Since the map is recorded as tuples (ν, δ), a transformation to the sample
coordinate system becomes necessary. Points ~r = (x, y, z) in the laboratory
system are transformed into the sample system ~r′ = (x′, y′, z′) using the
spherical coordinates:

x′ = cosϕ cos β,

y′ = sinϕ cos β,

z′ = sin β,

2Note that since the experiment is performed under fixed αi no specular XRD scan can
be carried out by simply scanning along β at ϕ=0.

3This different notation is used to outline the difference between general considerations
and specific experimental circumstances.
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by a rotation of the system around the common axis 2 by the angle −αi
under the use of the transformation operation

~r = R−αi
2 ~r ′, (3.8)

where R−αi
2 denotes the rotation matrix

R−αi
2 =

 cosαi 0 − sinαi
0 1 0

sinαi 0 cosαi

 . (3.9)

This yields the spherical coordinates in the laboratory system:

ν = arctan
(
r2

r1

)
= arctan

(
cos β sinϕ

cosαi cos β cosϕ− sinαi sin β

)
, (3.10)

δ = arctan

 r3√
r2

1 + r2
2

 ,
= arctan

 cosαi sin β + sinαi cos β cosϕ√
cos β2 sinϕ2 + (cosαi cos β cosϕ− sinαi sin β)2

 ,
and for the reversed transformation:

ϕ = arctan

(
r′2
r′1

)
= arctan

(
cos δ sin ν

cosαi cos δ cos ν + sinαi sin δ

)
, (3.11)

β = arctan

 r′3√
r′21 + r′22

 ,
= arctan

 cosαi sin δ − sinαi cos δ cos ν√
cos δ2 sin ν2 + (cosαi cos δ cos ν + sinαi sin δ)2

 .
Closed circular paths of constant β < 90◦ in the sample system with ϕ from 0
to 360◦ are small circles on the sphere and equal paths of constant momentum
transfer perpendicular to the sample q⊥ (as necessary for GID scans).

To derive the coordinates of the scattering vector ~q (defined in the sample
system) from a given set of detector angles (ν, δ) the wave vector of the pri-
mary beam ~ki = 2π

λ
~e1, which lies on axis 1 of the laboratory system (Fig. 3.3b)

has to be transformed into the sample system, which is again performed via
the rotation around the common axis 2 using the transformation

~ki =
2π

λ
R−αi

2 ~e1. (3.12)
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Analogously, the representation of the scattered vector ~kf can be obtained
in a similar way by subsequent rotations of the system by the two angles ν
and δ (Fig. 3.3a) according to

~kf =
2π

λ
(R−αi

2 · (Rδ
2 · (R−ν3 ~e1))), (3.13)

which finally yields, together with the general relation ~q = ~kf − ~ki, the
expression of the components of the scattering vector in dependence of the
coordinates of the laboratory system:

q‖ =
2π

λ

√
sin2 ν + (cos ν cosαi cos δ + cos ν sinαi sin δ − cosαi)2,

q⊥ =
2π

λ
(sinαi − cos ν cos δ sinαi + cos ν cosαi sin δ), (3.14)

which is necessary for the correct representation of maps in reciprocal space
if recorded with the specific type of goniometer.

However, a further step is necessary to fully evaluate reciprocal space
maps [123]. The position of a certain reflection (hkl) in terms of (q‖, q⊥) has
to be derived in order to compare it with a measured reflection. For the
general case of a triclinic coordinate system this is preferentially performed
in an orthogonal representation, which is achieved through the use of the
transformation matrix [122, 124, 125]

B =

 a∗ b∗ cos γ∗ c∗ cos β∗

0 b∗ sin γ∗ −c∗ cosα sin β∗

0 0 2π
c

 (3.15)

with the transformation

~Hhkl = B · ~̂Hhkl, (3.16)

where ~̂Hhkl is a reciprocal lattice vector in the crystal coordinate system, ~Hhkl

is its orthogonal representation and a∗, b∗, c∗, α∗, β∗, γ∗ are the reciprocal
unit cell parameters obtained by inversion of the metric tensor (Equ. 2.7).
To correlate a certain reflection with a measured reciprocal space map it is
mandatory to orient the reciprocal lattice in a well defined way, e.g., with its
fiber axis ~Ghkl (as orientation vector) along the axis 3′. This is done via two
rotations around axes 1′ and 2′ by angles ψ and χ:

ψ = arctan

(
Ghkl

Ghkl,1

)
, (3.17)

χ = arctan

 Ghkl,3√
G2
hkl,1 +G2

hkl,2 +G2
hkl,3

 , (3.18)

45



where Ghkl,1, Ghkl,2 and Ghkl,3 denote the components of the orientation
vector ~Ghkl. The orthogonalized reciprocal vector ~Hhkl can be used to derive
the scattering vector via Bragg’s law:

~q =

 cosχ 0 sinχ
0 1 0

− sinχ 0 cosχ

 ·
 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

 · ~Hhkl, (3.19)

which directly yields (q‖, q⊥) as a function of the indices h, k, l via the general
expressions q‖ = (q2

1 + q2
2)

1
2 and q⊥ = |q3|. This formalism has been imple-

mented within the scope of this work into a software package Recmap using
the 4th generation programming language IDL from ITT Visual Informa-
tion Solutions, which is based on Stereopole [125]. It allows one to graphically
compare measured to calculated reflections within reciprocal space maps and
was used to analyze and process the maps presented in this work.

All x-ray diffraction experiments were carried out at the beamline W1
of the synchrotron radiation source HASYLAB, for a detailed description of
the beamline and the diffractometer see Sec. 4.2.1.

3.2 Ultraviolet photoelectron spectroscopy
Photoelectron spectroscopy (PES) is the established experimental tool for
the investigation of electronic properties of COMs and interfacial energetics
[50, 54, 57, 62, 126, 127]. The basic concepts have been addressed in detail
in various textbooks and review articles [128–130] and will be summarized to
the needed extent in the following. The basic phenomenon of photoemission
was already reported in 1887 by H.Hertz [131] and explained by A.Einstein
in 1905 by postulating the quantum nature of light [132], where the basic
equation of photoemission is:

Ekin = hν − φs, (3.20)

where Ekin is the kinetic energy of the photo-electrons, ν the frequency of
the incident (monochromatic) light and φs the work function of a (metallic)
sample.

Ultraviolet photoelectron spectroscopy (UPS), i.e., photoelectron spec-
troscopy using ultraviolet light mostly in the vacuum-ultraviolet (VUV) re-
gion (6.20 - 124 eV according to ISO-DIS-21348), is a highly surface sensitive
tool and the information depth can be quantified with the electron escape
depth, which is depending on the kinetic energy of the photoelectrons and
therefore on the incident light frequency in a photoemission experiment via
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Figure 3.4: The principle of a photoe-
mission experiment: The sample is ir-
radiated with monochromatic light in
the VUV region (UPS), electrons are
ejected out from the sample via the
photoelectric effect and the electron
energy distribution is measured with a
spectrometer. Sample and spectrome-
ter are interconnected hence aligning
their Fermi levels in thermodynamic
equilibrium.

Equ. 3.20. In the energy range used for the present UPS investigations of
around 20 eV the information depth is in the range of a few Å and is there-
fore in the typical monolayer range of organic molecules. This high surface
sensitivity allows one to access information on the coverage and it even allows
one to reliably estimate the growth mode (see Sec. 2.1.2) of organic adsor-
bates: If the substrate (or underlayer) features within UPS spectra are not
attenuated in the range of nominal monolayer coverage, three dimensional
growth can be concluded. Photoelectron spectroscopy using soft x-rays is de-
noted as x-ray photoelectron spectroscopy (XPS) and exhibits a significantly
larger information depth of typically a few organic layers therefore allowing
for depth profiling of thin films. Moreover, the reversed process of PES, where
electrons of defined energy impinge on the sample, denoted as inverse pho-
toelectron spectroscopy (IPES), can be used to investigate unoccupied states
by the detection of the bremsstrahlung from the decelerated electrons.

A typical PES spectrum of an organic semiconductor is depicted in Fig. 3.5,
where the ranges accessible by UPS, XPS and IPES are indicated. Since XPS
and IPES were not performed in this work the discussion will be restricted
to UPS in the following. In the valence electron region emission from the in-
dividual molecular levels appear in UPS, which allows one to derive the hole
injection barrier ∆h = Ekin

F − Ekin
homo from the difference in kinetic energy

between the electrons emitted from the Fermi level Ekin
F of a metal substrate

and the HOMO emission onset Ekin
homo. At low kinetic energies (close to zero)

the spectrum is dominated by secondary electrons, i.e., electrons that have
been inelastically scattered during the escape process. Below the energy of
the secondary electron cutoff (SECO) the electrons have insufficient kinetic
energy to escape from the sample. In the elastic case the kinetic energy
of a photoelectron emitted from a state with binding energy EB is given in
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Figure 3.5: Schematic of a typical spectrum of photoemission intensity vs.
photoelectron kinetic energy (Ekin) of an organic semiconductor as measured
by PES.EB denotes the binding energy measured from the Fermi energy Ekin

F ,
φs the sample work function, Evac the vacuum level, Etrans

gap the transport gap
of the semiconductor, ∆h the hole injection barrier, Ekin

seco and Ekin
homo the

kinetic energetic positions of the SECO and the HOMO level, respectively.

analogy to Equ. 3.20 by

Ekin = hν − φs − EB, (3.21)

where EB is defined relative to the Fermi energy EF . The value of the sample
work function can be deduced from the width of the energy distribution curve
(EDC), which is defined as the difference in kinetic energy between Ekin

F and
the kinetic energy of the SECO (Ekin

seco), i.e.,

φs = hν − (Ekin
F − Ekin

seco). (3.22)

As outlined in Sec. 2.1.4 the ionization energy IE is an important parameter
of organic materials, which can be derived in analogy to φs (see Fig. 3.5) via

IE = hν − (Ekin
homo − Ekin

seco). (3.23)

Note that the measurement of Ekin
seco is usually performed with a defined

bias voltage Ubias applied to the sample for Ekin
seco to appear at Ekin > 0.

Moreover, in most cases the work function of the spectrometer φspec will be
different from φs, i.e., for φdiff = φs − φspec < 0 the SECO position would
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Figure 3.6: (a) Schematic energy level diagram for the interconnected sample
and spectrometer in a PES experiment demonstrating the vacuum level char-
acteristics and the influence of the spectrometer work function φspec [127].(b)
Electrostatic potential Ξ(x) in the vicinity of a dipole layer of extension L.

be experimentally inaccessible without biasing the sample. With an applied
bias the SECO position consequently is given by Ekin

seco = φdiff + eUbias.
Since the Fermi levels of sample and detector are aligned in thermodynamic
equilibrium (Fig. 3.4) the kinetic energy value of the Fermi energy is given
by Ekin

F = hν − φspec + eUbias finally leading with the expression for Eseco to
Equ. 3.22.

The influence of the spectrometer work function φspec on the kinetic en-
ergy is illustrated in Fig. 3.6a: Due to φs 6= φspec the kinetic energy of a
photoelectron emitted from a level with binding energy EB measured with
the spectrometer is given by E ′kin = Ekin−φdiff = hν−EB−φspec. Therefore
EB can be determined independent from the specific sample work function
with φspec being constant for a given experimental setup4. The vacuum levels
in the proximate vicinity of sample and spectrometer have well defined values
of Es

vac and Espec
vac that are experimentally accessible via φs and φspec. This

vacuum level just outside of the medium cannot serve as invariant reference
level as it is well established for metals exhibiting different work functions
depending on the crystal face, with therefore different vacuum levels con-
verging to a common value E∞vac (Fig. 3.6a) at infinite distance [50, 57, 133].
The difference in the work function of different metal crystal faces is mostly
due to different surface dipoles by electrons spilling out into the vacuum, as
explained in Sec. 2.1.3. Such dipoles impact the vacuum level, which will be
made use of in Sec. 5.3 in terms of intrinsic dipoles present in PEN and PFP.

4Note that EB is practically determined via its definition as kinetic energy difference
from EF .
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This surface dipole with a given lateral extension L raises the electrostatic
potential Ξ(x) that stays essentially constant for distances x� L away from
the sample, since the dipole can be regarded as infinitely extended in good
approximation (Fig. 3.6b). For distances x � L the value of Ξ(x) decreases
∼ x2 as the dipole can be regarded as point dipole in good approximation
converging to an essentially constant value at infinite distance, as do Es

vac

and Espec
vac to E∞vac (Fig. 3.6a). It shall be emphasized that the value of E∞vac

is experimentally inaccessible since the measured kinetic energy E ′kin only
depends on the potential difference.

The detailed treatment of the photoionization process as transition from
a N to a N − 1 electron system must comprise initial and final state, since
the photo-hole interacts with the electronic structure of the sample. The
transition probability w for an electron in the process of photoexcitation is
given in the dipole approximation (where the radiation wavelength is large
compared to the excited volume) by Fermi’s Golden Rule [128]:

w ∝ 2π

h̄
|〈Ψf |H|Ψi〉|2δ(Ef − Ei − hν), (3.24)

where Ψf is the final state and Ψi the initial state wave function, H is the
Hamilton operator, Ef and Ei are energies of final and initial states, and
〈Ψf |H|Ψi〉 is the transition matrix element, respectively. In the simplest
approximation it can be derived to

〈Ψf |H|Ψi〉 = 〈φf,Ekin
|H|φi,k〉〈Ψk

f,R(N − 1)|Ψk
i,R(N − 1)〉, (3.25)

where φf,Ekin
denotes the wave function of the emitted electron, φi,k the

wave function of the initial orbital k and Ψk
i,R(N − 1) and Ψk

f,R(N − 1)
the wave functions of remaining (R) initial and final state electrons, re-
spectively. Herein, the wave function of the initial state was expressed
as Ψi(N) = Cφi,kΨ

k
i,R(N − 1) and the wave function of the final state as

Ψf (N) = Cφf,Ekin
Ψk
f,R(N − 1), where C is an anti-symmetrizing operator

[128]. Neglecting the impact of the ionization process on the wave function
of the remaining electrons, which is referred to as Koopmans’ theorem [134],
this equation can be solved and the measured binding energy corresponds to
the binding energy of the undisturbed system. However, final state effects
cannot be neglected and particularly the screening of the photo-hole by the
surrounding medium leads to reduction of the Coulomb attraction5 between
electron and hole. This effect is most important for highly polarizable media

5Note that the effect of attraction between electron and hole generally impacts the
measured value of Ekin.
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like metals and consequently also an issue in thin organic films on metal sub-
strates, where the emission from energy levels of multilayers are measured at
lower Ekin than the energy levels of (sub-)monolayers, which has to be taken
into account for an adequate interpretation of PES results [54, 57, 135].

3.3 Vibrational spectroscopy
Prevalently throughout this work the structural investigations by means of
XRD have been corroborated with vibrational spectroscopy, where Fourier-
transform infrared spectroscopy (FT-IR) was applied in transmission geome-
try. In general, infrared spectroscopy allows one to access information on the
vibrational behaviour of chemical bonds and on intermolecular interactions
using the wavelength-dependent attenuation of a transmitted (or reflected)
infrared beam: If the incident infrared energy equals the vibrational energy of
a certain intramolecular bond, vibration energy can be resonantly absorbed
from the incident beam, which is detected with an infrared spectrometer
[27, 136–138]. The number f of degrees of freedom of a molecule comprising
N atoms is f = 3N − 6, since each atom can perform translation in three di-
rections of space for the translation (3N), minus three combined movements
of translation of the whole molecule and three for its rotation around the
mass center6. It is evident that molecules in solid state as in the thin organic
films investigated in this work only exhibit vibrational degrees of freedom.
For both, rotation and vibration to be active in the infrared, a change of the
dipole moment of the molecule must occur according to the selection rule for
dipole radiation [27].

In a dispersive infrared spectrometer a prism or grating is used to geo-
metrically disperse the infrared radiation to a scanning slit/photodiode com-
bination. The slit isolates a certain frequency range for a certain integration
time, which finally yields the infrared absorption spectrum. Obviously, us-
ing this kind of setup most of the radiation remains undetected at a time,
which leads to long accumulation times in this type of spectrometer. Signifi-
cant progress was achieved by using interferometric methods in spectroscopy,
where the whole spectrum can be recorded all of the time. The FT-IR spec-
trometer comprising a Michelson interferometer (Fig. 3.7) is such a device,
which is based on the interference of two beams from a common source, that
are produced by a beam splitter [136, 138]. The two partial beams are both
reflected at mirrors and the intensity of the reunited beam is depending on
the path difference between the beams, therefore giving a maximum, if the

6Note that for linear molecules f = 3N − 5, since the rotation around the long axis
does not lead to a movement of the atoms.
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Figure 3.7: Schematic view of the op-
tical path in a FT-IR spectrometer
comprising a radiation source (RS), a
detector (D), a sample (S) measured
in transmission and a Michelson inter-
ferometer with a beam splitter (B), a
fixed (M1) and a moving mirror (M2).
The beam path drawn in dotted red is
the path of the calibration laser with
source (LS) and detector (DL).

beams add coherently. One of the two mirrors is moved and the signal at
the detector therefore becomes a function of mirror displacement. This de-
tector function containing all information on the incident spectrum, which is
denoted as the interferogram, is given for a monochromatic source by [136]:

I(x) = 2RTI(ν)(1 + cos 2πνx), (3.26)

where R is the reflectance of the beam splitter, T its transmittance, I(ν) the
incident intensity at frequency ν and x the path difference. The interference
of monochromatic light is used in the FT-IR spectrometer as reference signal
by means of a He-Ne laser with the same beam path through the interfer-
ometer as the infrared light (see Fig. 3.7). The zero crossings of the cosine
function in Equ. 3.26 of the laser interferogram serve as trigger for the sam-
pling of the infrared interferogram at therefore fixed values of x. Moreover,
it allows one to accurately set the point of zero path difference of the poly-
chromatic infrared light source (like the globar source used in the present
measurements), which is denoted as center burst exhibiting maximal inten-
sity at the detector. For this general case of a polychromatic source A(ν),
the interferogram is given by:

I(x) =
∫ ∞

0
A(ν)(1 + cos 2πνx)dν, (3.27)

and taking into account the extreme values for zero path difference (I(0) =
2
∫∞

0 A(ν)dν) and large path difference (I(∞) = I(0)/2) for the Michelson
interferometer, the interferogram can be written as:

F (x) = I(x)− I(∞) =
∫ ∞

0
A(ν) cos(2πνx)dν. (3.28)
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The interferogram can be inverted7 using the theory of Fourier transformation
and therefore can the spectrum of the polychromatic source be regained:

A(ν) = 2
∫ ∞

0
F (x) cos(2πνx)dx, (3.29)

which allows one to extract the information on frequency-dependent absorp-
tion by a given sample through comparison with a reference scan of the free
beam path. Hence, if the reference scan is performed on the substrate used
for thin film investigations, the absorption solely from the thin film is being
recorded.

Within the FT-IR investigations on thin organic films presented in this
work a splitting D of vibrational modes was observed, which is usually
referred to as Davydov splitting [13, 140, 141]. It occurs if molecules of
nonequivalent orientations are present in the unit cell of the crystal, as it
is for instance the case in the herringbone structure (see Fig. 2.1). In this
case, vibrational states of individual molecules can split into differently po-
larized normal vibrations [142]. The theoretical treatment in the simplest
approximation, which however was reported to reproduce experimental data
considerably well [140], this splitting is treated as exclusively based on the
interaction between the dipoles and is therefore proportional to the dipole-
dipole interaction potential Vdd:

D ∝ Vdd =
1

4πε0

~p1 ~p2 − 3(~p1~er)(~p2~er)

r3
, (3.30)

where ~p1 and ~p2 are the vibration-related dynamic dipole moments and ~er =
~r/r is the unit vector of the inter-dipolar distance r. In the investigation
of phase separation in co-deposited thin films the disappearance of Davydov
splitting, if present in the pure film, can provide evidence for the intercalation
of the compounds (see Sec. 5.2).

3.4 Atomic force microscopy
Shortly after the invention of the Scanning Tunneling Microscopy (STM)
[143], which allowed for the first time to resolve features of conducting sam-
ples on an atomic scale, the Atomic Force Microscope (AFM) was introduced
[144]. Its basic concept is to measure the force between a sharp tip on a flex-
ible cantilever and the surface of a sample. In principle, the deflection of the

7The practical computation of transformation is carried out via the Fast Fourier Trans-
form (FFT) [139] allowing to reduce the computational efforts dramatically.
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Figure 3.8: (a) Schematic view of the basic principle of tapping mode AFM.
The oscillating cantilever is moved horizontally and vertically by piezo ele-
ments. (b) The Lennard-Jones potential.

cantilever is the measurement signal from which the morphology of the sur-
face is deduced by linewise scanning. Most often (and in the instrument used
for the measurements presented in this work) the bending of the cantilever is
measured optically with the aid of a laser beam reflected from the cantilever
into a position-sensitive (four-segment) photodiode [145, 146]. There exist
a large number of different techniques based on this basic principle, which
differ by the specific measurement signal. All AFM images presented in this
work were recorded using tapping mode AFM [147, 148], which is based on a
cantilever that initially oscillates free near its resonant frequency with an am-
plitude typically in the range of tens of nanometers (schematic see Fig. 3.8a).
This method relies on the change of the free oscillation amplitude of the can-
tilever due to the tapping of the surface with the tip: The device comprises a
feedback system, which detects the perturbation of the oscillation amplitude
upon approach and contact with the sample. Driven by piezo crystals, the
cantilever laterally scans the sample and a varying morphology on the scan
path leads to varying tip-sample interactions, which modify the oscillation
amplitude of the cantilever away from a given setpoint. This variation is
used to vertically adjust the tip-sample distance to regain the setpoint value
of the amplitude via the feedback system, which finally generates a topo-
graphic image of the sample; the basic principle is illustrated in Fig. 3.8a. In
contrast to contact mode AFM, where the tip is in continuous contact with
the sample, tapping mode highly reduces the lateral forces on the sample,
and the vertical forces can be held low to induce only small and reversible
deformations, while the resolution is mainly limited by the tip radius [147].

As outlined in Sec. 2.1.3 the interaction between electrically neutral atoms
can be well described with the Lennard-Jones potential (Equ. 2.1) comprising
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an attractive (van der Waals) term ∼ r−6 and a repulsive part ∼ r−12, i.e.,
for large distances the potential is attractive and upon decreasing distance
it turns repulsive at a certain point (see Fig. 3.8b). However, to describe the
interaction between complex structures like the tip and the sample in AFM
investigations, the van der Waals attraction must be treated using more ad-
vanced expressions for the interaction by taking into account the macroscopic
nature of tip and sample [145]: The sample is modelled as flat continuum
with a certain atomic density yielding (via the so-called Hamaker integra-
tion) an attractive potential term ∼ r−3 for a (tip-) atom at vertical distance
r above the surface, from which various expressions for different tip shapes
can be derived [149–151]. Moreover there exists a large variety of further
tip-surface interactions depending on the respective materials: Electrostatic
forces, magnetic forces and capillary forces due to a water meniscus formed
between tip and surface upon measurements in ambient air [152].

An operation mode of the tapping mode AFM that allows one to access
information beyond the sample morphology is AFM phase imaging, which
has been used in the study presented in Sec. 5.1 to discriminate different
chemical compounds (Fig. 5.6). In AFM phase imaging, the phase difference
between the cantilever excitation and its oscillation is monitored in addition
to the topography data. The recorded phase lag is very sensitive to variations
of material properties like the elastic properties of the surface and can serve
as valuable qualitative tool to map local stiffness variations on the sample
surface [145, 153].

An important parameter that can be deduced from AFM micrographs is
the surface roughness, which quantifies height variations of a given surface.
It is most often expressed in terms of the root mean square (rms) roughness,
i.e., by the standard deviation of the data:

σrms =

√√√√√ 1

N

N∑
j=1

(zj − z)2, (3.31)

where zj is the height value of pixel j of the surface z=z(x,y) in an AFM
micrograph consisting of N pixels, and z = 1

N

∑N
j=1 zj is the mean height

[154]. For a correct determination of σrms the AFM micrographs have to be
base-plane corrected prior to the calculation to account for non-linearities of
the piezo motors of the instrument.
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Chapter 4

Materials and Experimental
Setups

In the following chapter the investigated molecular systems and the sub-
strates used in this work are introduced and details of the experimental se-
tups described in Sec. 3 are given.

4.1 Materials
In the following, a short outline of the fundamental properties of the organic
materials used in this work is given. The chemical structures of the organic
compounds are given in Fig. 4.1 and their empirical formulae as well as the
respective manufacturers, where the materials were purchased are listed in
Tab. 4.1.
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(c)        (d)
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Figure 4.1: Chemical structure of the molecules investigated in this work:
(a) PEN (C22H14), (b) C60 (C60), (c) PFP (C22F14), (d) PQ (C22O2H12) and
(e) PEDOT:PSS; for more details see Table 4.1.
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Pentacene (PEN) (Fig. 4.1a) is one of the most thoroughly investigated
conjugated organic molecules in the context of organic electronics. It can be
regarded as the benchmark material in applications in novel electronic devices
due to its high charge carrier mobility (µFET ) for holes of up 5.5 cm2V−1s−1 in
OFETs (which is almost comparable to amorphous silicon) [12, 155–162]. In
contrast to this strikingly high hole mobility, the electron mobility reported
so far was only 0.04 cm2V−1s−1 [163]. The structural and energetic properties
of its functional heterojunctions (e.g., as active layer in OPVCs) are the main
focus of this work.

Fullerene (C60) is the spherical configuration of carbon consisting of 12
pentagons and 20 hexagons ("soccer ball configuration" [164]) and is among
the most prominent organic n-type semiconductors and is widely used in
the field of organic electronics (Fig. 4.1b) [51, 165, 166]. In its crystalline
state (e.g., on a PEN buffer layer) it was reported to exhibit a field-effect
mobility for electrons of up to 4.9 cm2V−1s−1, which is the highest value for
COMs reported so far [165]. Furthermore, in combination with PEN, C60
was reported to form an efficient heterojunction in organic photovoltaic cells
based on layered thin organic films [18, 20, 22].

In order to successfully design complementary circuits in organic elec-
tronics, i.e., switch organic thin film transistors with either positive or nega-
tive gate voltages, there is a particular need for efficient electron conducting
(n-type) materials. Moreover, substituting organic molecules with electron-
withdrawing side groups (e.g., by adding fluorine or oxygen to known p-type
cores) may stabilize the anionic form of the molecules and enable efficient
electron conduction [167]. The impact of the complete fluorination of PEN
to perfluoropentacene (PFP) (Fig. 4.1c) [23–25, 168–171] represents a further
central part of this work (Sec. 5.2 and 5.3). PFP can be regarded as very
promising n-type material, since it was reported to exhibit an electron mobil-
ity of 0.22 cm2V−1s−1 in OFETs, and it appears to be particularly well-suited
for OFET design due to its crystalline growth behaviour on SiOx, which is
generally used as gate dielectric in OFETs [23–25] (see Sec. 5.2 and 5.3).

An oxidized modification of PEN with two oxygen atoms doubly-bond
to the center carbon atoms of the PEN backbone is 6,13-pentacenequinone
(PQ) (see Fig. 4.1d). Its electronic structure, structural arrangement and its
interplay with PEN in PEN/PQ heterostructures is thoroughly investigated
in this work (see Sec. 5.4, 5.5 and 5.7), since PQ may serve as n-type OSC
in OPVCs as found from the energy level alignment with PEN presented in
Sec. 5.4. Moreover, high chemical purity of PEN films and crystals was re-
ported to be an important prerequisite for efficient applications in literature,
since impurities have a tremendous impact on the charge carrier mobility. It
was reported that the presence of (PQ as oxidized PEN derivative) leads to
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a significant reduction of the charge carrier mobility in PEN single crystals
at concentrations as low as 0.68% [77].

Intrinsically conducting polymers (ICPs) are commonly used as electrodes
in organic electronics. Nowadays, the most widely used ICP is poly(3,4-
ethylenedioxythiophene)/ poly- (styrenesulfonate) (PEDOT:PSS) (Fig. 4.1e)
exhibiting relatively high work function values of 4.8 to 5.7 eV, depending on
the formulation and the preparation parameters [172], which makes it highly
suitable as hole-injection layer in devices [173]. Within this work, commer-
cially available PEDOT:PSS in the PEDOT to PSS weight ratio of 1:20
(brand name Baytron P CH8000) was used as electrode and substrate in the
investigations of photovoltaic cells based on PEN and C60 heterostructures.

Table 4.1: List of molecular acronyms, empirical formulae, names and sources
of the organic compounds investigated in this work.

Empirical
Acronym formula Name Source

PEN C22H14 pentacene Sigma-Aldrich
C60 C60 carbon-60 (Buckminsterfullerene) Sigma-Aldrich
PFP C22F14 perfluoropentacene Kanto Denka

Kogyo Co., Ltd.
PQ C22O2H12 6,13-pentacenequinone Sigma-Aldrich
PEDOT:PSS poly(3,4-ethylenedioxythiophene)/ H. C. Starck

poly(styrenesulfonate)

4.2 Experimental setups
In this section the experimental setups used within this work and the exper-
imental procedures are described.

4.2.1 X-ray diffraction at HASYLAB W1

All x-ray diffraction experiments presented in this work were carried out at
the beamline W1 of the synchrotron radiation source HASYLAB (Hamburg,
Germany) that is based on the positron storage ring DORIS III, which ex-
hibits a circumference of 289m, a positron energy of 4.45GeV and an initial
beam current of 120mA. For the beamline W1, a 16-period wiggler is used
as insertion device with a sample to source distance of 46m. The beam is
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Figure 4.2: (a) Outline of the diffractometer at the beamline W1 at HASY-
LAB illustrating the primary rotation axes for the sample (S) rotation by an
angle ω and for the detector movement by angles ν, δ as defined in Sec. 3.1.2.
The x-ray beam is passed through a primary (s1) and secondary (s2), (s3) slit
system. (b) The detector directly in the primary beam defining ν= δ=0. (c)
The diffractometer during a specular scan (ν=0) with δ=40◦ (= 2Θ) and
ω=20◦ (=Θ). (d) The diffractometer during a GID scan with ω defining αi,
the horizontal detector angle ν set to 40◦ and angle δ being set slightly above
the surface horizon. The detector angles ν, δ can be transformed into the
angles of the sample system ϕ, β, i.e., to the sample in-plane angle and αf ,
by Equ. 3.11. For recording reciprocal space maps the detector scans linewise
along ν at stepwise increasing δ for a fixed value of αi=0.15◦.
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monochromatized using a Si(111) single crystal monochromator and the (fo-
cused) beam size at the sample position is 1.6 × 4mm2 (flux: ≈ 2 × 1011

photons/s/mm2). The intensity of the primary beam is measured by a mon-
itor detector in order to correct for intensity variations of the incident beam.
The energy of the x-ray beam was set to 10.5 keV (λ=0.11808 nm) in all
experiments. The beamline is equipped with a heavy-load 6-circle diffrac-
tometer (see Fig. 4.2) using a NaI(Tl)-detector. The primary beam hitting
the sample is vertically and horizontally defined by a primary slit system
(s1). The diffracted beam enters an evacuated flight tube (to reduce the
background noise due to air scattering) through a vertically defining slit (s2)
and enters the detector (D) at the end of the tube through a vertically and
horizontally defining slit system (s3). For alignment, the sample can be
moved vertically and horizontally and can be tilted around the axis of the
primary beam. In experiments the sample is rotated around the (horizon-
tal) normal of the primary beam (angle ω in Fig. 4.2a) to set the angle of
beam incidence αi. The detector can be moved horizontally and vertically
(angles ν, δ in Fig. 4.2a) allowing for symmetric specular scans (ν=0, ω = 2δ,
see Fig. 4.2c) and scans in gracing incidence geometry (see Fig. 4.2d). For
GID scans, a fixed value of ω=αi below the critical angle of total exter-
nal reflection αc is set (αi=0.15◦ throughout this work) and the detector is
moved horizontally at fixed angle β above the sample horizon (β = 0.5◦ for
the GID scans in this work). As becomes clear from Figs. 4.2 and 3.3, this
movement must be performed through a simultaneous movement (calculated
by the diffractometer software) of the detector by the angles ν and δ, since
the laboratory and the sample coordinate system do not match in the spe-
cific device (see Fig. 3.3). Reciprocal space maps (see Fig. 3.2) are however
recorded directly as function of the detector angles ν and δ: Linescans along
ν at successively increased δ are performed to reduce the scan time (and
transformation into ϕ and β is performed a posteriori), since the movement
of both motors for each measured pixel of the map to record directly in the
sample coordinate system (ϕ, β) is time-consuming. The beamline exhibits
an autoabsorber device that automatically reduces the beam intensity if nec-
essary, which allows to measure reflectivity curves right from δ=0◦ (primary
beam position). Note that an azimuthal rotation of the sample was not nec-
essary in GID and RSM investigations within the present work, since only
fiber-textured samples have been investigated. If single crystals or textured
films on single crystalline substrates are investigated, the diffractometer can
be equipped with an optional Eulerian cradle.
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4.2.2 UPS at HASYLAB and BESSY

The UPS experiments presented in Sec. 5.1, 5.4 and 5.3 were performed at
the FLIPPER II end station at the synchrotron radiation source HASY-
LAB (Hamburg, Germany) [174]. The experimental setup consists of four
valve-separated UHV chambers allowing for sample transfer without break-
ing the UHV conditions. It provides a sample magazine for the storage of
eight samples and a fast entry load-lock. The end-station comprises two film
deposition chambers (base pressure of 2 × 10−9 mbar), which allow prepar-
ing organic/organic heterostructures (Sec. 5.4) without the danger of cross-
contamination during the evaporation process. They are equipped with a
quartz microbalance to monitor the nominal film thickness during film deposi-
tion. The third chamber (base pressure 1×10−10 mbar) is used as preparation
chamber for single crystal substrates and is equipped with a heatable manipu-
lator, an ion source for Argon ion sputtering, a quartz microbalance and three
metal evaporators. The fourth chamber (base pressure 2×10−10 mbar), which
is used for the UPS experiments, exhibits an electron analyzer and a Low-
energy electron diffraction (LEED) device. The UPS spectra were recorded
with a double-pass cylindrical mirror analyzer with the energy resolution set
to 150meV (measured as 80% to 20% intensity drop at a metal Fermi-edge);
the photon energy was set to 22 eV. The angle between the incident syn-
chrotron radiation and the entrance of the analyzer is built fixed to 90◦. All
the UPS 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 were measured with the sample biased
at a voltage of -3.00V.

The UPS experiments presented in Sec. 5.8 were performed at the end-
station SurICat (beamline PM4) at the synchrotron light source BESSY
(Berlin, Germany) [175]. The UHV system consists of interconnected sam-
ple preparation (base pressure: 5 × 10−9 mbar) and analysis (base pressure:
1 × 10−10 mbar) chambers. The UPS spectra were recorded with a hemi-
spherical electron energy analyzer (Scienta SES 100) with 120 meV energy
resolution using 32 eV excitation energy.

4.2.3 UHV-chamber

The samples that have been investigated in this work (except those investi-
gated by UPS) were prepared in a custom built ultra-high vacuum (UHV)
chamber that has been constructed and assembled by the author of this work;
the chamber is illustrated in Fig. 4.3. It is divided into a separately pumped
load-lock and main chamber, where the basic evacuation of both parts is
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Figure 4.3: Outline of the UHV-chamber built for sample preparation and
current vs. voltage characterization of OPVCs. The most important parts
are labeled, illumination of the OPVCs is performed through the opposite
window of the JV-measurement position.

performed with a turbo molecular pump (Varian Turbo-V301) and the main
chamber can be additionally pumped with an ion getter pump (Vacion Plus
150) to maintain UHV conditions during vented load-lock conditions. The
chamber was mainly used without baking (which is necessary to obtain UHV
conditions) therefore reaching pressure values in the range of 5×10−8 mbar.
The sample transfer is performed with a magnetic transporter (1m linear +
rotary motion) using the Omicron sample transfer system. The pressure is
measured with a cold-cathode gauge (Pfeiffer IKR 261) and the nominal film
thickness is recorded with a custom-built quartz microbalance. The source
chemicals for film deposition can be simultaneously evaporated from four in-
dependent custom-built sources (ceramic crucibles, resistively heated with a
tungsten wire, mounted on electric feedthroughs). A shutter mounted on a
rotary feedthrough allows to close an individual source for the purpose of de-
fined co-deposition of two compounds. The metal top contacts of the devices
are analogously produced via thermal evaporation of the source material,
however, through a shadow mask providing pads of 0.5 and 1mm diameter.
The chamber allows to record current density versus voltage curves (JV-
curves) of OPVCs under UHV conditions. Therefore the top contact of the
device is contacted with a gold wire and the bottom contact closes the circuit
via the chamber wall to a Keithley 2400 SourceMeter (using a LabView-based
software environment); the approach of the gold wire can be controlled via
a CCD camera. The illumination for OPVC characterization is performed
from the bottom of the sample (ITO coated glass) from the outside of the
chamber using a halogen lamp (for details see Sec. 4.3).
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4.3 Experimental details
This section provides details on the specific measurement conditions of the
studies presented in chapter 5 and on the various substrates for thin film
deposition used in this work.

Substrates

For the preparation of the conducting polymer substrates used for the study
in Sec. 5.1 an aqueous dispersion of PEDOT:PSS [weight ratio of 1:20 (Baytron
P CH8000, provided by H. C. Starck Gmbh & Co. KG)] [172], was spin cast
onto freshly cleaned (ultra-sonicated in acetone, isopropanol (both at 50◦C),
rinsed in deionised water and UV/O3 treated for 30min) indium-tin oxide
(ITO) coated glass substrates (8 × 8mm2 size) under ambient conditions;
the polymer films were annealed at 200◦C for 5min in ambient air and served
as a high work-function electrodes in the device studies.

The SiOx substrates for the samples investigated in Sec. 5.1, 5.2, 5.3 and
5.7 were (100) p-doped silicon wafers (Siegert Consulting, prime grade) with
a native oxide layer cut into 10×10mm coupons; the study presented in
Sec. 5.5 was performed on similar silicon wafers, however in this case with a
thermally grown oxide layer of 50 nm (rms roughness for both types: 0.15 nm
determined by AFM). These substrates were used as received, and their clean-
liness was confirmed by AFM investigations prior to organic film deposition;
the SiOx substrate of same type used for the study presented in Sec. 5.4
was cleaned by sonication in methanol and acetone before placement in the
UHV system, and was heated to 300◦C in vacuo prior to the deposition of
the organic materials. The native silicon oxide substrates for the investiga-
tions in Sec. 5.8 was a silicon wafer cleaned in H2O2 (30%)+H2SO4 (99.99%)
(3:1), etched with hydrofluoric acid, and re-oxidized by exposure to oxygen
at atmospheric pressure for one hour.

The Au substrates for PEN deposition in Sec. 5.8 were in-situ sputtered
Au films on native SiOx coupons; the highly oriented pyrolytic graphite
(HOPG) samples (grade ZYB) in the same study were purchased at GE
Advanced Ceramics and ex-situ cleaved using adhesive tape.

The Ag(111) single crystal substrate used for the study presented in
Sec. 5.4 was cleaned by repeated Ar-ion sputtering and annealing cycles until
a clear Low Energy Electron Diffraction (LEED) pattern could be observed
prior to the deposition of the organic materials.
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Sample preparation

The organic thin films were either obtained by vacuum deposition from re-
sistively heated ceramic crucibles (Sec. 5.2, 5.7 and 5.5) or from custom-
made pinhole sources (Sec. 5.1, 5.8, 5.3 and 5.4). The substrate were held
at room temperature, the base pressure during the film deposition was ≤
3×10−7 mbar except for the samples studied by UPS, where the base pres-
sure was ≤ 2×10−9 mbar. The film mass-thickness (θ) was measured in-situ
by a quartz microbalance in all cases; the error of the θ-measurement was
determined to be below 10% via AFM investigations of PEN sub-monolayer
covered SiOx samples. Hence, all indicated values for coverages correspond
to nominal film thicknesses; no correction was made for possible differences
in sticking coefficients on the different substrates. The organic materials of
high purity were used unpurified as received from the manufacturer except
for the studies presented in Sec. 5.8 (PEN: gradient-sublimation cleaned two
times) and Sec. 5.4 (PEN and PQ: purified once by vacuum sublimation)1.

The heating experiments on the thin films of PEN and C60 presented in
Sec. 5.1 were performed under helium atmosphere; a constant temperature
was held for 120min at each step using a Lakeshore 330 temperature con-
troller; the XRD measurements were performed after the samples had again
cooled down to room temperature in the protective gas.

The PEN single crystals for the study presented in Sec. 5.8 were grown2

ex-situ using the method described in Ref. [77]. They were mounted on
metal sample holders with conducting adhesive tape, and cleaved in-situ (in
the preparation chamber) by peeling off adhesive tape stuck to the crystal
surface3. The exposure of the PEN single crystal samples to oxygen (purity
5N) was done in the analysis chamber via a leak-valve. Thin film samples
were exposed to oxygen and air (both up to atmospheric pressure) in the
preparation chamber.

All sample preparation steps and measurements were performed at room
temperature.

1The purification of PEN and PQ was done by J. Pflaum, Universität Stuttgart, 3.
Physikalisches Institut, 70550 Stuttgart, Germany.

2The PEN single crystal was provided by T.T.M.Palstra, Materials Science Center,
Rijksuniversiteit Groningen, NL-9747 AG Groningen, The Netherlands.

3PEN molecules crystallize in a layered structure with a herringbone arrangement
such that the hydrogen orbitals of one molecule interact strongly with the π-system of
neighboring molecules. The interactions between the layers are less strong, as they are
hydrogen-hydrogen interactions. Therefore, the crystal easily cleaves along the a-b plane
(perpendicular to the c◦ direction); the molecular packing is illustrated in Fig. 2.1.
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XRD measurements

All x-ray diffraction measurements presented in this work were performed
at the beamline W1 at the synchrotron radiation source HASYLAB (Ham-
burg, Germany); the wavelength was set to λ = 1.1808Å. The upper limit
of instrumental broadening of the setup was estimated by the 2Θ-width of
the (111) reflection of a Ag(111) single crystal to 0.0382± 0.0003◦; line pro-
files were fitted using pseudo-Voigt functions. The GID measurements were
performed at an incident angle of the primary beam (αi) of 0.15◦; the de-
tector angle (αf ) was set to 0.5◦. The reciprocal space map measurements
were performed using a scintillating point detector with square entry slits set
to 1mm side length. The correction of the deviation of diffractometer and
sample coordinate systems was performed ex-situ via data treatment; the
simulation of the peak positions and the visualisation was performed using
the software Recmap. The reciprocal space maps are composed of 120 lon-
gitudinal scans in Sec. 5.2 and 100 longitudinal scans in Sec. 5.6 (450 points
each). For the supporting x-ray diffraction texture analysis measurements
mentioned in Sec. 5.5, a Philips MRD 4-circle goniometer with a Cu-Kα tube
was used (data not shown).

UPS measurements

The photoemission experiments of the studies presented in Sec. 5.1, 5.4 and
5.3 were performed at the FLIPPER II end-station at HASYLAB (Hamburg,
Germany) [174]. For the UPS measurements on non-metallic substrates, the
position of the substrate Fermi-energy was determined using a freshly evapo-
rated and sputtered Au-film. The error of all given values of binding energies
and SECO positions is estimated to ± 0.05 eV. All spectra shown were mea-
sured with the sample kept in dark and no spectral shift was observed when
the samples were illuminated with white light from laboratory lamps, thus
ruling out surface photovoltaic effects during the UPS measurements.

The photoemission experiments presented in Sec. 5.8 were performed at
the end-station SurICat (beamline PM4) at the synchrotron light source
BESSY GmbH. The UHV system consists of interconnected sample prepara-
tion (base pressure: 1×10−8 mbar) and analysis (base pressure: 5×10−10 mbar)
chambers. Sample transfer between the chambers proceeded without break-
ing UHV conditions. The excitation energy for UPS was 25 eV in this case,
and the spectra were collected with a hemispherical electron energy analyzer
(Scienta SES 100) with an energy resolution of 140 meV (80%-20% intensity
drop at the Au Fermi-edge). The PEN single crystal samples were irradi-
ated with a laser (frequency-doubled Nd:YVO4, 532 nm wavelength, 40mW
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power) during UPS measurements in this study, in order to avoid charging
[176] of the thick crystals (ca. 20µm).

AFM and scanning electron microscopy investigations

The AFM investigations were performed with a Veeco Nanoscope in Tap-
pingMode under ambient conditions recording topography and phase micro-
graphs. Step heights (h) were analyzed using elevation histograms of AFM
micrographs considering areas of at least 5×5 µm. The scanning electron
microscopy (SEM) investigations presented in Sec. 5.5 were carried out by
S.Rogaschewski (HU-Berlin) with a Cambridge Instruments S360 SEM. In
order to avoid charging problems during SEM measurements, the organic
thin-film samples were coated with a 3 nm Au film.

OPVC characterization

Current density versus voltage curves (JV-curves) on the OPVCs described in
Sec. 5.1 were recorded immediately after device preparation without breaking
the vacuum using a Keithley 2400 general-purpose SourceMeter (Keithley
Instruments Inc.) under illumination through the supporting ITO- coated
glass substrate with a halogen lamp (Solux, Light Bulbs Etc Inc., 12V, 50W,
4700K with 10◦ beam spread) providing ∼ 100mW/cm2 (Pinc) at the sample
position. The top-contact for the I-V measurements were vacuum sublimed
samarium pads contacted with a flexible gold wire.

Vibrational spectroscopy measurements

Fourier-transform infrared absorption spectroscopy measurements (FT-IR)
(resolution 2.0 cm−1 in Sec. 5.2, 5.7, 5.1, 5.3 and 2.8 cm−1 in Sec. 5.5) were
performed with a Bruker IFS-66v spectrometer under near-normal transmis-
sion geometry using a globar source (mid-IR: 7500-30 cm−1) and a liquid N2

cooled mercury cadmium telluride (MCT) detector. Reference scans were
done on SiOx substrates covered with the powder of the respective pure ma-
terials.
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Chapter 5

Results and Discussion

As outlined in Chap. 1, the goal of this work is the thorough structural,
energetic and morphological characterization of PEN heterostructures with
C60, PFP and PQ using a multi-technique approach in order to judge on
the respective application potential for organic electronic devices (experi-
mental details see Sec. 4.3). First, a survey on PEN/C60 heterostructures is
presented in Sec. 5.1 correlating the energetic, structural and morphological
properties with the performance of both layered and bulk-heterojunctions
in OPVCs. In Sec. 5.2 PEN/PFP heterostructures are investigated compris-
ing the structure solution of an unknown PFP thin film polymorph and the
characterization of both layered and PEN:PFP mixed crystal structures ob-
tained by co-deposition. The effect of PEN+PFP intercalation is described
in Sec. 5.3, where it is shown that the IE of organic films with molecules
exhibiting intramolecular polar bonds can be tuned through the mixing ratio
of the compounds. The third presented PEN heterostructure is the combina-
tion with PQ, where UPS results are shown in Sec. 5.4 demonstrating a highly
molecular-orientation dependent IE and a mutual energy level offset well ca-
pable for the use as heterojunction in OPVCs. Consequently, the structural
and morphological properties of PEN/PQ layered and bulk-heterostructures
are characterized in Sec. 5.5. In this context, the structure of an unknown
PQ polymorph is solved using RSM, which is shown in Sec. 5.6. Finally,
the impact of PQ as impurity in PEN films is analyzed by structural inves-
tigations in Sec. 5.7, where it is shown that PQ does not intercalate with
PEN but rather forms phase-separated patches or accumulates at PEN grain
boundaries. Since PQ presence in PEN films can also be possibly caused by
oxidative processes, PEN single-crystals and thin films are exposed to O2 and
water as well as to reactive oxygen species, which is described in Sec. 5.8. It
is shown by UPS and FT-IR that the first two do not react noticeably with
PEN, whereas the latter produce volatile reaction products instead of PQ.
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5.1 Structural and electronic properties of pen-
tacene/fullerene heterojunctions

In this study the performance differences of layered and bulk-heterojunction
based organic solar cells composed of the prototypical p- and n-type organic
semiconductors PEN and C60 are correlated to the physical properties of
the heterostructures. The electronic structure of layered and co-deposited
thin PEN and C60 films on the conducting polymer substrate PEDOT:PSS
was investigated with UPS. Layered structures of C60 on PEN pre-covered
PEDOT:PSS exhibited an offset of the HOMO levels of 1.45 eV. In contrast,
co-deposited films of PEN and C60 showed a reduced HOMO-level offset of
0.85 eV, which increased to 1.45 eV by pre-coverage of the substrate with a
thin PEN layer. In this case, the PEN-HOMO level was Fermi-level pinned at
0.35 eV binding energy and charge transfer between PEN and PEDOT:PSS
decreased the vacuum level 0.75 eV. In addition, the morphology and crystal
structure of the respective systems have been investigated by AFM, XRD and
FT-IR, which indicated pronounced phase separation of PEN and C60 in the
co-deposited films. XRD revealed crystalline growth of PEN in all investigated
cases forming crystallites that exceeded the nominal film thickness by an order
of magnitude, whereas C60 was crystalline only if grown on the PEN pre-
covered substrates. AFM investigations allowed to correlate morphology and
structure revealing micro- and nanophase separation between PEN and C60.
This work is submitted for publication (Ref. [177]).

5.1.1 Introduction

Significant efforts have been directed towards improving the understanding
of organic/organic heterostructure interfaces, since numerous applications
are based on the combination of different organic compounds [8, 9, 11, 12].
Concerning OPVCs, the combination of preferentially hole and electron con-
ducting materials in a layered or a mixed-bulk morphology has been shown
to be suitable for the fabrication of efficient solar cells [10, 178]. Alter-
natively, OPVCs based on bulk-heterojunctions (see Sec. 2.1.4) formed via
co-deposition have been reported to show enhanced device performance com-
pared to layered heterojunctions, like in case of phthalocyanines combined
with 3,4,9,10-perylene tetracarboxylic bis-benzimidazole [10] or C60 [88, 92,
179–181], which could be explained through improved charge transport as
well as increased exciton dissociation efficiency at the bulk heterojunction
[178]. However, no comprehensive study on the comparison of layered and
bulk-heterojunctions for PEN and C60 exists, although it is well established
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that PEN exhibits phase separation in case of co-deposition [182, 183] and
that PEN based co-deposited OPVCs show auspicious performance results
[184].

The present work was motivated by the experimental finding that bulk-
heterojunction OPVCs based on PEN and C60 co-deposited films (PEN:C60)
show significantly lower efficiency compared to the respective layered struc-
tures (Fig. 5.1). This is surprising, since one would expect PEN and C60
to exhibit phase separation, therefore maximizing the common donor/ ac-
ceptor interface and the energy levels to be suitable for efficient exciton
dissociation. The aim of this comprehensive study is to identify the key
parameters, which lead to this unexpected result. This issue was addressed
by (i) the thorough investigation of the electronic properties of layered and
co-deposited PEN:C60 heterojunctions on the application relevant conduct-
ing polymer electrode PEDOT:PSS (see Sec. 4.1) using UPS (see Sec. 3.2).
This is of highest interest, because the energy level alignment at interfaces
plays a crucial role for the dissociation of photo-generated excitons as well as
for the injection of charge carriers, which can act as bottleneck for organic
device performance [12, 49, 54, 57, 185, 186]. (ii), the structural properties
of layered and co-deposited heterostructures were investigated using x-ray
diffraction (see Sec. 3.1), since efficient bulk-heterostructures require phase
separation at the length scale of the exciton diffusion length, continuous
paths of the pure materials to the electrodes as well as lowermost defect
densities [10, 49, 92, 187]. (iii), controlled heating experiments of PEN:C60
bulk-heterostructures were performed and the impact on the structural or-
der was investigated, since post-fabrication annealing is a commonly applied
tool to increase the device performance through structural rearrangement
[10, 188]. Finally (iv), AFM (see Sec. 3.4) was used to study the morphology
of the investigated hetero-systems in conjunction with FT-IR spectroscopy
(see Sec. 3.3) measurements to challenge the interpretations deduced from
XRD and AFM.

5.1.2 Solar cell characteristics

Layered (C60/PEN) and 1:1 co-deposited (PEN:C60) OPVCs of PEN and
C60 were investigated in vacuo by current versus voltage measurements (see
Sec. 2.1.4); representative I-V curves are shown in (Fig. 5.1), the inset depicts
the respective device geometry and the nominal layer thicknesses. For the
C60/PEN OPVC (blue curve in Fig. 5.1) an open circuit voltage (VOC) of
0.24V, a short circuit current density (JSC) of 4.15mA/cm2 and a fill factor
FF = Pmax/(JSCVOC) of 33% were found, where Pmax = Max(JV ) denotes
the maximum power of the OPVC. This yields a power conversion efficiency
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Figure 5.1: Representative current versus voltage characteristics of a layered
C60 on PEN (curves labeled 1) and a bulk-heterostructure based PEN:C60
OPVC (curves labeled 2) in dark (black) and under illumination (colored
curves), the inset shows a cartoon of the OPVC structures. The shaded
rectangles (areas: Pmax = Max(JV ), intersection with the I-V curves at the
maximum power point) in the power generating fourth quadrant indicate the
fill factor. Device (2) exhibits a short circuit current density about six times
lower than the layered structure (for details see text).

ηP = JSCVOCFF/Pinc of 0.29%. For the bulk-heterojunction OPVC (red
curve in Fig. 5.1) a slightly increased value for VOC of 0.29V and a signif-
icantly reduced value for JSC of 0.73mA/cm2 (FF = 31%) and for ηP =
0.05% was observed. The result for the C60/PEN OPVC is comparable to
published data [18, 21] taking into account the absence of a bathocuproine
(BCP) exciton blocking layer in this OPVC [189]. However, the bulk het-
erojunction OPVC showed reduced values for JSC and ηP by almost a factor
of six. To investigate whether this result is caused by a modification of the
electronic structures of PEN and C60 in the case of co-deposition UPS ex-
periments were carried out on the pure, layered and co-deposited samples of
PEN and C60.
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5.1.3 Electronic structure

Figure 5.2 shows thickness dependent UPS spectra of layered and co- de-
posited PEN and C60 films. From the SECO the sample work function can
be derived and the emission onset of the highest occupied molecular orbital
(HOMO) yields the hole injection barrier ∆h (see Sec. 3.2). The deposition of
PEN with a nominal thickness (θPEN) of 128Å on the PEDOT:PSS substrate
(φ = 5.30 eV) decreased the vacuum level by 0.75 eV (see Fig. 5.2a). This
shift of the vacuum level can be attributed to an interfacial charge transfer
since PEN is Fermi-level pinned on conducting polymer substrates with high
work functions [59, 61]. The PEN spectrum in the valence electron region
with the onset of the HOMO derived peak at 0.35 eV binding energy (BE)
is consistent with earlier reported spectra of PEN on PEDODT:PSS [59].
The subsequent deposition of C60 with a nominal thickness (θC60) of up to
16Å on top of the PEN underlayer did not further change the position of the
SECO, i.e., C60 seems vacuum level aligned with PEN1. However, further
deposition of up to 64Å C60 increased the vacuum level by 0.15 eV. In the
valence electron region the emission feature of the C60 HOMO level became
apparent with the peak onset at 1.80 eV BE. The PEN features were gradu-
ally attenuated by the C60 deposit and almost vanished at θC60 = 64Å ; the
position of both the C60 and the PEN HOMO-levels stayed essentially con-
stant for all values of θC60. Therefore, it can be concluded that C60 and PEN
exhibit a HOMO level offset (∆homo) of 1.45 eV in the layered arrangement
C60/PEN on PEDOT:PSS. This is a relatively large value for ∆homo, which is
a crucial energetic parameter for efficient exciton dissociation in OPVCs [49].
A recent UPS study of C60/PEN on polycrystalline Au substrates yielded
similar results for the energy level offsets [191].

In the case of co-deposition of PEN and C60 in a volume ratio of 1:1 on
PEDOT:PSS (see Fig. 5.2b) a small increase of the sample work function to
φ = 5.20 eV was found for a nominal film thickness θco ≤ 16Å, which can
be deduced from the shift of the SECO to higher kinetic energy. This is
the same trend as found in a previous study of pure C60 on PEDOT:PSS
[192]. Further PEN:C60 deposition of up to θco = 64Å did not change φ 2.

1The reversed deposition sequence of PEN on C60 pre-covered PEDOT:PSS is less
relevant for OPVC application. However, the results are interesting from a fundamental
point of view, since evidence for a lack of thermodynamic equilibrium between the PEN
top-layer and the substrate was found, which will be subject of a forthcoming study [190].

2The IE of PEN seems remarkably large (5.50 eV) in the co-deposited film on pristine
PEDOT:PSS. PEN and C60 exhibit pronounced phase separation (see below) with local
vacuum levels above the respective patches. In UPS experiments an area averaged surface
potential is measured [193, 194]. Therefore, the IE of PEN in the co-deposited film cannot
be properly determined with the present data.
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Figure 5.2: (a) Thickness dependent UPS spectra of C60 on PEN pre-covered
PEDOT:PPS, (b) of PEN:C60 on bare and (c) on PEN pre-covered PE-
DOT:PSS. Left: SECO, middle: valence orbital region, right: schematic
energy level diagram (dark and light colored rectangles depict HOMO and
LUMO levels, respectively; LUMO positions estimated via the transport
gaps). EF denotes the Fermi energy, ∆vac the vacuum level shift and 0*
the spectrum of the 128Å PEN pre-coverage layers.
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In the valence electron region a superposition of the emission features was
observed that can be attributed to PEN and C60. For θco up to 64Å the onset
of the PEN HOMO emission was found at 0.30 eV BE, which is essentially
the same value as found for the pure PEN film (see above). However, the
onset of the C60 HOMO emission was at 1.15 eV BE in case of co-deposition,
which leads to a reduced value for ∆homo of 0.85 eV. Taking into account
the reported values for the PEN and C60 transport gap (ET

g ) of 2.2 eV [54]
and 2.6 eV [195], respectively, the offsets of the lowest unoccupied molecular
orbital (LUMO) levels can be estimated to 1.05 eV for C60 on PEN and to
0.45 eV for PEN:C60, respectively.

One crucial prerequisite for efficient exciton dissociation at the donor/
acceptor interface is that the exciton energy (Eex) is larger than the offset
in the HOMO position of the donor and the LUMO position of the acceptor
(see Sec. 2.1.4). For C60 on PEN this offset is 1.15 eV, whereas for PEN:C60
on pristine PEDOT:PSS an offset of 1.75 eV can be derived, which is already
in the range of Eex of PEN, as estimated from the optical gap (1.90 eV) [182].
Therefore the dissociation efficiency for excitons generated in PEN at a bulk-
heterojunction interface to C60 grown on bare PEDOT:PSS may be far lower
than at a layered heterojunction of C60 grown on a PEN underlayer. The
change of the HOMO-LUMO level offset due to PEN pre-coverage is a conse-
quence of the substrate work function shift due to the Fermi-level pinning of
PEN. Hence, it appears reasonable to pre-cover the PEDOT:PSS substrate
with PEN prior to PEN:C60 co-deposition in order to achieve energetics
suitable for efficient bulk-heterojunction OPVCs.

The results of UPS investigations of a co-deposited PEN:C60 film on
PEDOT:PSS pre-covered with 128Å PEN are shown in Fig. 5.2c. The SECO
position stayed constant upon PEN:C60 deposition after the initial decrease
of φ by 0.80 eV due to the PEN coverage of the substrate. In the valence
electron region again a superposition of the PEN and C60 HOMO features
was found with emission onsets at 0.35 eV BE and 1.80 eV BE, respectively.
The HOMO level positions stayed constant up to the final θco of 64Å. These
values are identical to the case of C60/PEN and the HOMO level offset for
PEN:C60 structure on PEN was again 1.45 eV.

Hence, the different OPVC performance of the two device structures
shown in Fig. 5.1 cannot be explained by different energy levels. Therefore,
structural reasons may account for the different performance of the respec-
tive devices. This question was addressed via x-ray diffraction experiments
on SiOx as model substrate.
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Figure 5.3: (a) Specular x-ray diffraction results on films of nominally (from
bottom to up): 20 nm C60, 30 nm C60 on 3 nm PEN, 10 nm PEN, 20 nm
PEN:C60 and 20 nm PEN:C60 on 3 nm PEN and (b) a Williamson-Hall anal-
ysis of the PEN reflections in the co-deposited films. Peaks of the PEN thin
film phase are labeled with grey squares, reflections from C60 with triangles
and the black square denotes the (1-10) peak of a PEN bulk phase [196]. qz
denotes the perpendicular momentum transfer with respect to the substrate
plane, β∗ and d∗ denote the 2Θ-integral peak breadth and the lattice spacing,
respectively, expressed in reciprocal units. The inset in (a) shows a zoomed
representation around the (004) peak of the C60 film on the PEN underlayer
compared to the spectrum of a PEN:C60 film (θco=40nm) on PEN.

5.1.4 Structural properties

Specular x-ray diffraction investigations (see Sec. 3.1.1) were performed on
pure C60 (θC60 = 20nm) and PEN (θPEN = 10nm) films, on a C60 film
(θ = 30nm) on a thin PEN underlayer (θPEN = 3nm) as well as on co-
deposited PEN:C60 (total θco = 20nm) films on the bare and the PEN pre-
covered substrate, the results are shown in Fig. 5.3a. The pure C60 film
showed pronounced thickness oscillations (i.e., Kiessig fringes, see Sec. 2.2.2)
corresponding to a layer thickness of 21 ± 1nm which stem from a smooth
film of a thickness almost equal to the nominal film thickness. No Bragg
peak could be observed thus indicating amorphous growth of C60 on bare
SiOx. In contrast, on the approximately two monolayer thick PEN underlayer
(broad PEN features marked with shaded squares in Fig. 5.1.4a) the C60
film exhibited the (002) and (004) peaks of hexagonally close packed C60
[197], i.e., crystalline C60 through an ordering effect by the PEN underlayer
growing in a c∗ axis orientation [165]. This effect can be explained by the
characteristic distance of neighbouring identical molecules in the (001) plane
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of the pentacene thin film phase [198, 199] (0.9637 nm), which leads to a
varying surface potential in the periodicity of the lattice constant a of the
hexagonal C60 polymorph (1.0009 nm) that initiates crystalline C60 growth
in the specific polymorph, providing strong indications for hetero-epitaxy
of C60 and PEN. The intensity of the Kiessig fringes (corresponding to a
film thickness of 33± 1 nm) is dramatically reduced in case of C60 on PEN,
however the thickness oscillations nicely correlate to the total nominal film
thickness. From the spacing of the Laue-oscillations (see Sec. 2.2.2) in the
vicinity of the first three C60 peaks (see inset in Fig. 5.3a) the coherent
film thickness can be derived to 24± 1 nm, which indicates coherent out-of-
plane order throughout almost the complete C60 film. The growth of PEN
in the thin film phase (001-texture) on the SiOx substrate is demonstrated
for the pure PEN film in Fig. 5.3a. In the PEN:C60 film on bare SiOx

thickness oscillations corresponding to a smooth film of 13 ± 1 nm and a
series of pronounced Bragg peaks were found that correspond to the lattice
spacing of the 00l -series of the PEN thin film phase, though no indication
of crystalline C60 could be observed. However, for the PEN pre-covered film
the (002) reflection of C60 can clearly be observed as shoulder of the PEN
(001) peak; at a nominal film thickness of θ=40nm even the (004) reflection
can be found sufficiently separated from the PEN (004) peak (see inset in
Fig. 5.3a). This allowed to determine the out-of-plane crystalline coherence
length of the crystalline C60 portion to 17± 2 nm (estimated by the Scherrer
formula, see Sec. 2.2.2), i.e., almost half of the nominal film thickness.

The microstructure of the PEN portion of the co-deposited film is an ap-
plication relevant parameter, since defects or grain boundaries are limiting
factors of device performance [162]. The investigation of the microstructure
was performed applying a Williamson-Hall analysis (WHA) (see Sec. 2.2.2);
the results are shown in Fig. 5.3b. From WHA values of 42 ± 2.5nm and
25±0.5nm for 〈D〉V of the PEN:C60 films on the bare and PEN pre-covered
substrate, respectively, were found. The microstrain was in both cases iden-
tical with e = 0.0025 ± 0.0005. Interestingly, this value is the same (within
the error margin) as the value found for a pure PEN film of θ = 30 nm
(e = 0.0018± 0.0005) in different study (see Sec. 5.7). An analogous analysis
was done for the film of θ=40nm and yielded values of 〈D〉V = 87± 12nm
(e = 0.0038 ± 0.0008) and 〈D〉V = 45 ± 1 nm (e = 0.0015 ± 0.0003) on the
bare and PEN pre-covered substrate, respectively.

In summary, these XRD results indicate that (i) PEN:C60 films exhibit
phase separation, (ii) PEN grows in the thin film phase polymorph and forms
islands with a height exceeding the nominal PEN mass thickness (i.e., θ/2)
in the co-deposited films by factors of 4 and 2 for the bare and the PEN
pre-covered substrate, respectively, (iii) the PEN islands in the PEN:C60
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(a)           (b)

Figure 5.4: Specular x-ray diffraction measurements on annealed PEN:C60
structures (θco = 20 nm) on PEN pre-covered SiOx substrates (a) and the
correspondingWilliamson-Hall analysis (b). Peaks in (a) of the PEN thin film
phase 00l -series are labeled with grey squares, the (002) and (004) reflections
from C60 with triangles.

films exhibit structural order comparable to pure PEN films and (iv) PEN
pre-coverage leads to an on ordering effect on C60 in the PEN:C60 film, as
was also found for the layered structure of C60 on PEN.

It has been reported that post-fabrication annealing of films of OPVC
material pairs [10, 200] and pure C60 layers [188] was able to impact the
structural, surface and electrical properties, which can lead to a device ef-
ficiency improvement. Therefore, the impact of annealing on the PEN:C60
film deposited on the PEN underlayer was investigated; the XRD results are
shown in Fig. 5.4a. From the specular scans it becomes evident that anneal-
ing increases the order in the C60 portion, since the as prepared film does not
exhibit the second order reflection of C60, which however can be observed in
all spectra of the annealed samples. Interestingly, the corresponding (002)
lattice spacing derived from the (004) reflection is significantly reduced from
0.843 nm in the sample annealed at 120◦C to 0.817 nm for annealing tem-
peratures ≥ 145◦C, which then equals the value found for the pristine C60
film on PEN. At annealing temperatures higher than 145◦C no more PEN
features are found. The present WHA analysis (Fig. 5.4b) reveals that heat-
ing up to 120◦C did not significantly change the value of 〈D〉V determined
to 24.5 ± 1nm. Moreover no change of the strain value could be observed.
Between 120◦C and 140◦C the value of 〈D〉V is significantly reduced to
14.5± 1nm, and further to 13.5± 1nm for 145◦C thus indicating desorption
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Figure 5.5: Specular x-ray diffrac-
tion on PEDOT:PSS coated ITO
(from bottom to up): Reference PE-
DOT:PSS (CH8000) on ITO, 20 nm
C60, 20 nm PEN, 40 nm PEN:C60,
40 nm PEN:C60 on 3nm PEN. PEN
thin film phase peaks are labeled with
grey squares, reflections from C60 with
triangles and the black square denotes
the (1-10) peak of a PEN bulk phase.

of PEN from the film. From these findings a PEN desorption temperature
higher than 120◦C (at ambient pressure) can be deduced hence demonstrat-
ing the possibility to make use of post fabrication annealing of PEN:C60
heterostructures at this temperature. Note, that annealing of the PEN:C60
film on a bare substrate (i.e., without PEN pre-coverage) up to 150◦C did
not provide evidence for a crystallisation of C60 (not shown).

To investigate the validity of the above findings for the application rel-
evant substrate PEDOT:PSS on ITO coated glass, specular XRD measure-
ments were performed on pure C60 (θ=20nm) and PEN (θ=20nm) films
and on a co-deposited PEN:C60 (total θ=40nm) film on the bare substrate
and on a thin PEN underlayer (θ=3nm); the results are shown in Fig. 5.5.
Evidence for amorphous growth of C60 in the pure and co-deposited film
on the bare PEDOT:PSS substrate was observed as well as (00l) textured
growth of PEN in the thin film phase. In the case of the PEN pre-covered
substrate, the (002) reflection of the hexagonal C60 polymorph was observed
in complete analogy to the findings on SiOx. Note that the low angle region
of the spectra two critical angles (αc,1, αc,2) can be observed that can be
attributed to the PEDOT:PSS layer as well as to the underlying ITO/glass
substrate, respectively. This allows to estimate the mean electron density of
the PEDOT:PSS layer to %el,1 = 0.51 e Å−3 (see Sec. 2.2.2).

5.1.5 Morphology

Moreover, AFM investigations were performed using topography and phase
imaging in order to correlate the results from the structural investigations to
morphological properties, representative micrographs are depicted in Fig. 5.6.
A film of C60 on the PEN pre-covered SiOx substrate exhibited a granular
morphology (RMS roughness = 3.1 nm) comparable to previous reports [19,
21] with an island density of (90± 10)µm−2, which was about 30 times lower
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Figure 5.6: AFM micrographs of nominally 30 nm C60 on a 3 nm PEN un-
derlayer (a, b) and on the bare SiOx substrate (inset in (b), same scale) and
of 20 nm PEN:C60 on 3 nm PEN covered SiOx (c-f). Colours correspond to
height levels up to: 2 nm in (a-b), 200 nm in (c-d) and 20 nm in (e-f) and to
phase values of up to 90◦ in (d) and (f). Areas of interest are labeled with
(1) and (2), for details see text.
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Figure 5.7: AFM micrograph of nominally 20 nm thick PEN:C60 films on a
3 nm PEN underlayer after annealing at 150◦C for 120min (a) and a zoomed
view (b), colours correspond to height levels of up to 20 nm.

than for C60 on the bare substrate (RMS roughness = 1.6 nm, see inset in
Fig. 5.6b). AFM topography micrographs of the PEN:C60 film on the PEN
pre-covered substrate are shown in Fig. 5.6c-e. The most apparent feature is
a needle-like network with an elevation of up to 200 nm exhibiting an internal
structure best visible in the corresponding phase image (Fig. 5.6d). The area
between these islands (Fig. 5.6e) exhibits a variety of morphologies: Areas of
meandered lamellae (1) as well as areas of round islands (2) embedded within
a smooth matrix. These morphologies strikingly resemble patterns often
found in phase-separated block copolymers and polymer blend films [201–
203]. AFM phase imaging can provide high contrast due to variations in local
attractive forces and stiffness and can therefore be used as tool to discriminate
between areas covered by different chemical compounds in blended films [204–
206]. The phase image in Fig. 5.6f reveals comparably the same phase angle
values (φ) in the meandered lamellae (1) and the round islands (2), however
with high contrast to the surrounding smooth matrix in (2) (white areas
in Fig. 5.6e) with a variation of ∆φ ≈ 20◦. This finding is interpreted as
nanophase separation between C60 (islands) and PEN (matrix) in area (2).

The assignment of the morphological features to the distinct materials
can be corroborated via AFM investigation of the PEN:C60 on PEN sample
heated to 150◦, where the desorption of PEN was confirmed via XRD (see
section 5.1.4). In large area AFMmicrographs no more needle-like crystallites
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Figure 5.8: AFM micrographs of a nominally 40 nm thick PEN:C60 film
on a PEDOT:PSS substrate covered with 3 nm PEN underlayer. Colours
correspond to height levels of 30 nm in (a, b) and to 200 nm (inset in (a)).

like in Fig. 5.6c-d could be observed, whereas the close-view on the structure
of the remaining film in Fig. 5.7 almost perfectly resembles the morphology
of the as prepared film, however without the smooth matrix surrounding
the round islands. In the corresponding phase images ∆φ of neighbouring
features did not significantly vary as was the case for the as prepared film.
These findings are evidence that both, the needle-like crystallites with high
elevation and the smooth surrounding matrix of the round islands consist of
PEN. Moreover, after the annealing process no significant number of pores
was observed instead of the PEN matrix, which points to the nanophase-
separated PEN portion not penetrating deep into the C60 film and therefore
not forming continuous paths to the substrate.

An AFM investigation of the PEN:C60 film (θ=20nm) on PEN pre-
covered PEDOT:PSS substrates yielded essentially the same results. Again,
needle-like structures of up to 200 nm were found surrounded by a film of
low elevation exhibiting again the two different morphologies already found
in the film on SiOx; representative micrographs are shown in Fig. 5.8. How-
ever, areas (2) appear to contain more holes on PEDOT:PSS than in the case
of growth on SiOx whereas the island density of the round islands was essen-
tially the same. These small differences in morphology are due to the higher
surface roughness of PEDOT:PSS (RMS ≈ 1.2 nm) compared to SiOx (RMS
≈ 0.2 nm) leading to an increased defect density of the PEN underlayer.
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Figure 5.9: Elevation histograms de-
duced from AFM micrographs. If
not explicitly stated differently: SiOx

substrates, nominal film thickness
θ=20nm. The histograms are shifted
vertically for clarity.

From all investigated samples elevation histograms of the AFM micro-
graphs were derived as shown in Fig. 5.9. The films of pure C60 on the
bare and the PEN pre-covered substrate did not exhibit characteristic step
heights, whereas all co-deposited PEN:C60 films on SiOx showed pronounced
overlapping peaks. In the case of the PEN:C60 film on the PEN pre-covered
SiOx substrate (θ=20nm) the dominating island height (h) was determined
to ≈ 11 nm, the same film on the PEDOT:PSS substrate exhibited a slightly
lower value of h ≈ 9 nm. Interestingly, the film of twice the nominal film
thickness on SiOx only showed an increase of h to ≈ 13 nm, whereas the
frequency ratio to the peak at the origin was reversed thus indicating pref-
erential lateral instead of vertical growth at increasing θ.

5.1.6 Vibrational spectroscopy

From XRD crystalline growth of PEN in the thin film polymorph was deduced
for the co-deposited films and the AFM investigations revealed that C60 is-
lands partly grow enclosed within a PEN matrix. Since XRD investigations
are exclusively sensitive to crystalline portions of a sample, information on
the structural arrangement of possibly amorphous PEN portions is inaccessi-
ble via XRD. Therefore a FT-IR investigation was performed on the pure and
co-deposited films, since FT-IR probes both crystalline and amorphous sam-
ple portions and is additionally sensitive to polymorphism [182]. Two PEN
fingerprint ranges are shown in Fig. 5.10. The vibrations of the PEN thin film
reference sample (θ=20nm) at 729.5 cm−1, 737.5 cm−1 and 903.5 cm−1 can
be assigned to the C-H out-of-plane bending modes [207, 208]. Together with
the XRD results these vibrations are assigned to PEN in the thin film phase
(additional pronounced vibrations at 833.0, 954.0, 1296.5 and 1344.0 cm−1).
The PEN vibrations of the nominally 3 nm thick (≈ 2 monolayers) underlayer
for the crystalline C60 film appear at the same frequencies, except for the
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Figure 5.10: FT-IR results of films of
PEN (θ=20nm), C60 (θ=30nm) on
3 nm PEN and PEN:C60 (θ=40nm)
on 3 nm PEN.

two strong C-H out-of-plane bending modes in Fig. 5.10, which are shifted
by +0.5 cm−1 to 730.0 cm−1 and by +1 cm−1 to 904.5 cm−1 compared to the
PEN reference. This may indicate a different molecular arrangement of PEN
in the ultrathin film3. The most pronounced vibrations assigned to C60 were
observed at 1182.5, 1429.0 and 1539.5 cm−1 in all investigated samples, i.e.,
amorphous and crystalline grown C60 could not be distinguished in FT-IR.
In contrast, the two PEN peaks of the co-deposited film (Fig. 5.10) were
found shifted compared to the PEN reference at 730.0 and 904.0 cm−1, the
full width at half maximum of the two peaks fitted with a Cauchy function
was 3.1 and 3.9 cm−1 for the pure PEN film and 3.7 and 4.5 cm−1 for the co-
deposited film. Since in WHA the crystalline PEN portion in the co-deposited
film exhibited comparable crystalline quality and the same structure as the
pure PEN film, this broadening points to a superposition of features from
crystalline and amorphous PEN, which cannot be experimentally resolved.
This finding supports the AFM interpretation of round C60 islands being
embedded into a matrix of amorphous PEN while crystalline PEN grows in
large needle-like islands.

3In a recent XRD study almost upright molecular arrangement was shown for the
PEN monolayer [209] and in a different work PEN was reported to exhibit a thickness
driven orthorhombic to triclinic phase transition [210]. The unit cells proposed in both
studies are equal within the error margin, hence one may speculate that the vibrations
found in the FT-IR investigation can be assigned to this specific polymorph. Another
explanation would be the bimodal growth behaviour of PEN films in thin film and bulk
phase, which was recently shown to be undetectable by XRD at low nominal film thickness
[211]. Therefore the shifted vibration of the ultrathin film could dominantly stem from
the thin film phase, whereas the thick PEN film shows a superposition of thin film and
bulk phase features. Admittedly, this cannot be decided from the present data and more
work concerning this question is necessary.
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5.1.7 Summary and discussion

Using various complementary experimental techniques, a comprehensive pic-
ture of electronic, structural and morphological properties of PEN and C60
heterostructures could be derived. Starting with the experimental finding
of OPVCs based on co-deposited PEN:C60 films showing poor performance
compared to layered structures of C60/PEN the possible reasons were sys-
tematically investigated: (i) unfavourable interface energetics, (ii) structural
disorder, (iii) lack of phase separation and (iv) degree of surface corrugation.

(i) The UPS results (Fig. 5.2) prove that PEN pre-patterning of the PE-
DOT:PSS substrate leads to an identical HOMO-LUMO level offset between
PEN and C60 in the layered case and in the bulk heterojunction. This was
explained by vacuum level alignment of C60 on both PEDOT:PSS and PEN,
whereas PEN was Fermi-level pinned on PEDOT:PSS leading to a decreased
substrate work function for C60. Therefore, PEN pre-covered substrates
allow for a more favourable HOMO-LUMO level offsets for bulk heterojunc-
tion based OPVCs, which is crucial for the exciton dissociation process at
the PEN-C60 interface. However, the finding of identical HOMO-LUMO
level offsets in case with PEN pre-coverage cannot explain the exceedingly
different OPVC performance (in Fig. 5.1).

(ii) Structural investigations with XRD (Fig. 5.3) revealed that PEN pre-
coverage has an ordering effect on C60, which formed amorphous films on
the bare substrates (SiOx and PEDOT:PSS), and crystalline films on the
PEN thin film phase (001) plane with C60 in its hexagonal crystal structure
growing with the (001) plane of C60 parallel to the contact. The same
was found in the case of co-deposition, where PEN grew (almost upright
standing) (001) textured in the thin film phase independent of the PEN
pre-coverage and C60 was crystalline on the PEN pre-covered substrates
only. From WHA it became clear that the crystalline PEN portion exhibits
a coherence length far larger than the nominal PEN mass thickness, thus
indicating pronounced 3D growth. This is an unexpected growth behaviour
for this specific polymorph, since the PEN thin film phase morphology on
amorphous substrates is known to be fairly flat. Via WHA in defined ex-situ
heating experiments (Fig. 5.4) a lower limit for the annealing temperature
not affecting the PEN microstructure while improving the structural order
in the C60 portion of 120◦C was determined and it could be demonstrated
that annealing up to 150◦C leads to desorption of PEN.

(iii) The growth behaviour of the pure and co-deposited films on PE-
DOT:PSS (Fig. 5.5) was shown to be very similar to that on SiOx. The
finding of PEN growth in both the pure and the co-deposited films in the
same polymorph is strong evidence for phase separation with C60. This is
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further supported by the fact that C60 itself exhibited crystalline growth in
a known polymorph on PEN.

(iv) AFM investigations revealed a needle-like network of crystallites with
up to 200 nm height (Fig. 5.6), which could be assigned to PEN due to
the XRD finding of the PEN coherence length exceeding the nominal film
thickness. This morphology has not been observed before for the PEN thin
film phase, which usually grows showing pronounced monomolecular steps
of ca. 1.5 nm height that correspond to the (001) lattice spacing. The areas
between the PEN needles are covered by two distinguishable morphologies
of meandered lamellae and round islands surrounded by a smooth matrix.
Evidence for PEN and C60 nanophase separation was found through pro-
nounced contrast in the AFM phase images. The assignment was corrobo-
rated by an AFM investigation of the PEN:C60 on PEN sample annealed at
150◦ (Fig. 5.7), in which the PEN features in the XRD scans had vanished:
No needle-like crystallites and no smooth PEN matrix surrounding the round
islands was then observed, while the morphology of the areas attributed to
C60 was not modified through the annealing process. In contrast to the
smooth C60/PEN films, the co-deposited films with θ = 20 nm exhibited
a preferred island height of ≈ 11 nm deduced from the elevation histograms
(Fig. 5.9); a film of θ = 40nm showed a preferred island height of ≈ 13 nm.
Note, that this value is in good agreement with the coherence length of the
C60 crystallites deduced from the peak breadth analysis in XRD (17±2nm)
taking into account that preferred island height values are measured rela-
tively between areas labeled (1) and (2) in the micrographs, which both are
expected to grow on doubling the nominal film thickness. The morphology
of the application relevant films on PEDOT:PSS (Fig. 5.8) appeared to be
essentially the same compared to the films grown on the model substrate
SiOx.

The FT-IR investigations (Fig. 5.10) revealed a shift and a broadening of
the PEN C-H out-of-plane bending modes of the co-deposited film compared
to a pure PEN reference, which are explained by a superposition of features
from PEN portions with different molecular arrangement. Since the PEN
crystalline quality in the PEN:C60 film (Fig. 5.3) was comparable to the pure
PEN film, this shift can be explained by a superposition of contributions from
the needle-like crystallites (thin film phase) and amorphous PEN portions in
nanophase-separated areas.

These findings provide a comprehensive answer to the question, why the
OPVC based on the co-deposited structure showed poor performance results:
(i) The distance between the needle-like PEN islands is in the length scale
of µm and their height exceeds the surrounding C60 areas by more than
one order of magnitude. This minimizes the common interface necessary for
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Figure 5.11: Schematic drawing
of growth models deduced from
the experimental results for (a)
a layered film of C60 on PEN
and (b) a co-deposited film of
PEN:C60 on a thin PEN under-
layer: Pure C60 forms a smooth
layer on a PEN pre-covered sub-
strate, whereas, if co-deposited
with PEN, a highly corrugated
film surface is formed with PEN
islands far exceeding the sur-
rounding C60 areas.

an efficient exciton dissociation (cartoon see Fig. 5.11). (ii) The areas ex-
hibiting nanophase separation most probably do not form continuous PEN
paths to the substrate, which is however crucial for the performance of bulk-
heterojunction based OPVCs. (iii) The PEN underlayer of θ=3nm is too
thin to significantly contribute to light harvesting and exciton dissociation
at the PEN/C60 interface, since exciton quenching occurs in defect-rich ul-
trathin films.

In this study it was demonstrated that a multi-technique view on the
physical properties is crucial for a correct interpretation of device perfor-
mance results. Morphological issues were identified to be responsible for the
poor device performance of PEN:C60 co-evaporated OPVCs.
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5.2 Perfluoropentacene thin films and heterostruc-
tures with pentacene

In this study, synchrotron x-ray diffraction reciprocal space mapping was per-
formed on PFP thin films on SiOx in order to determine the crystal structure
of a novel, substrate-induced thin film phase to be monoclinic with unit cell
parameters: a= 15.76±0.02Å, b= 4.51±0.02Å, c= 11.48±0.02Å, β= 90.4±
0.1◦. Moreover, layered and co-deposited heterostructures of PFP and PEN
were investigated by specular and grazing-incidence x-ray diffraction, atomic
force microscopy and Fourier-transform infrared spectroscopy. For a ca. three
monolayer thick PFP film grown on a PEN underlayer, a slightly increased
lattice spacing was found. In contrast, co-deposited PEN:PFP films form a
new mixed crystal structure with no detectable degree of phase separation.
These results highlight the structural complexity of these technically relevant
molecular hetero-junctions for the use in organic electronics.
This work is published as Ref. [168].

5.2.1 Introduction

The fundamental electronic properties and the crystallographic structure of
PFP have already been investigated to some extent [24, 169–171]. For po-
tential device applications, both aspects are highly important because charge
injection efficiency and transport properties critically depend on the molec-
ular orientation in organic thin films [70, 212–215]. Thin films of PFP grow
fiber-textured on SiOx with a (100) lattice spacing (d100) of 15.7Å, which
is notably larger than the value of 15.5Å determined for a single crystal by
x-ray diffraction [24, 170]. This suggests the existence of a PFP thin film
phase on SiOx with yet unknown lattice parameters. An analogous growth
behaviour has been observed for PEN where several polymorphs have been
observed including a long-debated thin film phase that was successfully solved
by x-ray diffraction only recently [198, 199, 216]. In addition, the structural
properties of devices based on a combination of PEN and PFP in layered
and blended structures, reported to exhibit ambipolar behaviour in OFETs
[23], are still unexplored.

In this study, x-ray diffraction reciprocal space mapping (RSM) (see
Sec. 3.1.2) was applied using synchrotron radiation to derive the lattice pa-
rameters of the PFP thin film phase. This highly surface-sensitive technique
allows to solve crystal structures of thin films while minimizing radiation
damage issues [122]. Moreover, using specular and grazing incidence x-ray
diffraction (GID) (see Sec. 3.1) (i) a PFP on PEN bilayer structure of ca.
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three monolayers thickness was investigated to explore the growth behaviour
in the region of the organic-organic interface as well as (ii) a PEN:PFP (1:1)
co-deposited film in order to investigate the potential of such blended films as
bulk heterojunction for organic photovoltaic devices. Complementary inves-
tigations were AFM (see Sec. 3.4) and FT-IR spectroscopy (see Sec. 3.3); both
methods have been helpful to explore polymorphism and phase separation in
organic thin films [81, 182, 183].

5.2.2 Structural properties

Thin films of pure PEN PFP and co-deposited PEN:PFP (total θ = 300Å)
as well as a thin layered film of PFP on PEN (θ=50ÅPEN + 50ÅPFP)
were investigated by specular XRD and GID; the results are summarized in
Fig. 5.12. The pure PEN film was in the PEN thin film phase, exhibiting a
(001) fiber texture (d001 = 15.45± 0.05Å). In addition, a weak contribution
of a (1-10) and (022) orientation of the PEN bulk phase [196] was observed
in the specular scan, which agrees with previous studies [182, 209, 217–219].
The pure PFP film exhibited a similarly textured growth behaviour, however
with a larger lattice spacing of d100 = 15.75 ± 0.05Å, which deviates from
the respective value in the PFP single-crystal structure [23, 170]. These
data clearly reveal that thin PFP films on SiOx grow in a crystal structure
different from the PFP single crystal, i.e., in a substrate-induced PFP thin
film phase.

In order to determine this unknown structure, an x-ray diffraction recip-
rocal space map study was performed; the results are depicted in Fig. 5.13 to-
gether with a simulated pattern. The crystal structure was found to be mon-
oclinic with the unit cell parameters a = 15.76± 0.02Å, b = 4.51± 0.02Å,
c = 11.48 ± 0.02Å, β = 90.4 ± 0.1◦. The most significant deviation from
the single crystal structure is the 0.25Å elongated unit cell axis a, as well as
the reduced monoclinic angle, which is only slightly off 90◦4. The cell volume
is V=816.0Å3 and therefore slightly larger than in case of the single crys-
tal structure (V=797.0Å3). Hence, in analogy with the PFP single-crystal
structure space group P21/c and two non-equivalent molecules per unit cell
(Z=2) can be assumed for the PFP thin-film phase. These changes from
bulk to thin-film phase are analogous to the PEN case. Using force field
calculations5 the molecular orientation of PFP in the unit cell was modelled;

4Peaks that differ by indices ±l cannot be resolved individually due to the low deviation
of β from 90◦. However, the oval peak-shape and the dependency of its longer diameter
on the peak order allows to determine the split corresponding to a maximum error of
∆β = 0.1◦.

5The force field calculations have been performed by Dmitrii Nabok, Chair for Atomistic
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Figure 5.12: Specular (a) and GID (b) scans of PEN PFP, and co-deposited
PEN:PFP films of θ = 300Å and of a 50 + 50Å thick layered PFP/PEN
film. The peaks are labeled with the respective indices; qz and qxy denote the
perpendicular and lateral momentum transfer with respect to the substrate
plane. The inset in (a) shows the result of a Williamson-Hall analysis of the
specular peaks-series, β∗ and d∗ denote the 2Θ-integral peak breadth and the
lattice spacing, respectively, expressed in reciprocal units.
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the derived structure is shown in Fig. 5.14 in comparison to the PFP bulk
phase in top-view on the texture plane (100). The two structures are most
similar with angles between the plane normals of the unequal molecules of
74.35◦ and 75.31◦ for the thin film and bulk phase, respectively.

The specular scan of the co-deposited PEN:PFP film (Fig. 5.12a) also
shows a series of Bragg reflections up to the fourth order with a lattice spacing
of d001 = 15.95 ± 0.05Å as well as a pronounced peak at qz = 0.945 ±
0.007Å−1 momentum transfer (marked with a star in Fig. 5.12a), which
corresponds to a lattice spacing of 6.65± 0.05Å and which exhibits an out-
of-plane crystalline coherence length of 130±13Å (estimated by the Scherrer
formula, see Sec. 2.2.2). The observed d -value cannot be explained by any
known crystal structure of PEN or PFP, hence it can not be decided whether
it stems from an additional distinct polymorph or a different orientation of
the specific polymorph, which yields the (100) series6.

The microstructure of the pure PEN, PFP and the PEN:PFP co-deposited
films was investigated with aWilliamson-Hall analysis (WHA) (see Sec. 2.2.2);
the results are shown in the inset of Fig. 5.12. FromWHA, values of 312±9Å,
216 ± 8Å and 219 ± 17Å were observed for 〈D〉V of the PEN, PFP and
PEN:PFP films, respectively. The film of PFP shows five times more strain
(e = 4.4× 10−4) than the pure PEN film and the co-deposited film even ten
times more. From these findings it can be concluded that the PFP film (pre-
pared under the same conditions as the PEN film) contains a significantly
larger number of defects that leads to the elevated microstrain compared to
the PEN film. The reduced value of 〈D〉V at equal θ in case of PFP also points
to a reduced crystalline quality of the film. The co-deposited PEN:PFP film
shows the same 〈D〉V value as the pure PFP film, however with a dramati-
cally increased value of the microstrain. Together with the increased lattice
spacing determined from the specular scan, this finding of severely disturbed
crystal growth can be seen as evidence for intercalated growth of PEN and
PFP, i.e., the growth of a mixed crystal structure in case of co-deposition.
This assumption is, in fact, corroborated by GID (Fig. 5.12), where the mixed
film exhibited a severely altered spectrum with no detectable features of the
pure films, as well as by the FT-IR results (Fig. 5.16) through the loss of
spectral features specific for the pure film.

Modelling and Design of Materials, Montanuniversität Leoben, Franz-Josef-Straße 18, A-
8700 Leoben, Austria.

6In case of the PFP series in the specular scan the labels are chosen differently to the
case of PEN since the PFP single crystal structure (most similar to the PFP thin film
structure) is defined with the lattice parameter a as the longest edge length (instead of c
in case of the PEN thin film structure). The GID spectrum of the PEN:PFP film resembles
the PEN-GID spectrum; therefore, the labelling order of PEN is applied in this case.
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Figure 5.13: Experimental (bottom) result of a RSM investigation on a 300Å
thick PFP film on SiOx below a simulated pattern (top); q‖ and q⊥ denote the
in-plane and out-of-plane component of the momentum transfer q. The series
of different indices h and equal indices k, ±l are found vertically aligned along
q⊥. The split between peaks with indices ±l stems from the monoclinic unit
cell angle β being slightly off 90◦; the respective peak with negative index
l appears at lower q⊥. The experimental map was divided into three parts,
because different scaling had to be applied due to the high background at
low values of momentum transfer.
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Figure 5.14: Comparison of the most
similar polymorphs of PFP: Thin film
phase structure (left) as derived by
force field calculations for the exper-
imental unit cell parameters and bulk
phase structure (right), both viewed
on the (100) texture plane; carbon
atoms are colored grey, fluorine atoms
green.

The thin layered sample of nominally 50Å PFP on 50Å PEN shows
thickness oscillations (Kiessig fringes, see Sec. 2.2.2) corresponding to a layer
thickness of 52± 5Å and a series of three Bragg peaks that correspond to a
lattice spacing of d100 = 16.2± 0.2Å. This demonstrates that the thin PFP
film on the PEN underlayer grows with a more upright molecular arrange-
ment than in case of the thick PFP film on SiOx. A similar growth behaviour
has been reported for ultrathin PEN layers on SiOx [209, 220]. It is well
known that PEN films follow the Stranski-Krastanov growth mode on SiOx,
characterized by islands growing on closed underlayers [220, 221]. Specular
x-ray diffraction on a reference sample of the PEN underlayer yielded Kies-
sig fringes that correspond to a slightly lower layer thickness of 40± 5Å(not
shown). Therefore it is suggested to assume that the PEN underlayer dom-
inates the thickness oscillations with a PFP top-layer dominantly forming
islands7.

GID investigations were performed on the same set of samples in order
to investigate the in-plane structure of the films; the results are shown in
Fig. 5.12b. The PEN film exclusively shows reflections originating from the
thin film phase, and the peak positions agree with the calculated values.
The GID spectrum of the pure PFP film is similar to a calculated powder
pattern of the single crystal structure; however, all measured peaks deviate
by an amount of at least one peak half-width from this structure. Therefore
it appears reasonable to assume a similar structure of the PFP thin film
phase with analogous indexing, which could be justified by the results of
the RSM measurement (Fig. 5.13). The GID pattern of the co-deposited
PEN:PFP film shows reflections that can not be explained by any known
PEN or PFP structure (they do, however, resemble the pattern of the PEN
thin film phase). This is strong evidence that PEN and PFP form a mixed

7Note that, in contrast, a layered PFP/PEN film of θ = 500 + 500Å shows a simple
superposition of the pristine spectra with a PFP lattice spacing equal to the PFP thin
film phase (not shown).
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crystal structure in case of co-deposition, which is corroborated by the FT-
IR results (Fig. 5.16). However, it is not possible to derive the unit cell
dimensions from the present data; a RSM investigation in this regard will
be subject of a forthcoming study. The majority of the PEN-GID reflections
can also be found in the pattern of the thin layered PFP/PEN sample, which
points to a high crystalline quality of the PEN underlayer. In addition,
the most intense PFP reflection of the pristine film (marked with a square
in Fig. 5.12b) also occurs in the spectrum of the layered sample, however
slightly shifted to higher values of momentum transfer. This corresponds
to a decreased d -value, which fits to the increase of the c∗ value deduced
from the specular scan if the unit cell volume is expected to be constant.
Moreover, the PFP peak is much broader than the vicinal peaks of PEN
which corresponds to a lower crystalline coherence length in the film plane,
as expected in case of island growth.

5.2.3 Morphology

In order to investigate the film morphology, AFM measurements were per-
formed on all investigated samples; representative micrographs are shown
in Fig. 5.15. The PFP thin-film morphology matches the results of previ-
ous studies [23, 170]. Pronounced steps with a height (h) of 16 ± 2Å were
found and a visible integrated film volume8 of 9×10−3µm3 per µm2 area was
measured (Fig. 5.15a), which is less than a third of the nominal deposited
volume. Therefore, the PFP layer can be considered as completely closed
at this value of θ without significant voids reaching down to the substrate.
The co-deposited PEN:PFP film (Fig. 5.15b) exhibits a morphology very
different from the pure PEN and PFP films. A highly corrugated morphol-
ogy was found with a needle-like network and terraced areas (see inset in
Fig. 5.15b) with h = 17± 2Å, which are attributed to steps of the (100) se-
ries found in the specular x-ray diffraction scan, i.e., nearly upright standing
molecules. The mean height of the needle-like crystallites above the terraced
structure was 110±20Å, which agrees well with the value of D = 130±10Å
derived for the peak corresponding to d = 6.65 ± 0.05Å. On closer inspec-
tion, the needle-like crystallites exhibit characteristic angles of 132±10◦ and
even a zigzag shape at several positions. Together with the low lattice spac-
ing this is evidence for the long molecular axes being close to parallel to
the substrate in this morphology. It points to domain boundaries between

8Using computational image analysis (Veeco NanoScope v5.3) the observed volume
above a certain height level was analyzed and compared to the nominally deposited volume
per unit area (µm2) of films with θ = 300Å and 50Å (3 × 10−2µm3 and 5 × 10−3µm3,
respectively).
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symmetry-equivalent domains at the vertices, as also found for the morphol-
ogy of lying alpha-sexithiophene [222]. The terraced structure possibly grows
substrate-induced up to a certain critical thickness at which the film grows
preferentially forming the needle-like structure (note that significant strain
is present in the film). This hypothesis, however, needs to be further inves-
tigated for films with various θ-values.

The morphology of the layered PFP/PEN structure is shown in Fig. 5.15d
and the PEN underlayer is depicted in Fig. 5.15c. PFP on PEN exhibits a
terraced morphology very similar to PFP grown on SiOx. The analysis of the
film volume above the height level marked with an arrow in Fig. 5.15d yields
a volume of 3× 10−3µm3, which is evidence that at least one layer of PFP is
fully closed under the islands. Note, that the thickness oscillations found in
the specular scan in Fig. 5.12a corresponding to a layer thickness (52± 5Å)
can not stem from PEN alone, for which 40 ± 5Åwas found. It equals θ of
the PEN film although the AFM micrographs (Fig. 5.15c) proved the growth
of islands. This indicates that PFP forms a closed interface on the thin
PEN layer, i.e., a wetting of the underlayer that gives rise to the thickness
oscillations corresponding to an increased layer thickness. This finding is of
high relevance for device applications based on bilayer structures, since it
points towards maximum contact area at the PFP/PEN interface.

5.2.4 Vibrational spectroscopy

In addition, all samples were investigated by FT-IR as vibrational spec-
troscopy is highly sensitive to changes of the molecular environment [223–
225], i.e the crystallization in different polymorphs and the molecular in-
tercalation in case of mixed crystal structures. A characteristic part of the
FT-IR spectra is shown in Fig. 5.16, and compared to a reference spectrum
of PFP powder. In the region of C-H out-of-plane bending and stretching
modes [207, 208], the most prominent PEN absorption (903.5 cm−1, peak (1)
in Fig. 5.16) in the spectrum of the co-deposited PEN:PFP film was shifted
by +2.0 cm−1 with respect to the pure PEN film. This points to a different
molecular environment of PEN molecules in the PEN thin film phase and
the co-deposited film, since this shift is too low to be attributed to strong in-
teractions like inter-molecular charge transfer. Moreover, in a recent study a
comparable shift of this vibration of PEN in its bulk and thin-film phase was
observed [182]. Vibrations of the pure PFP film were found at 920.0 cm−1,
933.0 cm−1, 974.5 cm−1, and 980.0 cm−1 (peaks labeled (2)-(5) in Fig. 5.16),
which was assigned to C-F in-plane stretch modes through comparison with
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Figure 5.15: AFM micrographs of a PFP (a) and a co-deposited PEN:PFP
(b) film of θ = 300Å, of a PEN film of θ = 50Å (c), and a layered PFP/PEN
film of θ = 50 + 50Å(d). The images show an area of 3 × 3µm, colours
correspond to height levels of 200Å range in (a) and (b), and 100Å range
in (c) and (d). The inset in (b) shows a 1 × 1µm zoom. The arrow in (b)
points to a region with steps of molecular height; in (d) the basis height level
for a volume analysis of the PFP layer is marked (see text).
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Figure 5.16: FT-IR spec-
tra of a PEN, PFP, a
co-deposited PEN:PFP film
and a layered PFP/PEN film
in comparison to a PFP ref-
erence. Vertical lines mark
the peaks of the pure PEN
and PFP films.

a calculated theoretical spectrum of PFP [226]9. Peaks (2) and (3) are sig-
nificantly shifted with respect to the PFP powder reference, which can be
explained by the structural difference of the PFP thin-film phase and the
bulk crystal structure. These peaks are also noticeably shifted with respect
to the thin PFP film on a PEN underlayer, which supports the finding of the
slightly different layer spacing observed by specular x-ray diffraction. The
PFP single crystal structure exhibits a herringbone arrangement with two
inequivalent molecules in the unit cell; the same holds for the PFP thin film
structure. Therefore it is reasonable to suggest that peaks (2), (3) and (4),
(5) are components of a Davydov-split peak (see Sec. 3.3) in both PFP pow-
der and thin film [13, 142, 227]. For the co-deposited PEN:PFP film, only
two single peaks can be observed in the vicinity of peaks (2) and (4), respec-
tively, which is direct evidence for the intercalation of PEN and PFP in case
of the co-deposited film. Since this film has been shown to be crystalline by
x-ray diffraction, this evidences the growth of a mixed crystal of PEN:PFP
with one PFP molecule per unit cell. Moreover, this result indicates that
there exist no relevant film portions of pure and crystalline PFP, since even
at θ = 50Å the missing peaks (3) and (5) are very well pronounced in the
spectrum of the thin layered film.

9Calculation was performed by Georg Heimel (Institut für Physik, HU-Berlin, Ger-
many) using Gaussian 03, Rev. C.02 using the modified Perdew-Wang (mPW) exchange
functional, the Lee-Yang-Parr correlation functional (LYP) and the 4-31G** basis set
(mPWLYP/4-31G**).
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5.2.5 Summary

In conclusion, the unit cell parameters of the PFP thin-film phase on SiOx

were determined and the growth behaviour of PFP in heterostructures with
PEN was explored. On a PEN underlayer, PFP exhibits a slightly larger
lattice spacing compared to the PFP thin-film phase and forms a large area
interface with P. Importantly, PFP was shown to form a mixed crystal if co-
deposited with PEN with no detectable phase separation. The dependence of
the PFP thin film crystal structure on the substrate has direct implications
for the application of the n-type semiconducting material PFP in thin film
transistors. For PEN it is already well established that the electron band-
width depends on the specific crystal polymorph, which directly impacts the
charge carrier mobility [228]. In analogy, a dependence of the charge-carrier
mobility on the specific PFP polymorph can be expected. Therefore, the
results demonstrate that polymorphism in PFP has to be taken into account
when comparing charge carrier mobility values from different device struc-
tures.
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5.3 Tuning the ionization energy of organic semi-
conductor films: The role of intramolecular
polar bonds

In the previous section it was demonstrated that pentacene and perfluoropen-
tacene form a mixed crystal structure comprising standing molecules in the
case of co-deposition. For these prototypical conjugated organic molecules
it is demonstrated in the following how the surface termination of ordered
organic thin films with intramolecular polar bonds (i.e., -H versus -F) im-
pacts the ionization energy. It is shown that the mixing of these differently
terminated molecules on a molecular length scale allows continuously tuning
the ionization energy of thin organic films between the limiting values of the
two pure materials. This study shows that surface engineering of organic
semiconductors via adjusting the polarity of intramolecular bonds represents
a generally viable alternative to the surface modification of substrates to con-
trol the energetics at organic/(in)organic interfaces.
This work is published as Ref. [229].

5.3.1 Introduction

The mechanisms that govern surface and interface energetics of metals and
conventional inorganic semiconductors are generally well understood today.
In contrast, fairly little is known about the impact of surface termination
on the electronic structure of organic semiconductor surfaces and the en-
ergy level alignment at organic/(in)organic heterojunctions. Recently, it
was shown that an inhomogeneous charge-distribution within individual π-
conjugated molecules impacts the ionization energy of and the charge injec-
tion barriers into organic thin films [70]. It was suggested that polar end-
group substitution of a molecule should permit predictably adjusting the IE
of ordered layers. Moreover, the proposed model also predicts that the IE
of mixed ordered molecular layers, comprising two molecular species with
different polar end-groups, should assume a value in between those of layers
comprising only one compound.

In the present study, both is experimentally demonstrated: (1) IE tuning
via molecular orientation and intramolecular polar bonds, and (2) IE tun-
ing by appropriate mixing of two molecular species. For that purpose, the
prototypical organic semiconductors PEN and PFP (see Sec. 4.1) were used.
In thin films, both molecules have an almost upright standing orientation on
SiOx substrates [24, 168, 171, 198, 199, 216], a common gate dielectric in or-
ganic field effect transistors. In such PFP films the surface is terminated by
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strongly polar bonds; the strongly electronegative fluorine carries a negative
partial charge [δ−] compared to the backbone carbon atoms [δ+] leading to
a surface dipole moment (~µ) pointing towards the molecular cores. In PEN,
only a small positive partial charge [δ+] on the hydrogen atoms compared
to the conjugated backbone [δ−] exists. The latter thus leads to a (small)
surface dipole pointing in the opposite direction compared to PFP (both
molecules do not exhibit any external net dipole moment). The existence of
a (molecular orientation dependent) surface dipole layer affects the IE [70]
(see Sec. 2.1.3 and 3.2), since it causes a jump in the electrostatic potential
energy, hence shifting the vacuum level (Evac) [50, 57, 230].

5.3.2 Electronic structure

(a)

(b)

Figure 5.17: (a) UPS spectra of pure and mixed films of standing PEN and
PFP on SiOx. The vertical lines indicate the photoemission onsets (i.e.; the
IE values of lying PEN and PFP on Au(111) [169] are given for comparison).
(b) Ionization energies deduced from the UPS spectra of (a) in dependence
of the PFP ratio.

(1) The UPS (see Sec. 3.2) results for PEN and PFP films of nomi-
nally 3.2 nm thickness on SiOx substrates (ca. 2 layers of standing molecules)
demonstrate the effect of surface termination of organic solids by polar in-
tramolecular bonds on their IE; values of lying molecular layers of PEN and
PFP on Au(111) [169] are indicated for comparison (Fig. 5.17a). Clearly,
highly orientation dependent IEs for both molecules are observed, however,
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Figure 5.18: (a) Schematics of the pure film energetics; (b) the electro-
static potential at the organic/SiOx interface for the (hypothetical) case of
large-scale phase separation, and (c) molecular-level mixing, where orange
(green) indicates regions of higher (lower) electron potential energy; the white
area between molecules and substrate indicates an intermediate value. (d)
Schematic of the mixed film energetics. For details see text.

with opposite trends between standing and lying orientation: For PEN, the
IE of the standing molecules (4.80 eV) is lower than that of lying molecules
(5.35 eV) [169], whereas the layer of standing PFP exhibits a higher IE value
(6.65 eV) than that of lying molecules (5.80 eV) [169]. The oppositely ori-
ented dipolar surface terminations of PEN and PFP films (due to different
intramolecular dipolar bonds exposed at the surface) strongly impacts the
IEs values in the anticipated way: The difference between the lying/standing
IE for PEN layers is ∆IEPEN =-0.55 eV while for PFP this difference is
∆IEPFP =+0.85 eV.

(2) The remarkably high IE difference between standing PEN and PFP
of 1.85 eV suggests that mixing the two molecules in different ratios should
allow a gradual shift of the thin film IE between the values of pure PEN
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Figure 5.19: (a) XRD data on films of pure and mixed (3:1, 1:1 and 1:3)
PEN and PFP; qz denotes the vertical momentum transfer; squares indicate
peaks originating from standing molecules; the star marks a second molecular
orientation in the mixed films. (b) FT-IR spectra of the respective samples;
D1 and D2 denote two Davydov-split peaks of PFP, the circles mark C-H
vibrations of PEN that are not split.

and PFP, thus ’dialling in’ the overall IE of the organic semiconductor film.
In order to demonstrate this effect, two requirements must be met by the
samples: (i) the molecules in mixed film must still adopt a standing ori-
entation, and (ii) mixing of PEN and PFP must occur on the molecular
length-scale. Long-range phase separation, i.e., adjacent patches of pure
PEN and PFP, would lead to individual vacuum level alignment of the PEN
and PFP patches with the SiOx substrate, thus simply yielding a superposi-
tion of the respective UPS spectra, as schematically shown in Fig. 5.18a-b.
Only if the lateral distance between the two different molecular species is
sufficiently small (Fig. 5.18c), i.e., in the range of the molecule-substrate ad-
sorption distance (d), the interface layer of alternating dipoles leads to the
formation of a common electrostatic potential on the length scale of d, which
is then aligned with the surface potential of the SiOx substrate [231]. Only
in this case an overall IEmixed between the extreme cases of the pure films
can be observed (Fig. 5.18c-d).

5.3.3 Structural properties

Crystalline mixed (on a molecular length-scale) PEN and PFP thin films were
realized via vacuum co-deposition of PEN and PFP on SiOx; the error of the
mixing ratio is estimated to 15%. For the investigated mixing ratios XRD
(see Sec. 3.1) results (Fig. 5.19a, experimental values in Tab. 5.1) show a peak
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Figure 5.20: AFMmicrographs of the set of samples of the UPS investigations
showing mixed films of PEN:PFP with mixing ratios of 3:1 (a), 1:1 (b) and
1:3 (c); the image area is 5 × 5µm2; the inset area is 1.2 × 1.2µm2 colours
correspond to a height scale of 5 nm.

series corresponding to standing molecules with an increased lattice spacing
compared to the pure PEN and PFP thin film phases [23, 168, 198, 199]. In
addition, XRD provides evidence for the presence of a differently oriented
(almost lying) mixed film phase with a lattice spacing independent of the
mixing ratio (marked with a star in Fig. 5.19a), which is attributed to a
1:1 phase of PEN and PFP. FT-IR spectroscopy (see Sec. 3.3) proves the
intercalation of PEN and PFP on the molecular scale, because the Davydov-
splitting of lines D1 and D2 found in pure PFP films (D1 and D2 in Fig. 5.19b)
is removed in mixed films10.

5.3.4 Morphology

To get an insight into the morphology of the investigated structures AFM
investigations (see Sec. 3.4) were carried out on the same set of co-deposited
samples of 3.2 nm nominal thickness, on which the UPS investigations were
performed11; representative AFM micrographs are shown in Fig. 5.20. Ap-
parently there exist two different morphologies, which can be assigned to
the two crystalline orientations found by specular XRD. More than 85% of
the exposed sample surface area exhibits the standing molecular orientation
with characteristic steps of 1.5±0.2 nm height (as measured by elevation his-
tograms), which is in agreement with the lattice spacing of standing molecules

10The mixed film with PFP majority (1:3) seems to contain a certain portion of pure
crystalline PFP, as evidenced by the remaining Davydov-components at higher wavenum-
bers in Fig. 5.19b.

11The AFM investigations were done by Rolf Kniprath (HU-Berlin).
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deduced from XRD (lattice spacing d(S) in Tab. 5.1); no characteristic steps
were observed for the second needle-like morphology. Detailed AFM inves-
tigations revealed that more than 95% of the SiOx substrate for all samples
was covered by the organic layers. However, since the needle-like structure
exists in all three samples and since it exhibits pronounced characteristic
angles (most apparent in case of the 1:1 film, which was already reported for
thick films of χ = 30nm [168], see Sec. 5.2) this morphology is assigned to
the sample portion giving rise to the XRD-peak (marked with ∗ in Fig. 5.19a)
corresponding to lying molecules (lattice spacing d(L) in Tab. 5.1). The el-
evation histograms of the AFM micrographs yield a coverage of the second
layer of the standing morphology of 65±3% for the 3:1, of 50±3% for the
1:1 and of 65±3% for the 1:3 mixed film thus pointing to an increase of the
lying morphology in the 1:1 case (note that the corresponding XRD-peak in
Fig. 5.19a is also increased compared to the other ratios). The area ratio of
the lying morphology is 9±3% (3:1), 15±3% (1:1) and 8±3% (1:3).

As evidenced by the combination of XRD, FT-IR and AFM, mixed films
of PEN and PFP could be achieved via co-deposition and can therefore be
used to experimentally verify prediction (2): a gradual change of the IE
depending on the mixing ratio was observed (Fig. 5.17). Since the IE is a
macroscopic material property, the internal electronic structure of the mixed
organic semiconductor bulk is not directly accessible (Fig. 5.18d). The lying
morphology with an area ratio of less than 20% found by XRD and AFM
contributes very little to the UPS signal, since UPS is an area-averaging (over
ca. 1mm2) surface sensitive technique. However, it gives rise to a larger error
bar of the IE values (Fig. 5.17b) and accounts for the deviations from a strict
linear dependence of the IE on the PEN:PFP mixing ratio. The IE values
deduced from the UPS spectra are summarized in Fig. 5.17b and Tab. 5.1.

5.3.5 Electrostatic modeling

In more detail, lying PEN and lying PFP exhibit the same surface termina-
tion, i.e., the negatively charged π-system. Therefore, the difference in IE
(0.45 eV) can not be attributed to polar intramolecular bonds. Subtracting
this value from the difference in IE between the respective standing layers
(1.85 eV) yields the contribution of the different surface termination in that
case (1.40 eV). Applying the Helmholtz equation, one can deduce from this
difference in potential energy a difference in the surface dipole area-density
of ≈0.01Debye per bohr2 between pure layers of PEN and PFP. In order
to assess the molecular-scale electrostatics at the organic/vacuum and or-
ganic/substrate interfaces in mixed PEN:PFP films on SiOx, the following
model system for the surface termination of the molecular films was consid-
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ered: For PFP molecules, a negative point charge represents the F-atoms
and a positive point charge represents the closest C-atoms on the backbone;
for PEN, the reverse is assumed, i.e., a positive point charge for the H-atoms
terminating the surface of layers of standing molecules and a negative point
charge for the closest C-atoms on the backbone. The separation of these
charges in the direction perpendicular to the surface of layers of standing
molecules (z-direction) was chosen to be 2 bohr. The electrostatic potential
for a single row (arranged perpendicular to the surface normal) of 24 of such
dipoles (separated by ≈ 10 bohr ≈ 5Å≈ intermolecular distance) was then
calculated; this proved to be sufficient to eliminate "edge"-effects for the po-
tential around the central 12 dipoles in this row, which are considered in the
following (Fig. 5.21). To capture the two-dimensional aspect of a surface, the
problem was treated in two-dimensional electrostatics, i.e., the structure de-
scribed above can be thought of being infinitely extended into and out of the
plane of drawing. Note that, in two-dimensional electrostatics, the potential,
V, of a point charge is V (r) ∝ −2 ln(r) rather than the familiar V (r) ∝ 1/r.
In this model, the above-mentioned surface dipole density translates into val-
ues of ±0.01 qe, respectively, for all point charges; qe denotes the elementary
charge. V was then calculated by numerically summing the contributions of
all point charges.

In Fig. 5.21a, the potential energy for electrons, E = −qeV , above the
surface of a model for a mixed (1:1) and macroscopically phase separated
PEN:PFP film is shown. The patches are assumed to consist of 4 molecules
each, and their respective surface termination is represented by four adja-
cent dipoles pointing in the same direction. In Fig. 5.21b, the same is shown
for the case of mixing at the molecular scale, i.e., adjacent dipoles are of
opposite direction. Locally, above the plus-terminated domains (Fig. 5.21a)
or molecules (Fig. 5.21b), one observes regions of lower potential energy and
above the minus-terminated portions, one observes regions of higher poten-
tial energy. At some distance from the dipole-terminated surfaces, the differ-
ences in local surface potential average out (i.e., the fluctuations are below
an experimentally accessible value of 20meV) and a common vacuum level,
Evac, is established. Importantly, this distance is much larger in the case of
macroscopic phase separation (D = 55bohr in Fig. 5.21a) than in the case of
mixing at the molecular scale (d = 14bohr) in Fig. 5.21b), i.e., it scales lin-
early with the area of the domains of pure PEN and PFP. Now, the two mixed
organic semiconductors are brought in contact with a substrate at an aver-
age molecule-substrate distance in the range of several Å≈ d (Fig. 5.21c-d).
Clearly, a common Evac is already established in the case of molecular-level
mixing, while the local surface potential below the phase separated films
is still strongly inhomogeneous (fluctuations in the order of 0.3 eV). As vac-
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Figure 5.21: Electrostatic potential energy for electrons in atomic units (see
color bar) above the surface of the model for a macroscopically phase sep-
arated mixed (1:1) PEN:PFP film of standing molecules (a). The same is
shown in (b) for the case of mixing at the molecular scale. D and d indicate
the approximate distance at which a common vacuum level is established;
distances are given in bohr (atomic units). The local interface potential at
the contact region between the mixed organic semiconductor and a SiOx sub-
strate is shown in (c) and (d) for the cases of large-scale phase separation
and mixing at the molecular level, respectively.

uum level alignment prevails at the interface between most organic molecular
films and SiOx, the common vacuum level below the molecular film aligns
with the vacuum level above the (homogenous) SiOx in the case of molecular
mixing. In the case of phase separation, vacuum level alignment occurs for
each domain of pure PEN or PFP individually12.

12All electrostatic calculations were carried out by Georg Heimel (HU-Berlin)
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5.3.6 Summary

In conclusion, it was shown that the surface termination of ordered organic
thin films with intramolecular polar bonds can be used to tune their IE. The
collective electrostatics of these oriented bonds also explains the pronounced
orientation dependence of the IE. Furthermore, mixing of differently termi-
nated molecules on a molecular length scale allows continuously tuning the
IE of thin organic films between the limiting values of the two pure mate-
rials. This study shows that surface engineering of organic semiconductors
via adjusting the polarity of intramolecular bonds represents a viable alter-
native to the surface modification of substrates to control the energetics at
organic/(in)organic interfaces.
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5.4 Molecular-orientation dependent energy lev-
els of pentacene and pentacenequinone

Ultraviolet photoelectron spectroscopy was used to investigate the energy level
alignment at contacts between PEN and Ag(111) in the presence of interfacial
PQ. Depending on the metal pre-coverage with PQ, evidence for three dis-
tinctly different interface morphologies and molecular orientations was found,
which significantly change of the energy level alignment, in particular the ion-
ization energies. Consequently, the hole injection barrier between PEN and
Ag(111) varied between 1.1 eV (pristine Ag) and 0.45 eV (5.4 nm PQ pre-
coverage on Ag). In addition, the UPS results suggest that PQ can act as
deep trap for electrons in a PEN matrix. Depending on the exact mutual
orientation of PQ and PEN, the depth of these traps can be in the range of
0.2 eV to 0.75 eV. Most of this work is published as Ref. [185]13.

5.4.1 Introduction

Besides application-oriented studies, significant research efforts are directed
towards an understanding of fundamental physical properties of organic molec-
ular crystals and thin films, particularly with regard to the nature of charge
transport and charge carrier mobility. In order to access the intrinsic mo-
bility of charge carriers, samples of exceptional high purity are needed [232].
Besides structural defects, chemical impurities can significantly complicate
the evaluation of intrinsic material properties [233]. Particularly, chemi-
cal defects can act as deep charge carrier traps. The presence of 6,13-
pentacenequinone (PQ) in a PEN matrix has been identified as a "key"
chemical defect lowering carrier mobility [77]. Moreover, in order to mea-
sure charge carrier mobilities, or to fabricate field effect transistors, contacts
between the organic material and metal electrodes are ubiquitous. The im-
portance of the energy level alignment at organic/metal interfaces has been
pointed out in many studies [54, 57] (see Sec. 2.1.3). One may speculate that
some PQ is formed on the surface of PEN crystals due to photo-oxidation,
as, e.g., was shown for tetracene single crystals [233]. If that were the case,
the energy level alignment at interfaces between PEN and metals may be al-
tered significantly by the presence of interfacial PQ. The aim of the present
study was to investigate the energy level alignment between PEN and PQ
with respect to the applicability as OPVC and the effects of PQ presence on
the interface energetics between an electrode material (Ag) and PEN.

13The data analysis of this section was led by Norbert Koch.
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Figure 5.22: (a) Molecular structure and UPS spectra for increasing coverage
(θ) of (a) PEN on Ag(111), and (b) PQ on Ag(111). Insets: secondary
electron cutoffs.

5.4.2 Electronic structure

PEN on Ag(111)

The energy level alignment (see Sec. 3.2 and 2.1.3) of PEN on polycrystalline
Ag has been reported before [59, 234]. In Fig. 5.22a the results obtained for
PEN on Ag(111) are briefly summarized. For a nominal coverage (θP ) of 15
nm, the peak derived from the PEN HOMO is centered at a binding energy
(BE) of 1.5 eV. The HOMO low-BE onset is found 1.1 eV below EF of Ag;
this value corresponds to the hole injection barrier (∆h) at the interface. At
lower θPEN , this value for the barrier approaches 1.0 eV, which is attributed
to more efficient photo-hole screening close to the metal surface, observed for
essentially all metal/organic interfaces without strong chemical interactions
(see Sec. 3.2). The sample work function (φ) changed from 4.45 eV for pristine
Ag(111) to 3.95 eV for 15 nm PEN, inferred from the change in kinetic energy
of the SECO shown in the inset of Fig. 5.22a. Due to the weak interaction
between Ag and PEN, this interface dipole is attributed to the "push-back"
effect of electrons spilling out into vacuum for the clean Ag surface (see
Sec. 2.1.3). The IE of PEN was determined to be 5.0 eV for this sample. A
physisorption-like interaction between Ag and PEN can be assumed since
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no charge-transfer (e.g., from Ag to the PEN lowest unoccupied molecular
orbital) induced new spectral intensity can be seen below the HOMO-derived
peak. The first few layers of PEN are most likely oriented with their long
molecular axes parallel to the Ag surface [235], however, a change to an
almost vertical orientation of PEN molecules at higher θPEN can be expected
[236].

PQ on Ag(111)

The evolution of photoemission spectra for PQ deposited on Ag(111) is shown
in Fig. 5.22b. For a PQ coverage (θPQ) of 27 nm the emission feature centered
at 3.4 eV can be attributed to be derived from the PQ HOMO. The onset
is found 2.6 eV below EF ; this value also corresponds to ∆h. As expected,
spectra at lower θPQ are shifted towards lower BE (due to better screening
efficiency, see above), such that ∆h equals 2.4 eV for θPQ = 0.3 nm. The sam-
ple work function changed from 4.45 eV for pristine Ag(111) to 3.9 eV, very
similar to PEN/Ag(111). This points towards a similarly weak interaction
between PQ and Ag, which is further supported by the lack of photoemis-
sion features in the energy gap of PQ throughout the deposition sequence.
The IE for PQ in the 27 nm thick film is 6.5 eV. It is reasonable to assume
that also the first few layers of PQ are oriented with their long molecular
axes parallel to the Ag surface, supported by the fact that the photoemis-
sion (PE) intensity of the substrate (close to EF ) is already substantially
quenched at θPQ=0.3 nm. For higher θPQ, a transition towards vertically
inclined PQ molecules is possible. Furthermore, island growth of PQ after
monolayer formation can be proposed, since close inspection reveals that the
reduction of the photoemission signal from the substrate is less efficient for
coverages beyond 0.3 nm. Even for θPQ = 27nm a low PE intensity can
be seen at EF . In order to investigate the influence of the presence of PQ
on the energy level alignment at interfaces between Ag and PEN, Ag(111)
surfaces were pre-covered with PQ layers of three different thicknesses before
the deposition of PEN.

PEN on PQ pre-covered Ag(111)

The lowest PQ pre-coverage of only 0.05 nm (denoted as case 1 in the fol-
lowing) has negligible influence on the observed energy levels of PEN films
on Ag(111) (see Fig. 5.23a). The HOMO-onset for the PQ sub-monolayer
is found at 2.35 eV below EF . For case 1, the sequence of spectra for differ-
ent film thicknesses of PEN is virtually identical to that obtained for PEN
deposited on clean Ag(111). Already at low θPEN , a clear PE signature of
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Figure 5.23: UPS spectra for increasing PEN coverage (θPEN) on Ag(111)
pre-covered with (a) case 1 : 0.05 nm PQ, (b) case 2 : 0.2 nm PQ, and (c)
case 3 : 5.4 nm PQ. (d) Experimental (dashed) and simulated (thick solid)
UPS spectra of PEN on 5.4 nm PQ/Ag(111). For details see text.
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the PEN HOMO is visible, with the center at 1.45 eV BE and the low BE-
onset at 1.0 eV. Increasing θPEN leads to the expected screening-related shift
towards higher BE, and the position of the HOMO-onset reaches 1.15 eV
for θPEN =7.5 nm. Consequently, the offset between the HOMOs of PQ and
PEN is 1.35 eV at low θPEN and 1.2 eV at high θPEN . Note that the lineshape
of the HOMO-derived peak at monolayer-range coverage (ca. 0.3 nm) is rather
symmetric, and becomes only slightly asymmetric for higher coverages. The
lineshape of monolayer PEN/Ag(111) resembles that reported for PEN on
highly oriented graphite [81, 175], indicating flat-lying PEN molecules. Since
a finite PE intensity at EF is still observed for θPEN = 7.5nm, it can be
concluded that PEN growth results in the formation of multilayer islands,
with a few uncovered patches of Ag being present. The overall lineshape and
peak intensity ratios of the high coverage PEN film corresponds well to PE
spectra obtained for PEN samples, where the long molecular axes of PEN
are oriented parallel to the substrate surface [81, 175]. The total change in
the SECO position for this sequence is 0.55 eV, i.e., a final of φ 3.9 eV is
obtained.

Increasing the PQ pre-coverage of Ag(111) to 0.2 nm (ca. one mono-
layer, denoted as case 2 ) leads to a remarkable change in the energy level
position and morphology of subsequently deposited PEN films (Fig. 5.23b).
The HOMO-onset for PQ is found at 2.4 eV BE. In contrast to case 1, the
intensity of PEN-derived spectral features is lower at comparable nominal
θPEN . In addition, the lineshape of the HOMO-derived PE feature is highly
asymmetric, and the intensity ratios of individual features from PEN are
rather different in comparison to Fig. 5.23a. PE spectra of this kind have
been reported for PEN samples, where the long molecular axes are almost
perpendicular to the substrate surface, e.g., pentacene films on SiOx [81, 175].
For these two reasons, it can be concluded that the same molecular orien-
tation of PEN prevails in the present sample. Virtually no PE intensity
at EF is observed for θPEN = 3.2 nm, suggesting a close-packed molecular
film. Most strikingly, the HOMO-onset of PEN is now found at 0.45 eV BE
(θPEN = 3.2 nm, corresponding to ca. two upright standing molecular lay-
ers of PEN), i.e., ca. 0.7 eV lower than for PEN/Ag(111) and PEN/0.05 nm
PQ/Ag(111) (case 1 ). Consequently, the HOMO-offset (∆homo) between PQ
and PEN for this sample is 1.95 eV. The total change in the SECO position
for this sequence is 0.5 eV, i.e., a final φ of 3.95 eV is obtained, resulting in
an IE of 4.4 eV.

In the third set of experiments, Ag(111) was pre-covered with 5.4 nm PQ
prior to the deposition of PEN (Fig. 5.23c, case 3 ). Since at this PQ cov-
erage multilayers are present, the HOMO-onset for PQ is found at 2.45 eV
BE. The spectra obtained for PEN on top of this PQ layer do not resemble
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Figure 5.24: Schematic morphology and molecular orientation for (a) PEN on
0.05 nm PQ/Ag(111), (b) PEN on 0.2 nm PQ/Ag(111), (c) PEN on 5.4 nm
PQ/Ag(111), and (d) for PQ on 3.2 nm PEN/0.2 nm PQ/Ag(111). Dark:
PQ, light: PEN.

any of the two former cases. Rather than just a single new spectral feature
between the PQ HOMO and EF , two features are now observed, centered at
ca. 0.85 eV and 1.35 eV BE. The low BE onset of these features is 0.45 eV
below EF at low coverage, and at 0.55 eV for θPEN = 22nm. It is unrea-
sonable to assume that a chemical reaction between PEN and PQ leads to
the splitting of the PEN HOMO-derived feature at low BE. Rather, a more
complex organic/organic heterolayer morphology, in conjunction with the
molecular orientation-dependent energy level alignment shown for the two
previous cases, case 1 and case 2, can be invoked to explain the spectra
of Fig. 5.23c. In fact, these spectra can be reproduced by a superposition
of spectra obtained for case 1 (PEN on 0.05 nm PQ/Ag(111), which is vir-
tually identical to PEN on pristine Ag(111)) and case 2 (PEN on 0.2 nm
PQ/Ag(111)). This is demonstrated in Fig. 5.23d, where the experimen-
tally obtained PE spectrum for PEN on 5.4 nm PQ/Ag(111) is compared to
the sum of appropriately scaled bottom-most spectra from Fig. 5.23a (con-
tribution from Ag substrate subtracted) and Fig. 5.23b. From this it can
be concluded that the nominally 5.4 nm thick PQ film on Ag(111) must be
discontinuous, exposing some bare Ag areas. Interestingly, this was not the
case for the 0.2 nm PQ film on Ag(111), where only one type of PEN en-
ergy levels was seen. A possible explanation for this could be a morphology
change for PQ on Ag(111) after the completion of a monolayer. Details shall
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Figure 5.25: UPS spectra for increas-
ing PQ coverage (θPQ) on 3.2 nm
PEN/0.2 nm PQ/Ag(111); case 4.
The spectrum denoted as PQ* is
the result of the subtraction of an
appropriately scaled PEN spectrum
from the spectrum with θPQ=16nm
exhibiting a lower HOMO-onset of
1.95 eV BE in comparison to 2.6 eV for
PQ/Ag(111).

be investigated in future studies. Schematics of the three sample morpholo-
gies proposed above, including deduced relative molecular orientation, are
depicted in Fig. 5.24a-c.

PQ on a PEN monolayer on PQ pre-covered Ag(111)

In order to further investigate the impact of relative molecular orientation
at organic/organic heterojunctions on the interface energetics, PQ was de-
posited onto the closed PEN layer existing on 0.2 nm PQ pre-covered Ag(111)
(denoted as case 4 ). The starting point thus was the sample whose PE spec-
trum is shown as bottom-most in Fig. 5.23b, i.e., case 2. Increasing θPQ on
this sample leads to an attenuation of PEN features (most notably seen for
the PEN HOMO in Fig. 5.25), and at θPQ = 16 nm the spectrum resembles
mostly that of PQ, except for a still weak emission originating from the PEN
HOMO (centered at ca. 0.8 eV BE). This obvious PE signature of PQ (to be
compared with Fig. 5.22b) becomes clearer after subtraction of an appropri-
ately scaled PEN spectrum. The resulting spectrum is indicated by PQ* in
Fig. 5.25. Notably, the HOMO-onset of this PQ layer grown on PEN is at
1.95 eV BE, in contrast to the 2.6 eV obtained for PQ of comparable thick-
ness on pristine Ag(111). This energy difference of 0.65 eV parallels that
obtained for the PEN on pristine and differently PQ pre-covered Ag surfaces
of ca. 0.7 eV, as recognized in comparing Fig. 5.23a to Fig. 5.23b. ∆homo

(between PQ and PEN) for PQ on 3.2 nm PEN/0.2 nm PQ/Ag(111) is thus
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Figure 5.26: Summary of experimentally observed energy level diagrams of
PEN and PQ hetero-layers on Ag(111) demonstrating the orientation depen-
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of (a) and (b). The open symbols for the LUMO levels were chosen broader
than the HOMO levels since they were not directly measured in this study.
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standing molecules, respectively.

1.95 eV - 0.45 eV=1.5 eV. Interestingly, within the error-bar due to screening
effects (±0.1 eV), this value is very similar to those found for PEN and PQ
grown separately on Ag(111) (ca. 1.5 eV; Fig. 5.22a and Fig. 5.22b) and PEN
grown on 0.05 nm PQ/Ag(111) (1.35 eV; Fig. 5.23a; case 1 ). All these values
are markedly smaller than the HOMO values measured for case 2 (PEN on
0.2 nm PQ/Ag(111)) and one of the components of case 3 (PEN on 5.4 nm
PQ/Ag(111)), which were 1.95 eV (Fig. 5.23b) and 2.00 eV (Fig. 5.23c), re-
spectively.

A summary of all energy level alignment scenarios observed in the study
of PEN/PQ hetero-interfaces on Ag(111) is shown in Fig. 5.26. In this figure,
the ionization energies and binding energy values for the HOMO levels have
been measured. The position of the pentacene LUMO level (i.e., electron
transport level) was estimated by using the transport gap of 2.2 eV [67, 237]
instead of the optical gap. However, these values posses a large error bar,
since orientation dependance as well as changes in molecular polarization
cannot readily be assessed for these levels. For PQ, only the optical gap is
known (ca. 2.94 eV [238]). The position of the electron transport level was
estimated by assuming a similar difference between optical and charge trans-
port gap, i.e., 0.4 eV, as reported for PEN [67, 237]. Fig. 5.26 displays clearly
that PQ incorporated into a PEN matrix can act as deep trap for electrons,
with trap depths ranging from 0.2 to 0.75 eV in this simple model, depending
on mutual orientation (compare according morphologies from Fig. 5.24).
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Figure 5.27: (a) UPS spectra for 20 nm PQ on SiOx prior (bottom) and after
deposition of 1.5 nm of PEN (top). Inset: secondary electron cutoff. (b)
Schematic morphology and molecular orientation for PEN/PQ/SiOx. Dark:
PQ, light: PEN.

PEN on PQ pre-covered SiOx

While molecular orientation behavior can be rather complicated on metal
surfaces, as pointed out above, a substrate was chosen, where molecular ori-
entation is the same for mono- and multilayers, i.e., silicon oxide (SiOx). An
almost standing orientation of PEN and PQ on SiOx is well documented (See
Sec. 5.2, 5.5 and 5.6). In a first step, 20 nm PQ were deposited onto SiOx (bot-
tom curve in Fig. 5.27a). Then 1.5 nm PEN were deposited top (top curve
in Fig. 5.27a), and photoemission features of both materials can be distin-
guished. The HOMO-offset was 1.4 eV, again very close to the value obtained
for case 1 (PEN on 0.05 nm PQ/Ag(111)). No change in the position of the
secondary electron cutoff was observed (inset of Fig. 5.27a). Fig. 5.27b shows
a schematic representation of the sample morphology and molecular orienta-
tion. It is reasonable to propose that non-interacting PEN and PQ (residing
side-by-side like in Fig. 5.24a), as well as PEN/PQ heterostructures where
molecules are growing on each other as depicted in Fig. 5.27b, exhibit ∆homo

of ca. 1.4 eV. Thus, only for the case where PEN molecules grow in an almost
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perpendicular orientation relative to PQ (Fig. 5.24b and c) a larger ∆homo

of 1.95 eV (Fig. 5.23b) is found. These values of ∆homo seem to be highly
suitable for efficient exciton dissociation in OPVCs based on this material
pair.

As evident from Fig. 5.26, the IE of pentacene depends dramatically on
the molecular orientation, i.e., the IE value changed from ca. 5.0 eV (ly-
ing configuration) to ca. 4.4 eV (almost standing), for both monolayer and
multilayer range. As outlined in Sec. 2.1.3 the value if IE is intrinsically de-
pending on the molecular orientation in molecular assemblies. The observed
difference in IE between the differently oriented molecular films found here
can be explained by the surface dipole built into the molecular layers due
to collective electrostatic effects. The difference in IE for lying and standing
PEN was calculated to 0.6 eV [70], which is in perfect agreement with the
difference in the observed IE values deduced from UPS in this study. The
same trend is found for PQ (Fig. 5.26).

5.4.3 Summary

The influence of PQ at interfaces between PEN and Ag(111) on the en-
ergy level alignment was investigated within this study. Three different pre-
coverages of PQ on Ag(111) led to three markedly different interface energet-
ics scenarios. (i) Submonolayer θPQ did not change the energy level alignment
between PEN and Ag(111) compared to the case of PEN on the pristine metal
surface. (ii) Ca. one monolayer coverage of PQ on Ag lowered the hole injec-
tion barrier between PEN and Ag(111) by 0.7 eV. (iii) Multilayer θPQ resulted
in a mixture of the two former cases. These differences were explained by
different mutual molecular orientations at the investigated organic/organic
hetero-junctions. Furthermore, the photoemission results show that PQ can
form deep traps for electrons in a PEN matrix, with depths ranging from
0.2 eV to 0.75 eV, depending on molecular orientation. On the other hand,
the large values found for ∆homo may allow for efficient exciton dissociation
in PEN/PQ based OPVCs, which will be investigated in detail in the next
section. Moreover, the impact of the molecular orientation on the value of
the ionization energy was demonstrated for both PEN and PQ, which was
attributed to the different film surface termination in the cases of lying and
standing molecular constituents. As shown in the previous section this effect
can be applied to systematically tune the IE.
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5.5 Heterostructures of 1:1 co-deposited pen-
tacene/pentacenequinone films

PEN and PQ have been vacuum co-deposited onto SiOx in order to control
phase separation in thin films for the application as bulk heterojunctions in
OPVCs, since suitable values of ∆homo were found in the previous section.
Structural investigations by means of AFM and SEM revealed pronounced
phase separation of the two materials at length scales that turned out to be
tuneable by the variation of the deposition rate. XRD provided evidence for
polymorphism in pure films of PEN and PQ on SiOx. While pure films ex-
hibited both the bulk and thin film phase, the bulk phase is mainly suppressed
within the co-deposited films (PEN:PQ). This was corroborated by FT-IR
spectroscopy results. SEM investigations of pure and co-deposited films indi-
cated that PQ bulk crystallites of up to 200 nm height form continuous paths
to the substrate and grow within a matrix formed of PEN and PQ thin film
phases. The obtained heterojunction morphologies thus appear interesting for
the application in organic-based photovoltaic cells.
This work is published as Ref. [182].

5.5.1 Introduction

Considerable efforts have been made to investigate the structure of PEN thin
films, since the intermolecular arrangement governs the highly anisotropic
transport properties of oligoacenes [219]. In addition, chemical impurities
in PEN films and crystals were identified to have a tremendous impact on
the charge carrier mobility. For instance, the presence of PQ leads to a
significant reduction of charge carrier mobility in PEN single crystals at con-
centrations as low as 0.68% [77]. In Sec. 5.4 it was suggested that PQ can
form deep traps for electrons within a PEN matrix with depths depending
on the mutual molecular orientation. This may explain, to some extent, why
the electron mobility reported for pentacene is notoriously lower than that
of holes [163, 239–241]. However, no information is available on the impact
of the presence of PQ on the resulting structure and morphology of PEN
thin films. Even slight changes in intermolecular arrangements can lead to a
number of shallow traps in thin films causing inferior charge carrier mobili-
ties [242]. The intrinsic electronic properties of sequentially deposited PEN
and PQ thin films on SiOx have been investigated by UPS (see Sec. 5.4),
which revealed an energy level offset between the particular HOMO levels of
1.4 eV. Together with the values found for the respective optical band gaps of
1.8 eV (PEN) and 2.8 eV (PQ) [182] and the value of the pentacene electron
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affinity of ca. 2.7eV [237] the estimated energy level arrangement appears
suitable for the use in bulk-heterojunction photovoltaic devices produced by
co-deposition [9, 49, 178, 180, 243]. The morphology as well as the structural
properties of co-deposited films are herein decisive in order to evaluate the
applicability as interpenetrating donor/acceptor network within this field of
application.

The investigation of the structural properties of thin films composed of
PEN and PQ is also of particular interest from a more fundamental viewpoint:
While both molecules have similar length, are rigid and planar, the crystal
structures of pure PEN and PQ differ significantly. Several polymorphs have
been observed for PEN, which can be distinguished by the spacing of the
(001) cleavage planes, ranging from 1.41 to 1.44 nm for PEN single crys-
tals (bulk phase) and 1.54 nm for thin films thermally evaporated on SiOx

substrates (thin film phase) [198, 199, 216]. The molecules form a layered
structure perpendicular to this plane and adopt a herringbone arrangement
within such a plane. The PQ single crystal structure also exhibits a com-
parable layered structure along the (020) cleavage planes, however, with a
smaller spacing of 0.89 nm [244]. For PQ, the molecular planes are parallel
within the layers, i.e., no internal herringbone structure exists. However, the
long molecular axes and planes of molecules in neighboring layers are tilted
with respect to each other. It is therefore important to know, whether PEN
and PQ – somewhat similar on a molecular level but largely different in their
crystal structure – form a mixed crystal (intercalation-like) or whether phase
separation prevails if both compounds are simultaneously present during the
crystallization process. This question is addressed in the present study, by
investigating the morphology and structure of PEN and PQ thin films pre-
pared by co-deposition.

5.5.2 Morphology of thin PQ films

In contrast to the case of PEN, where extensive growth studies have already
been carried out for sub-monolayer [17, 39, 209, 221, 245–247] and for multi-
layer films [14, 218], no systematic investigation on PQ thin film growth has
been reported yet. Thin films of PQ on SiOx (κ=0.1 nm/min) have been
analyzed by means of AFM at various film thicknesses, and representative
results for a nominal sub-monolayer film (θ=0.8 nm) and a film in the mul-
tilayer range (θ=3.2 nm) are shown in Fig. 5.28a and b, respectively. In
both cases, pronounced island growth of Volmer-Weber type was found, as
no indication for the presence of a wetting layer could be found. This is in
contrast to the Stranski-Krastanov type growth reported for PEN thin films
on SiOx, where at least one complete layer is being formed on which island
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Figure 5.28: AFM height images of PQ films of θ=0.8 nm (coverage 10%,
island density (N)=1.4 µm−2) (a) and θ=3.2 nm (coverage 30%, N=2.3
µm−2) (b) on SiOx (κ=0.1 nm/min) together with the corresponding eleva-
tion histograms showing stepped terraces of height h.

are built up [220]. The PQ sub-monolayer film exhibits an area coverage of
only 10% (due to the instant formation of multilayer islands) and an island
density (N ) of 1.4 µm−2. For comparison, a PEN film of same nominal thick-
ness had a coverage of 50%, and N=5.5 µm−2. These values are increased
to 30% coverage and N=2.3 µm−2 for the PQ film of nominally 4 mono-
layer thickness (θ=3.2 nm). The pronounced island growth indicates that
PQ molecules have a large diffusion constant on the SiOx surface and that
the growth is dominated by intermolecular interaction of PQ molecules as op-
posed to the interaction between the molecules and the substrate. The AFM
micrographs reveal the presence of two different kinds of island morphologies:
(1) smooth, plane islands with comparable dimensions within the substrate
plane (mean height ca. 15 nm) that show pronounced internal steps, as well
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Figure 5.29: AFM height images of 1:1 co-deposited PEN:PQ films of total
θ=1.6 nm deposited at rates of total (a) 0.1 nm/min and (b) 6 nm/min on
SiOx. The inset in (a) shows a zoomed view of a typical island assigned to
PQ exhibiting terraces with a step height of ca. 1.4 nm.

as (2) needle-like crystallites of up to 100 nm height without detectable in-
ternal steps. From the corresponding elevation histograms the internal step
heights of the islands of type (1) were determined to h= 1.4±0.2 nm. Note,
that this step height agrees with the reported value of 1.27 nm found for the
interplanar spacing of the (001) net planes within a thin film phase of PQ
by XRD [248]. As will become apparent from additional studies presented
below, the two distinctly different morphologies are attributed to two coex-
isting different PQ polymorphs, i.e., the bulk phase and a substrate-induced
thin film phase (see Sec. 5.5.6).

5.5.3 Morphology of thin PEN:PQ films

In order to investigate the early stage of the growth of PEN:PQ co-deposited
films (ratio PEN:PQ=1:1) on SiOx, samples of θ=1.6 nm were prepared at
two different deposition rates, i.e., κ of total 0.1 nm/min (Fig. 5.29a) and
6 nm/min (Fig. 5.29b) and investigated by means of AFM. In the case of low
κ two types of morphologies can be distinguished: Approximately 50% of
the substrate is covered by flat islands of 1.8±0.4 nm height, which closely
resemble the morphology of thin films of PEN only (see Fig. 5.31a). This
step height is comparable to the reported values of 1.54 nm [198, 199, 216]
for the (00l) lattice spacing of the PEN thin film phase and 1.61 nm [209]
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Figure 5.30: Elevation histogram of
the AFM height image in Fig. 5.29a
together with gaussian fits. The
peak at the origin represents the sub-
strate level; at a mean step height
of 1.8±0.4 nm contributions from the
PEN monolayer can be found. Steps
of 1.4±0.2 nm at elevated heights re-
sult from PQ multilayers.

for the PEN monolayer thickness14. In addition, ca. 13% of the surface is
covered by islands of average total height of ca. 10 nm with internal steps
and somewhat different shape (N=1.7 µm−2, see inset in Fig. 5.29a). They
are assigned to PQ due to their similarity to films of pure PQ (Fig. 5.28. The
step heights were determined from the corresponding AFM height histograms
(Fig. 5.30). For higher deposition rates of 6 nm/min an increased density of
PEN monolayer islands was found, as expected by previous work [249]. The
same effect was observed for the islands assigned to PQ (coverage 8%, N=3.2
µm−2), which exhibit an average island height that is nearly doubled to 17 nm
(compared to 10 nm for the film prepared with κ=0.1 nm/min). The intrinsic
PQ step height was identical to the low-κ sample. In addition, a higher κ
apparently leads to an increase of the relative amount of the islands that
exhibit the characteristic PQ steps. From the AFM investigations in the
sub-monolayer range of co-deposited thin films, indications for pronounced
phase separation of PEN and PQ are being obtained, which is substantiated
in the following sections.

5.5.4 Morphology of thin layered films

The results of the previous section pose the question whether PEN and PQ
islands grow next to or on top of each other. This issue was addressed through
sequential deposition of the two materials (without breaking the vacuum).
Growth parameters were adjusted in order to achieve equal island densities
of the PEN (κ=1nm/min) and PQ (κ=1nm/min) underlayer (Fig. 5.31a
and c). In both cases of sequential deposition (PQ on PEN (Fig. 5.31b) and

14The height information obtained from AFM was assumed to be more reliable in case
of intrinsic steps as in the case of steps between PEN and SiOx due to the different
mechanical properties of the materials in the latter case (intrinsic PEN steps of multilayer
films however exhibit a mean step height of 1.6 nm).
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Figure 5.31: AFM height images of layered PEN and PQ films with compa-
rable island densities (different κ). (a) PEN film of θ = 1nm (κ=1nm/min),
and (b) 2 nm thick PQ film (κ=0.1 nm/min) on top. (c) underlayer film of
3.2 nm PQ (κ=6nm/min) for (d), a PEN film of θ = 1nm (0.1 nm/min).

PEN on PQ (Fig. 5.31d)) the later evaporated compound was apparently
found to be growing on top of the first. In addition, the respective islands of
both materials adopt the shape of the underlying layer. The characteristic
step heights found in both layered samples are in agreement with the values
found for co-deposited films (Fig. 5.29). Note that the island-coalescence for
overlayer PQ on PEN is more pronounced than for the reverse case. This
is in contrast to the morphology found for co-deposited samples, and may
thus indicate that PQ islands in Fig. 5.31 grow next to islands of PEN.
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Interestingly, no evidence for the appearance of the needle-like phase could
be found in the case of sequential evaporation of PQ onto a sub-monolayer
of PEN.

5.5.5 30 nm thick PEN, PQ and PEN:PQ films

For devices, the relevant film thicknesses are larger than those presented so
far. Therefore, the morphology and the structure of θ=30nm thin films of
pure PEN and PQ films (κ=0.5 nm/min) as well as co-deposited samples
(P:PQ ratio 1:1,total κ=0.5 nm/min and 6 nm/min) on SiOx was investi-
gated by AFM (Sec. 3.4), XRD (Sec. 3.1) and FT-IR (Sec. 3.3). For pure
PEN films (’sample PEN’) the AFM micrograph in Fig. 5.32a shows the
well known stepped terrace-like morphology of the thin film phase [14, 218,
245, 246, 250] with typical steps of h=1.6±0.2 nm, which were obtained via
AFM step height analysis during different stages of the growth process (in-
set in Fig. 5.32a). For the pure PQ film (’sample PQ’, Fig. 5.32b) a total
coverage of only 65% of the substrate surface was found despite the nomi-
nal film thickness of about 20 monolayers. This observation of incomplete
SiOx coverage by PQ agrees with the findings presented for the θ=0.8 and
3.2 nm films (Fig. 5.28). Again, a two phase morphology is apparent, which
consists of both the planar phase (1) areas and elevated needle-like struc-
tures of phase (2) (here up to 200 nm high), as already found for the thin
PQ films (Fig. 5.28). Analogously the two morphologies are assigned to ar-
eas grown in the thin film and in bulk phase, respectively. The analysis of
the elevation histogram (inset in Fig. 5.32b) yields a frequency maximum
for island heights of ca. 40 nm (PQ thin film phase) covering 40% of the
substrate. By integrating the respective areas of the histogram the volume
ratio between the two phases can be estimated to be 1:1. The morphology of
the co-deposited film (’sample PEN:PQ’, Fig. 5.32c) shows areas of granular
structure (height range < 20 nm) together with islands of needle-like shape
(heights up to 200 nm). From a comparison to the results for the morphology
of pure PEN films (Fig. 5.32a), pure PQ films (Figs. 5.28 and 5.32b) as well
as PEN:PQ films (Fig. 5.29), the islands marked in Fig. 5.32d are assigned
to islands of the PQ bulk phase, the planar islands marked in Fig. 5.32e to
islands of the PQ thin film phase and the stepped structures showing again
steps of h=1.6±0.2 nm in Fig. 5.32f to PEN thin film phase islands. For the
pure PQ film 15% of the surface area was covered by the PQ bulk, whereas
this amount reduces to 8% in case of PEN:PQ films. This indicates that the
process of co-deposition of the two materials leads to preferred growth of PQ
within the thin film phase.

In order to obtain more information on the vertical composition of the
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Figure 5.32: AFM height image of samples PEN (a), PQ (b) and of PEN:PQ
(κ=0.5 nm/min) on SiOx (c) together with zoomed representations (d-f).
The inset in (a) shows a 2.5×2.5µm image of intermediate θ of 5 nm, the
inset in (b) shows the elevation histogram of the pure PQ film. Arrows in
(d-f) point to islands assigned to: the PQ-bulk phase (d), the PQ thin film
phase (e) and the PEN thin film phase (f) (see text).
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Figure 5.33: SEM micrographs of co-deposited PEN:PQ films of 30 nm nom-
inal thickness at different deposition rates κ of total 0.5 nm/min (a) and
6 nm/min (b) under top view. The images in figure (c) show the cut-edge of
the two samples and were recorded under a sample inclination of 80◦.

PEN:PQ film, the two PEN:PQ samples deposited at different κ were in-
vestigated by SEM. For that purpose, samples were broken along a pref-
erential direction of the Si wafer to allow for cross-section viewing along
edges. Figs. 5.33a-b show on-top views of different κ samples and images
of the cross-section view (for a sample tilt of 80◦) are shown in Fig. 5.33c.
As already inferred from the AFM investigations, the SEM top-view sup-
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Figure 5.34: Specular XRD scan of
(a) 3.2 nm (AFM in Fig. 5.28b) and
(b) 30 nm (AFM in Fig.5.32b) PQ on
SiOx compared to a calculated PQ
powder spectrum (CSD refcode PEN-
TQU) [251]. Curve (c) is normalized
with respect to the (020) reflection in
(b); (060) is hidden in the shoulders of
neighbouring peaks.

ports the notion of pronounced phase separation of PEN and PQ within the
co-deposited film. One can clearly distinguish needle-like crystallites, which
were assigned to the PQ bulk (at low κ: 8% coverage, island density 3µm−2).
These needles seem to be embedded within a closed and rather smooth film
(composed of PEN and PQ thin film phases, which cannot be distinguished
by SEM). From the cross-section view the height of the PQ bulk islands can
be estimated (sample islands marked by arrows in Fig. 5.33c) to ca. 200 nm,
whereas the thickness of the surrounding PEN/PQ film matrix is estimated
to be ca. 20 nm. The investigation of several crystallites in the vicinity of
the cut edge indicates a direct growth on the substrate within the resolution
limits of SEM (ca. 10 nm). The increase of the deposition rate κ to 6 nm/min
yields a reduced value of 0.8 ± 0.2 µm for the inter-island distance and re-
duces the area covered by PQ bulk islands by a factor of about two. In this
case the island density is nearly doubled to 5µm−2, which is also apparent in
the SEM micrograph shown in Fig. 5.33b.

5.5.6 Structural properties

Already from the investigation of the thin film morphologies strong indica-
tions for polymorphism of PQ in both pure and co-deposited films was found,
i.e., growth within a PQ thin film and the bulk phase can be proposed. In or-
der to pin down this assumption, specular x-ray diffraction scans have been
performed on that same set of samples. The pure PQ films of θ=3.2 nm
(curve a in Fig. 5.34) and 30 nm (curve b) exhibit indeed polymorphic growth
within a thin film and the bulk phase. A preferred orientation of the bulk
(0k0) net planes parallel to the substrate was found, which is inferred from a
comparison with a calculated powder spectrum [251, 252]. Within the film of
θ=3.2 nm reflections of the bulk (0k0)-series were found up to k=6 (reflec-
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tion condition k=2n due to the monoclinic space group P21/b) as well as a
small contribution of the (021) plane (intensity ratio between (021) and (020)
ca. 1:100). The thick film of θ=30nm shows contributions of the same ori-
entation, and all bulk peak positions were found in perfect agreement with
the calculated spectrum of the PQ bulk (experimental values are listed in
Tab. 5.2). The orientation of PQ molecules with respect to the plane (020) is
illustrated in Fig. 5.35 (viewed along the axes of the unit cell) and the plane
is identified as a cleavage plane of the crystal. The reflection found at the
lowest momentum transfer (marked with a circle in Fig. 5.34) corresponds
to the lattice spacing (dhkl) of d001 =1.305 nm for (001) planes of the PQ
thin film phase, which was already proposed from the step height analysis
from the AFM micrographs (h=1.4±0.2 nm). Reflections of this orientation
are found up to fourth order in the thin, whereas only the first order can
be clearly seen in the spectrum of the PQ film of 30 nm nominal thickness.
Considering the van der Waals length of a single PQ molecule of 1.61 nm it
can be estimated that PQ molecules are tilted by ca. 36◦ with respect to the
substrate surface normal for the thin film polymorph. Note that the result
deviates by 0.035 nm from a previously reported value [248] for the lattice
spacing d001 of the PQ thin film phase. For the pure PEN film (θ=30nm)
reflections were found that can be assigned to the (00l)-series of the PEN
thin film phase (square symbols in Fig. 5.36) with a characteristic d001 layer
thickness of 1.55 nm(Tab. 5.2). In addition, two weak contributions of the
PEN bulk structure [196] can be found. Thus, the results obtained from x-
ray diffraction nicely support the AFM-based proposal for the polymorphism
in pure PQ films.

Turning towards the co-deposited film (low κ) two series of Bragg peaks
are found, which can be assigned to the respective thin film phases of PEN
and PQ (Fig. 5.36, curve PEN:PQ). However, no significant contributions
from the respective bulk phases are observed. In contrast to PEN, where
the same number of reflections appears as for the pure film (but with re-
duced intensity), the peaks of the PQ thin film phase are now found up to
(004). This finding matches the results from morphological investigations,
where preferred growth of the PQ thin film phase was found for co-deposition
(an increase of ca. 50% if compared to the pure film). In more detail, the
complete disappearance of the PQ bulk (020) reflection in the specular scan
points to a differently or significantly less textured growth of the PQ bulk
crystallites in the co-deposited film, since PQ bulk crystallites are clearly
visible in both AFM and SEM micrographs of the co-deposited film. The
method of choice to assess this issue is the x-ray diffraction pole figure tech-
nique (XRD-PF), where the goniometer is fixed to the momentum transfer
of a certain dhkl and the plane normal to the sample surface is being tilted
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Figure 5.35: The bulk structure of PQ viewed in projection on the ab-plane
(a), the bc-plane (b), and the ac-plane of the unit cell together with the
position of the (020) net plane that was found as most intense reflection
within XRD (Fig. 5.34), visualisation performed by MERCURY [251].

with respect to the scattering vector by an angle ψ. Such experiments were
performed, however, for XRD-PF scans in the range 0◦ < ψ < 85◦ for the
(020) and (140) reflections of the PQ bulk (the latter is the most intense peak
of the powder spectrum) no evidence for the respective Bragg peaks could be
found. Therefore, it can be concluded that the bulk phase needle-like crystal-
lites observed with AFM and SEM do not grow significantly textured in case
of co-deposition. One can thus think of the bulk crystallites as "powder" of
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PEN

PQ

PEN:PQ

PQ

PEN:PQ

Figure 5.36: XRD scans of samples PEN, PQ and PEN:PQ. Bulk phase
reflections are indicated with Miller indices, peaks from the thin film phase
(00l)-series are indicated with a square (PEN) and a circle (PQ), respectively.
The star marks a second-order reflection of the silicon (004) plane. The inset
shows a zoomed representation of the dotted area illustrating a shift of the PQ
(001) thin film phase reflection of 0.005Å−1 in the PEN:PQ sample compared
to pure PQ.

too low scattering intensity to be detected in the specific experimental setup.
Interestingly, the (001) reflection in the spectrum of PEN:PQ is shifted by
qz=0.005Å−1 compared to the pure film, which corresponds to an increase
of d001 of the thin film phase of 0.013 nm. This finding can be assigned
to macrostrains induced in PQ by the co-existence with PEN, which hence
leads to a slightly reduced inclination of the PQ molecules with respect to
the substrate surface in this polymorph. All peak positions of x-ray diffrac-
tion results for films of θ=30nm are summarized in Tab. 5.2. In addition,
the out-of-plane crystalline coherence length (DS) that was estimated using
the Scherrer formula [113, 114] (see Sec. 2.2.2). The finding that the DS-
values of the PEN and PQ thin film phases do not differ significantly for
pure (θ=30nm) and co-deposited films (total θ=30nm) is further evidence
for pronounced phase separation in the latter. In the case of the co-deposited
film at elevated κ of 6 nm/min (SEM micrograph in Fig. 5.33b) a specular x-
ray diffraction scan yields a significant intensity increase of the PQ thin film
phase (001) reflection in relation to the PEN thin film phase (001) reflection
(not shown). This supports further the finding from the SEM investigations
that an increase of κ decreases the amount of PQ within its bulk phase under
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Table 5.2: Positions of the Bragg reflections found in the x-ray diffraction scans
shown in Fig. 5.36. Reflections of planes (hkl) of the bulk phases are denoted as
PEN(hkl) and PQ(hkl), reflections of the thin the thin film phases as TP(hkl) for
PEN and TQ(hkl) for PQ, respectively. qz indicates the momentum transfer, DS

the out of plane crystalline coherence length estimated by the Scherrer formula
(see Sec. 2.2.2) and dhkl the resulting plane spacing of lattice planes (hkl).

Pentacene 6,13-pentacenequinone Co-deposited

qz DS dhkl qz DS dhkl qz DS dhkl

(Å−1) (Å) (Å) (Å−1) (Å) (Å) (Å−1) (Å) (Å)
TP(001) 0.406 449 15.47 0.406 494 15.48
TQ(001) 0.482 469 13.05 0.477 502 13.17
PQ(020) 0.708 323 8.87
TP(002) 0.813 446 7.73 0.815 461 7.71
TQ(002) 0.957 387 6.56
PQ(021) 1.041 103 6.04
TP(003) 1.219 444 5.15 1.220 382 5.15

PEN(1-10) 1.364 391 4.61
PQ(040) 1.416 274 4.44
TQ(003) 1.434 298 4.38
TP(004) 1.626 425 3.87 1.627 391 3.86
PEN(022) 1.696 703 3.70
TQ(004) 1.917 301 3.28
TP(005) 2.032 388 3.09 2.033 328 3.09

the given experimental circumstances.

5.5.7 Vibrational spectroscopy

FT-IR spectroscopy has already been successfully used in the study of poly-
morphism of organic molecular crystals [81, 253–256]. In contrast to XRD,
where only contributions of crystalline domains can be detected, FT-IR
provides additional information about the entire sample, since also non-
crystalline phases contribute to IR absorption. By and large, these could be
identified by changes in vibrational energies compared to crystalline phases.
Therefore, FT-IR is highly sensitive to sample volumes that potentially con-
tain non-crystalline or intercalated PEN and PQ. Fig. 5.37 shows the absorp-
tion spectra of the respective pure and co-deposited films on SiOx compared
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Figure 5.37: FT-IR spectra of samples PEN (a), (b) and PQ (c), (d) com-
pared to sample PEN:PQ and a KBr reference spectrum provided by the
manufacturer. Peaks originating from the second compound within the spec-
trum of PEN:PQ are marked as PEN and PQ, respectively.

to reference spectra provided by the manufacturer for the two materials (each
corresponding to the respective bulk phases of PEN and PQ). The spectra
presented in Fig. 5.37a and 5.37b of PEN show a significant shift of all ab-
sorptions compared to the bulk reference, which agrees with the finding of
preferential growth in the PEN thin film polymorph. Compared to the PEN
contributions in the spectra of sample PEN:PQ, the peak positions remain
essentially unchanged (shifts ≤ 1 cm−1), which agrees with the results from x-
ray diffraction, where exclusively the PEN thin film phase was observed. This
also corroborates the proposition of pronounced phase separation within co-
deposited films of PEN and PQ, since IR spectroscopy is highly sensitive to a
potential intercalation of PEN and PQ. For PQ rather the opposite behavior
was observed, i.e., the spectrum of the pure film matches well the reference
(dominating bulk phase, as found in XRD), whereas certain PQ peaks in
the spectrum of PEN:PQ are significantly shifted (dominating PQ thin film
phase, shifts of up to 5 cm−1). PQ peaks of the pure sample that show a
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shift of max. 1 cm−1 compared to the reference are heavily shifted (up to
to 5 cm−1) in the co-deposited film (preferred thin film phase). Particularly,
in the region of C-H out of plane bending and stretching modes [207, 208]
the influence of the different molecular orientation within the polymorphs is
apparent (P: 729(+1), 904(+1) and 954(±0) cm−1, PQ: 763(-5), 933(+5),
958(±0) and 988(+2) cm−1, shifts of pure materials relative to PEN:PQ in
brackets). This also holds for the region of other vibrations of outer atoms
like the C=O bond vibrations [77, 257, 258] of PQ (1674(+3) and 1614(+3)
cm−1), whereas the frequencies of carbon backbone vibrations like C-C ring
stretch modes [259] (P: 1296(±0) and 1344(±0), PQ: 1190(±0), 1396(±0))
remain unchanged. The C-C stretch modes of the reference data in the re-
gion 1440-1540 cm−1 along the molecular axis of PEN are suppressed due to
the almost perpendicular orientation of PEN molecules on SiOx within the
thin film phase [207, 260], whereas this is not true for PQ in the pure and
co-deposited film (1443(+1), 1453(±0), 1574(-1) and 1584(-1) cm−1), since
the molecules have a higher inclination within the PQ thin film phase.

5.5.8 Summary

Using a number of experimental techniques evidence of pronounced phase
separation in co-deposited thin films of pentacene and pentacenequinone was
found. Pure films of PQ (Fig. 5.34) exhibit polymorphic growth on SiOx

in the thin film and bulk phase15. If sequentially deposited, both materials
preferentially grow on top of each other. It was found that the presence
of PEN (as underlayer in sequential deposition or if co-deposited) induces
PQ growth preferentially in the thin film phase. The ratio between PQ
bulk and thin film phases was found to be sensitive to κ (more thin film
phase at increased κ). For co-deposited films of θ=30nm, no PQ bulk phase
contributions could be found via XRD, although apparent in AFM and SEM
images. This indicates non-textured growth of the PQ bulk phase needle-like
crystallites on SiOx. The lattice spacing d001 of the PEN thin film polymorph
was insensitive to the presence of PQ, whereas d001 of the PQ thin film
phase is increased by 0.013 nm in case of co-deposition, indicating a more
upright orientation of the molecules. It was shown that the island density
also in co-deposited films depends on the deposition rate κ. Therefore κ was
identified as key parameter to control the length scale of phase separation
obtained by co-deposition in this system. Moreover, FT-IR spectroscopy
showed that no significant intercalation of PEN and PQ molecules takes place

15This finding demonstrates the influence of the specific "substrate" (i.e., a PEN under-
layer vs. SiOx) for the growth of the different PQ polymorphs. In Sec. 5.6 it is shown that
even different types of SiOx substrates can dramatically change the polymorphic ratio.
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during growth. The high degree of crystallinity found in both pure and co-
deposited films and the pronounced phase separation meet the requirements
of bulk heterojunction materials for photovoltaic applications. As device
structure, a co-evaporated film of PEN:PQ sandwiched between PEDOT:PSS
coated Indium Tin Oxide as transparent high work function electrode (φ ≈
5.1 eV) [59] and samarium (φ ≈ 2.7 eV) [237] as low work function electrode
seems to be reasonable. These preliminary experiments did however not yield
reproducible current/voltage characteristics, most likely due to the highly
corrugated surface of PEN:PQ films (Fig. 5.33).
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5.6 The pentacenequinone thin film phase
In this section a full structure solution is performed for the unknown pen-
tacenequinone thin film phase that was observed in Sec. 5.5. Thin films al-
most only composed of this specific polymorph could be fabricated and were
investigated by RSM yielding triclinic unit cell parameters of a= 4.691Å,
b= 5.991Å, c= 13.454Å, α= 77.83 ◦, β= 84.13 ◦ and γ= 81.11 ◦, with no-
tably only one molecule per unit cell. Therefore, in contrast to its bulk crystal
polymorph, pentacenequinone does not exhibit a herringbone arrangement in
the thin film phase structure, which is suggested to depend on the process of
crystal growth. From morphological results obtained by AFM investigations
evidence for a correlation between an anisotropic island shape and the molec-
ular tilt with respect to the substrate is proposed.
This work will be subject to a forthcoming publication [261].

5.6.1 Introduction

It was outlined in Sec. 5.5 that polymorphism was observed for PQ in terms of
a bulk phase [244] and a thin film phase of which the d001 lattice spacing could
be determined via specular x-ray diffraction. In this section, the attempt of
a full structure solution is made using RSM (see Sec. 2.2.2) to determine (i)
the unit cell parameters and (ii) to estimate the molecular packing in the
unit cell using force field calculations16, which have already been successfully
applied for the solution of the PEN thin film phase [216, 262]. As observed
in the spectrum of the pure PQ film in Sec. 5.5, which was grown on a SiOx

substrate with a 50 nm thermally grown oxide layer (Fig. 5.36), the film was
dominated by the PQ bulk and only thin film phase reflections up to second
order could be observed. In the corresponding AFM micrograph (Fig. 5.32)
a highly corrugated film surface with two different kinds of morphologies
was observed, which could be successfully assigned to the two phases. Sub-
sequent investigations of PQ thin films however revealed that films almost
exclusively consisting of the thin film phase with outstanding film quality
can be obtained (here, SiOx substrates with a ca. 2 nm thick native oxide
layer were used). The exact origin of this different growth behaviour however
remains speculative, since no more SiOx substrates of the type used for the
study in Sec. 5.5 are available for control experiments17. A possible reason

16As in Sec. 5.2, the force field calculations have been performed by Dmitrii Nabok,
Chair for Atomistic Modelling and Design of Materials, Montanuniversität Leoben, Franz-
Josef-Straße 18, A-8700 Leoben, Austria.

17It must be emphasized that both studies were performed completely on one set of
samples cut from an individual wafer.
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(a)                                                     (b)

1 µm

Figure 5.38: (a) Specular x-ray diffraction on a film of 30 nm PQ on SiOx

and (b) the corresponding AFM height micrograph; colors denote the height
scale of 50 nm. Inset: zoomed area of 1 × 1µm2; red arrows point to frayed
and black arrows to even island sides (see text).

can be different hydrophilicity of the two types of substrates, which already
was demonstrated to highly impact the PEN growth [221]. Note that in ex-
tensive investigations it could be ruled out that the deposition rate accounts
for the different growth behaviour, since no evidence for a change of the ratio
between the polymorphs could be observed for films deposited with κ = 0.1,
0.5, 1 and 2 nm/min; also a different impurity concentration can be ruled
out since the same base material was used. Further investigations on this
issue will be undertaken by defined hydrophilization of the substrate in the
near future.

5.6.2 Full structure solution

Apart from the above open question the films of high thin film phase content
can be perfectly used to determine the crystal structure via x-ray diffraction.
Figure 5.38a shows a specular scan of a film of 30 nm PQ on SiOx, where the
(00l) reflections (d001 =1.310 nm) exhibiting pronounced Laue oscillations
could be observed up to eighth order and only minor presence of PQ bulk
was found18. The corresponding AFM micrograph (Fig. 5.38b) shows inter-

18The observation that the intensity of the higher orders do not reduce linearly (on the
logarithmic scale), as found for PEN (Fig. 5.36), can be qualitatively understood by the
molecular structure in standing PQ with the two center oxygen atoms, which leads to an
increased intensity of the (00l) reflections with even index l.
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Figure 5.39: Result of the RSM investigation on a 30 nm PQ film on SiOx

with the corresponding simulated peak pattern; the angles ϕ and β are the
angles of the sample system (see Fig. 3.2). The calculated peak positions
are marked with crosses; peaks that do not originate from the PQ thin film
phase are marked with circles. The map is vertically divided in two areas of
different intensity scale.

connected, terraced islands with clear steps of h= 1.4±0.2 nm (determined
by elevation histograms), which equals the value observed in Sec. 5.5 for thin
film phase islands (therefore strongly supporting the assignment performed
there). Again, the film is not closed as evidenced by the elevation histograms
thus still indicating Volmer-Weber growth. Interestingly, the islands are elon-
gated and have anisotropic edges: they preferentially exhibit one frayed (red
arrows) and three even sides (black arrows in the inset of Fig. 5.38b). Assum-
ing island comprising single grains this may point to anisotropic properties
of the crystal faces forming the island edges in the island growth process,
which depends on the ability of admolecules to diffuse along the island edges
and to interdiffuse between the layers (see Sec. 2.1.2).

The results of the corresponding RSM investigation is depicted in Fig. 5.39
showing a reciprocal space map recorded under gracing incidence condi-
tions exhibiting more than 30 clear reflections. The map can well be in-
dexed using the software Recmap (see Sec. 3.1.2) assuming a triclinic crys-
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tal structure with unit cell parameters a= 4.691± 0.02Å, b= 5.991± 0.02Å,
c= 13.454± 0.02Å, α= 77.83± 0.1◦, β= 84.13± 0.1◦ and γ= 81.11± 0.1◦.
Note that the unit cell exhibits a volume of 364.2Å3, whereas the volume of
the bulk unit cell is 718.2Å3 [244], which is almost the double of this value.
The derived unit cell can therefore contain only one molecule per unit cell
(Z=1). This is surprising, since for the bulk phase Z=2, which is necessary
to host molecules arranged in a herringbone structure. However, due to the
large number of reflections occurring in the map and the volume being almost
the half of the bulk value there can be virtually no doubt on the validity of the
unit cell parameters. A closer inspect of the PQ bulk structure (Fig. 5.35)
reveals that PQ molecules exhibit a herringbone arrangement between the
(020)-planes (i.e., along the fiber axis), which is in extreme contrast to other
rod-like molecules like PEN or PFP. There, the herringbone arrangement is
found in the texture plane (001), i.e., perpendicular to the fiber axis, and
therefore concerns lateral neighbouring molecules with respect to the long
molecular axis. Hence, one might argue that a PQ thin film structure similar
to the PQ bulk can occur, in which the periodic molecular tilt between the
adjacent layers along the bulk b-axis (Fig. 5.35b) is lost. Note that the lay-
ered growth of the islands happens by lateral attachment to existing layers
and upwards diffusion onto existing layers (see Sec. 2.1.2), where the infor-
mation on the arrangement of the underlayer might be differently important
for different polymorphs, e.g., if the underlayer molecules are more upright
standing (as predicted by the thin film phase d001 spacing) compared to the
bulk structure (Fig. 5.35a).

With the aid of force field calculations it was possible to model the molec-
ular orientation of PQ in the unit cell and therefore to propose a molecular
packing model of the PQ thin film phase. The derived structure is shown in
Fig. 5.40 in comparison to the PQ bulk phase illustrating a similar, but more
upright molecular orientation on the texture plane in comparison to the PQ
bulk. The long molecular axis ~m is at an angle of 6 (~m,~a ×~b) = 65.0◦ with
respect to the fiber axis, which is in contrast to PEN and PFP, which exhibit
an almost upright orientation on SiOx in their respective thin film structures.
The tilted growth behaviour of PQ may account for the anisotropy in island
shape with one frayed side, since the interlayer diffusion may be influenced
by the inclination of the layer side walls. However, further investigations and
theoretic modelling will be necessary to pin down this assumption.

The film explored by RSM was additionally investigated by FT-IR, the
result is depicted in Fig. 5.41 (curve a) in comparison to the spectra of the
pure PQ film (curve b) and the PEN:PQ film (curve c) taken from Fig. 5.37,
(where however the total nominal thickness was 30 nm with a PQ ratio of
50%). All peaks of (a) appear essentially unshifted compared to (c), since
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(001)

(001)

(020)

(020)

along the long molecular axis

Bulk phaseThin film phase

along the long molecular axis

Figure 5.40: Comparison of the PQ thin film phase structure (left), as de-
rived by force field calculations for the unit cell parameters obtained from
RSM, with the PQ bulk phase (right). From top to bottom: View along the
direction formed by the intersection of molecular and texture planes (001)
and (020), respectively; top view on the texture planes; view along the long
molecular axes. For the bulk phase one layer parallel to the (020) plane
was taken into account therefore not showing the herringbone arrangement
between the adjacent layers along the bulk b-axis (see Fig. 5.35b). Carbon
atoms are colored in grey, hydrogen white and oxygen red.
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Figure 5.41: FT-IR investigations on
(a) the PQ film investigated by RSM
(thin film phase dominated) and the
films investigated in Sec. 5.5, with
(b) the pure PQ film (bulk domi-
nated) and (c) the PEN:PQ film (thin
film phase dominated); numbers label
peaks of interest discussed in the text.

they are both thin film phase dominated samples (assignments and peak
positions see Sec. 5.5). The spectrum (b) is the bulk phase dominated sample
and peak (1) also can be found in spectrum (a) thus indicating a certain
amount of PQ bulk also being present in the sample investigated by RSM,
which can also be seen from the asymmetry of the peaks labeled (2) and (3)
in spectrum (a).

5.6.3 Summary

In summary, the unit cell parameters of the unknown PQ thin film phase
were determined and force field modelling yielded a reasonable model for
the molecular arrangement of the PQ molecules in the unit cell. The thin
film morphology explored via AFM exhibited island growth with terraced
and surprisingly anisotropically shaped islands with one frayed side, which
may be attributed to anisotropic inter-island diffusion caused by the tilted
molecular arrangement with respect to the substrate in the PQ thin film
phase.
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5.7 Impact of low pentacenequinone concentra-
tion on pentacene thin film growth

Thin films of PEN have been vacuum co-deposited on SiOx with low concen-
trations of PQ in order to investigate the impact on the PEN thin film struc-
ture. Within a range of 2-20% PQ concentration no intercalation of the com-
pounds can be observed by means of XRD and FT-IR. The crystalline quality
of the PEN films stays unchanged by the presence of PQ, whereas PEN bulk
phase contributions are being suppressed at PQ concentrations ≥5%, which
could be confirmed by means of AFM. From these results phase-separated PQ
growth is suggested as well as PQ nucleation at PEN grain boundaries.
This work is published as Ref. [183].

5.7.1 Introduction

It was found that PQ is a main impurity in commercially available PEN and
that its presence can significantly reduce the charge carrier mobility in PEN
single crystals [77]. In addition, it was suggested that PQ can form deep
traps for electrons within a PEN matrix, depending on the mutual molecular
orientation (see Sec. 5.4). In Sec. 5.5 it was shown that PEN and PQ exhibit
pronounced phase separation if co-deposited in a molar ratio of 1:1. However,
up to now no attention has been directed to possible structural changes of
PEN thin films due to the presence of low concentrations of PQ during PEN
thin film growth. This issue is addressed by controlled vacuum co-deposition
of PEN and PQ using films of nominally 30 nm thickness.

5.7.2 Structural properties

Specular x-ray diffraction (see Sec. 3.1.1) was performed on PEN:PQ co-
deposited films with PQ concentrations of 50%, 20%, 10%, 5% and 2%, as
well as on a reference film of pure PEN (see Fig. 5.42a). It is known that
PEN can grow in different polymorphs depending on the film preparation
conditions [217, 245]. In all spectra primarily the 00l -series of a PEN struc-
ture characterized by a (001) net plane spacing that of (1.55 ± 0.01) nm was
found, which is commonly referred to as PEN thin film phase [263], indicating
a nearly upright standing molecular orientation. For the pure and PEN film
containing 2% PQ additionally two reflections originating from the (1-10)
and (022) net planes of another polymorph were found [196] (referred to as
bulk phase in the following). Here the long molecular axes are parallel with
respect to the substrate plane. In the latter case, the intensity of the bulk
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(a)                                                      (b)

Figure 5.42: (a) Specular XRD scans of PEN:PQ co-deposited films on SiOx

at various molar ratios, qz denotes the momentum transfer normal to the
surface at the Bragg angle Θ, the plots are vertically shifted for clearness.
Peaks assigned to the PEN and PQ thin film phases are marked with a circle
and triangle respectively, peaks assigned to the PEN bulk phase are labeled
with the corresponding indices. (b) Williamson-Hall plot of PEN films co-
deposited with different amounts of PQ. The lines connecting the peak series
are linear least-squares fits; TP denotes the PEN thin film phase.

contributions is reduced by 25%, and vanishes at PQ concentrations ≥5%.
Interestingly, no peaks from PQ can be found even at concentrations as high
as 20%. Instead, a broad feature arises between the PEN (001) and (002)
reflections, which may be due to scattering from amorphous PQ. However,
in the 1:1 case PEN and PQ grow in phase separated crystallites, exhibiting
the two series of the respective thin film phases (see Sec. 5.5 and 5.6).

In order to investigate the microstructure of the mixed films a Williamson-
Hall analysis (WHA) (see Sec. 2.2.2) has been performed. Being aware of the
limitations of this simple model in deriving absolute values for 〈D〉V and the
strain e [119], WHA was applied to explore changes within the PEN lattice
due to low-concentrations of PQ. The line profiles of the PEN (00l) reflections
were fitted using pseudo-Voigt functions; the result is shown in Fig. 5.42b.
For pristine PEN a value of 〈D〉V = (26.6± 0.6)nm was found, which is only
slightly increased to (27.7±0.5)nm for the film containing 20% PQ. The value
of the strain remains essentially constant for all PEN:PQ ratios. The slight
increase of 〈D〉V can be attributed to the decrease of the PEN bulk phase
amount, as the PQ ratio is increased (see Fig. 5.42a). This demonstrates that
the PEN thin film phase crystallites grow essentially undisturbed despite the
presence of 2-20% PQ, which is corroborated by the constant strain.
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Figure 5.43: FT-IR spectra
of PEN:PQ blended films
of different PQ percentages
compared to reference scans
of the respective source ma-
terials used for evaporation.

5.7.3 Vibrational spectroscopy

In contrast to XRD, where only contributions of crystalline volume portions
can be detected, FT-IR (see Sec. 3.3) provides information also on less ordered
sample volumes. For instance, FT-IR can be used to study polymorphism
of organic molecular crystals [81, 182]. It allows even to observe amorphous
regions and can be highly sensitive to changes of the molecular environment,
as would be induced by intercalation of PEN and PQ.

FT-IR was performed on the same set of samples that were investigated by
XRD; characteristic parts of the spectra are shown in Fig. 5.43 in comparison
to reference spectra of the pure materials. In the region of C-H out-of-plane
bending and stretching modes [207, 208], the most intense PEN absorption
(903.5 cm−1) was shifted by -3.0 cm−1 with respect to the PEN reference.
This is explained by the different molecular arrangement in the PEN powder
and the vacuum deposited films (substrate induced PEN thin film phase)19.
No shift of this mode was observed for PQ ratios up to 50%, which is further
evidence for unchanged PEN growth in the presence of PQ. The same holds
for other PEN vibrations (not shown). In the spectrum of the 50% PQ
film the C=O stretching mode at 1676.9 cm−1 is blue-shifted by 2.7 cm−1

compared to the PQ reference [257, 258], which is explained by growth in the
thin film polymorph [182], as found by XRD (Fig. 5.42a). However, at lower
PQ concentrations, the intensity of this vibration is strongly reduced and
a peak at 1689.2 cm−1 emerges, which has not been reported before. This
indicates a different molecular environment of PQ (compared to the bulk and
thin film phases) in the low-concentration cases. However, considerable PQ

19The intensity ratio of the (001) reflection of the thin film phase and the (1-10) reflection
of the bulk phase in the spectrum of the pure PEN film was determined to ca. 1:10−4,
therefore the bulk contribution might be undetectable with FT-IR.
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intercalation into the PEN lattice can be ruled out, since this would alter
the PEN lattice, and therefore also change the PEN absorption frequencies
(which was not observed).

5.7.4 Morphology

In addition, all samples have been investigated by AFM (see Sec. 3.4); Fig. 5.44
displays micrographs of the pure PEN and the 20% PQ ratio sample. Appar-

Figure 5.44: AFM micrographs of a pure PEN film compared to a co-
deposited PEN:PQ film with 20% PQ ratio. The colors indicate a height
range of 30 nm, arrows point to areas of interest (see text).
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ently, the PEN island density increased for PQ concentrations ≥ 20% (e.g.,
0% PQ: 0.4 µm−2, 20% PQ: 0.9 µm−2). Both films showed the expected mor-
phology of the PEN thin film phase with characteristic steps of (1.6±0.2) nm
height. Apart from PEN thin film phase islands small areas of different mor-
phology were found in both cases, assigned to: Areas of PEN bulk phase
(pure PEN film) and PQ areas (co-deposited film with 20% PQ ratio)20. As
the features assigned to PQ in the co-deposited film (Fig. 5.44) are being
found at PEN grain boundaries, these sites can be expected to be preferred
nucleation positions for PQ, since the findings from XRD and FT-IR provide
strong evidence against intercalated growth of PEN and PQ, and a reduction
of the lateral extension of the PEN islands was observed.

5.7.5 Summary

In conclusion, the influence of low-concentration PQ presence on PEN thin
film growth has been investigated. Upon co-deposition with PQ, the propor-
tion of the PEN bulk phase is reduced and even absent for PQ concentrations
≥ 5%. Within the investigated PQ concentration range, the crystalline qual-
ity of the PEN structure remains unchanged and no evidence for intercalated
growth was found. Instead, it is suggested that PQ accumulates at PEN grain
boundaries thus leading to additional complexity of grain boundary energet-
ics with an expected impact on charge transport, which could now be studied
systematically as function of PQ content. Moreover, it should be interest-
ing to investigate possible charge- confinement on single PEN grains due to
barriers provided by PQ.

20The flat features assigned to PQ areas in the co-deposited film are being found near
grain boundaries and can not be observed in the pure PEN film, whereas the areas assigned
to the PEN bulk phase in the pure PEN film can not be observed at PQ ratios > 5% in
the co-deposited films.
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5.8 The Interaction of oxygen and ozone with
pentacene

Ultraviolet photoemission spectroscopy was used to investigate the effect of
oxygen and air exposure on pentacene thin film electronic structure. It is
found that O2 and water do not react noticeably with pentacene on the timescale
of several hours, whereas singlet oxygen and ozone readily oxidizes the organic
compound. No evidence was obtained for irreversible intercalation of oxygen
into pentacene or considerable p-type doping after re-evacuation. Infrared
spectroscopy and atomic force microscopy are used to study the oxidation of
pentacene thin films. The data suggest the oxidation of pentacene with reac-
tive oxygen species to yield highly volatile reaction products as evidenced by
significant mass-losses of the films observed by AFM.
This work is published as Ref. [264] and [175]21.

5.8.1 Introduction

The interplay between thin film structure/morphology and measured charge
carrier mobility is of particular interest [77, 265, 266]. However, a reliable
comparison between experimental results obtained in different laboratories
is often hampered by the variation of sample preparation and the environ-
mental conditions for mobility measurements [14, 267, 268]. Another issue
is long term stability of devices made from organic materials, as oxidation is
believed to be a major reason for early device failure [269, 270]. It has been
observed that the measured conductivity of PEN thin films and single crystal
surfaces depends on the residual oxygen or air pressure [271]. It was shown
that oxygen can diffuse into PEN, and readily diffuses out again after re-
evacuation [271]. Still to be addressed is the nature, on a molecular scale, of
oxygen-induced changes in charge transport properties. It needs to be estab-
lished to what extent and under which experimental conditions these changes
are reversible. Additionally, it has been proposed that oxygen creates new
(chemical) species in PEN films, some of which have states in the otherwise
empty energy gap of PEN, and therefore act as traps for charges [269]. Con-
sequently, a movement of EF in the organic film towards the highest occupied
molecular orbital (HOMO) is predicted, displaying p-type behavior of the or-
ganic semiconductor [272, 273]. The approach to resolve the above questions
consists in using UPS (see Sec. 3.2) to follow changes in the EF -position of
PEN single crystals and thin films before and after exposure to oxygen and
to air.

21The data analysis of this section was led by Antje Vollmer (BESSY, Berlin).
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Figure 5.45: (a) UPS spectra of a PEN single crystal measured under the
following conditions (and in this time sequence): (i) 3 × 10−8 mbar partial
O2 pressure, (ii) 32 × 10−9 mbar total residual pressure, (iii) 3 × 10−8 mbar
partial O2 pressure after exposure to 5 × 10−6 mbar O2 for 30min, and (iv)
again at 2× 10−9 mbar total residual pressure. (b) Extended BE scale UPS
spectra of 12 nm PEN on Au before (pristine; bottom curve) and after (upper
curve) exposure to one atmosphere of O2 for 60min. Inset: close-up of the
near-EF region, indicating the rigid shift ∆.

5.8.2 Electronic structure

The valence region UPS spectra (Fig. 5.45a) recorded on a PEN single crystal
under different residual oxygen pressure during the measurement and total
oxygen exposure clearly show that there is no influence of molecular oxygen
on the position of the energy levels (at the given conditions). Note that the
exposure to oxygen at 10−6 mbar for one second is sufficient for the (hypothet-
ical) formation of a complete O2 monolayer. If crystalline PEN were prone
to undergo rapid oxidation, the dosing conditions used here would allow for
the detection of such, since UPS is highly surface sensitive. A reaction of
PEN with electron withdrawing oxygen would result in a loss of conjugation,
which would be visible in a UPS spectrum as a decrease in the relative in-
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tensity and shift towards higher binding energy of the emission derived from
the HOMO [176] (the peak at 1.1 eV binding energy in Fig. 5.45a). All four
spectra in Fig. 5.45a exhibit the same characteristic photoemission features
of PEN, comparable to previous reports [58, 274]. If "doping" (i.e., p-type)
of PEN by O2 were the case (to a significant degree), a clear shift of all lev-
els towards lower binding energy (BE) would be observed [273, 275]. While
changes in conjugation (due to a chemical reaction) would be difficult to be
seen for concentrations smaller than a few percent, energy shifts due to dop-
ing can readily be seen for much smaller concentrations (below 0.3% [275]).
However, the total in situ exposure of the single crystal to O2 was rather
limited (up to a pressure of 3×10−8 mbar; for experimental limitations), and
one might argue that the single crystal was exposed to air for a very long
period of time (several days) prior to the initial measurement. As the time
required for oxygen molecules to insert in the PEN crystal is on the order of
tens of minutes even at atmospheric pressure (the time constant for 15µm
thick crystals is approximate 100 minutes [271]), no noticeable changes in
the spectrum could be observed. Therefore the following investigations have
been performed on in situ deposited thin films of PEN.

A PEN film of 12 nm nominal thickness was deposited onto in situ sput-
tered polycrystalline Au. The corresponding UPS spectrum is shown on a
wide energy range in Fig. 5.45b (bottom curve), and as a close-up in the
figure inset. The Au Fermi-edge can still be discerned, since PEN exhibits
pronounced island growth on Au [58]. The low BE-onset of the highest
occupied molecular orbital (HOMO) is 0.8 eV below the Fermi-level (EF ),
consistent with earlier reports [58, 274]. After exposure to O2 at atmospheric
pressure for one hour, the entire UPS spectrum was shifted 0.25 eV towards
lower BE (Fig. 5.45b, upper spectrum, and inset) but the lineshape remained
unchanged. This result would be consistent with p-type doping of PEN by
oxygen that remains intercalated within the organic layer after re-evacuation.
However, it has been suggested by Seki and Ishii [276] that oxygen adsorp-
tion below the organic film on the metal substrate surface changes its work
function (φ). Therefore, the shift seen in Fig. 5.45b may be related to this
change of substrate φ and/or a shift of the PEN molecular levels due to dop-
ing. The only way to differentiate between the two mechanisms is the use of
substrates which are not influenced by oxygen. The surfaces of silicon oxide
(SiOx) and HOPG are suitable for the present purpose.

Fig. 5.46 shows UPS spectra of nominally 12 nm thick, pristine PEN films
on SiOx (i) and HOPG (iv). These two spectra differ in the relative pho-
toemission intensities from some molecular levels, as one can see clearly for
the feature at ca. 3 eV BE in particular. This is due to the fact that the
long molecular axis of PEN is oriented almost vertically on SiOx (when the
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Figure 5.46: UPS spectra of 12 nm PEN films on SiOx (left-hand side) and
HOPG (right-hand side). (i) and (v): pristine. (ii) and (vi): after exposure
to one atmosphere O2 for 30min (in dark). (iii) and (vii): after additional
exposure to one atmosphere O2 for 120min (with visible light). (iv) and
(viii): after additional exposure to ambient air for 60min (with visible light).
Inset: extended UPS spectra of the pristine PEN film on SiOx (bottom), and
after exposure to ambient air for 15min with UV irradiation (top).

film is grown at room temperature [196]), while it is presumably parallel to
the surface of HOPG [81, 277]. It is known that measured photoemission in-
tensities depend strongly on molecular orientation [278]. The energy spacing
of emission features in both films are identical, which is strong evidence for
intact PEN being present on both surfaces. These two films were exposed
to one atmosphere of pure oxygen in dark for 30min. (Fig. 5.46 (ii) and
(vi)). Subsequently, the samples were exposed to one atmosphere of pure
oxygen for 120 min. (Fig. 5.46 (iii) and (vii)), this time irradiated with vis-
ible light (to test the influence of PEN optical excitation during exposure)
from a halogen lamp (cutoff wavelength of the experimental chamber glass
window: 300 nm). In the next step, both samples were exposed to ambient
air for 60min. (Fig. 5.46 (iv) and (viii)), again with visible light irradiation.
Finally, exposure to ambient air for 15min proceeded, with the samples being
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additionally exposed to ultraviolet (UV) light (inset of Fig. 5.46) from a low-
pressure Hg-lamp (placed ca. 10 cm away from the samples). Note that the
applied exposure times are sufficient for complete diffusion of O2 through the
thin film (as mentioned above for thick single crystals [271]), and that after
each exposure the samples were brought back to UHV conditions for the UPS
measurements. Most notably, the spectra in Fig. 5.46a and Fig. 5.46b ((i) -
(iv) and (v) - (viii)) are - within the experimental error - virtually identical
in both energy position and lineshape, regardless of treatment.

The essence of these experimental results is that molecular oxygen and
also water (from air) do not react with PEN (on the timescale of the ex-
periments), as long as they come into contact in dark or under visible light.
The surface sensitivity of UPS would unmistakably allow for the identifica-
tion of such a reaction. Therefore it is reasonable to conclude that optically
excited PEN (the optical gap of PEN is 1.85 eV [67], thus well contained in
the spectrum of the halogen lamp used here) is not sufficient to promote a
reaction. Oxygen possibly diffused into PEN at atmospheric pressure ap-
pears to diffuse out again rapidly after re-evacuation, and does not lead to
irreversible changes (detectable by UPS) in the electronic structure, like, e.g.,
p-type doping (as might have been suspected from the experiment with the
Au substrate). Yet, charge traps predicted in several works may be present
[270, 273], but at such low density that the Fermi-level position in PEN is
not affected. The shift of ≤ 0.1 eV observed for spectrum (d) in Fig. 5.46.
might point towards an effect of water adsorption on the SiOx substrate
properties. It can be ruled out that PEN itself is affected, since no shift is
seen for PEN/HOPG (spectrum (viii)). In contrast, the inset of Fig. 5.46
demonstrates that the exposure of PEN to air in the presence of UV light
leads to a rapid reaction of PEN, most probably an oxidation by singlet oxy-
gen and/or ozone (produced by the UV light). Unfortunately, the reaction
product is ill-defined, as can be seen from the featureless spectrum (upper
curve in the inset of Fig. 5.46). Essentially the same spectrum was observed
for the PEN/HOPG after air/UV exposure (spectrum not shown).

The comparison of the results on the different substrates allows to clearly
differentiate between doping of PEN (not observed under the present exper-
imental conditions) and a modification of the substrate properties (observed
for the Au substrate) due to oxygen exposure. It cannot be excluded that
oxygen- or water-induced changes occur at higher pressures (still reversible),
which could not be experimentally achieved. The implication for devices
comprising PEN and Au contacts (e.g., field effect transistors [273]) is that
upon exposure of the devices to oxygen/air a considerable lowering (increase)
of the hole (electron) injection barrier from Au into PEN occurs (i.e., from
0.8 eV to 0.55 eV for holes), which is not caused by doping.
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5.8.3 Vibrational spectroscopy

In order to investigate the chemical reactions occurring in PEN thin films in
the presence of reactive oxygen species infrared spectroscopy experiments (see
Sec. 3.3) have been performed22 on PEN films as a function of exposure time
to UV light from the low pressure Hg-lamp in ambient air. The IR spectrum
of a 12 nm thick pristine PEN film on SiOx (Fig. 5.47a) displays a number of
strong absorption bands, which can be identified according to the literature
[58]: 729 cm−1 and 903 cm−1 are out-of-plane C-H bending modes, 1296 cm−1

a ring stretching mode, and several peaks close to 3040 cm−1 (not shown)
correspond to C-H in-plane stretching modes. A representative IR spectrum
taken after 13 h exposure to UV radiation in air is shown in Fig. 5.47b. Ab-
sorption peaks characteristic of PEN have decreased in intensity, and only
a very weak and ill-defined broad feature between 1600 cm−1 and 1800 cm−1

(region of the C=O stretching modes) appears in the spectrum, which may
indicate the formation of a variety of oxidized intermediate species (the tiny
sharp absorptions in this region are due to residual water vapour in the spec-
trometer). Interestingly, no absorptions characteristic of PQ can be identified
in comparison to Fig. 5.47c, where the IR spectrum of a 12 nm thick PQ film
is displayed. The absorption at 1676 cm−1 is assigned to the characteristic
C=O stretching mode [275]. From these observations it can be concluded
that PQ is not a stable intermediate that forms upon oxidation of PEN with
reactive oxygen species, but that oxidation proceeds efficiently to form small,
volatile reaction products.

22The FT-IR investigations were performed by H. Weiss, Universität Magdeburg,
Chemisches Institut, D-39106 Magdeburg, Germany.
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Figure 5.48: AFM images of a 12 nm thick PEN film on SiOx in its pristine
state (a), after 11 h (b) and 26.5 h (c) UV-exposure in air and of a pristine
film on HOPG (d), after 13.3 h (e) and 22.3 h (f) UV-exposure in ambient
air. (a-c: 6× 6µm2, d: 10× 10µm2 and e-f: 5× 5µm2; 40 nm height scale)

5.8.4 Morphology

In order to confirm the film mass-loss suggested by the intensity decrease of
PEN related vibrations in the IR-investigation as well as to gain a deeper
insight into the decay of the PEN films’ morphology upon oxidation, AFM
investigations (see Sec. 3.4) have been performed23 under analogue conditions
to the IR experiments. Fig. 5.48 gives the comparison of the PEN film
in its pristine state and after UV-irradiation in air. For pristine SiOx a
three-dimensional growth with frayed pyramidal terraced structures is found
(comparable to Fig. 5.32a).

Upon exposure to the reactive oxygen species the terraces of the PEN
film become corrugated and sieve-like, hinting towards the lack of preferential
mesoscopic reaction sites, such as step edges (Fig. 5.48a-c). The AFM images
give evidence to the fact that the reactive oxygen species corrode the islands
both at the edges as well as on the terraces, and that significant mass-loss

23The AFM investigations have been performed in cooperation with S.Rentenberger,
Graz University of Technology, Austria.
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occurs, due to the formation of volatile reaction products. The PEN film on
the HOPG substrate (Fig. 5.48d-f) shows the same behaviour upon exposure
to irradiation with UV-light in ambient air.

5.8.5 Summary

In extensive tests no reaction of PEN with molecular oxygen and water on
the timescale of a few hours was observed, even if PEN is optically excited.
More importantly, it was found that oxygen diffusion through PEN thin
films (and single crystals) is reversible, and does not leave behind - after
re-evacuation - electrically active electronic states that would lead to doping
of the organic bulk material. This is evidenced by a lack of energy shifts in
UPS spectra of PEN before and after exposure to O2 and to air. Instead, it
was found that the hole injection barrier at the Au/PEN interface is lowered
by oxygen exposure. Finally, it was demonstrated that rapid oxidation of
PEN occurs in air only in the presence of UV light, due to the formation
of highly reactive singlet oxygen and/or ozone. In none of the investigated
cases PQ was observed originating from PEN oxidation.
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Chapter 6

Summary and Outlook

In this work the combination of PEN with C60, PFP and PQ within lay-
ered and co-deposited heterostructures was investigated in vacuum sublimed
films. A thorough structural, energetic and morphological characterization
was carried out in order to judge the respective application potential for
the field of organic electronics. Throughout this work a multi-technique ap-
proach was followed utilizing XRD, FT-IR, AFM and UPS in order to access
complementary information on both the structural and energetic properties
of these PEN heterostructures.

For the heterostructures with C60 the poor performance results of bulk-
heterojunction based OPVCs compared to layered ones could be attributed to
morphological instead of energetic or structural issues, clearly demonstrat-
ing that in general a comprehensive multi-technique view on the physical
properties is necessary to correctly interpret device performance results in
the field of organic electronics. From the present results a systematic modi-
fication of preparation parameters and device structure may be feasible: An
increase of the PEN underlayer thickness and a reduction of the PEN island
separation distance e.g., via a significant increase of the deposition rate or
via substrate cooling could combine the benefits of the layered and the co-
deposited structures. Experiments in this directions will be carried out in
the near future.

The combination of PEN with PFP, i.e., the heterojunction of the two
maybe most auspicious OSCs, demonstrated that PFP nicely wets a PEN
underlayer, which is of importance for OFET applications. Moreover, an
unknown thin film polymorph of PFP could be solved using grazing incidence
RSM. Bulk heterostructures of PEN and PFP were found to form a mixed
crystal structure, which will be subject of a forthcoming investigation in
terms of a full structure solution. In the present work, this blended structure
of PEN and PFP mixed on a molecular scale could be successfully applied
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to tune the ionization energy of thin films by a change of the mixing ratio,
which was explained by the presence of intramolecular polar bonds (C-H and
C-F for PEN and PFP, respectively). The corresponding UPS investigations
could be effectively corroborated by electrostatic modelling to theoretically
substantiate the findings. This study demonstrates that surface engineering
of OSCs can be performed via adjusting the polarity of intramolecular bonds,
which therefore represents a viable alternative to the surface modification of
substrates to control the interface energetics.

The third investigated PEN heterostructure was the combination with
PQ, where the electronic structure of PEN/PQ and PQ/PEN layered films
was thoroughly investigated by UPS on application relevant substrates. Films
with highly molecular-orientation dependent ionization energies were found,
which could again be explained by the different surface termination of films
comprising surface dipoles. This study insistently outlined the necessity for
a detailed knowledge on the structural arrangement in functional organic
layers, since the mutual molecular orientation was demonstrated to severely
impact the energy level offsets between the respective compounds. Moreover,
the observed energy level offset exhibited to be capable for the use as hetero-
junction for efficient exciton dissociation in OPVC applications. Therefore,
pure, layered and 1:1 co-deposited films of PEN and PQ were thoroughly
characterized by means of XRD, FT-IR and AFM, where pronounced phase
separation in the case of co-deposition was observed suppressing (textured)
growth of PQ in its bulk phase polymorph and promoting growth in an up
to now unexplored PQ thin film polymorph. PQ was identified to be an
interesting model material for the investigation of highly three-dimensional
island growth, since even at high nominal coverages no closed film could be
achieved, while the crystalline quality was found to be outstandingly high.
This growth behaviour further offers the possibility, e.g., in conjunction with
subsequent PEN deposition, to use the intrinsically corrugated film morphol-
ogy of pure PQ as electron acceptor in layered OPVCs with therefore intrinsi-
cally increased interfacial area. Layered devices of p-type oligomer materials
or polymers on PQ underlayers will therefore be subject of further investiga-
tions. Furthermore, the thin film polymorph of PQ was successfully solved
using grazing-incidence RSM, where force field calculations yielded a molec-
ular arrangement markedly different to the bulk structure with an intriguing
loss of the herringbone arrangement known from the PQ bulk. Morphologi-
cal investigations using AFM revealed anisotropic island borders, which was
suggested to be related to the dynamics of thin film growth. This finding of
fundamental interest will be subject of further research efforts comprising in-
vestigations of a possible coverage/rate dependence of this anisotropic growth
behaviour in order to alter the dynamics of island growth. Moreover, the im-
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pact of PQ as impurity in PEN thin film growth was investigated in detail via
structural investigations again following a multi-technique approach. It was
shown that PQ does not measurably intercalate with PEN and rather forms
phase-separated patches or accumulates at PEN grain boundaries. Finally,
PQ presence in PEN films due to a possible oxidation of PEN to PQ under
oxygen exposure was investigated owing to the relevance for real-world ap-
plications. Using UPS and FT-IR as experimental tools it was demonstrated
that O2 and water do not react noticeably with PEN on the timescale of
hours, whereas singlet oxygen and ozone readily oxidizes the PQ films pro-
ducing highly volatile reaction products instead of PQ from the oxidation
process.

Within this work, several issues of fundamental and application relevance
have been addressed. On the one hand, the material scientific knowledge on
heterostructures of possibly trendsetting OSCs was enlarged, which could be
of relevance for more technologically oriented future studies. Two unknown
crystal structures were solved, which is of importance, since the charge trans-
port through OSCs is very sensible to the molecular arrangement. In this
context, several matters could only be clarified, since a comprehensive multi-
technique approach was followed, which I assume to be mandatory for effec-
tive progress in this application directed research field. On the other hand,
issues of fundamental physical relevance like the impact of intramolecular
polar bonds on the thin film energetics were addressed, which can now be
used well directed in technological applications.
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Abbreviations

PQ 6,13-pentacenequinone
6T α-sexithiophene
ηA absorption efficiency
A area factor
AFM Atomic Force Microscope
f(q) atomic form factor
Z atomic number
NA Avogadro constant
Ubias bias voltage
EB binding energy
Θ Bragg angle
Ubi built-in voltage
fC Cauchy (Lorentz) function
ηcc charge collection efficiency
DL coherent film thickness perpendicular to the surface
r complex reflection coefficient
t complex transmission coefficient
COM conjugated organic molecule
αc critical angle of total external reflection
JV-curves current density vs. voltage curves
D Davydov splitting
(ν, δ) detector angles in the laboratory system
(ϕ, β) detector angles in the sample system
DLA diffusion-limited aggregation
DWBA distorted-wave Born approximation
~E electric field vector
EA electron affinity
%e electron density of the medium
∆e electron injection barrier
Ξ(x) electrostatic potential
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EDC energy distribution curve
Ebindex exciton binding energy
ηed exciton diffusion efficiency
LD exciton diffusion length
ηct exciton dissociation efficiency
αf exit angle of the diffracted beam
ηeqe external quantum efficiency
FFT Fast Fourier Transform
EF Fermi energy
FF fill factor
FT-IR Fourier-transform infrared spectroscopy
2w full width at half maximum
C60 fullerene
fG Gaussian function
GID grazing incidence diffraction
H Hamilton operator
HOMO highest occupied molecular orbital
HOPG highly oriented pyrolytic graphite
∆h hole injection barrier
αi incident angle of the primary beam
ITO indium tin oxide
β2Θ integral breadth in 2Θ of a Bragg peak
∆qz integral peak breadth in terms of momentum transfer
ID interface dipole
ηiqe internal quantum efficiency
ICP intrinsically conducting polymer
IPES inverse photoelectron spectroscopy
IE ionization energy
Ekin
F kinetic energy of electrons emitted from the Fermi level

Ekin
homo kinetic energy of the HOMO emission onset

Ekin
seco kinetic energy of the SECO

DK layer thickness as determined from Kiessig fringes
µ(λ) linear attenuation coefficient
L Lorentz factor
LEED Low Energy Electron Diffraction
LUMO lowest unoccupied molecular orbital
e maximum (upper limit) strain
MPP maximum power point
(hkl) net planes of Miller indices h, k, l
θx nominal coverage of compound "x"
JN N-slit interference function
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f number of degrees of freedom of a molecule
Uoc open circuit voltage
Pinc optical power density
OH organic heterojunction
OPVC organic photovoltaic cell
OSC organic semiconductor
DS out-of-plane crystalline coherence length
Λ penetration depth
PEN pentacene
PFP perfluoropentacene
PES photoelectron spectroscopy
dhkl plane spacing of planes with Miller indices h, k, l
P polarization factor
PEDOT:PSS poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
q‖ projection of ~q on the scattering plane
fpV (2Θ) pseudo-Voigt function
∆qKiessigz qz-spacing of the Kiessig fringes
~Hhkl reciprocal lattice vector
RSM reciprocal space mapping
n refractive index
R rod intersection factor
rms root-mean square
~q scattering vector (momentum transfer)
SECO secondary electron cutoff
∆vac shift of the vacuum level
Jsc short circuit current density
SiOx silicon oxide
g(D) size distribution function
XRD specular x-ray diffraction
F (~q) structure factor
TF-SCLC trap-free space charge limited current
UHV ultra-high vacuum
UPS ultraviolet photoelectron spectroscopy
uc unit cell
VL vacuum level
VUV vacuum-ultraviolet
VdW Van der Waals
q⊥ vertical component of the momentum transfer
fV (2Θ) Voigt-function
〈D〉V volume-weighted average crystallite size
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~kf wave vectors of the diffracted beam
~ki wave vectors of the incoming beam
λ wavelength
WHA Williamson-Hall analysis
φ work function
φspec work function of the spectrometer
XPS x-ray photoelectron spectroscopy
XRR x-ray reflectivity
qz z-component of the momentum transfer
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