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Abstract

Thin films of organic semiconductors demonstrate important optical and electrical
properties and are widely used in optoelectronic devices such as organic field-effect
transistors (OFETs), organic light emitting diodes (OLEDs), or organic solar cells.
Organic small molecules are very promising organic semiconducting compounds
that have a broad area of optoelectronic applications. The functionality and de-
vice properties depend on the structure of the organic semiconductive layer. The
thin films of organic small molecules can be prepared by organic molecular beam
deposition (OMBD) under vacuum conditions. The complex structure in such
optoelectronic devices involves at least two different materials, the donor and the
acceptor compounds, which can be deposited for the active layer in different archi-
tectures for example simultaneously resulting in bulk heterojunctions (BHJ). The
central and important topic here is the mixing behavior whether the compounds
phase-separate or mix with each other. One of the fundamental processes in such
optoelectronic devices relies on the molecular charge transfer (CT) which takes
place at the interface of donor and acceptor molecules, for example, in molecular
mixed crystals. The CT has an important impact on optoelectronic devices and is
therefore essential for the fundamental challenges in these fields. In this context,
the morphology and intermixing on the molecular level in bulk heterojunctions
have a great influence on the CT effects and therefore also on the device structure
and performance. The microscopic details of the CT, in particular for the different
strengths of interactions, are still not fully understood.

The present work investigates structural morphology and charge transfer effects
of organic binary bulk heterojunctions. As donors the organic small molecules Di-
indenoperylene (DIP) and Dinaphthothienothiophene (DNTT) and as acceptors,
different perylene diimide (PDI) derivatives were chosen. At first, the influences
of the different n-alkyl side chains and cyano groups of the various PDI accep-
tors with the donor DIP on structural and optical properties in these thin film
systems were examined. Two of the investigated systems show well-defined co-
crystal formations and strong excited-state CT effects by using different X-ray
scattering techniques and absorption as well as emission spectroscopy. Moreover,
the molecular CT of two different PDI:DNTT thin film systems was character-
ized by obtaining weak ground-state and strong excited-state CT effects. The
experimental results and optical properties were compared and complemented by
first-principle calculations. Furthermore, the influences of various donor molecules
with a synthesized PDI acceptor molecule were investigated. The structural and
optical properties of the pristine acceptor based on the substrate temperature were
examined and different mixing behavior as well as CT effects were obtained for
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two different molecule combinations in thin films. The results lead to a deeper un-
derstanding of processes being important for organic optoelectronic applications.
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Zusammenfassung in deutscher
Sprache

Dünne Schichten organischer Halbleiter weisen hocheffiziente optische und elektri-
sche Eigenschaften auf und finden weitverbreitet Verwendung als aktive Schichten
in organischen Feldeffekttransistoren (OFETs), organischen Leuchtdioden (OLEDs)
oder organischen Photovoltaikzellen (OPVs). Durch beträchtlichen Forschungs-
aufwand in den letzten Jahrzehnten wurden organisch niedermolekulare Verbin-
dungen zu vielversprechende Materialien für organische Halbleiter in den ver-
schiedensten (opto-)elektronischen Anwendungen. Die Funktionalität und die
Eigenschaften der Bauteile hängen unter anderem stark von der Struktur der
organischen Halbleiterschicht ab. Die dünnen Schichten können hierbei unter
anderem mittels organischer Molekularstrahldeposition (OMBD) unter Vakuum-
Bedingungen hergestellt werden. Die Komplexität solcher Strukturen in den
(opto-)elektronischen Bauteilen lässt sich meist auf mindestens zwei verschiedene
Komponenten zurückführen, dem Donator- und dem Akzeptormaterial. Die Her-
stellung der Akzeptor-Donator Schicht kann durch unterschiedlichstes Filmwachs-
tum und Entstehung verschiedener Heterostrukturen erfolgen, beispielsweise durch
gleichzeitiges Aufdampfen auf ein Substrat, wobei eine

”
Misch-Heterostruktur“

(Bulk Heterojunction) entsteht. Der wichtigste Punkt hierbei ist das Mischver-
halten beider Komponenten, wobei essenziell ist, ob sich eine Phasenseparation
beider Moleküle bildet oder sie sich miteinander mischen lassen. Ein fundamen-
taler Prozess in solchen (opto-)elektronischen Bauteilen ist der molekulare La-
dungstransfer, welcher an der Grenzfläche der Donator- und Akzeptormoleküle,
beispielsweise in molekularen Mischkristallen, stattfindet. Da der Ladungstransfer
signifikante Einflüsse auf (opto-)elektronische Anwendungen ausübt, ist er essenzi-
ell für die grundlegendenden Herausforderungen in diesen Forschungsbereichen. In
diesem Zusammenhang haben die Morphologie und das Mischverhalten der Dünn-
schichten auf molekularer Ebene wichtige Auswirkungen auf den Ladungstransfer
und daher ebenso auf die Struktur und die Performance der Bauteile. Die mi-
kroskopischen Details des Ladungstransfers, im Hinblick auf die unterschiedlichen
Stärken der zwischenmolekularen Wechselwirkungen, sind noch nicht vollständig
erforscht.

Die strukturelle Morphologie und der molekulare Ladungstransfer in Donator-
Akzeptor Heterostrukturen ist das Hauptthema dieser Arbeit. Als Donatormo-
leküle wurden in dieser Arbeit die prototypischen organischen Halbleiter Diinden-
operylen (DIP) und Dinaphthothienothiophen (DNTT) und als Akzeptormaterial
verschiedene Perylendiimid-Derivate (PDI) verwendet. Die Einflüsse verschiede-
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ner Seitenketten (n-Alkylgruppen oder Cyanogruppen) der PDI Derivate mit dem
Donatormolekül DIP wurden im Hinblick auf strukturelle und optische Eigen-
schaften der verschiedenen Dünnschichten untersucht. Zwei Dünnschichtsysteme
bilden einen wohldefinierten Cokristall und weisen einen starken Ladungstransfer
in angeregtem Zustand auf. Dieser wurde mittels verschiedener Röntgenstreu-
techniken und der Absorption- sowie der Emissionsspektroskopie nachgewiesen.
Weiterhin wurde der molekulare Ladungstransfer zwei verschiedener PDI:DNTT
Dünnschichtsysteme charakterisiert und ein schwacher Ladungstransfer im Grund-
zustand sowie ein starker in angeregtem Zustand ermittelt. Die experimentellen
Ergebnisse, darunter die optischen Eigenschaften der dünnen Schichten, wurden
durch

”
first-principles“-Berechnungen erweitert und ergänzt. Die Einflüsse ver-

schiedener Donatormoleküle mit einem synthetisierten PDI Akzeptor in dünnen
Schichten wurden untersucht. Die strukturellen und optischen Eigenschaften des
reinen Akzeptors wurden im Hinblick auf die Substrattemperatur während des
Wachstums ermittelt und verschiedene Mischverhalten sowie Ladungstransfer wur-
den für zwei unterschiedliche Molekülkombinationen in Dünnschichten erforscht.
Die Ergebnisse, die im Rahmen dieser Arbeit gewonnen wurden, führen zu einem
tieferen Verständnis der Prozesse, die für organische (opto-)elektronische Anwen-
dungen bedeutsam sind.
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Fundamentals
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Chapter 1

Introduction

Organic materials offer a huge diversity of different structures and many possi-
bilities in various mechanical, optical and electrical properties. In the last three
decades, strong efforts in the area of organic semiconductors and optoelectronic
applications have been achieved [1–3]. Therefore, organic optoelectronic devices
are an attractive alternative to their inorganic counterparts. Nowadays, fully func-
tional devices with organic semiconductors embedded as active layers in organic
field-effect transistors (OFETs) [4–7], organic light emitting diodes (OLEDs) [8, 9],
and organic photovoltaic cells (OPVCs) [10–13] have been widely accepted and
well-established in the consumer market. Low cost thin film fabrication, their
light weight, processability, and device flexibility, to name only a few benefits
achieved by using organic semiconducting materials [14–16]. High efficiencies and
the advantage of involving flexible substrates are also worth mentioning in or-
ganic optoelectronic device fabrication, such as spin-coating, vacuum sublimation
or inkjet-printing [17, 18]. Additionally, a wide range of organic semiconductive
materials benefits from the opportunities to adjust optoelectronic properties in a
controlled way because the chemical structure can be easily modified in the desired
ways. The fundamentals of tuning thin film properties are the functionalization
of molecule compounds [5, 19–22]. Through the precisely functionalized struc-
tures such as fluorination or incorporated electron-withdrawing groups of organic
materials, structural and optoelectronic properties such as charge transport prop-
erties of the organic active layer and therefore also of the devices can be enhanced
[19, 20, 23].

Organic small molecules are one broad area of organic semiconductors that
opens a wide range of possibilities for optoelectronic devices. The complex struc-
ture in such devices involves at least two different materials, the donor and the
acceptor compound, for various kinds of applications. A challenging field itself
is the fabrication of the active semiconducting layer which can be produced by
organic molecular beam deposition (OMBD) [26] and has a great impact on the
functionality of the optoelectronic devices. The growth behavior of organic small
molecules has important differences compared to the inorganic counterparts due
to the additional degrees of freedom of the organic materials [27]. The growth
of organic-organic (donor-acceptor) thin films is more complex related to issues
based on the crystal structure and its quality. The evolution of the film structure
as well as the various growth parameters such as the substrate temperature, the
base pressure, and the deposition rate are crucial and have a strong repercussion
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Figure 1.1: Illustration of structures and processes relevant for organic devices:
a) schematical film preparation of semiconductive (donor-acceptor) active layers
by organic molecular beam deposition, b) sketches of phase-separating and mixing
scenarios for binary systems in bulk heterojunctions (BHJ), c) schematical charge
transfer (CT) case indicating a small ground-state CT and a strong excited-state
CT and d) several simplified optoelectronic device structures consisting of an
organic heterostructure as an active layer: an ambipolar organic field-effect tran-
sistor in a coplanar bottom-gate bottom-contact configuration, an organic light
emitting diode with an electron (ETL) and hole transporting layer (HTL) as well
as an organic photovoltaic cell. Part of the picture is modified from Refs. [24, 25].

on the growth behavior and therefore on the device structure [28]. In Figure 1.1a
the film preparation of semiconductive active layers by OMBD is schematically
presented based on structures relevant for organic devices.

Possible architectures of such semiconductive layers can be organic heterostruc-
tures realized in crystalline thin films of two different donor-acceptor materials.
Compositions where two compounds (A and B) are deposited simultaneously re-
sulting in A:B heterostructures are called bulk heterojunctions (BHJ) [25, 29].
The central key is here the mixing behavior in BHJ, whether the two materials
are phase-separating or efficiently mixing, which is schematically represented in
Figure 1.1b. The morphology and intermixing on the molecular level in such BHJ
thin films have a great impact on the device structure [25, 30–33]. For a complex
device structure, exemplary an OLED or OPVC architecture in addition to the
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organic BHJ, electrodes, passivation layers, and blocking layers are also essential
to improve the conductivity. Illustrations of the various device structures with
the organic heterostructures and the required layers are shown in Figure 1.1d.

For the functionality of the optoelectronic devices, optical properties such as
light absorption and emission as well as alignment of the energy levels at the
interface of the heterostructure are significant. Such relevant properties of the de-
vices are determined by the frontier molecular orbitals (FMOs) with the highest
occupied molecule orbitals (HOMOs) and the lowest unoccupied molecule orbitals
(LUMOs) of the respective molecule combinations [24, 34]. The important elec-
tronic processes for charge generation for example in an excitonic heterojunction
photovoltaic cell can be divided in a simplified scheme into several parts. First,
the light will be absorbed and excitons are generated. The excitons diffuse to the
interface, they dissociate and charge carriers are formed at the interface which
are then collected at the electrodes. For these relevant processes, the ideal het-
erostructures should exhibit low defect densities, high carrier mobilities, favorable
energy level alignments at the interface and the materials should possess high
absorption coefficients [12, 35]. Through the functionalization of the molecule
compounds, the ionization energies, the electron affinities, the charge transport
properties as well as the respective FMOs can be varied [4, 19, 20, 36].

One of the fundamental processes in such optoelectronic devices relies on the
molecular charge transfer (CT) which takes place at the interface of donor and
acceptor molecules, for example, in molecular mixed crystals [37, 38]. The concept
of CT was first described as a mechanism of intermolecular interactions in the
framework of Mulliken theory in the year 1952 with the explanation that donor-
acceptor binding results on account of quantum-mechanical mixing of two states
[39]. A CT transition is a large fraction of electronic charge which is transferred
from one entire molecule to another one (from the donor to the acceptor molecule).
The differences between partial and complete CT have to be considered. The CT
interactions are quantified by the electron and hole CT integrals and depend on
the nodal pattern of the relevant FMOs whose overlap should be the highest [40].
The CT has an important impact on optoelectronic devices such as OPVCs and
OLEDs and is therefore essential for the associated fundamental challenges [41–44].
Thus, the processes of CT exciton formation and recombination of charge carriers
and their mechanisms have to be understood. The efficiency of the CT exciton
formation and their dissociation into free carriers determine the photocurrent of
organic solar cells. The energy of the charge transfer state is directly proportional
to the experimental open-circuit voltage VOC in organic solar cells and serves
therefore as a limit. This voltage is determined by the spectral properties of
the CT exciton. The differences between the CT energy and the open-circuit
voltage have to be reduced to optimize the VOC while an efficient photocurrent
generation is still available because the energy levels should still suit an efficient
exciton dissociation without electron back transfer. This can be achieved by tuning
the LUMO level of the acceptor molecules. The electronic coupling between the
donor and acceptor molecules has also an influence on the open-circuit voltage
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[43, 45, 46]. Another aspect is to minimize recombinations because CT states
are efficient recombination channels for excitons [45, 47]. In this context, the
morphology and intermixing on the molecular level in bulk heterojunctions have
a great impact on CT effects and therefore also on the open-circuit voltage as
well as on recombinations [48]. Thus, the microscopic details of CT are of crucial
importance which are, in particular for the different strengths of interactions, still
not fully understood. In a rather common approach, molecular CT can be roughly
divided into several cases depending on how much the molecules interact with each
other. For weakly bound organic molecules a partial CT on average from the donor
to the acceptor is expected [41, 42, 49]. In Figure 1.1c the schematic CT case for
weakly bound organic compounds is presented including a weak ground-state (GS)
CT and a strong excited-state (ES) CT.

This thesis focuses on structural morphology and molecular charge transfer ef-
fects of organic binary heterojunctions. The results obtained from this thesis lead
to a deeper understanding of the processes being important for organic photo-
voltaic devices in organic optoelectronic applications. In the first part, Chapter 2,
the fundamentals of organic small molecule semiconductors, the growth behavior
for thin films as well as optical and electrical properties and processes in thin films
are explained. The properties of the materials used in this thesis are characterized
in Chapter 3. In Chapter 4 the sample preparation for the mixed thin films is
described. Furthermore, details about the different X-ray scattering characteriza-
tion methods as well as the optical characterization experiments are provided. In
Part II the main results of this thesis are presented which are divided into three
chapters. The first part, Chapter 5, investigates the influences of the different
side groups of various perylene diimide (PDI) acceptors with the donor molecule
Diindenoperylene (DIP) on structural and optical properties in these mixed thin
films. Thereby, two of the investigated systems show well-defined co-crystal forma-
tions and strong excited-state CT effects. Chapter 6 characterizes the molecular
CT of two different donor-acceptor systems by obtaining weak ground-state and
strong excited-state CT effects. The experimental results and optical properties
were compared and complemented by first-principle calculations. The third part,
Chapter 7, deals with the influences of various donor molecules with a synthesized
PDI acceptor molecule in mixed thin films. The structural and optical proper-
ties of the pristine acceptor based on the growth temperature were examined and
different mixing behavior as well as CT effects were obtained for two different
molecule combinations. The thesis concludes with a summary and possible future
projects (Chap. 8).
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Chapter 2

Background

2.1 Organic semiconductors

Organic semiconductors are an attractive alternative to their inorganic counter-
parts which are widely used in organic optoelectronic devices such as organic
photovoltaic cells and organic light emitting diodes [4, 5, 23]. In general and
simplified, an organic semiconductor is a non-metallic solid which shows electric
conductivity with increasing temperature. Considering band theory, the organic
semiconductors have a band gap between the valence and the conduction band
which is small enough so that it can be overcome with thermal energy. To a cer-
tain extent, they can be described as inorganic counterparts, but several concepts
have to be modified.

2.1.1 Structure and properties of organic semiconductors

Organic materials have carbon and hydrogen as their essential structural elements
and consist therefore of a hydrogen-carbon backbone including partly also het-
eroatoms such as N, O, S in the molecule structure. Organic semiconductor ma-
terials such as polymers and organic small molecules, as used in this thesis, are
carbon-based compounds. Hence, to understand these materials, the electronic
structure of carbon-based molecules is essential.

The electronic structure of molecules can be determined by considering the
Schrödinger equation taking the Hamilton operator into account which is the sum
of the kinetic and the potential energy. This is shown in Equation 2.1 with TN
and Te the kinetic energies of the respective atomic nuclei or electrons and the
total potential energy of the system V [50]:

Ĥ = T̂N + T̂e + V̂ (2.1)

The Born-Oppenheimer approximation separates the nuclear from the electronic
part resulting in the electronic Schrödinger equation for a fixed nuclear geome-
try. With the approximate Hartree-Fock solution of the electronic Schrödinger
equation the molecular orbitals (MOs) and their energy values can be obtained
[50, 51].

The MOs and their energy values have to be considered to understand the opti-
cal and electrical processes in organic molecules. Molecule orbitals can be approx-
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imated as a linear combination of atomic orbitals (LCAO). It can be determined
to which degree two orbitals, located at different centers, can overlap. The inter-
ference of these orbitals can result in bonding and anti-bonding molecule orbitals.
The bonding MOs form the closed shell ground-state while the excited-states of
the molecule include the anti-bonding MOs. Accordingly, it can be decided which
molecule orbitals are filled with electrons, beginning with the lower lying orbitals
after the Pauli principle and the Hund‘s rule [50, 51].

In the ground-state, the carbon atom consists of four valence electrons in one 2s-
and three 2p-orbitals and can possibly establish four covalent bonds. In molecules,
carbon atoms form hybridized orbitals, which are linear combinations of s- and p-
orbitals, because these are energetically favorable [50, 52]. An easy and common
example of an organic molecule is benzene (C6H6, Fig. 2.1). In the benzene
molecule, each carbon atom forms three sp2-hybridized orbitals out of one 2s-
and two 2p-orbitals. The orbitals are hexagonal oriented in the xy-plane and the
remaining pz-orbitals are perpendicular to that plane. In a simplified scheme, a
covalent bond chemical consists of two atoms that are sharing one pair of electrons.
The three hybridized orbitals of the carbons in benzene (σ-bonds) are located to
two other carbon atoms and one hydrogen atom and the residual electron is placed
in the pz-orbital (Fig. 2.1b). It can be paired with the other electrons in the pz-
orbitals of the carbon atoms resulting in a spatial probability density above and
below the molecule axis which corresponds to the so-called π-bond, a delocalized
π-system (Fig. 2.1c) [50, 52].

Figure 2.1: The benzene model: a) schematic structure, b) σ-bonds and non
overlapping pz-bonds and c) σ-bonds and ring-shaped π-bonds. Picture is modified
from Ref. [52].

Organic semiconductors are aromatic compounds which consist of cyclic conju-
gated, delocalized π-bonds. Normally, they are planar molecules with high reso-
nance energies. Benzene is the simplest aromatic compound, but there are also
polycyclic aromatic materials with heteroatoms involved. The Hückel rule has
to be fulfilled which means the molecule has to consist of (4n + 2) π-electrons.
Here, N is an integer and the free electron pairs of heteroatoms have also to be
considered.
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In aromatic compounds, the splitting of the bonding and antibonding π-orbitals
is weaker than compared to the σ-bonds. This results in favorable energy levels
and therefore these molecules are suitable for organic semiconductor applications.
The isoenergetic highest occupied π-orbitals are called HOMOs. The HOMO
and the lowest unoccupied molecular orbital are called the frontier orbitals and
are separated by the energy gap whose size is depending on the nature of the
respective molecule. The frontier orbitals play an important role in optical and
electrical properties of the organic semiconducting compounds. Advantageous for
aromatics is for example the light absorption and emission, because the π → π∗

transition can take place in the visible spectral range [52, 53].
The terms of n- and p-type behavior have to be redefined for organic semi-

conductors. The generation of charge carriers for organic semiconductors occurs
mostly by direct injection and is depending on the HOMO/LUMO level of the
organic molecule and the Fermi energy of the injection electrode. P -type organic
semiconductors or donors are ‘hole-transporting’ materials with high-lying HOMO
levels and low ionization energies. N -type or acceptors in contrast are ‘electron-
transporting’ materials with low-lying LUMO levels and high electron affinities
[50, 51].

2.1.2 Solid state interactions

The structure of molecular packing in molecular organic solids is determined by
inter- and intramolecular forces which have different strengths and directions.

Van der Waals forces take place between neutral and non-polar molecules. These
compounds have no static dipole moments. However, there can be fluctuations
in the charge distributions of one molecule which results in a fluctuating dipole
moment and this can induce a dipole moment in the neighboring molecule. This
leads to an attractive force and the induced dipole-dipole interaction between two
molecules with distance r:

Vdisp = −A
r6

(2.2)

Here, A is an empirical constant and includes compound specific properties [51].
In addition to the attractive interactions, there are also repulsive forces. The

interactions are based on Coulomb repulsion and stem from inner electrons and
atomic nuclei to avoid a collapse of the solid structure. The forces are strong
at small distances and they decrease rapidly with increasing distance. They are
normally treated using approximations. The approximation is presented by the
Lennard-Jones potential which is a sum of the attractive van der Waals interac-
tions and the repulsive forces shown in Figure 2.2. The potential can be described
with the following Equation 2.3

V =
B

r12
− A

r6
(2.3)
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where B is again an empirical constant [51].

Figure 2.2: Lennard-Jones potential curve combining van der Waals attraction
contribution and repulsive forces. Picture is taken from Ref. [51].

For organic solids which consist of molecules with polar substituents or with
a permanent dipole, attractive Coulomb forces have to be taken into account as
well. The intermolecular interactions are provided by a static monopole, a dipole,
or a quadrupole with their long range.

Another intermolecular force is important for structure formation in organic
solids, the so-called C-H/π-interaction. For the attractive interaction between
π-conjugated systems electrostatic and repulsion forces are taken into account.
As a prototypical aromatic compound, benzene dimers were used to study this
interaction (Fig. 2.3a). In the solid and liquid phases, edge-to-face conformations
are favored due to the minimization of repulsion (Fig. 2.3c). The face-to-face
conformation is not so favorable for benzene dimers, which is why a more off-
stacking arrangement is formed (Fig. 2.3b) [54–56].

2.1.3 Binary mixtures

In this thesis, donor-acceptor organic small molecule systems are studied. There-
fore, the understanding of the mixing behavior on the molecular level in binary
systems is very important. The degree of intermixing, the crystalline order, and
the morphology are of sufficient interest and have a significant impact on device
performance in organic optoelectronics. Here, two dissimilar materials A and B
are taken into account. The mixing behavior of the organic small molecules is
considered in terms of a nearest-neighbor interaction model:

χ =
Z

kBT
· (WAA +WBB − 2WAB) (2.4)
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Figure 2.3: Schematic description of aromatic electrostatic interactions: a)
quadrupole moment in benzene, b) face-to-face and off-stacking conformation of
benzene dimer and c) edge-to-face conformation of benzene dimer. Picture is
modified from Ref. [55].

The main driving force is the difference between the intermolecular interaction
of similar (WAA or WBB) and dissimilar molecules (WAB) [25, 57, 58]. Here, χ
is the interaction parameter, Z is the coordination number, kB is the Boltzmann
constant, and T is the temperature.

The free energy of a lattice is composed of contributions from two different
materials. The Helmholtz free energy of mixing Fmix can be described:

∆Fmix = kBT · [xAln(xA) + xBln(xB) + χxAxB] (2.5)

The interaction and entropy terms of the system are summed up (the logarithmic-
parts are the entropy terms of the system) and xA and xB are the respective
relative concentrations of the two materials.

The mixing behavior is described in simplified scenarios in Figure 2.4. The
interaction parameter is correlated to the entropy of the system. For high tem-
peratures, the entropy term will dominate the free energy of the system. So if the
interaction energy WAA or WBB is similar to WAB, no preferred interaction occurs
(χ ≈ 0), and a statistical mixing is formed. In this solid solution, the two mate-
rials can mix in any molar ratio (Fig. 2.4a). If the temperature is lowered, the
entropy does not dominate anymore the mixing behavior. The system of A and
B tend to mix (χ < 0) or phase-separate into the pure components (χ > 2) if one
of the interaction energy terms is larger. For χ < 0, the attraction forces between
dissimilar molecules dominate, so the compounds A and B tend to mix and an
ordered crystal can be formed of alternating A and B molecules (Fig. 2.4b). In
contrast, for χ > 2, the interaction forces between similar molecules are larger,
so the interaction term of similar molecules is dominating and the two materials
tend to phase-separate (Fig. 2.4c) [25, 57].

Binary mixtures can be formed by preparing different heterostructures. They
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Figure 2.4: Simplified scenarios of different binary mixing behavior for organic
molecules depending on the intermolecular interactions: a) solid solution, b) or-
dered complex and c) phase-separation. Picture is modified from Refs. [25, 57].

differ in properties and creation processes and are important for devices of donor
and acceptor molecules used in this thesis. The different heterostructures are
shown in Figure 2.5. Planar heterojunction (PHJ) is a stack of material A on
top of material B (Fig. 2.5a). In this structure, a defined interface between both
materials A and B is developed. The structure and morphology of the top layer
are influenced by the bottom layer. A variation of this heterostructure is the
graded interface. This heterostructure has, instead of a sharp boundary, a graded
interface so that the materials can mix or blend at the interface (Fig. 2.5b).

The bulk heterojunction is used in this thesis to prepare thin film structures.
Here, both materials are blended with each other and an homogenously mixed
material results if both compounds are able to mix (Fig. 2.5c) [25, 29]. For the
properties and conditions under which two materials can mix or phase-separate,
see the section described above.

2.1.4 Thin film growth

Vacuum deposition techniques such as organic molecular beam deposition are an
important and valuable tool to grow thin films and fabricate heterostructures in
organic optoelectronic devices [25]. Organic molecules have internal degrees of
freedom in contrast to their inorganic counterparts. Therefore, their self-assembly
processes on surfaces are more difficult and can also influence the film growth pro-
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Figure 2.5: Different schematic heterostructures of two materials A and B: a)
planar heterojunction, b) graded interface and c) bulk heterojunction. Picture is
modified from Ref. [25].

cedure. Through the orientational degree of freedom, the molecular orientation in
some domains can be different and the disorder in the thin films can be increased.
The vibrational degrees can have impacts on the interaction of the molecule with
the substrate and due to the conformational degree of freedom, some building
blocks of molecules can change during the growth procedure [27]. The thin film
growth and the different growth modes (Fig. 2.6) are based to some degree on
the wetting theory [59] but also non-equilibrium considerations have to be taken
into account. The three different growth modes of organic molecules on a respec-
tive substrate are determined by the interaction between the substrate and the
adsorbate material, in this thesis, the organic molecules.

Figure 2.6: Schematic representation of the different growth modes: a) island
growth (Volmer-Weber), b) layer-by-island growth (Stranski-Krastanov) and c)
layer-by-layer growth (Frank-van-der-Merwe). Picture is modified from Ref. [60].

If stronger interaction forces are taking place within the bulk absorbate material
than with the substrate, islands are formed. Here, stronger de-wetting effects have
to be considered and this film growth is called Volmer-Weber growth mode (Fig.
2.6a). It is also possible that the individual islands come into contact with each
other due to their lateral growth. In the Stranski-Krastanov growth mode, layer-
by-layer growth is starting followed by de-wetting or roughening (Fig. 2.6b).
Through the mismatch in their lattice structure, islands are formed on top of the
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layers which are depending on the thickness-related strain energy. Layer-by-layer
are grown independent of the film thickness in the Frank-van-der-Merwe growth
mode (Fig. 2.6c). The favorable interaction forces are between the substrate and
the absorbate and complete wetting layers are formed [27, 60, 61].

Figure 2.7: Schematic representation of the atomistic processes of a film growth
by organic molecular beam deposition. Picture is taken from Ref. [27].

In Figure 2.7 a schematic scenario of a thin film grown by OMBD is shown with
several characteristic processes. Here, the kinetic non-equilibrium processes as well
as its irreversible atomic scale processes have to be considered [27]. The sublimed
molecules arrive with a constant flux and a kinetic energy on a suitable surface.
On this substrate surface, relevant processes like absorption, re-desorption, inter-
layer diffusion, intra-layer diffusion, and nucleation take place. The nucleation
is energetically favorable at steps or at defects [27, 60, 62]. Various parameters
such as the growth rate, the adsorption, and re-desorption of the molecules on a
respective substrate and the substrate temperature influence these processes [25].

One of the processes on the substrate surface, which can occur, is the inter-layer
diffusion between growth layers. Due to the lack of nearest-neighbor interactions,
an additional energy barrier exists, the so-called Ehrlich-Schwöbel barrier which is
schematically shown in Figure 2.8 [62]. The molecule obtains a highly unfavorable
edge position when reaching the other layer. If the Ehrlich-Schwöbel barrier is
large, the inter-layer diffusion is hindered and this can lead to a wedding-cake
structure. The layer coverage of such a thin film follows a Poisson distribution
and a higher roughness of the thin film can be observed [59, 62–64].

The thin film properties can be adjusted by controlling and changing the dif-
ferent growth parameters. The shape and size of islands are determined by the
kinetics of the system. For example, small islands can be formed if the deposition
rate is high and the diffusion of the molecules is slow. Otherwise, bigger islands
can be for example obtained when the diffusion is fast but the deposition rate is
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Figure 2.8: Sketch of the inter- and intra-layer diffusion over a step edge (from
position 1 to 2). Picture is modified from Ref. [62].

lower. Another growth parameter that can be adjusted is the temperature of the
substrate. If the substrate is cooled, at low temperatures, the absorbate will stay
where they have arrived. At higher temperatures instead, the diffusion is more
facile which can lead to a more ordered structure [59, 62, 63].

2.2 Optical response of materials

Another very important aspect especially for optoelectronic applications are the
optical properties of a semiconducting material. Therefore, some basic concepts
such as Fresnel coefficients at the interface and the Franck-Condon principle have
to be discussed.

The dielectric function ε̃ is an intrinsic material property and characterizes the
optical behavior of a material, for instance, the interaction with electromagnetic
radiation. This material property is a complex function (ε̃ = ε1− iε2) and related
to the refractive index ñ of the material through the following

ñ =
√
ε̃ ; ñ = n+ ik (2.6)

with k as the extinction coefficient [65, 66].

2.2.1 Fresnel coefficients at interfaces

The reflection or transmission properties of a material are depending on the di-
electric function and are described in the following section. For more details, it
is referred to Refs. [65, 66]. The transition of an electromagnetic wave traveling
from one medium through the second one with the respective complex refractive
index is schematically shown in Figure 2.9a.

Exemplary, two homogenous and isotropic media with different optical prop-
erties are presented. The transition results in a reflected wave traveling back in
the first medium and a wave transmitted in the second medium. To calculate the
reflection coefficients for the transition from the first to the second medium, the
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Figure 2.9: Sketch for the Fresnel coefficient calculation: a) single interface with
medium ñ1 and ñ2 and b) double interface with film layer and therefore medium
ñ1, ñ2, and ñ3 and the respective angles. Picture is modified from Refs. [65, 66].

Maxwell relation has to be considered and Snell’s law (Eq. 2.7) has to be fulfilled.

sin θ1

sin θ2

=
n2

n1

(2.7)

The Fresnel coefficients can be described as follows:

r̃p =
Ẽrefl
p

Ẽinc
p

=
ñ2 cos θ1 − ñ1 cos θ2

ñ2 cos θ1 + ñ1 cos θ2

(2.8)

r̃s =
Ẽrefl
s

Ẽinc
s

=
ñ1 cos θ1 − ñ2 cos θ2

ñ1 cos θ1 + ñ2 cos θ2

(2.9)

The indices s and p indicate the parallel polarization of the electromagnetic field
to the interface plane and the polarization perpendicular to it. To determine the
total reflectivity, the square of the Fresnel reflection coefficients has to be taken
into account.

If the plane of an electromagnetic wave is traveling through a thin film medium
(homogenous dielectric film with thickness d, Fig. 2.9b, medium 2) the Fresnel
coefficients have to be redefined to the pseudo-Fresnel coefficients. On each side
of the thin film, semi-finite and homogenous media are assumed. The pseudo-
Fresnel coefficients are described with the phase thickness β of the film and the
wavelength λ0 of the incident radiation:

r̃ =
r̃12 + r̃23 e

2iβ

1 + r̃12 r̃23 e2iβ
; β =

2π

λ0

ñ2 d cos θ2 (2.10)

The boundary between the film and the air is r12 and r23 is the boundary between
the film and the substrate.
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2.2.2 The Franck-Condon principle

Molecule spectra are electronic spectra of organic solids where changes in the elec-
tronic as well as in the vibrational state can appear. These transitions between
the energy levels of the molecule can occur with emission or absorption of radi-
ation [67]. For a quantum-mechanical description of absorption or emission, the
wavefunction can be divided into a vibronic, an electronic, and a spin state (Eq.
2.11). For real molecules, the nuclei are not stationary, instead, they oscillate with
a certain vibration frequency and this can be described as a separate part of the
wavefunction Ψvib according to [50]:

Ψtotal = Ψel ·Ψspin ·Ψvib (2.11)

Figure 2.10: Schematic representation of the Franck-Condon principle with sim-
plified potential energy curves, vibrational wavefunctions, and the respective emis-
sion and absorption spectra. Picture is taken from Ref. [50].

Due to the larger mass of the nuclei, changes are at a much larger timescale as
the electronic motion [67]. Figure 2.10 shows the simplified potential energy curves
and vibrational wavefunction of two electronic states. Vertical lines are represent-
ing the transitions between the two states with constant internuclear separation.
The transitions are vertical because of the Franck-Condon principle which reveals
that the reaction of the nuclei on changes in the electronic structure is much slower
than the electronic transition [50, 68, 69]. The offset in nuclear coordination, also
called the normal mode coordinate ∆Qi between the two states, influences the
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maximum of the vibronic wavefunction. The square of the product of the vibra-
tional wavefunction |〈Ψvib,f |Ψvib,i〉|2 is also known as the Franck-Condon factor F
and indicates the probability of the transition from the lowest (0th) vibrational
ground-state level to the higher vibrational level m in the excited state. The tran-
sitions have a Poisson distribution and can be described with the Huang-Rhys
parameter S (Eq. 2.12):

I0−m = |〈Ψvib,f |Ψvib,i〉|2=
Sm

m!
e−S (2.12)

If the overlap integral, the Franck-Condon factor, is large then the transitions
are most intense [50, 67, 70]. The absorption and emission transitions in an ideal
case are mirror symmetric (Fig. 2.10) and the differences between their maxima
are defined as Stokes-shift [50, 69, 70].

2.3 Excitons in molecular solids

In the following section, excitations and interaction processes in organic small
molecule semiconducting materials will be described. In organic solids, electronic
excitations from the ground-state to the excited-state lead to electron-hole pairs
which are coulombically bound and called excitons. An ideal exciton is electrically
neutral but contains an electronic excitation energy that can move through the
periodic crystal structure [40, 51, 71]. For excitons, there are three different cases
that can be distinguished, shown in Figure 2.11.

Figure 2.11: Graphical illustration of excitons with different radii: a) a Frenkel
exciton, b) a charge transfer exciton and c) a Wannier exciton. Picture is modified
from Refs. [40, 51].

A Frenkel exciton is a localized excitation on one molecule which can move
through the lattice via dipole interactions (Fig. 2.11a). If the excitation takes
place from one molecule to another nearest-neighbor molecule, it is called a CT
exciton (Fig. 2.11b). The electron-hole pair is delocalized on two molecular
units. The large Coloumb binding energies (0.2 - 0.4 eV) prohibit in organic
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small molecules electron and hole separation with longer distances. Normally, the
electron-hole distance is one or two times larger than the distance of the molecu-
lar structural units [40, 51, 71]. For monomolecular crystals, the Frenkel exciton
energy is smaller than the CT exciton energy (EFE < ECT ), whereas in mixed
crystal, as studied in this thesis, the Frenkel exciton is similar or larger than the
CT energy (EFE & ECT ). For the Wannier exciton, the electron and hole are also
localized on two different molecules, but the distance between the charges is an
order of magnitude larger than the lattice structural units (about 40 - 100 Å, Fig.
2.11c). This leads to a delocalization over a large area and this type of exciton
is more common for inorganic semiconductors. Wannier excitons are difficult to
obtain in molecular organic solids [51, 72]. In the next section, the CT exciton
and therefore also CT effects are described in more detail.

2.3.1 Charge transfer effects

A charge transfer transition is a large fraction of electronic charge which is trans-
ferred from one entire molecule to another one (from the donor to the acceptor
molecule). CT can take place between two different materials for example in
molecular mixtures of organic semiconductors which are investigated in this thesis
[38, 41, 42, 73]. CT was first described by Mulliken in the year 1952 with the ex-
planation that donor-acceptor binding results on account of quantum-mechanical
mixing of two states [39]. CT excitations and CT excitons are the predominant
lowest excitation states and cause therefore the lowest-energy transitions in singlet
systems [51].

It can be distinguished between partial and complete CT. In Figure 2.12b it
is schematically shown that for a partial CT only a fraction of an electron is
transferred from the donor to the acceptor molecule whereas for a complete CT one
electron is transmitted completely from one molecule to the other one (Fig. 2.12a).

Figure 2.12: Schematic illustration of a) complete charge transfer and b) partial
charge transfer.

The CT effects are depending on the structural morphology and the molecular
packing of the respective donor-acceptor system. For a suitable CT effect, a
suitable mixing of the donor and acceptor molecule is of high importance (Section
2.1.3). The CT interactions are quantified by the electron and hole CT integrals
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and are depending on the nodal pattern of the relevant FMOs whose overlap
should be the highest [40]. There are several conditions which are defining the
CT energy: the overlap of the FMOs, the Coulomb binding energy between the
molecules, and the delocalization of the CT exciton [41]. The CT effects of organic
molecules in thin films can have an anisotropic nature which implies that the CT
transition takes mainly place in the π−π-direction [49]. The optical and electronic
properties of such thin film systems can be determined by the CT effects [40].

Important for these effects is the distinction between ground-state CT (GS-
CT) and excited-state CT (ES-CT). A GS-CT is a charge transfer state which is
related to the ground-state by a CT transition and where no external stimulation
is required. An ES-CT, in contrast, is a charge transfer transition that is induced
by excitation with light. If the excited CT decays, a neutral ground-state and an
emission of a photon are received with an energy below the optical gap of both
pure acceptor and donor compounds. New emission or absorption bands can be
detected which can not be assigned to the individual compounds. The existence
of a CT emission also involves a CT absorption band within the optical gap of
both pure materials [41, 73]. By definition, a CT complex is a donor-acceptor
complex where an excited-state CT has occurred. An ES-CT of organic solids
has mainly a low extinction coefficient, but therefore a high emission intensity
[41, 74]. Lifetimes of CT which originate via exciton dissociation are about two
magnitudes shorter than those which are formed directly from the GS [38]. For
the detection and investigation of ES-CT effects, optical spectroscopy methods
such as absorption, ellipsometry, and photoluminescence are used which are also
carried out and explored in detail in this thesis.

There are different methods to investigate the GS-CT. One suitable method
is the photoelectron spectroscopy where GS-CT is distinguishable through the
shifted ground-state level and depending on the strength of the associated electric
field [75]. X-ray diffraction and X-ray standing waves are used for example to
detect GS-CT with a reasonable substrate through the different adsorption lengths
[76]. Another method is the infrared spectroscopy, which is also performed in this
thesis. Here, the GS-CT is examined through a shift of intramolecular vibration
frequencies [77–79], which is described in detail in Sec. 4.4.3 (FTIR method) and
in the results in Sec. 6.2.

In a rather common approach, molecular CT can be divided roughly into three
different cases depending on the degree the molecules interact with each other
(Figure 2.13) [41, 42, 49]. A distinction is shown between systems that form only
excited-state CT effects, weak GS-CT and strong ES-CT effects, and strong GS-
CT effects with the formation of hybridized molecular orbitals. For the various
studied system in this thesis, the different cases will be described and discussed
in detail in the results in Sec. 6.7.

Charge transfer states are intermediates in interesting optoelectronic processes
such as charge separation and recombination in thin film organic photovoltaic
devices [41]. The CT energy ECT for example limits the open-circuit voltage and
the overall power conversion efficiency [73]. CT can decay into the ground-state
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Figure 2.13: Schematic scenarios of different charge transfer cases: a) only ES-
CT effects, b) weak GS-CT and strong ES-CT effects and c) strong ES-CT effects
with hybridized MOs formation.

or it can produce the charge-separated (CS) state also desired for some processes.
Therefore, it has to be distinguished between the CT and the CS state. In the
CT state, the charges are bound and CT effects can take place spontaneously
whereas CS needs a driving force. The dissociation into free carriers appears via
the manifold of CS states. The free charges have to overcome the Coulomb binding
forces and can freely move in the respective active layer. The dissociation of CT
into free charge carriers can be very efficient and can increase the conductivity of
the material but nevertheless, energy losses have to be considered [38, 41, 42]. In
the equilibrium, the different processes such as CS, CT, and recombination are all
balanced [41].

2.3.2 Jablonski diagram

Excited-states and transitions in organic small molecules can be investigated using
optical spectroscopy. The following section is based on Refs. [51, 52, 80].

Light can be absorbed by an organic molecule resulting in excited singlet or
triplet states. Singlet states are electronic states where the electronic spins are
coupled pairwise to a total spin quantum number of S = 0. The ground-state
of a molecule with an even number of electrons is a singlet state and is called S0

(Fig. 2.14). In this state, the organic crystal is diamagnetic. In contrast, triplet
states are electronic states where the spins of two electrons are parallel to each
other and which results in a total spin quantum number of S = 1. The respective
organic solids have paramagnetic properties.

Figure 2.14 shows the Jablonski diagram with the relevant processes for a
molecule of absorption and emission by light and relaxation. Absorption occurs
from the GS to the higher excited-states. Organic solids exhibit absorption coef-
ficients in the range of 105 cm−1. The non-radiative transitions from the higher
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Figure 2.14: Jablonski diagram with the relevant processes of absorption and
emission and the different electronic singlet states S0, S1, S2, and triplet state T1

of a molecule. Picture is modified from Ref. [51].

excited-states which have short lifetimes to the respectively first excited singlet
or triplet state S1 or T1 are called internal conversion (IC). They are one magni-
tude faster than emissions from higher excited-states. The excited-state S1 has
lifetimes between 10−9 s - 10−4 s. Fluorescence is the radiative transition from S1

→ S0 and phosphorescence is the radiative transition from T1 → T0. As defined
by the Kasha rule, the emission takes place from the lowest excited-state of the
respective multiplicity. The forbidden transitions between the singlet and triplet
systems, called intersystem crossing (ISC), are non-radiative and depend on spin-
orbit coupling. For organic solids which consist mainly of C and H (plus N and
O) this coupling is relatively weak. The probability of the ISC is increasing if
heavier atoms such as Br or I are incorporated in the molecule structure or by the
influences of strong electric or magnetic fields.

2.3.3 Davydov splitting

The exciton model in dimers, which is important for organic semiconductors with
two inequivalent molecules, is described in detail in Refs. [81, 82]. This model
applies to crystals with several molecules per unit cell or molecule dimers that are
not translationally equivalent. In the absorption spectra, several exciton bands are
observed for these materials. The two molecules where the respective transition
dipole moments (TDM) have different orientations reveal independent excited-
state formation resulting in two energetically different states. This is the so-called
Davydov splitting with the exciton splitting energy ∆EDS (Eq. 2.13)

∆EDS =
2 |µ2|
r3

12

· (cos α + 3 cos2 θ) (2.13)
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with µ as the transition dipole moment for the singlet-singlet transition of the
monomer, and r12 is the center-to-center distance between the molecules. The
angles α and θ are shown in Figure 2.15a and are described by the polarization
axes of both compounds [82].

In Figure 2.15b the Davydov splitting and the exciton formation in a molecular
dimer is shown. Due to the van der Waals binding contribution, the excited-
state of the monomer is slightly at lower energy (red-shifted). For the dimer, the
Davydov splitting into the two energy bands E ′ and E ′′ takes place. The in-phase
arrangement of the transition dipole moments results in E ′ and the out-of-phase
arrangement in E ′′. The larger intensity of light absorption of one molecular unit
leads to larger Davydov splitting.

Figure 2.15: Davydov splitting and exciton formation in a molecular dimer: a)
schematic oblique orientation of the respective transition dipole moments and b)
representation of the Davydov splitting with the respective energy levels and the
dipole phase relation f of the two TDMs. Picture is modified from Ref. [82].

Optical properties of thin films are depending on the molecular environment
[83, 84]. Absorption and emission spectra for thin films differ from the monomer
spectra due to intermolecular interactions. One effect is the so-called gas-to-crystal
shift, a red-shift of the absorption thin film spectra compared to the monomer
spectra because of the polarizability changes of the molecular environment [85, 86].

For dimers with strong Coulomb interactions and parallel oriented TDMs, which
result in Davydov splitting as described above, a blue- or red-shift in absorption
(H- or J-aggregations) can occur compared to the isolated molecules defined by
Kasha et al. [82, 87]. For ideal J-aggregates, the 0-0 vibronic peak is increased
compared to 0-1 or lower energy transitions in the absorption spectra (away from
a Poisson distribution) and the 0-0 emission is allowed. In contrast, for ideal H-
aggregates, it is the opposite case in absorption and the 0-0 emission is denied
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Figure 2.16: The exciton model with the schematic representation of J- and
H-aggregates and their respective influence on absorption and emission processes.
Picture is taken from Ref. [90].

[86, 88, 89]. If the TDMs of the dimers are oriented ’side-by-side’, the dimers are
identified as H-aggregates and ’head-to-tail’ orientations as J-aggregates (Fig.
2.16) [88].
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Chapter 3

Materials

3.1 Acceptor molecules: Perylene diimide

derivatives

Perylene diimide (PDI) derivatives are organic small molecules that are widely
used as electron donors and acceptors in organic electronic devices especially for
organic field effect transistors [4, 5, 91–94]. Due to their relatively strong electron
affinities, they are very promising and most investigated n-type organic materials
[20]. They show excellent chemical and thermal stabilities, high light absorption
capabilities, and high fluorescence quantum yields [23, 95]. PDI derivatives consist
of a perylene diimide backbone responsible for strong intermolecular π - π interac-
tion forces (Fig. 3.1). Through the incorporation of different side groups, they can
easily be chemically modified to suit solubility, photophysical, or electron-bearing
demands and to be very suitable for organic electronic applications [20, 95, 96].
They are structurally well-defined and due to the tailoring of the charge-transport
properties upon changing the substituents on the imide or the bay position of
the perylene backbone (Fig. 3.1) [4, 19, 20, 36], they can therefore serve as an
acceptor model system.

The alkyl, branched, and fluorinated side chains and the electron-withdrawing
side groups can alter molecular packing and morphology of the deposited thin films
[19, 20, 23]. The symmetric anhydride substitution at the imide position of PDI
derivatives, to achieve alkyl, branched, or fluorinated side chains, has influences
on the different optical and structural properties of the thin film growth. For
example, flexible long alkyl side chains can lead to several crystalline phases in
thin film growth. Branched side chains can decrease the π - π interaction of the
respective PDI derivatives due to the steric hindrance of the groups. This leads
also to charge carrier traps and increases the solubility of these molecules [19, 20].
Through the electron-withdrawing groups and rigid behavior of fluorinated side
chains, the LUMO level can be lowered compared to the respective counterparts.
This will also allow dense and face-to-face packing [19, 20, 23].

Through the difunctionalized core substitution at the bay position of the PDI
derivatives cyano groups, Br, F or Cl atoms can be incorporated. Fluorinated and
also brominated PDIs are more complicated to synthesize and the molecules can
decompose during sublimation [20]. Through chlorinated and especially cyanted
PDIs, the LUMO level can be lowered, the solubility of these molecules is increased
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Figure 3.1: Schematic structure of a generic PDI derivative with two side chains
(R) at the imide positions (marked with numbers 1 and 2) and marked bay posi-
tions by the numbers 3, 4, 5, and 6.

and they demonstrate superior electrical transport properties [21, 22].
By varying the side chains and incorporating the cyano groups of the PDI

derivatives, the various growth and mixing behavior with a donor molecule as well
as the influence on possible CT effects can be investigated in such systems. There
are only few publications on donor-acceptor thin film systems of PDI derivatives
with organic small donor molecules [97–99]. In this thesis, the focus is on several
PDI derivatives as acceptors which differ in the side chains in the imide position
and in the cyano groups in the bay position as well as on two different donor
molecules.

3.1.1 PDI derivatives with n-alkyl side chains

The following PDI derivatives shown in Figure 3.2 belong to the perylene alkyldi-
imide class and are used in this thesis as acceptor molecules. They consist of
a perylene diimide core with different n-alkyl side chains in the imide position
and have therefore different properties regarding thin film growth. These different
PDI derivatives are used in organic electronic applications, but only PTCDI-C8 is
structurally well investigated [91, 98, 100, 101].
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Figure 3.2: Schematic structure of the PDI acceptor molecules: a) PDIC1, b)
PDIC3, c) PDIC5 and d) PDIC8.

Table 3.1: Calculated thin film unit cell parameters of pristine PDI derivatives
with n-alkyl side chains in the imide position.

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦]
PDIC1 [102] 3.867 15.571 14.587 90 97.71 90
PDIC3 [102] 4.689 18.077 14.258 104.24 89.93 111.30
PDIC5 Polymorph A [103] 4.754 8.479 16.30 86.88 93.50 83.68
PDIC5 Polymorph B [103] 11.624 11.617 17.415 98.21 71.25 116.06
PDIC5 Polymorph C 1 - 7.35 18.4 80.5 90 90
PDIC8

1 8.45 4.77 21.49 99.7 106.4 97.8
1 calculated in the results in Sec. 5.1.1

PTCDI-C1 (PDIC1) is short for N,N’-dimethyl-3,4:9,10-perylenedicarboxyimide
and has only a methyl group in the imide position (Fig. 3.2a). PDIC1 grows in thin
smooth films with small spherical crystallites and the crystallinity can strongly
increase with higher substrate temperature [104, 105]. The molecules are oriented
in thin films in a herringbone arrangement and parallel to the substrate surface
when grown under suitable conditions on SiO2 substrates [104]. The unit cell
parameters for the various PDI derivatives are depicted in Table 3.1.

The PDI acceptor molecule with n-propyl side chains in the imide position is
PTCDI-C3 (PDIC3), which is short for 2,9-Dipropylanthra[2,1,9-def:6,5,10-d’e’f’]
diisoquinoline-1,3,8,10(2H,9H)tetrone (Fig. 3.2b). These molecules are oriented
in thin films in an edge-on configuration and also a more offset-stacked orientation
is created [106].
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In contrast, PTCDI-C5 (PDIC5) molecules, which is short for N,N’-dipentyl-
3,4:9,10-perylenedicarboxyimide (Fig. 3.2c), are arranged in thin films in an offset-
stacked packing. A tilted but more standing-up orientation is established when
deposited under suitable conditions on SiO2 substrates. The growth modes of the
PDIC5 molecules with an n-pentyl side chain in the imide position are changing
from a layer-by-layer growth followed by an island growth to a 3D growth with
increasing thickness. Better crystallinity and electronic thin film device charac-
teristics are achieved at higher growth temperatures [107, 108]. PDIC5 molecules
create numerous polymorphs when deposited at high substrate temperatures (Ta-
ble 3.1) [103] which are explained in detail in the result Section 5.1.

PTCDI-C8 (PDIC8) is short for N,N’-dioctyl-3,4:9,10-perylenedicarboxyimide
and consists of a perylene diimide core with n-octyl side chains in the imide
position (Fig. 3.2d). Thin film devices of PDIC8 have outstanding optical and
electrical properties, high electron mobility, and high photosensitivity [91, 98].
PDIC8 grows in smooth films with needle-like features and is coherently ordered
across the entire film thickness. As the other PDI derivatives, the layer-by-layer
growth is changing to a 3D crystalline structure with increasing film thickness
[91, 109]. The PDIC8 molecules are oriented standing upright with a tilt angle to
the surface of 67° and are arranged in an offset-stacked orientation. The TDM is
along the long molecule axis [101, 110]. All four PDI derivatives are purchased
from Sigma Aldrich with a purity of 98 % and used as received.

3.1.2 PTCDI-C8-CN2 and PDIF-CN2

Figure 3.3a shows the molecule structure of PTCDI-C8-CN2 (PDIC8-CN2), which
is short for N,N’-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis-(dicarboxyimide), with
its respective HOMO and LUMO levels. PDIC8-CN2 consists of a perylene diimide
core with n-octyl side groups in the imide position and two incorporated cyano
groups at the bay position (Fig. 3.3a). Thin films of PDIC8-CN2 are structurally
well investigated and organic electronic devices can be prepared with this PDI
derivative demonstrating high charge carrier mobilities between 0.1 and 1 cm2/Vs
and efficient electron injection from gold electrodes [4, 111]. PDIC8-CN2 grows
in smooth thin films without forming polymorphic phases [112]. Thin films of
this molecule show quasi 2D layer-by-layer growth. This changes to 3D spiral
growth which means a Stransky-Krastanov mode, a layer-plus-island growth, with
increasing film thickness [113–115]. The PDIC8-CN2 molecules are oriented in thin
films with the longest axis normal to the surface and the π - π overlap is in the
substrate plane [4, 111, 116]. The TDM is along the long molecule axis. The unit
cell parameters for PDIC8-CN2 and PDIF-CN2 are depicted in Table 3.2.
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Figure 3.3: Schematic structure of the PDI acceptor molecules with the different
electron affinities (EA) and ionization energies (IE) [113, 117]: a) PDIC8-CN2 and
b) PDIF-CN2.

Table 3.2: Calculated thin film unit cell parameters of pristine
PDIC8-CN2 and PDIF-CN2.

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦]
PDIC8-CN2

1 5.0 8.7 20.3 100.78 96.94 100.1
PDIF-CN2 [49] 5.53 7.52 20.4 87.12 101.5 106.3
1 calculated in the results in Sec. 5.1.1

PDIF-CN2 is short for N,N’-1H,1H-perfluorobutyl-dicyanoperylene-3,4:9,10-bis-
(dicarboxyimide) and consists of a perylene diimide core with perfluorobutyl which
means there are fluorinated side groups in the imide position and two incorpo-
rated cyano groups at the bay position (Fig. 3.3b). Thin film organic electronic
devices with this PDI derivative show high charge carrier mobilities, low threshold
voltages, and high Ion/Ioff ratios [36, 93]. Enhanced electron mobility can also
be achieved through depositing thin films of PDIF-CN2 on hydrophobic surfaces
which can be surfaces treated with Hexamethyldisilazane (HMDS) [118]. PDIF-
CN2 grows amorphous on an untreated SiO2 substrate when deposited at room
substrate temperature. Crystalline PDIF-CN2 films can be observed at growth
temperatures higher than 403 K. The molecules are oriented almost standing
upright and the TDM is along the long molecule axis [117]. PDIC8-CN2 and
PDIF-CN2 were bought from Flexterra.
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3.1.3 PDIC2F3

PDIC2F3 is short for N,N’-bis(2,2,2-Trisfluoroethyl)-perylene-3,4:9,10-bis (dicar-
boxyimide), a PDI derivative with two fluorinated ethyl side chains in the imide
position. Its molecular weight is 554 g mol−1 and PDIC2F3 has a molecule volume
of 548 Å3 calculated for normal pressure and temperature. PDIC2F3 is ther-
mally stable against polymerization and decomposition and starts to sublime at
T > 603 K at a pressure in the range of 10−6 mbar. The molecule structure and its
synthesis are depicted in Figure 3.4. The acceptor molecule PDIC2F3 is synthe-
sized according to previously reported imidization procedures [36, 119, 120]. The
reaction mechanism is a rather simple and straightforward condensation reaction
where a primary amine reacts with carbon acid anhydride to a secondary carbon
acid amide (Fig 3.5).

Figure 3.4: Schematic structure of the acceptor molecule PDIC2F3 and its reac-
tion mechanism starting from the educt PTCDA.

All of the reagents are bought from Sigma Aldrich and used as received. Pery-
lene tetracarboxylic dianhydride (PTCDA) (0.82 g, 2.09 mmol) is dispersed in
dried N-methyl-2-pyrrolidone (NMP, 8.2 ml) with a catalytic amount of Acetic
Acid (0.82 ml) under Argon atmosphere. To the reaction mixture, Trifluoroethy-
lamine (1.1 ml, 14.014 mmol) is added slowly within a period of 0.5 h and stirred
at 200 ◦C for 48 h. The reaction mixture is cooled to room temperature and
slowly poured into 2N HCl (20 ml). The precipitate is filtered, washed, and
dried in vacuum. The crude product is purified by recrystallization first with
2 % NaHCO3 solution and afterwards with Toluene to obtain the product as a
brown solid (1.07 g, 86 %). Before film preparation, the material was purified



30

Figure 3.5: Reaction mechanism of the condensation reaction simplified for the
PDIC2F3 molecule.

twice by gradient sublimation by Stephan Hirschmann, University of Stuttgart
[121].

The growth behavior of PDIC2F3 in thin films (on substrates as for instance
SiO2) is not established yet [122]. The comprehensive structural and optical char-
acterization of thin films with this acceptor molecule was not done before, only
similar molecules were yet synthesized and structurally investigated [119, 120, 122].
In this thesis, the focus is also on the structural and optical characterization of
the pure compound in thin films at different substrate temperatures.

3.2 Donor molecules: Dinaphthothienothiophene

and Diindenoperylene

The two donor molecules are Diindenoperylene (DIP) and Dinaphthothienothio-
phene (DNTT) which are both well known for their applications in organic elec-
tronics, in particular, as donor molecules in OPV devices and as p-type organic
semiconductors in OFETs [123–127].

DIP is a planar perylene derivative with the same perylene core as the PDI
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acceptor molecules and has two indeno-groups located at the opposite sites of
this core along the long molecular axis. The schematic molecule structure with
its energy levels is shown in Figure 3.6a. The specific name for this molecule
is Diindeno[1,2,3-c,d:1’,2’,3’-lm]perylene with the chemical formula C32H16. The
growth behavior of DIP in thin films is well established [83, 128–130]. DIP crystal-
lizes in a herringbone structure motif (Fig. 3.6b) and is arranged in a standing-up
orientation if grown under suitable conditions (T > 300 K) on SiO2 substrates
[27, 83, 129]. Under these conditions, DIP exhibits a nearly perfect initial layer-
by-layer growth (up to 7-8 monolayers). Afterwards, due to a layer-dependent
Ehrlich-Schwöbel barrier, a morphological transition to rapid surface roughening
occurs which reveals terrace-like structures and is also observed in large film thick-
nesses [27, 129, 131]. The unit cell parameters of DIP are shown in Table 3.3. The
TDM of DIP is oriented along the long molecular axis.

(a) (b)

Figure 3.6: a) Schematic structure of the donor molecule DIP with the elec-
tron affinity (EA) and ionization energy (IE) [117] and b) herringbone structure.
Picture is taken from Ref. [132].

Table 3.3: Calculated thin film unit cell parameters of pristine DIP and DNTT.

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦]
DIP [133] 7.171 8.550 16.798 90 92.416 90
DNTT [134] 6.187 7.622 16.211 90 92.49 90

DNTT is short for Dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene and its thin
film structure and organic electronic applications are comparable with pentacene
(PEN) [135, 136]. DNTT has the chemical formula of C22H12S2 and compared
to the structure of PEN, the middle of the five benzol rings in PEN is replaced
through two anti-thiophene groups (Fig. 3.7). In contrast to PEN, the advantages
of DNTT are superior air stability due to the large ionization potential, high charge
carrier mobility, and thiophene containing aromatics being more thermally and
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photochemically stable [137–139]. The thin film structure and growth behavior of
DNTT are well established and similar to DIP and PEN [136, 140]. The unit cell
parameters of DNTT are shown in Table 3.3.

Figure 3.7: Schematic structure of the donor molecule DNTT with the electron
affinity (EA) and ionization energy (IE) [141].

For DNTT a layer-by-layer growth is detected where almost planar molecules
are arranged in a 2D herringbone structure [134]. DNTT is showing an interfa-
cial wetting layer on various substrates and de-wetting effects after growth. It
was shown that breaking-up of the layers, island formation, and wedding-cake is-
land structures can be established [127, 135]. The molecules are oriented upright
standing when growing under suitable conditions on for example SiO2 substrates
[135, 136]. The TDM of DNTT is oriented along the long molecular axis.

With its structure and size, the donor molecules fit perfectly to the PDI core
and do not contain any sterically hindering side groups. DIP and DNTT are with
their energy levels perfect donor molecules for the different PDI derivatives. DIP
is bought from Stephan Hirschmann, University of Stuttgart, DNTT is purchased
from Sigma Aldrich (purity of 98 %) and used as received.

3.3 Silicon and glass substrates

For preparing thin films in this thesis, different substrates were used. P -type
Silicon (100) wafers with a diameter of 6 inch (15.24 cm) and a thickness of
675 ± 25 µm were purchased from Micro Chemicals GmbH. The wafers are cov-
ered with a 2 nm thick native Silicon oxide (SiO2) layer under ambient conditions
(with constant diffusion of O2 in the silicon surface). Additionally, fused Silica
glasses with a size of 4 inch (10.16 cm) and a thickness of 500 ± 25 µm were also
needed and bought from Micro Chemicals GmbH. The nominal transmittance of
these wafers is approximately 90 % in the range of λ = 270 nm - 2000 nm. The
advantages of both substrates are that they have amorphous surface structures
and interact only weakly with the organic molecules used in this thesis in contrast
to metal surfaces. Furthermore, Silicon wafers are also used as gate dielectric in
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OFETs with a passivation layer on top [142, 143]. Silicon substrates are suitable
for the various necessary characterization methods such as X-ray scattering (Sec-
tion 4.2) and together with the glass substrates, also essential for multi-sample
analyses required for example for ellipsometry measurements (Section 4.4.4). The
fused Silica glass substrates have a surface roughness ≤ 1 mm and similar surface
properties as the Silicon wafers. This leads presumably to similar structure and
morphology of the deposited thin films and therefore, both wafers are suitable for
the usage as substrates for the thin film characterizations and investigations in
this thesis.
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Chapter 4

Experimental methods

4.1 Organic molecular beam deposition

Organic molecular beam deposition (OMBD) is a common technique to prepare
thin films of organic semiconductors under ultra-high vacuum (UHV) conditions.
For the fundamentals of OMBD in general it is referred to Refs. [26, 27, 61].

4.1.1 Ultra-high vacuum technique

In this thesis, UHV conditions which are by definition pressures of p < 10−7 mbar
are used to prepare thin films in a UHV chamber. For more details on vacuum
techniques, it is referred to Refs. [144, 145].

To connect the pressure p and the number of particles in a specific volume, the
ideal gas law has to be taken into account (Eq. 4.1)

p · V = n ·R · T = n · kB ·NA · T (4.1)

with the volume V , the amount of substance n, the temperature T , and the
Boltzmann constant kB. The Avogadro constant with NA = 6.022 · 1023 mol−1

and the ideal gas constant with R = 8.3145 J mol−1 K−1 have also to be
considered. The particle density of an ideal gas at standard temperature and
pressure is about 2.688 · 1025 m−3 [144].

The advantages of UHV conditions are to establish thin films with low density
of impurities. Additionally, the surfaces of the substrates, are kept free of con-
taminants such as residues of organic solvents, remaining gases in the chamber,
or water. Particles can travel a specific path and time before they collide and the
distances are called mean free paths. Ultra-high vacuum ensures large mean free
paths, in the range of λ > 103 m (longer than the respective chamber diameter).
This avoids interaction of the molecules before they can reach the substrate in
the respective vacuum chamber. Another suitable property is the large mono-
layer time for UHV conditions. It is the time molecules, in this case, contaminant
molecules, are adsorbed at the substrate surface to form a monolayer. To reach
the suitable pressure and to get rid of further contaminations, a bake-out proce-
dure for the respective UHV chamber is essential. This is achieved by heating the
whole chamber walls, the substrates, and the organic compounds to reasonable
temperatures for the respective material.
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Several different pumps (such as pre-vacuum, turbomolecular, ion getting, and
titanium sublimation pumps) which can be coupled together are used to maintain
UHV conditions. One basic pump is the pre-vacuum pump which creates an initial
vacuum down to ∼ 10−3 mbar. There are different types of oil or membrane pre-
vacuum pumps which can be used. To get a high vacuum, turbomolecular pumps
(TMP) can be coupled to pre-vacuum pumps. TMPs are pumps with rotating
turbines to compress gas and the pump principle is established on the transfer of
the kinetic energy from the rotating blades to the residual gas molecules. This
forces the gas molecules away from the respective chamber.

The ion getting and the titanium sublimation pump are both capture pumps.
Here, the pump principle is achieved because molecules are bound to the surfaces
of the pump walls by physical and chemical forces. It is necessary to couple two
different capture processes because of the different types and sensitivity of the
gases. The titanium sublimation pump is a getter pump where Titanium is the
active surface of the vacuum pump. In principle, the Titanium will be deposited
on the pump wall through heating and sublimation of the respective filament. On
the new surface of Titanium, the remaining gas molecules are trapped. For heavy
organic contamination, the ion getting pump is used instead. The concept is the
ionization of the contaminant gas molecules employing electric and magnetic fields
because ions instead of neutral molecules are pumped much easier and are more
reactive with the surfaces of the pump walls. This forces the gas ions to embed
themselves into the pump walls. The setup of a UHV chamber and the thin film
growth procedure are described in the next section.

4.1.2 Setup of the stationary UHV chamber

The preparation of thin films by OMBD takes place inside a stationary UHV
chamber under pressure of p≈ 2 · 10−10 mbar. The principle of such a UHV system
is shown in Figure 4.1. A powder of organic material is installed inside a ceramic
crucible of a Knudsen cell. The cell is heated to the respective temperature so that
the material can sublime. When the cell shutter is opened, a flux of the molecules
can be emitted and hit the substrate on the sample holder if it is installed in
the way of the flux and aligned in the right position. For co-evaporation, several
Knudsen cells can be used. The molecules can be deposited as thin films on the
respective substrate.

Through the cell temperature, the flux can be varied and the respective growth
rate can be adjusted. The growth rate and the film thickness can be controlled by
a quartz-crystal microbalance (QCM). The quartz crystal oscillates with a high
frequency which will change by arriving molecules due to the modified mass of the
crystal. Through a correction factor which is depending on the organic material
and the position of the Knudsen cell in the chamber, the real thickness and growth
rate of the thin films can be determined.

The samples can be transferred in and out of the main chamber through the
load lock which can be separated from the main chamber and vented indepen-
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dently. The suitable pressure in the main chamber is maintained and is achieved
by an ion getting, a titanium sublimation, and a TMP. There are several windows
installed in the main chamber for in-situ measurements during the growth pro-
cedure for example in-situ differential reflectance spectroscopy (DRS) or variable
angle spectroscopic ellipsometry (VASE).

Figure 4.1: Drawing of the stationary UHV chamber used for the thin film
preparation by OMBD in this thesis. Picture is taken from Ref. [146].

4.1.3 Sample preparation and growth procedure

For the preparation of the thin films, three different substrates were used for
the various structural and optical investigations: 5 x 10 mm pieces of a Silicon
(100) wafer with a native oxide layer of 2 nm, a transparent glass wafer, and
a glass wafer roughened at the backside (for more details of the substrates see
Section 3.3). For Fourier-transform infrared (FTIR) spectroscopy measurements,
Silicon substrates that are polished on both sides are used. The substrates were
cleaned with Acetone and Isopropyl Alcohol in an ultrasonic bath each for 10 min
and dried with gaseous Nitrogen. They were glued with a silver paste on the
sample holder and degassed overnight in the chamber before film preparation.
The substrates were kept at constant temperatures of 293 K, 373 K, and 423 K
during film growth. Mixed thin films were prepared by co-evaporation of the donor
and acceptor molecules with molecular mixing ratios of 3:1, 2:1, 1:1, 1:2, and 1:3.
The nominal thicknesses of about 20 nm and growth rates of about 0.2 nm min−1

in total were controlled by a QCM during film growth and calibrated by X-ray
reflectivity (XRR). For each organic material, calibration curves have to be made
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to achieve suitable cell temperatures and growth rates. The thin film samples are
stored after growth under rough vacuum conditions. In Table 4.1 an overview
of the differently prepared donor-acceptor thin films and the respective growth
conditions is shown.

Table 4.1: Overview of the differently prepared donor-acceptor thin films and the
respective growth conditions: different substrate temperatures and mixing ratios.

Pure film DIP DNTT

Pure film 150 °C 100 °C

PDIC1 25 °C, 150 °C 25 °C & 150 °C
1:1

PDIC3 25 °C, 150 °C 25 °C & 150 °C
3:1, 1:1, 1:3

PDIC5 25 °C, 150 °C 25 °C & 150 °C
1:1

PDIC8 25 °C, 150 °C 25 °C & 150 °C
2:1, 1:1, 1:2

PDIC8-CN2 25 °C, 150 °C 25 °C & 150 °C
2:1, 1:1, 1:2

25 °C & 150 °C
2:1, 1:1, 1:2

PDIC2F3
25 °C, 100 °C,
150 °C, 165 °C

100 °C & 150 °C
2:1, 1:1, 1:2

100 °C & 150 °C
2:1, 1:1, 1:2

PDIF-CN2 150 °C 25 °C & 150 °C
3:1, 2:1, 1:1, 1:2, 1:3

4.1.4 Sample preparation for mixed layer devices

For the mixed layer devices, Indium-tin oxide (ITO) coated glass substrates are
used. On top, a polymeric hole injection layer (HIL 1.3) was spin-coated from an
aqueous solution and annealed at 398 K for 30 min. As active layer, the organic
molecules were evaporated under vacuum (20 nm donor / 50 nm equimolar mixed
film / 20 nm acceptor). Onto an exciton blocking layer of Bathocuproine (BCP,
5 nm), Aluminium (100 nm) was thermally deposited through a shadow mask.
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4.2 X-Ray diffraction techniques

X-ray diffraction techniques are sensitive methods to investigate structural prop-
erties of organic thin films at molecular and atomic level. In this section, the
theory of X-ray diffraction techniques within different experimental geometries is
described.

4.2.1 X-ray reflectivity

X-ray reflectivity (XRR) is a very surface sensitive and precise method to struc-
turally analyze crystalline materials or layered structures. Here, only the basic
concepts are described and for more details, it is referred to Refs. [147–149]. With
this technique, information about the electron-density profile, the thickness, the
roughness of thin films, or the out-of-plane lattice spacing in crystalline samples
are obtained. Figure 4.2a shows the scattering geometry for XRR measurements.
The specular condition indicates that the incoming and outcoming beam have
the same angle. During a scan, the source and the detector move simultaneously.
The complete momentum transfer Q has therefore only a non-zero component
perpendicular to the substrate and can be described with Eq. 4.2

Qz =
4π

λ
· sin θ (4.2)

with the wavelength λ and θ as the angle of incidence.

(a) (b)

Figure 4.2: a) Scattering geometry for an XRR measurement on a thin film and
b) exemplary XRR data from a 30 nm PDIC8-CN2 thin film grown on SiO2.

With the XRR only information about the out-of-plane structure is obtained. In
Figure 4.2b a typical XRR dataset of a PDI thin film is shown with its characteris-
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tic features. The total reflection edge is directly connected to the average electron
density of a thin film sample. The edge appears because the refractive index for
X-rays inside the material is lower than one and therefore total reflection occurs.
Kiessig oscillations can emerge from interferences of reflections from the bottom
and the top interface of the thin film. From the periodicity and the dampening
of the Kiessig oscillations, the average thickness and the roughness of a thin film
can be determined. Regarding ordered out-of-plane crystalline structures in thin
films, Bragg reflections can occur at certain angles due to constructive interference
from waves scattered at the crystal planes. This can be described by the Braggs’
law

nλ = 2d sin θ (4.3)

with the lattice spacing d of the thin film and n as an integer number.
From the periodicity of the side fringes of the Bragg peak, the so-called Laue

oscillations, the size of the coherent crystalline domains can be obtained. If both
Kiessig and Laue oscillations are in the same range, the thin film is crystalline
ordered over the whole thickness. The out-of-plane lattice spacing dz can be
obtained using Qz of a Bragg reflection via:

dz =
2π

Qz

(4.4)

XRR was measured with a GE Inspection Technologies XRD 3003 TT X-ray
diffraction system using Cu Kα1-radiation (λ = 1.5406 Å) and the data is fitted
with GenX [150] by means of the Parratt formalism [151].

4.2.2 Grazing incidence X-ray diffraction and grazing
incidence wide angle X-ray scattering

To gain knowledge about the in-plane structure of thin film samples, grazing
incidence X-ray diffraction (GIXD) can be applied. By the usage of a 2D detector,
information about the in-plane and the out-of-plane structure of the sample can
be obtained simultaneously by using grazing incidence wide angle X-ray scattering
(GIWAXS). Only the general concepts are discussed and for more insights, it is
referred to Refs. [152–155].

For GIXD, the angle of incidence is kept constant near the total reflection edge
(critical angle) which leads to a finite penetration depth of the beam within the
thin film. The out-of-plane angle is in the same range as the incidence angle and
the in-plane angle 2φ is varying to get insights into the in-plane structure of the
sample (Figure 4.3). Therefore, the in-plane momentum transfer Qxy is almost
parallel to the surface and can be described as follows:

Qxy =
4π

λ
· sin φ (4.5)
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Figure 4.3: Scattering geometry for a GIXD measurement on a thin film. Picture
is taken from Ref. [156].

To get information about the whole sample, GIWAXS measurements on the
thin film can be performed. With a 2D area detector, the in-plane and the out-of-
plane structure of the thin film can be determined simultaneously which results
in a two-dimensional reciprocal scattering pattern. Details about the crystal unit
cell and the quality of the crystal order can be obtained.

Figure 4.4 shows different GIWAXS sketches for three different cases of poly-
crystalline thin film samples with different degrees of crystallite ordering and mis-
alignment along the Qz direction. Precise Bragg peaks occur for highly ordered
crystalline samples with a vertical orientation of the crystalline domains. For sam-
ples where the crystallites are oriented with an angular distribution along the Qz

direction, the Bragg peaks will be broadened and Debye-Scherrer-like rings will
be obtained if the crystallites are randomly oriented in the thin film sample [154].

Figure 4.4: Different scenarios of crystalline ordering and misalignment along the
Qz direction in thin films and the respective GIWAXS pattern: a) highly ordered
crystalline domains parallel to the substrate, b) slightly misoriented crystalline
domains and c) randomly oriented crystallites. Picture is taken from Ref. [154].

Especially for performing GIWAXS measurements, synchrotron facilities are
used. The great advantage is the higher flux and the higher brilliance (which is
the flux normalized by its emittance). They can reach brilliance up to 1021 (pho-
tons per second) / (0.1% bandwidth mm2 mrad2). Additionally, shorter acquisi-
tion times are required and better signal-to-noise ratios are achieved. It should
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be considered that organic films may be affected by radiation damage. GIWAXS
measurements are recorded at the beamlines P03, P08 of DESY (Hamburg, Ger-
many) using a focused beam with a wavelength of 0.9686 Å and 0.6888 Å and at
the beamlines ID03, ID10 of ESRF (Grenoble, France) using a focused beam with
a wavelength of 0.992 Å and 1.2398 Å.

4.3 Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe microscopic method to char-
acterize the surface morphology of a thin film sample with subnanometer resolu-
tion. The schematic setup of an AFM measurement is shown in Figure 4.5. The
sample is scanned line-by-line and a topographic image of the surface is recorded
by using the short range interaction forces between the analyzed surface and the
sharp tip attached to a cantilever. The cantilever oscillates by means of a piezo-
electric element in several scanning modes and the displacement of the cantilever
is proportional to the attractive or repulsive forces between the tip and the surface
to get a height profile of the sample. A laser is focused on the backside of the
cantilever and is reflected to the detector.

For soft materials like organic molecules, mostly the intermittent contact or
tapping mode is used as the imaging method. The tip is here periodically driven
in contact with the film surface with a given frequency and a target amplitude
of this oscillation is set. The deflection from the forces between the tip and the
surface is compensated by a voltage signal and the recorded feedback parameters
during the scan provide the data for the height profile of the sample. With this
imaging mode, the contact time between tip and surface is minimized, and like
this, a damage of the film is reduced [157, 158].

Figure 4.5: Schematic setup of an AFM measurement with the optical pathway
showing the imaging tapping mode. Picture is modified from Ref. [158].

Atomic force microscopy was measured using a JPK NanoWizard II in tapping
mode and the image analysis was performed with Gwyddion [159].
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4.4 Optical spectroscopy

4.4.1 UV/vis/NIR spectroscopy

UV/vis/NIR spectroscopy is a non-invasive spectroscopic method. In this thesis,
absorption measurements are performed of thin films in the wavelength range of
200 nm to 1100 nm using normal incidence. With this technique, only the in-plane
absorption is received. The underlying principle for absorption is the Lambert-
Beer law with the measured transmittance T which is the ratio of transmitted
radiation I(d) to incident radiation I0 through a sample:

T =
I(d)

I0

= e−αd (4.6)

The absorption coefficient α can be calculated for thin films if the thickness d
of the samples is known measured through other methods such as ellipsometry
(VASE) or scattering techniques (XRR). With the following Equation 4.7 the
respective component of the extinction coefficient (in-plane component kxy) which
is related to the absorption coefficient and the wavelength λ can be determined:

k ≡ kxy =
αλ

4π
(4.7)

A bare glass substrate was measured as a reference and subtracted as a baseline
to minimize errors from radiation scattering and to take fluctuations into account.
UV/vis/NIR spectra were acquired using a Varian Cary 50 spectrometer in the
wavelength range of 200 nm to 1100 nm at normal incidence.

4.4.2 Temperature-dependent photoluminescence
spectroscopy

Photoluminescence (PL) spectroscopy is a very sensitive technique. A sample is
irradiated with laser light and the light emission of the thin film is measured.
Intermolecular interactions of the sample especially from the solid-state arrange-
ment within the organic film can be probed [87, 88]. This technique is also very
promising to detect and estimate the CT states which are the lowest lying excited-
states [160]. Temperature-dependent PL is performed at low temperatures to get
more precise and sharper resolved peaks in the PL spectra of organic thin films
due to the reduced amount of possible relaxation pathways or thermal broadening.
Information about CT states is also expected in PL spectra at lower temperatures
[74, 161].

The optical pathway of a PL spectrometer is shown in Figure 4.6. The laser
beam is irradiated through optical components and focused on the sample by an
objective. The intensity of the laser light can be reduced through density filters
and therefore also the damage of the sample can be minimized. With the help of
a video camera and different objectives, the sample can also be investigated by
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use of the spectrometer as a microscope. The emitted light from the sample is
guided through optical compounds to changeable gratings (150 or 1800 lines) to
define the desired resolution of the diffracted light on the charge-coupled device
(CCD) detector [82].

Figure 4.6: Schematic setup and optical pathway of a photoluminescence spec-
trometer. The laser beam (green line) is irradiated and focused on the sample.
The emitted light (orange line) of the sample leads from the beam splitter through
a grating to the CCD detector.

PL spectra were gained using a Horiba Jobin Yvon Labram HR 800 spectrome-
ter with a Nitrogen cooled CCD 1024x256 detector. For PL excitation an Nd:YAG
laser with a wavelength of 532 nm was used. Temperature-dependent PL spectra
were determined with a CryoVac cooling system with liquid Nitrogen or liquid
Helium in the range from 293 K to 77 K or 15 K.

4.4.3 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is used to earn information about
the vibrational modes of a molecule. The sensitive stretching mode of the ni-
trile group (CN-group) of the molecules used in this thesis is located around
∼ 2200 cm−1 and is very suitable to estimate ground-state CT effects [78, 79].
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With this method, GS-CT effects can be detected and also quantified. Based
on an analysis similar to Ref. [78], the degree of a CT can be calculated when
comparing the shift of the CN-group with the difference between the pure and
the fully ionized CN-mode of the respective molecule. In Figure 4.7 the schematic
setup of an FTIR spectrometer is shown.

The main component of an FTIR spectrometer is a Michelson interferometer.
The IR beam from the light source is guided into the Michelson interferometer
and split into two equal beams. They are both reflected, one from a fixed and the
other one from a moving mirror. Through the different paths, the reflected beams
have different phase shifts and through the recombination at the beam splitter, the
outgoing beam has a relative phase depending on the mirror displacement. Now,
the beam is focused on the sample and afterwards on the detector. A laser is
used to precisely detect the path difference. The laser is modulated several times
during one movement cycle of the operating mirror. The spectrum in frequency
is required by evaluating a discrete Fourier transform of the recorded raw data in
form of an interferogram [162].

Figure 4.7: Schematic setup and optical pathway of an FTIR spectrometer based
on a Michelson interferometer. Picture is modified from Ref. [162].

Infrared spectra were acquired using a Vertex 70 FTIR spectrometer by Bruker
in transmission mode.
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4.4.4 Variable angle spectroscopic ellipsometry

Variable angle spectroscopic ellipsometry (VASE) is a sensitive technique to probe
optical anisotropy of organic molecules in thin films. In particular, the optical
functions of the in-plane and the out-of-plane component can be determined for
the respective molecule or thin film [163]. With this method also film properties
such as film thicknesses can be obtained.

In Figure 4.8 the schematic setup of an ellipsometric measurement is shown.
The ellipsometer is installed on a Woollam goniometer so that the angle of inci-
dence relative to the surface normal can be changed. The light passes from the
light source through a fixed polarizer and is linearly polarized. Through the next
optical component, a rotating compensator, the polarization of the light beam is
changed from linear to elliptical. When the light is reflected by or transmitted
through the sample, it interacts with the sample and the polarization is varied
with respect to the incoming beam and the optical properties of the investigated
sample. Afterwards the beam passes the analyzer, which is again a fixed polarizer
before it reaches the CCD detector [66].

Figure 4.8: Schematic setup of an ellipsometric measurement. Picture is modified
from Ref. [66].

The light beam interacts with the sample in transmission or reflection mode.
The polarization state is changed with respect to the incoming beam and the
optical properties of the investigated thin film. The optical constants of the thin
film are obtained from the measured ellipsometric parameters Ψ and ∆. They are
related to the ratio of the Fresnel reflection coefficients R̃s and R̃p for s- and p-
polarized light (more details on the theory of Fresnel coefficients in Section 2.2.1)
[66]. The ratio of R̃p and R̃s is defined as the complex ellipsometric parameter ρ
as:

ρ =
R̃p

R̃s

= tan(Ψ) · ei∆ (4.8)

The optical constants and film properties are not measured directly, only re-
flected and transmitted beam intensities and polarization states are detected.
Therefore, a model and a multisample analysis are needed to obtain the anisotropic
optical properties of the investigated sample. In this thesis, thin films on three dif-
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ferent substrates were investigated. Reflection measurements on Silicon substrates
with a native oxide layer and glass roughened at the backside are performed as
well as measurements in transmission mode with glass substrates. For all films on
the substrates, the same optical properties are assumed and models for all sub-
strates are coupled together and fitted simultaneously. In the model, two layers
are applied for the in-plane and out-of-plane structures. For rough films, also an
EMA (effective medium approximation) layer was taken into account including a
fixed 50 % / 50 % void-to-full ratio with different thicknesses [164].

The VASE measurements were performed with a Woollam M-2000 ellipsometer
in reflection with incidence angles of 45° to 80° in 5° steps and in transmission mode
with incidence angles of 0° to 70° in 10° steps. The spectrometer is controlled by
EASE software and analyzed by WVASE32 software from Woollam [66].

4.5 Electroluminescence spectroscopy and

incident photon-to-current efficiency

The incident monochromatic photon-to-current efficiency (IPCE) is an essential
characterization tool to estimate the photoelectrical performance of solar cells.
This method is used to understand optoelectronic processes such as current gen-
eration, recombination, and diffusion mechanism in the solar cell. The prepared
layer device is continuously irradiated with monochromatic light under working
conditions, so that the short-circuit photocurrent ISC can be measured in the
spectral response range [165, 166].

Electroluminescence (EL) is a method that is used in this thesis similar to PL
spectroscopy to detect and determine the CT states. Electrons and holes are in-
jected into a mixed layer device. The first state of recombination which is the
lowest energetic state, the CT state, can be determined without the presence
of signals from the pure materials. This is an advantage compared to PL spec-
troscopy [167]. To estimate the CT energy ECT in organic photovoltaic materials
the methodology refined by Vandewal et al. [168], on how EL and IPCE spectra
can be analyzed in the framework of Marcus theory is used.

EL measurements were carried out on the prepared mixed layer devices by using
a CCD camera (PyLoN:100BR eXcelon, Princeton Instruments) coupled with a
spectrometer (SP2300i, Princeton Instruments) under a DC voltage driven by a
Keithley source meter (applied bias voltage of 3.5 V). IPCE was performed using
a halogen lamp and a monochromator (Omni-λ300, Zoliz Instruments Co., Ltd.),
which allows measurements in the range from 350 to 1100 nm in steps of 1 nm.

4.6 Theoretical calculations

In the following, the theoretical calculations performed in this thesis are dis-
cussed based on Ref. [169]. Ground- and excited-state properties of the donor-
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acceptor organic small molecule systems considered in this thesis are computed
from density-functional theory (DFT) [170, 171] and many-body perturbation
theory (MBPT) [172], including the single-shot G0W0 approximation [173] and
the solution of the Bethe-Salpeter equation (BSE) [174]. Equilibrium geometries
of the individual donor and acceptor molecules as well as of the complexes are
computed with the all-electron code FHI-aims [175], adopting tight integration
grids and TIER2 basis sets [176]. The generalized-gradient approximation for the
exchange-correlation potential is adopted in the Perdew-Burke-Ernzerhof [177] pa-
rameterization. Van der Waals interactions are accounted for by the Tkatchenko-
Scheffler scheme [178]. Atomic positions are relaxed until the Hellmann-Feynman
forces are smaller than 103 eV/Å. From these calculations, we estimate the CT
using the Hirshfeld partition scheme [179].

The MOLGW code [180] is employed to compute the electronic and optical
properties of all systems. Gaussian-type cc-pVDZ basis sets [181] are adopted in-
cluding the frozen-core approximation. The resolution-of-identity approximation
is also employed [182]. The hybrid functional PBE0 [183] is used to provide an
enhanced starting point for the G0W0 calculations in the considered π-conjugated
molecules [184, 185]. The BSE is solved in the Tamm-Dancoff approximation [186]
including in the transition space all the occupied and unoccupied states available
from the basis set. To evaluate the character and the spatial distribution of the
excitons, we compute the hole and electron density [187, 188], which defined the
λth excitation as

ρλh(r) =
∑
αβ

Aλαβ|φα(r)|2 (4.9)

and

ρλe (r) =
∑
αβ

Aλαβ|φβ(r)|2, (4.10)

respectively. The coefficients Aλαβ are the square of the normalized BSE eigen-
vectors and weight each transition between occupied (φα) and unoccupied (φβ)
states.



Part II

Results and discussion
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In this chapter, the experimental results of this thesis are presented and dis-
cussed. This thesis is focused on the structural morphology and charge transfer
effects of organic binary bulk heterojunctions. An overview of the experimental
results with the different donor and acceptor molecules is shown in Figure 4.9.
The different donors DIP and DNTT used in this thesis are listed in this tabular
format as a row and the respective acceptors are displayed as a column. The
details of the individual molecules are described in the Chapter 3. The different
mixing scenarios (details described in Section 2.1.3) are schematically presented
for the various investigated donor-acceptor systems and the respective degrees of
charge transfer effects are described by the actual transition dipole moment of
the CT (Fig. 4.9). The investigated donor-acceptor thin film systems which are
examined together are marked by different grey colors and are therefore split into
three parts.

Figure 4.9: Schematic representation of the investigated organic binary bulk het-
erojunctions. The donor molecules are listed as a row and the respective acceptor
molecules as a column. The different schematic scenarios are describing the mix-
ing behavior and the charge transfer effects of the individual systems. Systems
that are investigated together are marked by different grey colors.

The first part includes the influences of the different n-alkyl side chains and
cyano groups of the different PDI acceptors with the donor molecule DIP on
structural morphology and mixing behavior as well as CT effects in these thin film
systems (the responding systems are marked with a black color in Fig. 4.9). The
second part characterizes the molecular CT of two different PDI:DNTT systems in
regards to mixing behavior as well as theoretical calculations on energy levels and
optical absorption spectroscopy (the responding systems are marked with a dark
grey color in Fig. 4.9). The third part deals with the question of the influences
of different donor molecules. The synthesized PDI acceptor with a different side
chain is investigated with the two donor molecules DIP and DNTT related to
mixing behavior and CT effects (the corresponding systems are marked with a
light grey color in Fig. 4.9).
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Chapter 5

Influence of the PDI alkyl chain
length on co-crystal formation
and charge transfer effects with
the donor DIP

The results presented in this chapter will be published in Ref. [189] and they
are based on bulk heterojunction thin films. Here, a comprehensive investigation
on co-crystal formation and charge transfer effects in weakly interacting organic
semiconductor mixtures is performed. As a donor molecule DIP is chosen and
as acceptors several PDI derivatives are selected which differ in the n-alkyl side
chain in the imide position and in the cyano (CN) group in the bay position
(Fig. 5.1). In previous studies, it was shown that alkyl, branched, and fluorinated
side chains and electron-withdrawing side groups can alter molecular packing and
morphology of the deposited thin films [19, 20, 23]. By varying the n-alkyl side
chain and by incorporation of cyano groups, the different mixing behavior and the
influence on possible CT effects can be investigated in such systems. Therefore,
the mixing behavior and CT effects for the various PDI:DIP thin film systems are
characterized in this chapter.

The growth and mixing behavior as well as the structural morphology of the
pristine PDI as well as the mixed thin films are investigated by X-ray scattering
(GIWAXS and XRR). The optimization of intermixing and co-crystal formation
regarding different side chains of the acceptor molecules is examined. Combin-
ing these structural analyses with optical spectroscopy, the different mixed films
are studied regarding ES-CT effects by absorption and photoluminescence spec-
troscopy. Besides, the CT energies of the different thin film systems are calcu-
lated by means of electroluminescence and incident-photon-to-current efficiency
in cooperation with Hongwon Kim and Wolfgang Brütting, University of Augs-
burg. Additionally, correlations between structural morphology and CT effects
were established depending on the chain length and their configuration within the
different perylene diimide:DIP mixed systems.
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Figure 5.1: Overview of the studied compounds: a) donor DIP, different perylene
diimide acceptors b) PDIC1, c) PDIC3, d) PDIC5, e) PDIC8 and f) PDIC8-CN2.

5.1 Structural investigations by X-ray scattering

First, the thin film structure and mixing behavior of PDI:DIP mixtures and its
dependence on the side chain length in the imide position as well as the incor-
poration of cyano groups in the bay position of the acceptor molecules will be
discussed. Therefore, the thin film structures and growth behaviors of the pure
PDI derivatives are essential, especially in regards to the various incorporated side
groups in the imide and bay position of the acceptor molecules.

5.1.1 Structural investigations by grazing incidence wide
angle X-ray scattering

An overview of the GIWAXS data of the different pristine perylene diimide deriva-
tives and the mixtures with the donor DIP is shown in Figure 5.2 and in Figures
9.1 and 9.2 in the Appendixes.

Depending on the length of the n-alkyl chains in the imide position, the var-
ious pristine perylene derivatives create different thin film structures, as shown
in the GIWAXS patterns (Fig. 5.2a-e) [92, 190]. For short alkyl chains (up to
three C-atoms), the molecules lie down with their long molecular axes close to
parallel to the substrate surface (Fig. 5.2a) and form the well-known herringbone
structure [104, 105]. With increasing length of the n-alkyl side chain, the ori-
entation changes to a more upright conformation, and the molecules assume the
offset-stacked geometry, where neighboring molecules are shifted relative to each
other (Fig. 5.2c-e) [91, 101, 107, 110]. An outlier to this is the acceptor PDIC3.
The molecules seem to grow in an intermediate form between the aforementioned
orientations and geometries in thin films [106]. With this alkyl chain length, the
perylene diimide molecules are oriented to a more standing-up conformation on
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the Silicon substrate, and a more offset-stacked orientation is established (Fig.
5.2b).

Important for the comparison of these pristine films is the increasing crys-
tallinity with increased n-alkyl chain length in the imide position, since the longer
n-alkyl chain can be arranged in an energetically favorable orientation with a
higher packing density. It can be speculated that the additional van der Waals
forces between the longer n-alkyl side chains lead to more favorable intermolecular
π − π stacking between the perylene diimide molecules, the so-called fastener ef-
fect [191–194]. This implies that the orientation of the perylene diimide derivative
molecules in the thin film structure depends on the n-alkyl chain length and also
influences the mixing behavior with the donor molecule DIP.

Two different PDI derivatives with an n-octyl side chain are examined in this
thesis (PDIC8 and PDIC8-CN2), they differ in the cyano-groups in the imide
position. Through the incorporation of this side group, the electron density of
the aromatic backbone is reduced and the π − π stacking is weaker due to steric
hindrance of these side groups [19, 23, 95, 195]. This leads to a lower crystallinity
of the pure compound with incorporated cyano groups (PDIC8-CN2, Fig. 5.2e)
compared to the respective counterpart (PDIC8, Fig. 5.2d).

The different unit cell parameters of the various pure acceptor molecules are
depicted in Table 5.1. For comparison, the unit cell parameters of two PDI deriva-
tives with two different kinds of side chains (no n-alkyl side chains) in the imide
position and incorporated cyano-groups are shown. The thin film structures and
the growth behaviors of these PDI molecules were already examined [49]. The cal-
culated unit cell parameters feature the unit cell orientations for the various PDI
molecules as described above. To complete, PDIC5 is known to create numerous
polymorphs when deposited at high substrate temperatures [103]. The reciprocal
space map of pristine PDIC5 (Fig. 5.2c) shows reflections arising from three dif-
ferent unit cell structures consistent with previously observed polymorphs. The
various calculated parameters of these orientations are also given in Table 5.1.

Table 5.1: Calculated thin film unit cell parameters of the pristine PDI deriva-
tives based on the respective references if available.

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦]
PDIC1 [102] 3.867 15.571 14.587 90 97.71 90
PDIC3 [102] 4.689 18.077 14.258 104.24 89.93 111.30
PDIC5 Polymorph A [103] 4.754 8.479 16.30 86.88 93.50 83.68
PDIC5 Polymorph B [103] 11.624 11.617 17.415 98.21 71.25 116.06
PDIC5 Polymorph C - 7.35 18.4 80.5 90 90
PDIC8 8.45 4.77 21.49 99.7 106.4 97.8
PDIC8-CN2 5.0 8.7 20.3 100.78 96.94 100.1
PDIR-CN2 [49] 9.33 12.07 16.93 105.2 90 90
PDIF-CN2 [49] 5.53 7.52 20.4 87.12 101.5 106.3
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The mixing behavior of the organic small molecules in this thesis is considered
in terms of a nearest-neighbor interaction model (Eq. 5.1) [25]. The main driving
force is the difference between the intermolecular interaction of similar (WAA or
WBB) and dissimilar molecules (WAB). This is also explained in more detail in
Section 2.1.3.

χ =
Z

kBT
· (WAA +WBB − 2WAB) (5.1)

Here, χ is the interaction parameter, Z is the coordination number, kB is the
Boltzmann constant, and T is the temperature. In the total free energy, the
direct interactions represented by the interaction parameter compete with the en-
tropy of the system, so if the interaction energy WAA or WBB is similar to WAB,
no preferred interaction occurs (χ ≈ 0) and a statistical mixing is observed. The
system of A and B tends to mix (χ < 0) or phase-separate into the pure compo-
nents (χ > 2) if one of the interaction energy terms dominates. It is emphasized
that this is of course a simplified description. More complex scenarios involve the
consideration of orientational order [57] and depth-dependent structural order in
thin films [196].

Figure 5.3: Schematic overview of the growth behavior for the different pure
PDI derivatives and the mixing behavior with the donor DIP at high substrate
temperature (the donor is colored in blue and the acceptors in the respective colors
of their pure phases).

An overview of the growth behavior for the individual pure PDI derivatives as
well as the mixing behavior with DIP at high substrate temperature is shown in
Fig. 5.3. Regarding the different mixed systems, the equimolar films of PDIC1

and DIP do not form a co-crystal. Instead, the compounds tend to phase-separate.
In the reciprocal space map in Figure 5.2f of the equimolar thin film, all visible
peaks can be assigned to either pristine DIP or PDIC1 domains. No new phase
is observed even at a higher substrate temperature that should favor the mixing
behavior [25]. Here, the energy term of the pure compounds seems to dominate
(WDIP/DIP + WPDIC1/PDIC1 > 2 WDIP/PDIC1) because the lying-down conforma-
tion of the phase-separated PDIC1 [105] and the standing-up orientation of the
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phase-separated DIP [123, 124, 129] seem to be energetically more favorable than
a co-crystal. Interestingly, a small amount of DIP domains with a lying-down
conformation as well as a random orientation is also observed. A possible expla-
nation for a lying-down conformation is that DIP domains that nucleate on top
of already present PDIC1 domains crystallize with their long molecular axis par-
allel to lying-down molecules of PDIC1, while DIP crystallizes in the standing-up
conformation on the Silicon substrate.

A different picture arises for the mixing behavior of DIP and PDIC3 deposited at
higher substrate temperature. The GIWAXS pattern (Fig. 5.2g) shows a number
of phases, however, none of them can be assigned to pristine PDIC3 shown in Fig.
5.2b, suggesting the formation of a PDIC3:DIP co-crystal. Two distinct co-crystal
phases with slightly different out-of-plane stacking can be distinguished based on
the presence of two sets of peaks in the Qz direction. Both phases of the co-crystals
show a high degree of ordering and a well-defined thin film structure in both in-
plane and out-of-plane directions as evidenced by the presence of pronounced
reflection spots. Finally, several Debye-Scherrer ring features observed in the
pattern can be attributed to a small amount of phase-separated DIP domains
with a random orientation [154, 197, 198]. Here, the co-crystal formed partially
overcomes the energy term of the pure compounds (2 WDIP/PDIC3 > WDIP/DIP +
WPDIC3/PDIC3) which seems to be an energetically favorable orientation for both
molecules.

The DIP:PDIC5 system is significantly more complex, as pristine PDIC5 creates
three different polymorphs when deposited at high substrate temperatures and in
contrast, shows only signals from one polymorph when grown at room substrate
temperature (Fig.5.2c and Fig. 9.1c in the Appendixes). The reciprocal space map
(Fig. 5.2h) of the equimolar thin film shows that PDIC5 and DIP phase-separate.
Most of the observed reflections arise from DIP domains with an exceptionally
long-range ordering at both room and high substrate temperatures. This supports
the observation that longer side chains promote higher crystallinity and therefore:
WDIP/DIP + WPDIC5/PDIC5 > 2 WDIP/PDIC5 . On the other hand, PDIC5 reflections
are barely visible and generally lack any preferential orientation. The only hint of
a possible co-crystal formation is a set of weak but well-defined peaks at Qxy =
0.8 Å−1 and 1.28 Å−1, that can not be attributed to any of the phases observed
in the pristine films. It can be generally concluded that the attraction between
similar molecules (PDIC5) is larger.

Two different PDI derivatives with an n-octyl side chain are examined in this
thesis, which differ in the cyano-groups in the imide position. The mixing behavior
of DIP and PDIC8 shows a complete phase-separation. Only peaks from both
pure compounds are visible in the reciprocal space map of the equimolar thin
film (Fig. 5.2i) which are showing long-range ordering in the xy-direction and
indicating a high crystallinity of the phase-separated pure compounds (WDIP/DIP

+ WPDIC8/PDIC8 > 2 WDIP/PDIC8). In comparison, the reciprocal space map of the
equimolar mixed thin film of DIP and PDIC8-CN2 shows only reflections from
a formed co-crystal (Fig. 5.2j). No peaks from pristine DIP or PDIC8-CN2 are
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visible. This highlights a significant influence of the cyano-groups on packing
and mixing behavior within these systems. Through the incorporated groups,
the energy term 2 WDIP/PDIC8CN2 becomes dominant compared to WDIP/DIP +
WPDIC8CN2/PDIC8CN2 , so that a co-crystal can be formed. In Table 5.2 the thin film
unit cell parameters of both pure compounds and the equimolar mixed co-crystal
are depicted.

Table 5.2: Calculated thin film unit cell parameters of pristine DIP, pure PDIC8-
CN2, and the mixed co-crystal.

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦] V [Å3]
PDIC8-CN2 5.0 8.7 20.3 100.78 96.94 100.1 843.18
PDIC8-CN2 1:1 DIP 8.8 6.8 18.7 89.2 82.7 85.8 1106.9
DIP [133] 7.171 8.550 16.798 90 92.416 90 1029

When comparing the different perylene diimide acceptors, the mixing behavior
with DIP is strongly influenced by the structure of these molecules and therefore
easily chemically tunable in the desired way. For additional structural informa-
tion on growth and mixing behavior, X-ray reflectivity data of the various mixed
PDI:DIP thin film systems are acquired.

5.1.2 Structural investigations by X-ray reflectivity

In Figures 5.4 - 5.8 the XRR data of the several PDI:DIP mixed thin films are
shown.

Figure 5.4: XRR spectra of PDIC1 and DIP equimolar mixed films deposited
at 25 ◦C and 150 ◦C (blue dashed lines indicate peaks of the donor and grey of
the acceptor with the respective Miller indices of the Bragg peaks, all spectra are
vertically offset for better clarity).
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The out-of-plane Bragg reflections of the two pristine materials DIP and PDIC1

indicate crystalline formed thin films agreeing with the GIWAXS pattern of the
acceptor. In the X-ray reflectivity data of the equimolar thin films, all visible
peaks can be assigned to either pristine DIP or PDIC1 domains (Fig. 5.4) and
suggest the phase-separation into the pristine donor and acceptor compounds as
explained above with the GIWAXS pattern.

Figure 5.5: XRR spectra of PDIC3 and DIP mixed films deposited at 25 ◦C and
150 ◦C (blue dashed lines indicate peaks of the donor, dark purple of the acceptor,
and green for the mixed phase with the respective Miller indices of the Bragg
peaks, all spectra are vertically offset for better clarity).

DIP and PDIC3 form crystalline thin films shown also by the estimated Bragg
reflections in the XRR data (Fig. 5.5). In the equimolar film deposited at high sub-
strate temperature, peaks assigned to the co-crystal phases can be distinguished
as also reported above by means of the GIWAXS pattern. Additionally, there are
also signals visible attributed to pristine DIP or PDIC3. This is in contrast to the
equimolar thin film grown at room temperature, where DIP and PDIC3 almost
completely phase-separate. The XRR data of this film show mainly peaks of pure
materials and very weak signals of a formed co-crystal. Besides, the thin film with
excess of PDIC3 show also only very weak peaks of a formed co-crystal whereas the
thin film with excess of DIP shows only signals from the phase-separated pristine
compounds.

As mentioned above, the GIWAXS pattern of pristine PDIC5 suggests three
phases of the thin film deposited at high and only one unit cell orientation for the
film grown at room substrate temperature. The XRR data of the pure acceptor
show signals assigned to two of these polymorphs for the thin film deposited at
Tsub = 150 ◦C and almost only one phase for the thin film grown at Tsub = 25 ◦C
(Fig. 5.6). The X-ray reflectivity scans of the equimolar thin films confirm the
observation of phase-separated PDIC5 and DIP domains.
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Figure 5.6: XRR spectra of PDIC5 and DIP equimolar mixed films deposited
at 25 ◦C and 150 ◦C (blue dashed lines indicate peaks of the donor and orange of
the acceptor with the respective Miller indices of the Bragg peaks, all spectra are
vertically offset for better clarity).

Figure 5.7: XRR spectra of PDIC8 and DIP mixed films deposited at 25 ◦C and
150 ◦C (blue dashed lines indicate peaks of the donor and red of the acceptor with
the respective Miller indices of the Bragg peaks, all spectra are vertically offset
for better clarity).

The out-of-plane Bragg reflections of the two pristine materials DIP and PDIC8

indicate crystalline formed thin films agreeing with the GIWAXS pattern of the
acceptor (Fig. 5.7). The XRR data of the equimolar thin films support the
examination of the phase-separation into both pristine materials. For the thin
films with excess of DIP or PDIC8, the signals of the respective excess pristine
materials are getting more pronounced.



59

Figure 5.8: XRR spectra of PDIC8-CN2 and DIP mixed films deposited at 25 ◦C
and 150 ◦C (blue dashed lines indicate peaks of the donor, red of the acceptor, and
green for the mixed phase with the respective Miller indices of the Bragg peaks,
all spectra are vertically offset for better clarity).

DIP and PDIC8-CN2 form crystalline thin films shown also by the estimated
Bragg reflections in the XRR data (Fig. 5.8). An out-of-plane Bragg peak of
a newly formed co-crystal can be observed of the equimolar thin films. The co-
crystal formation was also visible in the GIWAXS pattern of the respective films.

The XRR data confirm in more detail the different growth and mixing behaviors
depicted in Figure 5.3 as explained above by means of the GIWAXS examinations
for the different PDI:DIP mixed thin film systems. In the following, the optical
properties of the different PDI:DIP mixed films are investigated regarding the
different PDI acceptors with various incorporated side groups in the imide and
bay positions.

5.2 Excited-state properties: Photoluminescence

spectroscopy

The different mixing behavior of the DIP:PDI systems indicates that the alkyl
chain variation also influences the optical properties and the charge transfer effects.
Figure 5.9 shows the emission spectra for the different DIP:PDI systems.

The various pure PDI derivatives show slightly different emission features. The
temperature-dependent PL data for the pure PDI derivatives are shown in Fig.
9.5 in the Appendixes. In Fig. 5.9 the pure PDI emission spectra at a measure-
ment temperature of 15 K are presented. For PDIC1, PDIC5, and PDIC8 three
dominant peaks are visible which are sharper at low measuring temperatures. For
PDIC3 and PDIC8-CN2 only a broad emission feature is observed for all measure-



60

(a) (b)

(c) (d)

(e)

Figure 5.9: Photoluminescence spectra (measured at 15 K) of equimolar mixed
films deposited at 25 ◦C and 150 ◦C: a) DIP and PDIC1, b) DIP and PDIC3,
c) DIP and PDIC5, d) DIP and PDIC8 and e) DIP and PDIC8-CN2 (CT peaks
are marked in black). The spectra are scaled for clarity based on the respective
equimolar mixed film grown at 25 ◦C and the signals at about 2.1 and 2.2 eV are
background PL signals of the SiO2 substrate [199]. Note that the apparent sharp
peaks at 2.1 eV originate from the cut-off filter of the laser.
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ment temperatures. It is possible that for the PDIs with strong intermolecular
interactions defined emission features are visible whereas for the other compounds
only one broad peak is observed [200].

Regarding the mixed films of DIP and PDIC1, the PL spectra (Figure 5.9a)
show for both equimolar films a broad peak at 1.6 eV which can be assigned
to the pure acceptor molecule. The emission features of the equimolar films are
superpositions of the two pure components DIP and PDIC1. As shown by the X-
ray scattering data, donor-acceptor thin films of DIP and perylene diimide with
an n-methyl alkyl chain cannot mix, forming no co-crystal and showing no CT
effects.

Perylene diimide acceptor molecules with n-propyl chains favor the intermixing
with the donor molecule DIP as demonstrated by the X-ray scattering evaluation
of the mixed thin films. In the emission spectra, a peak at 1.70 eV originating from
the pure PDIC3 molecule and a peak at 1.55 eV assigned to the mixed co-crystal
are visible for the equimolar thin films. The ES-CT peak is marked in Figure 5.9b
in black and signals of both pristine materials are also detected for the equimolar
thin films. This indicates that for DIP:PDIC3 mixed films ES-CT effects occur in
emission which have to be examined in more detail.

In the emission spectra (Figure 5.9c) of the PDIC5:DIP system, peaks of the
pure donor are well resolved for the equimolar thin films and there is only a small
peak at 1.62 eV from the pure acceptor molecule. PDIC5 and DIP show only
limited intermixing with no degree of charge transfer presumably due to the higher
attraction forces between similar PDIC5 molecules. The system PDIC8:DIP shows
also phase-separating into both pristine materials determined by X-ray scattering
and in the emission spectra also only peaks of the two pure compounds DIP and
PDIC8 are visible (Figure 5.9d). This means mixed PDIC8:DIP films present also
phase-separation with no degree of CT effects.

In contrast to DIP:PDIC8, PDIC8-CN2 and DIP form a mixed co-crystal exam-
ined by the X-ray scattering data. In the emission spectra, there is a CT peak for
both DIP:PDIC8-CN2 equimolar thin films (Figure 5.9e). Here, a peak maximum
of the CT band at 1.33 eV is visible for the film grown at room temperature and
at 1.37 eV for the film prepared at higher substrate temperature. Signals of both
pristine materials, DIP and PDIC8-CN2, are also shown in the data, but they are
slightly quenched. DIP and PDIC8-CN2 form an ordered mixed co-crystal with
possibly two CT states which should be also evaluated more precisely.

5.3 Excited-state properties: Absorption

To analyze the optical properties and the ES-CT effects of the various PDI:DIP
mixed films in more detail, absorption data of the various systems are recorded,
visible in Figures 5.10 and 5.11.

Figure 5.10 shows the absorption spectra of the three perylene diimide systems
mixed with the donor DIP which show no ES-CT effects in the emission spectra
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Figure 5.10: Absorption spectra of equimolar mixed films deposited at 25 ◦C
and 150 ◦C: a) DIP and PDIC1, b) DIP and PDIC5 and c) DIP and PDIC8. The
spectra are scaled for clarity based on the respective equimolar mixed film grown
at 25 ◦C.

(DIP:PDIC1, DIP:PDIC5, and DIP:PDIC8). In the absorption spectra of the
equimolar thin films for all three different DIP:PDI systems, superpositions of
the respective two pristine materials are detectable. All systems show in the
absorption as well as in the emission no degree of an excited-state charge transfer
effect. That is also in agreement with the results of the X-ray scattering evaluation
where the various mixed films of these systems suggest phase-separation into both
pure compounds.

In contrast, Figure 5.11 shows the absorption spectra of the two perylene diimide
systems mixed with the donor DIP which show ES-CT effects in the emission spec-
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Figure 5.11: Absorption spectra of equimolar mixed films deposited at 25 ◦C
and 150 ◦C: a) DIP and PDIC3 (CT peaks are marked in black), b) DIP and
PDIC8-CN2 and c) enlarged section of the CT peak (black marked area of (b)).
The spectra are scaled for clarity.

tra (DIP:PDIC3 and DIP:PDIC8-CN2). In the absorption spectra of the equimolar
DIP:PDIC3 thin films a sharp peak at 1.75 eV indicates a charge transfer effect
between the donor and the acceptor molecule (Figure 5.11a). Additionally, the
signals of both pristine materials are also observed in the absorption data of the
equimolar thin films. For comparison, a very broad CT band with an onset at
1.55 eV is visible for the equimolar thin films of DIP and PDIC8-CN2 (Figure
5.11c). The degree of the ES-CT is the same for the equimolar thin films of
both systems grown at different substrate temperatures. For the mixed films of
DIP:PDIC3 a defined CT state is detectable whereas for the PDIC8-CN2 and DIP
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several CT states are observed as shown in emission and a broad band is visible
in the absorption spectra. The detected peaks in the low energy region in ab-
sorption and emission for the two equimolar mixed film systems indicate different
ES-CT effects. The CT energies can be calculated for the equimolar PDI:DIP
thin films by means of a mixed layer device structure and electrical and optical
characterization methods.

5.4 Excited-state properties:

Electroluminescence and photocurrent

spectra

To complete the optical characterization regarding CT effects, electroluminescence
and photocurrent spectra (expressed here as incident-photon-to-current efficiency)
with the solar cell devices of DIP:PDIC3 and DIP:PDIC8-CN2 mixture layers were
also measured in cooperation by Hongwon Kim and Wolfgang Brütting, University
of Augsburg. Figure 5.12 shows the reduced EL and IPCE spectra for the two
DIP:PDIC3 and DIP:PDIC8-CN2 mixed layer devices on a logarithmic scale.

The IPCE spectra correlate well with the absorption spectra for both equimolar
thin films. The CT emission bands observed in the PL spectra for both systems
are also visible in the two EL spectra, but, in contrast to the PL spectra, only
a weak signal of the pristine materials (peak at 1.85 eV) can be observed in
the DIP:PDIC3 EL spectra, which indicates that nearly all injected electron-hole
pairs recombine. The methodology introduced by Vandewal et al. is used [168]
on adjustment for the crossing regime between reduced EL as well as the reduced
IPCE spectra originating from CT states, following Marcus theory to estimate
the CT energy ECT in organic photovoltaic materials. The normalized reduced
emission ĨEL(E) and absorption η̃IPCE(E) spectra are fitted by Gaussian functions
(Eq. 5.2,5.3) [168, 201]:

ĨEL(E) ≡ IEL(E)

E
∝ 1√

4πλDAkBT
· exp(− [E − (ECT − λDA)]2

4λDAkBT
) (5.2)

η̃IPCE(E) ≡ ηIPCE(E) · E ∝ 1√
4πλDAkBT

· exp(− [E − (ECT + λDA)]2

4λDAkBT
) (5.3)

Here, λDA represents the reorganization energy related to the Stokes shift in the
CT manifold. The CT energy is the crossing point of the fitted reduced EL
and IPCE curves. For the DIP:PDIC3 system a CT energy of ECT = 1.77 eV
is obtained, in contrast to DIP:PDIC8-CN2 where two CT energies: ECT,1 =
1.51 eV and ECT,2 = 1.61 eV are observed. When subtracting the λ parameters
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Figure 5.12: Reduced EL and IPCE spectra of DIP:PDIC3 and DIP:PDIC8-CN2

mixed layer devices with the architecture ITO/HIL 1.3/organic mixed thin film
(50 nm)/BCP (5 nm)/Al, with the respectively Gaussian fits and the CT energies
(marked by the red lines) as well as the λ parameters.

from the CT energies (crossing points), we receive the maxima of the EL curves.
These values are in good agreement with the PL results where one sharp CT
state for DIP:PDIC3 and two different CT peaks for the other DIP:PDI system
are obtained. The ES-CT effects and the calculated CT energies if applicable,
will be discussed in the following section for the different DIP:PDI mixed films in
consideration of the various incorporated side group in the imide and bay position
of the respective acceptor molecules.
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5.5 Discussion and conclusions

In Figure 5.13 an overview of the excited-state CT effects for the different PDI
derivatives in mixed thin films with DIP is shown. Here, the CT energies are
calculated based on EL and IPCE measurements for the different PDI derivatives
and are presented with the resulting features in the absorption data. For the
DIP:PDIC3 system, the co-crystal formation leads to a sharp CT peak in absorp-
tion and a defined CT energy. In contrast, the DIP:PDIC8-CN2 mixed films show
a broad CT band in absorption and two different CT energies. The threefold
broadening of the Bragg peaks in the GIWAXS pattern of the DIP:PDIC8-CN2

equimolar films compared to the DIP:PDIC3 system (see Fig. 5.2g and 5.2j) might
suggest more crystal defects in the equimolar thin films and therefore more confor-
mations to nearest-neighbor molecules [148, 202] which could explain the various
CT energies for the co-crystal phase of DIP and PDIC8-CN2.

Figure 5.13: Schematic representation of the results for the ES-CT effects. The
calculated CT energies by EL and IPCE data are presented for the different PDI
derivatives with the respective CT peak features in the absorption data and the
molecular packing motifs of the various DIP:PDI thin film systems [49].

The PDI acceptors with a small n-alkyl side chain in the imide position phase-
separate and show no excited-state CT effect in absorption or emission with the
donor DIP. A surprising exception is the DIP:PDIC3 mixed films where the co-
crystal phases lead to a sharp CT energy in absorption. In contrast, longer n-alkyl
or branched side chains of the PDI derivatives with incorporated cyano-groups in
the bay position show a different behavior with DIP. Here, two CT energies can
be calculated and a broad band in the absorption is visible for the mixed films.
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The co-crystal phase of these mixed films induces two different CT conformations
with different CT energies.

In summary, a comprehensive study on mixing behavior and charge transfer ef-
fects of different donor-acceptor (DIP:PDI) molecular systems prepared by OMBD
was performed. The acceptor molecules differ in the n-alkyl side chain of the imide
position and in the cyano-groups of the bay position. In Figure 5.14 (as part of
Fig. 4.9) the respective results of the DIP:PDI mixed film systems are schemat-
ically shown. Here, the mixing behavior and the degree of ES-CT effects are
illustrated for the five investigated thin film systems in this thesis and in addition
also compared with two other DIP:PDI derivatives which were also investigated
regarding mixing behavior and CT effects with the donor DIP [49].

Figure 5.14: Schematic results of the investigated mixed film DIP:PDI systems.
The different schematic scenarios are describing the mixing behavior and the de-
gree of the charge transfer effects of the individual systems. This illustration is
part of Fig. 4.9.

The optimized n-alkyl side chain length of the perylene diimide acceptors was
found for the mixing behavior with DIP. With increasing chain length in the imide
position of the acceptors, a strong CT effect as well as a strong mixing for the
system DIP:PDIC3 is detected. The acceptor molecule with n-propyl side chains
forms a well-defined co-crystal with DIP and shows a sharp ES-CT state. Different
factors play a role and influence the mixing behavior and CT effects. The increased
intermolecular interactions of the pure acceptor molecules with longer n-alkyl side
chains appear to disfavor the mixing and the CT effects. However, the orientation
of the acceptor molecules on the substrate (SiO2) is changing with longer n-alkyl
side chains which favor the mixing and the CT effects. Strong CT and intermixing
are also shown for systems of DIP and perylene diimide derivatives with cyano
groups in the bay position. PDIC8-CN2:DIP forms also a well-ordered co-crystal,
but with two ES-CT states. The incorporated cyano groups influence the aromatic
backbone of the perylene diimide derivatives and favor the CT effects as well as
the mixing behavior. This was also shown for the two examined thin film systems
PDIR-CN2:DIP and PDIF-CN2:DIP with incorporated cyano groups in the bay
position of the acceptors. Both molecule combinations form a well-defined co-
crystal and show a broad ES-CT band in absorption as well as two defined CT
energies (for equimolar thin films of PDIR-CN2:DIP) [49].
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Through the influence of the different side chains of the acceptor molecules on
the mixing behavior and CT effects with DIP, it is possible to control mixing
behavior and CT effects using suitable perylene diimide molecules. A key to this
is the structure of these acceptor molecules, which can be modified easily in the
desired way.
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Chapter 6

Molecule charge transfer effects
in PDIC8-CN2:DNTT and
PDIF-CN2:DNTT systems

The results presented in this chapter have been recently published in Ref. [169].
They are based on binary organic bulk heterojunction thin films. The focus was
set on weakly interacting organic semiconductive mixtures with DNTT as donor
molecule and two different PDI derivatives as acceptors (PDIC8-CN2 and PDIF-
CN2) which differ in the fluorination of the side chains (Fig. 6.1). For organic
optoelectronics, the interactions between donor and acceptor molecules and the
related CT effects are very important. The microscopic details of CT, in particular
for the different strengths of interactions, are still not fully understood [41, 42, 49].

Figure 6.1: Overview of the studied perylene diimide acceptor molecules with
the different electron affinities (EA) and ionization energies (IE). The IEs levels
are determined by ultraviolet photoelectron spectroscopy (UPS) of the thin films,
[49, 113, 141] and the EAs are calculated with the IEs, the optical band gaps and
the exciton binding energies: a) PDIC8-CN2 b) PDIF-CN2 and c) donor molecule
DNTT.
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Therefore, the molecular CT of two different PDI:DNTT thin film systems is
characterized in this chapter. The co-crystal formation and structural morphol-
ogy of the thin films are investigated by GIWAXS and XRR and combined with
a comprehensive experimental and first-principles study of CT effects based on
density-functional theory and many-body perturbation theory performed in coop-
eration by Ana M. Valencia and Caterina Cocchi, University of Oldenburg. The
GS-CT effects are examined by infrared spectroscopy, followed by energy level
calculations and the comparison of the calculated and experimental absorption
spectroscopy to describe the ES-CT properties. Other different optical methods
such as PL and ellipsometry are used to examine inter alia the anisotropy of the
CT effect. Additionally, the general impact of localized HOMO and LUMO levels
on optoelectronic properties in CT complexes will be discussed.

6.1 Structural investigations by X-ray scattering

The morphology and the intermixing in bulk heterojunction thin films on the
molecular level has a great impact on the microscopic details of charge transfer
effects [25, 30–33]. As described in Sec. 3.1 and the results Chap. 5, the alkyl,
branched, and fluorinated side chains and the electron-withdrawing side groups of
the respective PDI derivatives can alter molecular packing and morphology of the
deposited films [19, 20, 23]. Therefore, they influence also the co-crystal formation
with suitable donor molecules, and therefore the growth and mixing behavior has
to be clarified. The structure of the mixed DNTT:PDI thin films depending on
the different side chains in the imide position of the acceptor molecules will be
discussed first. An overview of the measured GIWAXS diffraction patterns from
both pure perylene diimide derivatives and the donor molecule DNTT as well as
the equimolar donor acceptor mixtures is shown in Figure 6.2. All three pure
compounds form crystalline thin films with Bragg reflections belonging to known
crystal structures (Fig. 6.2a, 6.2c, 6.2d) [154, 197, 198]. All molecules are oriented
with their longest axis almost normal to the substrate surface. The tilt angles of
the respective molecules to the Silicon substrate are 68.11◦ for PDIC8-CN2, 85.47◦

for DNTT, and 73.92◦ for PDIF-CN2 assuming the known crystal structures. The
crystal quality of the acceptors depends strongly on the substrate temperature
during deposition. In thin films, PDIF-CN2 is only crystalline on SiO2 (and not on
the other substrates employed) at a deposition temperature higher than 120 ◦C in
contrast to PDIC8-CN2, which forms crystalline films already at room temperature
[117].

Figure 6.2b and 6.2e show GIWAXS data of the equimolar DNTT:PDIC8-CN2

and DNTT:PDIF-CN2 mixed films. In both reciprocal space maps only signals
from the mixed co-crystals are visible (marked by dashed green lines). The donor
DNTT has roughly the size of the PDI core and exhibits different mixing behavior
with the two acceptor compounds. PDIC8-CN2 forms a co-crystal with DNTT
when co-deposited at room temperature, however, it tends to phase-separate at
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Figure 6.2: GIWAXS data of a) PDIC8-CN2 (Tsub = 150 ◦C), b) DNTT 1:1
PDIC8-CN2 (Tsub = 25 ◦C), c) DNTT (Tsub = 100 ◦C), d) PDIF-CN2 (Tsub =
150 ◦C) and e) DNTT 1:1 PDIF-CN2 (Tsub = 150 ◦C) (squares indicate peaks of
the donor, circles of the acceptor, and dashed green lines for the mixed phase, the
same q-ranges were taken for clarity).
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Figure 6.3: XRR data of mixed films deposited at 25 ◦C and 150 ◦C: a) DNTT
and PDIC8-CN2 and b) DNTT and PDIF-CN2 (violet dashed lines indicate peaks
of the donor, red of the acceptor, and green for the mixed phase with the respective
Miller indices of the Bragg peaks, all spectra are vertically offset for better clarity).

higher substrate temperatures. Figure 6.2b shows GIWAXS data of a PDIC8-
CN2:DNTT 1:1 mixed film deposited at 25 ◦C. The weak ring-shaped features
indicate the formation of 1:1 co-crystalline grains without preferred orientation.
In contrast, the donor DNTT and the acceptor PDIF-CN2 form a well-defined
highly ordered co-crystal visible in the GIWAXS data in Figure 6.2e. In the
reciprocal space map of the equimolar thin film only signals from the co-crystal
and no signals of the pure compounds are visible. Furthermore, the crystallinity of
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the co-crystal for the equimolar thin films is increasing with higher film thickness
and with higher deposition temperature.

Figure 6.3 shows the X-ray reflectivity scans for both DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2 thin film systems. Here, the out-of-plane Bragg reflections of
the three pure compounds indicate, as mentioned before for the GIWAXS patterns,
crystalline formed thin films. For the pure PDIF-CN2 thin film deposited at
high substrate temperature, the first two reflections are suppressed due to the
high electron negativity of the fluorinated side chain as common for this PDI
derivative [117]. The XRR scans for the equimolar films of both systems show,
as the GIWAXS patterns, Bragg reflections from the mixed co-crystals (marked
by green lines). Signals of the pure PDIC8-CN2 are visible for both equimolar
thin films in the X-ray reflectivity scans (Fig. 6.3a), but only the equimolar
film deposited at room temperature presents a Bragg peak from the mixed co-
crystal showing that at higher substrate temperature phase-separating into the
pure compounds occurs. In the XRR spectra of the DNTT:PDIF-CN2 system,
the equimolar and the PDIF-CN2 2:1 DNTT thin films are presenting only Bragg
signals from the co-crystal and no signals of the pure compounds (Fig. 6.3b) which
indicates a highly defined co-crystal.

When comparing the mixing behavior of the two acceptor perylene diimide
derivatives with the donor molecule DNTT, the acceptor PDIF-CN2 with the
fluorinated side chain favors the mixing and forms with DNTT a highly defined
co-crystal with long-range ordering.

6.2 Ground-state CT properties: Infrared

spectroscopy

It was shown for the two DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 thin film sys-
tems that the donor is intermixing with different strengths with both acceptor
molecules at suitable growth conditions. The electronic interaction between the
donor and the acceptor molecule is therefore not inhibited by phase-separation of
both organic compounds. So, the electronic interaction and the charge transfer
effects can be examined by applying different spectroscopic methods and the op-
tical properties of the thin films can be investigated. At first, the CT between
donor and acceptor in absence of electronic excitations, the electronic ground-state
CT properties of the investigated films are of high interest. To study a possible
ground-state CT, the highly sensitive stretching mode of the nitrile group (CN-
group) is probed by IR spectroscopy [78, 79].

In Figure 6.4 the infrared spectra for the two PDI:DNTT systems are shown.
The donor molecule DNTT shows no IR active vibration mode in this range,
showing that the stretching mode of the nitrile group is ideal for GS-CT investi-
gations. A shift of 2.1 ± 0.5 cm−1 of the CN-group is visible for the equimolar
DNTT:PDIF-CN2 mixed film at high deposition temperature. For the equimolar
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Figure 6.4: Infrared spectra of a) DNTT:PDIF-CN2 equimolar mixed film de-
posited at 150 ◦C and b) DNTT:PDIC8-CN2 equimolar mixed film deposited at
25 ◦C.

DNTT:PDIC8-CN2 mixed film grown at 25 ◦C the corresponding shift amounts to
4.5 ± 0.4 cm−1. These results indicate a weak partial ground-state charge trans-
fer of 0.08 or 0.17 e−, respectively, based on an analysis similar to Ref. [78]. In
the following section, the ES-CT effects and the comparison with the theoretical
investigations for both systems will be examined.
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6.3 Calculated energy levels in CT complexes

The experimental analysis is complemented with the results of first-principles cal-
culations based on density-functional theory and many-body perturbation theory
performed in cooperation by Ana M. Valencia and Caterina Cocchi, University
of Oldenburg. The DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 mixtures are mod-
eled as bimolecular clusters in vacuo. Both structures are constructed assuming
a co-facial arrangement of the two constituting molecules, which remains present
also after structural optimization. In the relaxed complexes, as a result of the
interactions with the donor, the acceptor molecules show a slight bending of their
backbone, as visible in Figure 6.5.

Figure 6.5: Molecular orbitals of DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 ac-
companied by their respective energy eigenvalues computed from G0W0.

Inspecting the energy levels of the isolated donor and acceptor molecules (Fig-
ure 6.6), they form in both cases a type-II level alignment, with the LUMO of
the acceptor lying within the gap of the donor [203]. In DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2, the HOMO is energetically lower than the HOMO of the donor,
whereas the LUMO is higher than the LUMO of the acceptor. The energy gap of
the complexes is therefore about 0.2 eV and 0.3 eV larger than the energy differ-
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Figure 6.6: Energy level alignment for both DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2 complexes computed from G0W0 on top of DFT (PBE0 func-
tional).

ence between the HOMO of DNTT and the LUMO of PDIC8-CN2 and PDIF-CN2,
respectively.

As a result, the HOMO and the LUMO of the complexes are localized on the
donor and on the acceptor molecule, respectively (Figure 6.5). Hybridization
effects appear in lower (higher) occupied (unoccupied) states. This scenario is
compatible with the GS-CT, δ = 0.11 e, obtained for both systems in agreement
with the experimental result for DNTT:PDIF-CN2 (δ = 0.08 e, Section 6.2).

In summary, both systems DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 show a
small GS-CT governed by hybridized HOMO-1 and LUMO+1 levels. In contrast,
the respective HOMO and LUMO energy levels of the complexes are localized on
the acceptor and donor molecule. This leads to the estimation of a nearly pure
charge transfer from the acceptor to the donor and the ES-CT effects and optical
properties are examined for both systems in the following section.

6.4 Excited-state CT properties

For both systems, DNTT:PDIC8-CN2 and DNTT:PDIF-CN2, a weak CT in the
ground-state is presented. Next, the CT effects upon excitation are of high inter-
est. So, Es-CT effects and optical properties of the thin films of the two molecule
combinations are examined by emission and absorption spectroscopy.
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6.4.1 Excited-state CT properties: Absorption

In the absorption spectra of both DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 sys-
tems (Fig. 6.7), excited-state CT peaks are visible at low energy below the HOMO-
LUMO transition of the pure compounds. For thin films with PDIC8-CN2, only a
weak CT peak is detected, which is most intense for the equimolar film deposited
at room temperature with an onset of a maximum at 1.55 eV (Fig. 6.7b). The
weak excited-state CT peak is additionally only visible for the equimolar film de-
posited at higher temperature and for the 1:2 thin film with excess of the pure
acceptor.

In contrast, for thin films with PDIF-CN2 a strong excited-state CT peak with
an onset of a maximum at 1.58 eV is visible (Fig. 6.7d). The intensity of the CT
peak is increasing with higher deposition temperature. All thin films present only
peaks of the formed co-crystal in the absorption spectra. For the thin films with
excess of one pure compound, only the 1:2 thin film with excess of PDIF-CN2

shows the strong ES-CT peak. The equimolar 80 nm film of DNTT:PDIF-CN2

shows two CT states in the absorption spectrum at 1.58 eV and 1.73 eV.

6.4.2 Excited-state CT properties: Photoluminescence

Figure 6.8 shows the photoluminescence spectra for DNTT:PDIC8-CN2 and DNTT:
PDIF-CN2 measured at 77 K. A well-defined CT peak is visible at 1.37 eV of the
equimolar PDIC8-CN2:DNTT mixed film deposited at 25 ◦C (Fig. 6.8b). This CT
peak is related to the absorption band at 1.55 eV. A shift in PL to lower energy of
∼ 0.2 eV is common for related mixed systems [74]. Features of the pure PDIC8-
CN2 are also visible for the mixed thin films. The PL signals of the pure acceptor
thin films are much more intense than those of the pure DNTT thin film. Broad
and intense emission spectra are very common for PDI derivatives [115, 117, 204].
Therefore, in the mixed films the emission signals of the acceptor are dominating.

A strong excited-state CT effect is detected for all DNTT:PDIF-CN2 mixed thin
films (Fig. 6.8c). The CT leads to quenching of the signals of the pure compounds
[205, 206]. The intensity of the CT peak is the largest for the equimolar thin films
and decreases with an excess of one of the pure materials. The mixed thin films
with excess of the donor molecule have here the lowest CT intensities that was
also shown for both systems in the absorption data. This indicates that the
co-crystal formation and CT effects are favored with the excess of the acceptor
and disfavored with more DNTT in the mixed thin films. As described for the
absorption data, the ES-CT of the equimolar thin film is increasing with the
deposition temperature and is the highest for the equimolar 80 nm thick film
(Fig. 6.8d). High temperature and film thickness favor therefore the intermixing
and the charge transfer effects of PDIF-CN2 and DNTT [25].

To summarize, the acceptor PDIF-CN2 with the DNTT donor forms a highly
defined co-crystal with long-range order exhibiting a weak ground-state and strong
excited-state charge transfer which is increasing with higher substrate temperature
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(a) (b)

(c) (d)

Figure 6.7: Absorption spectra of a) DNTT and PDIC8-CN2 mixed films de-
posited at 25 ◦C and 150 ◦C, b) enlarged section of the CT peak (black marked
area of (a)), c) DNTT and PDIF-CN2 mixed films deposited at 150 ◦C and d) en-
larged section of the CT peak (black marked area of (c)). The spectra are scaled
for clarity.

and higher film thickness. In contrast, PDIC8-CN2 forms a co-crystal with DNTT
in particular for the substrate at room temperature during growth, showing only
weak ES-CT and GS-CT.
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(a) (b)

(c) (d)

Figure 6.8: Photoluminescence spectra of a) DNTT and PDIC8-CN2 mixed films
deposited at 25 ◦C and 150 ◦C, b) enlarged section of the CT peak (black marked
area of (a)), c) DNTT and PDIF-CN2 mixed films deposited at 150 ◦C and d)
equimolar DNTT and PDIF-CN2 films at different deposition temperatures. The
spectra are scaled for clarity and the signals at about 2.1 and 2.2 eV are back-
ground PL signals of the SiO2 substrate [199].

6.5 Calculated optical absorption spectroscopy

The experimental results of the optical absorption spectra for DNTT:PDIC8-CN2

and DNTT:PDIF-CN2 are compared with first-principles calculations based on
density-functional theory and many-body perturbation theory performed in coop-
eration by Ana M. Valencia and Caterina Cocchi, University of Oldenburg. The
calculated absorption spectra for both systems are in agreement with the exper-
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Figure 6.9: Experimental and computed optical absorption spectra of the com-
plexes: a) DNTT:PDIC8-CN2 and b) DNTT:PDIF-CN2. The first three excita-
tions are labeled as E1, E2, and E3. OS stands for oscillator strength.

iments (Figure 6.9). The computed absorption peaks are in the same range as
the experimental ones although slightly shifted by 0.2 eV, possibly, due to solid
state solvation [207–209]. Differences can be also ascribed to the missing vibronic
effects in the calculations. The spectra of the two complexes are very similar.
The first excitation (E1) is found at 1.43 eV in the spectrum of DNTT:PDIC8-
CN2 and at 1.36 eV in the one of DNTT:PDIF-CN2. In both cases, its oscillator
strength is extremely weak, compatible with the negligible overlap between the
wave-functions associated with the HOMO and the LUMO in the two complexes
(see Figure 6.5 in Sec. 6.3): As reported in Table 6.1, the transition between the
frontier orbitals contributes almost entirely to E1. As a result, the hole and the
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Table 6.1: Energies, oscillator strength (OS), and composition in terms of single-
quasiparticle transitions of the first three excitations in DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2 complexes. HOMO and LUMO are abbreviated by H and L,
respectively.

Excitation Energy [eV] OS Composition
DNTT:PDIC8-CN2 E1 1.429 0.011 H → L (95%)

E2 2.023 0.240 H-1 → L (48%)
H-3 → L (47%)

E3 2.193 0.026 H-1 → L (50%)
H-2 → L (47%)

DNTT:PDIF-CN2 E1 1.356 0.001 H → L (95%)
E2 2.013 0.266 H-1 → L (42%)

H-2 → L (31%)
H-3 → L (24%)

E3 2.156 0.035 H-1 → L (50%)
H-3 → L (34%)
H-2 → L (11%)

electron densities are fully segregated on the donor and on the acceptor molecule,
respectively (Figure 6.10).

The strongest maximum (E2) is found at approximately 2.0 eV and stems from
various orbital transitions between occupied orbitals below the HOMO and the
LUMO (Table 6.1). This feature is reflected in the distribution of the hole and the
electron densities: the latter remains localized on the acceptor molecules, while
the former is now spread over the whole complex. Analogous behavior pertains
also to the third excitation (E3), which appears as a shoulder above the first peak
(see Figure 6.9). Again, a number of transitions between lower occupied levels and
the LUMO characterize its composition in both complexes. Hence, also for E3,
the hole is delocalized on the entire complex while the electron sits solely on the
acceptor. The fact that all transitions contributing to the first three excitations
target only the LUMO can be understood considering the energy separation of
more than 1.6 eV between the lowest unoccupied level and the next one (see
Figure 6.5 in Sec. 6.3). Conversely, occupied states are energetically much closer
to each other. In the calculated spectra, two additional maxima are visible at
higher energies, around 2.6 eV and 3.4 eV. Both peaks, analyzed in detail in
Figure 9.8 in the Appendixes, target higher unoccupied orbitals than the LUMO
and correspond to delocalized excitations within the complex.
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Figure 6.10: Hole and electron densities calculated for E1, E2, and E3 in the
DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 complexes. Isosurfaces plotted with a
cutoff of 0.002 Å−3.

6.6 Anisotropic excited-state CT properties

The anisotropy of the excited-state CT peak is examined for the mixed films of
DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 by using ellipsometry data and evalu-
ating the dielectric function of the thin films. The results for the in-plane εxy and
the out-of-plane εz components of the dielectric functions for the different mixed
films are shown in Figure 6.11. Here, the in-plane component is parallel, and the
out-of-plane component is perpendicular to the substrate plane. For the different
molecules used in this thesis, the TDMs are oriented along the longest molecule
axis. The spectral shapes of the in- and out-of-plane components of the dielectric
functions are similar for both donor-acceptor mixed films however the overall in-
tensities and the low energy region between 1.3 and 2.1 eV are different for these
two plane directions. The shape of the in-plane components εxy are comparable
with the absorption data (Fig. 6.7 in Sec. 6.4.1). Only in the in-plane spectra
of the DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 mixed films, excited-state CT
peaks are visible at low energy below the HOMO-LUMO transition of the pure
compounds (Fig. 6.11a and 6.11c) which are also observed in the absorption data
(Fig. 6.7 in Sec. 6.4.1).

For PDIC8-CN2 and DNTT mixed films, only a weak excited-state CT is shown
in the xy-direction with an onset of a maximum at 1.55 eV in Fig. 6.11a. The
ES-CT effect is also visible in absorption and emission and is the highest for the
equimolar film deposited at room temperature. The in-plane components of the
dielectric functions are higher than the out-of-plane components which indicates
a stronger tilted co-crystal of DNTT and PDIC8-CN2 molecules.

In Figure 6.11c, a strong excited-state CT peak is detected in the in-plane
direction with an onset of a maximum at 1.58 eV for the PDIF-CN2:DNTT mixed
thin films. The ES-CT is also observed in the absorption data, the highest for
the equimolar films and slightly lower for the mixed films with excess of one pure
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(a) (b)

(c) (d)

Figure 6.11: Dielectric function determined by ellipsometry of a) the in-plane
εxy and b) the out-of-plane εz components of DNTT and PDIC8-CN2 mixed films
deposited at 25 ◦C and 150 ◦C, c) the in-plane εxy and d) the out-of-plane εz
components of DNTT and PDIF-CN2 mixed films deposited at 150 ◦C.

compound. Here, the in-plane intensities of the dielectric functions for the mixed
thin films are only slightly higher than the out-of-plane intensities. This results
in a tilted co-crystal of DNTT and PDIF-CN2 molecules.

For both molecule combinations, an anisotropic nature of the excited-state CT
peak is obtained. The ES-CT effect is only visible in the in-plane direction of the
film, parallel to the substrate plane. In Figure 6.12 the orientation of the ES-CT
is illustrated for the tilted molecules with a standing-up conformation and the
TDM oriented along the longest axis. The TDM of the CT is observed between
the molecules, in the in-plane direction. To summarize, the acceptor PDIF-CN2

and the donor DNTT exhibit a strong ES-CT in the in-plane direction which is
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Figure 6.12: Schematic illustration of the donor (TDM of DNTT marked in
violet) and acceptor (TDM of PDI marked in red) π-stacking and the orientation
of the TDM (marked in orange) of the excited-state CT.

increasing with higher substrate temperature. In contrast, PDIC8-CN2 shows only
a weak ES-CT with DNTT in particular for the equimolar film deposited at room
temperature.

6.7 Discussion

There are different approaches to categorizing the possible CT scenarios. In a
rather common one, molecular charge transfer can be divided roughly into three
different cases depending on the degree the molecules interact with each other
(Figure 6.13) [41, 42, 49]. Systems of organic small molecules, in which the in-
termolecular energy gap ∆EDA between the HOMO of the donor and the LUMO
of the acceptor is similar to the individual energy gaps of the donor (∆ED) or
acceptor (∆EA) molecule, are assigned to the first category (Figure 6.13a). In
this case, charges are only transferred through molecular excitations (D∗ or A∗

states), and no CT effects in the ground-state are detectable. Weakly bound ac-
ceptor and donor molecules belong to the second category. Here, the individual
gaps are larger than the intermolecular energy gap (∆EDA < ∆ED or ∆EA, Fig-
ure 6.13b). This results in weak GS-CT and strong ES-CT effects shown through
a peak that can be seen in the absorption or PL spectra. ES-CT either takes
place under direct excitation or via exciton dissociation. Molecular orbitals are
only slightly shifted compared to the pure compounds. The last category concerns
molecular systems which are strongly bound to each other. The intermolecular
energy gap is much smaller than the individual ones (∆EDA � ∆ED or ∆EA,
Figure 6.13c). Here, hybridized molecular orbitals are formed with the energy of
the CT complex ∆ECT . For these systems, strong GS-CT effects are detectable
by IR spectroscopy.

In the two considered systems (DNTT:PDIC8-CN2 and DNTT:PDIF-CN2), the
donor and the two acceptor molecules are weakly bound. This corresponds to
the second scenario illustrated above and leads to a partial charge transfer from
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Figure 6.13: Schematic illustration of possible charge transfer mechanisms for
different energy level alignments.

the donor to the acceptor molecule. This is also supported by experiments and
calculations. In the optical spectra of the two investigated mixed co-crystals
(Figure 6.9), a strong ES-CT band is shown at lower energy in the absorption
(∼ 1.6 eV) and in the emission spectra (∼ 1.4 eV). Additionally, weak partial
GS-CT effects are identified through infrared spectroscopy (Figure 6.4), and the
amount of partially transferred electron matches with the related calculation.

The interaction between donor and acceptor molecules is affected by molecu-
lar packing and structural disorder [209]. Through the design of the acceptor and
donor molecules, the positions of the HOMO and LUMO levels can be tuned inde-
pendently [79]. The physical properties of these compounds are inter alia defined
by the structure of the resulting donor-acceptor compounds and by the amount of
transferred electrons. The required properties, therefore, can be adjusted through
the tuned degree of charge transfer [79].

The localized character of HOMO and LUMO leads to CT effects from the
donor to the acceptor as illustrated for the two binary systems in this thesis.
Similar electronic structure and physical properties are also common for other
weakly bound acceptor-donor systems [210–213]. A deeper insight into the under-
lying mechanism is important to understand the fundamental structure-properties
relations [79].

One example for such localized HOMO/LUMO levels and hybridized LUMO+1/
HOMO-1 etc. is the co-crystal of the organic small molecules bisdimethylstyryl-
benzene : phenylene bis(bis(trifluoromethyl)phenyl)acrylonitrile (4M-DSB:CN-
TFPA). The large molecular orbital offset between the designed molecules implies
the localized HOMO and LUMO level of the donor-acceptor complex. Through
the pronounced localized character of the FMOs, the HOMO-LUMO transition
reveals a strong CT character. For this co-crystal also CT effects were investi-
gated [210]. Another example is the system tetracyanoquinodimethane : meso-
diphenyltetrathia[22]annulene (TCNQ:DPTTA), in this case, the formed co-crystal
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shows no CT effects [212]. For the system quarterthiophene : tris(pentafluoro-
phenyl)borane (4T:BCF) only ES-CT effects are detectable clearly related to po-
laron formation [213, 214]. This implies that different CT properties are observed
and that GS-CT and ES-CT can occur independently. There are also other or-
ganic small molecule combinations (for example PTCDI-C6:Coronene) which show
strong CT effects but with slightly different electronic structure of the energy lev-
els. Here, the LUMO and HOMO-1 levels are localized [97]. There are different
physical properties favored through the electronic structure which are important
for such binary systems. Localized FMOs are, for example, an important pre-
requisite for ambipolar CT [210–212]. These systems favor optical or electrical
properties such as high conductivity, ambipolar carrier transport, and tuneable
luminescence [97].

To classify the systems, DNTT:PDIC8-CN2 and DNTT:PDIF-CN2, in the pos-
sible CT cases, they can be compared with strongly bound acceptor and donor
molecules showing a small intermolecular energy gap. For a well investigated sys-
tem such as 4T:F4-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane),
the energy levels of the CT complex and its optical properties were calculated and
examined [31, 188, 215, 216]. In contrast to the systems in this thesis, the energy
levels of the HOMO LUMO transition are hybridized. 4T:F4-TCNQ shows strong
ES-CT effects in absorption and emission and strong GS-CT effects visible by
IR spectroscopy. These energy level calculations and optical properties are also
common for other strongly bound acceptor-donor systems [217, 218]. In contrast,
they are favored for very efficient electrical doping effects [31, 216].

With the adopted theoretical and experimental methods, the systems in this
thesis can be classified in the second scenario illustrated above belonging to weakly
bound molecules where the respective HOMO and LUMO levels are localized.

Figure 6.14: Schematic results for the investigated mixed films of DNTT:PDIC8-
CN2 and DNTT:PDIF-CN2. The different schematic scenarios are describing the
mixing behavior and the degree of the CT effects. This illustration is part of Fig.
4.9.

In summary, a comprehensive study on mixing behavior and charge transfer
effects of the two donor-acceptor (DNTT:PDI) molecular systems prepared by
OMBD has been performed. The two considered acceptor molecules differ in the
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fluorination of the side chain in the imide position. The results are schemati-
cally shown in Figure 6.14 (as part of Fig. 4.9). Here, the respective mixing
behavior and degree of CT effects are illustrated. The influence of the side chain
variation of the acceptor molecules was investigated by obtaining a favored mix-
ing behavior and stronger ES-CT effects in the in-plane direction for the system
DNTT:PDIF-CN2. CT effects of the mixed thin films increase with raising depo-
sition temperature for the acceptor with fluorinated side chain and decrease for
the acceptor with n-alkyl side chain. Both systems show a small ground-state
CT governed by hybridized HOMO-1 and LUMO+1 levels, while the frontier or-
bitals are segregated on the donor and acceptor molecule. The calculated optical
spectra show similar visible absorption peaks for both systems in agreement with
the experimental results. The aforementioned localization for the frontier orbitals
leads to a nearly pure charge transfer exciton in the absorption spectra.

With these results, it is possible to make a comparison with other weakly bound
donor-acceptor molecules depending on their optical properties and to classify the
two PDI:DNTT systems in different CT scenarios.
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Chapter 7

Comparison of growth behavior
and molecular charge transfer for
the PDIC2F3:DNTT/DIP thin
film systems

In this chapter, the mixing behavior and intermolecular coupling of several donors
and a synthesized acceptor molecule in binary organic bulk heterojunction thin
films prepared by organic molecular beam deposition are examined based on Ref.
[219]. The focus lies on weakly interacting organic semiconductive mixtures with
DIP and DNTT as donor molecules and the synthesized PDI derivative PDIC2F3,
with a short fluorinated side chain in the imide position, as acceptor (Fig. 7.1).

Figure 7.1: Sketch of the synthesized PDI derivative a) PDIC2F3 and the two
donor molecules b) DIP and c) DNTT.

For organic optoelectronics, the interactions between donor and acceptor molecules
and the related CT effects are very important [41, 42]. A great impact on charge
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transfer effects is given by the morphology and intermixing on the molecular level
in bulk heterojunction thin films [25, 30]. Therefore, the influences of two differ-
ent donor molecules with the fluorinated PDI derivative on structural morphology
and CT effects in thin films are determined. At first, the growth behavior and
molecular packing of pure thin films from the synthesized PDIC2F3 molecule are
investigated by GIWAXS, XRR, and AFM. The comprehensive structural charac-
terization of thin films with this acceptor molecule is not described in the literature
and was performed for the first time in this work. Additionally, the optical proper-
ties of the pure thin films are examined by absorption and emission spectroscopy.
The co-crystal formation and structural morphology of the mixed thin films with
their respective donors are investigated by X-ray scattering. The excited-state CT
effects are investigated by different optical methods such as absorption and PL
spectroscopy.

7.1 Growth behavior and optical properties of

pure PDIC2F3 thin films

7.1.1 Characterization of the synthesized powder PDIC2F3

To investigate the influences of different PDI derivatives with suitable donor
molecules on mixing behavior and CT, a PDI derivative was synthesized with
appropriate side chains in the imide positions. To compare this material with
the other PDI derivatives examined in this thesis, short fluorinated side chains
in the imide position of this acceptor molecule were chosen. The synthesis of the
PDIC2F3 powder, also known as N,N’-bis(2,2,2-Trisfluoroethyl)-perylene-3,4:9,10-
bis(dicarboxyimide), is described in Section 3.1.3. With the synthesized powder,
thin films were grown under various conditions and with different donor molecules.
The growth and optical properties of the pure and mixed thin films will be in-
vestigated in the following chapter. First, the PDIC2F3 powder is characterized
by mass spectrometry (MS) to identify the material. Furthermore, an absorp-
tion spectrum of the powder in solution as well as a powder PL spectrum was
examined.

In Figure 7.2 the mass spectrum of the purified PDIC2F3 powder is shown. Here,
the relative intensity is a function of the mass-to-charge ratio. The investigated
material as well as possible side products can be identified with this analytic
technique. The powder of the examined material is sublimed, electrically ionized
by impact ionization, and the ions or fragments are then separated according to
their mass-to-charge ratio [53, 220]. The purified PDIC2F3 powder was measured
with a mass spectrometer MAT 95, Finnigan by the MS department of the organic
chemistry at the University of Tuebingen. The main peak reveals a mass-to-charge
ratio of 554 g mol−1. This is in agreement with the molecular weight of PDIC2F3

(554 g mol−1) and the molecular formula of C28H12N2O4F6. Because of carbon
isotopes, fragments or ions with m carbon atoms show added to the main peak
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Figure 7.2: Measured mass spectrum of the purified powder PDIC2F3 by gradient
sublimation.

(C12-peak) also an (m+1) peak whose intensity is the number of carbon atoms
(m) x 1.1 %, related to the C12-peak [220]. In this spectrum, a peak with the
mass-to-charge ratio of 555 g mol−1 and the intensity of 30.8 % is shown which
also agrees with the amount of carbon atoms in the molecular formula and the
weight of PDIC2F3. There are only minor other residuals so this powder was used
as starting material for the thin film preparation.

Figure 7.3 shows a microscope image of the powder with a 50-times magnifica-
tion, the absorption in solution, and the powder PL spectrum. In the microscope
image, needlelike grains are visible. The absorption spectrum of the PDIC2F3

solution and the PL spectrum are similar to the absorption and emission spectra
of other PDI derivatives with fluorinated side chains [117]. In Section 7.1.3 the
absorption spectrum of the solution is compared to the thin film optical properties
of PDIC2F3.

7.1.2 Structural investigations of pure PDIC2F3 thin films

At first, the growth behavior and structural morphology of pure PDIC2F3 thin
films are examined by X-ray scattering and AFM, before the mixing and growth
behavior of the mixed films with the donors DIP and DNTT are investigated.
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(a) (b)

Figure 7.3: Powder characterization of PDIC2F3: a) microscope image with a
50-times magnification and b) absorption spectrum in C2D2Cl2 solution and PL
spectrum.

X-ray scattering of pure PDIC2F3 thin films

Figure 7.4 shows the diffraction patterns of the pure PDIC2F3 thin films grown at
different deposition temperatures. Here, the thin pure films are grown at various
substrate temperatures, and the different structural morphologies depending on
the temperature are presented. Parameters of two unit cells can be calculated for
the pure PDIC2F3 films grown at lower deposition temperatures (LT-phase, Tsub
between 25 ◦C and 150 ◦C) and at higher temperature (HT-phase, Tsub = 165 ◦C),
shown in Table 7.1. The orientation of the acceptor molecules changes from a
lying-down to a more standing-up conformation. For the pure films deposited at
substrate temperatures of up to 150 ◦C, a unit cell is tilted with respect to the
surface normal, so that the molecules with the short fluorinated side chains are
lying on the Silicon substrate. For a higher growth temperature, a unit cell has its
longest axis c perpendicular to the substrate plane. Additionally, the crystallinity
of the films is increased with the substrate temperature which is evident from the
change of the Debye-Scherrer rings into sharper Bragg peaks. This is also common
for other fluorinated PDI derivatives where a higher deposition temperature is
needed to form a smooth crystalline thin film [117].

In the GIWAXS data of the pure film deposited at 100 ◦C (Fig. 7.4b) the Bragg
peaks of the calculated unit cell are marked by black crosses. The crystallinity of
this crystal structure for the thin films increases with higher substrate tempera-
ture, visible when comparing the GIWAXS pattern of the thin films grown at 25◦C
and 100 ◦C. The PDIC2F3 film deposited at 150 ◦C presents blurry Bragg peaks
of the lying-down and standing-up conformations. The latter orientation is domi-
nant in the thin film grown at 165◦C (Fig. 7.4d). The Bragg peaks, corresponding
to the standing-up conformation, are marked with red crosses. Additionally, also
peaks from the lying-down conformation are shown in this GIWAXS pattern, la-



92

(a) (b)
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Figure 7.4: GIWAXS data of PDIC2F3 deposited at a) 25 ◦C, b) 100 ◦C, c)
150 ◦C and d) 165 ◦C (with calculated Bragg peak positions, black and red crosses
correspond to the unit cells of PDIC2F3 listed in Table 7.1).

beled with black rectangles. Comparing the thin films deposited at 150 ◦C and
165 ◦C, a crystalline thin film is formed and the standing-up conformation of the
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PDIC2F3 molecules is established at a substrate temperature of 165 ◦C.

Table 7.1: Calculated unit cell parameters of PDIC2F3 thin films (with a and b
parallel to the substrate surface (for δ = 0) and the angle δ between the normal of
the surface and the unit cell).

a [Å] b [Å] c [Å] α [ ◦] β [ ◦] γ [ ◦] δ [ ◦] V [Å3]
PDIC2F3 LT-phase 4.77 8.27 26.8 83.54 91.5 88.7 37.8 1049.78
PDIC2F3 HT-phase 4.77 8.79 26.5 83.45 84.5 96.7 ∼0 1089.58

Figure 7.5: XRR data of PDIC2F3 thin films deposited at 100 ◦C, 150 ◦C, and
165 ◦C.

In Figure 7.5 the XRR data of the pure PDIC2F3 thin films deposited at various
substrate temperatures are shown. In these spectra, several Bragg reflections for
the film grown at higher substrate temperature are shown. As in the GIWAXS
pattern, only the film deposited at 165 ◦C shows Bragg peaks belonging to the
standing-up conformation. The first Bragg reflections are suppressed due to the
electron density of the fluorinated side chains and only the fourth Bragg peak is
the most intense one. For the other films grown at substrate temperatures below
165 ◦C, the molecules are mostly oriented in a lying-down conformation, observed
by the GIWAXS patterns, where the Bragg reflections in Qz direction are at much
higher values. Only for the film grown at a substrate temperature of 150 ◦C and
unlike the GIWAXS pattern (Fig. 7.4c), there is a peak at Qz = 0.66 Å−1 which is
assumed to be either from another polymorph or from a contamination. All thin
films seem to be rough which leads to the absence of the Kiessig oscillations.

Thin films of pure PDIF-CN2, a PDI derivative with a longer fluorinated side
chain in the imide position which is also used in this thesis, show similar growth
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behavior (Figures 6.3b and 6.2d in the results Chapter 6) [117]. A higher deposi-
tion temperature is needed to grow crystalline thin films of PDIF-CN2, where the
molecules are oriented in a standing-up conformation. In the XRR spectra (Figure
6.3b in the results Chapter 6), also the first two Bragg peaks are suppressed and
the third one is the most intense.

Morphology study by AFM of pure PDIC2F3 thin films

Moreover, the morphology of the pure PDIC2F3 films deposited at various sub-
strate temperatures is investigated in more detail. The AFM images of the pure
thin films are provided in Figure 7.6. The morphology is different for the film
deposited at room temperature and the films grown at higher substrate tempera-
tures.

(a) (b)

(c) (d)

Figure 7.6: AFM images (5 x 5 µm) of PDIC2F3 deposited at a) 25◦C, b) 100◦C,
c) 150◦C and d) 165◦C (Length of the scale bar is 1 µm and artifacts in the images
are visible due to measurement difficulties of the rough thin films).

The film grown at 25 ◦C shows a homogenous surface that consists of small
grains and a high islands density (Fig. 7.6a). With a substrate temperature of
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100 ◦C, the molecules form larger grains and the overall islands density gets lower
(Fig. 7.6b). A visible change in the morphology is shown for the thin film grown
at 150 ◦C. A mixture of elongated islands and grains is formed and a change
to an anisotropic 2D growth is established (Fig. 7.6c). The elongated islands
consist probably of molecules with a standing-up conformation whereas the grains
comprise lying-down molecules. However, only a needlelike texture with elongated
islands appears for the thin film deposited at 165 ◦C substrate temperature (Fig.
7.6d). This indicates a temperature-dependent structural and morphology change,
from small grains to a needlelike texture which is also in agreement with the X-
ray scattering data. The roughness of the pure PDIC2F3 films changes with the
growth regime and is thus also temperature-dependent. A low roughness can
be observed for the film grown at room temperature which can be explained by
the low crystallinity of this film. With increasing temperature, the roughness
increased (Tsub = 100 ◦C) and is smoother at higher substrate temperatures due
to the formation of flatter domains.

To summarize, the growth behavior and morphology of PDIC2F3 on SiO2 sub-
strates are temperature-dependent. The orientation varies from a lying-down to a
standing-up conformation and the crystallinity increases with the substrate tem-
perature. The surface morphology of the pure thin films modifies from small grains
at low to a needlelike texture at high substrate temperature.

7.1.3 Optical properties of pure PDIC2F3 thin films

Before describing the CT effects of the mixed films with both donor molecules,
the optical properties of the pure PDIC2F3 thin films are examined by absorption
and emission spectroscopy.

Figure 7.7 shows the absorption spectra of PDIC2F3 thin films grown at various
temperatures in comparison with the spectrum in solution. The spectral shape of
the absorption of the PDIC2F3 thin films deviates only slightly from the solution
spectrum. Two peaks at about 2.2 eV and 2.4 eV with a shoulder at 2.6 eV are
common for PDI derivatives especially for the absorption spectra of PDIF-CN2

thin films [117]. In the absorption spectra of the pristine films grown at higher
deposition temperatures, a peak, instead of a shoulder, is visible at 2.6 eV which
is possible due to a more ordered structure at higher growth temperatures. Due
to the solvatochromic effect, the three peaks in the solution spectrum are blue-
shifted by 0.15 eV compared to the thin film absorption spectra. The shift is
common for absorption spectra of organic molecules in thin films [61, 221]. The
relative intensities of the peaks are changing slightly for the thin films grown at
different temperatures with the most pronounced changes for the film deposited at
room temperature. This implies an orientational change depending on the growth
temperature which was also shown by the structural characterization.

Figure 7.8 shows the temperature-dependent emission spectra of the PDIC2F3

film deposited at 165 ◦C substrate temperature (from 250 K to 15 K measurement
temperature). The temperature-dependent PL data of the other pristine PDIC2F3
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Figure 7.7: Absorption spectra of PDIC2F3 thin films on a glass substrate, de-
posited at different temperatures, and in solution (C2D2Cl2).

Figure 7.8: Temperature-dependent photoluminescence spectra of PDIC2F3 thin
films deposited at 165 ◦C. Measurements were performed in the range from 250 K
to 15 K.

films are shown in Fig. 9.10 in the Appendixes. Common for temperature-
dependent emission data, the overall photoluminescence intensities of the pristine
PDIC2F3 film are increasing with lower measurement temperatures due to sup-
pression of non-radiative relaxations. At low measurement temperatures, possible
relaxation paths are minimized leading to sharper and distinct peaks [161]. At 15
K, three distinct peaks are detectable that are very similar in shape and have an
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(a) (b)

Figure 7.9: Dielectric function determined by ellipsometry of a) the in-plane εxy
and b) the out-of-plane εz components of PDIC2F3 thin films deposited at 25 ◦C,
100 ◦C, 150 ◦C, and 165 ◦C. For the calculation of the dielectric function, different
EMA layers were taken into account in the models for the films grown on Silicon
and glass substrates.

equidistant energy spacing of 0.17 eV which suggests that the peaks belong to a
vibronic progression [88].

Figure 7.9 shows the results for the in-plane εxy and the out-of-plane εz com-
ponents of the dielectric functions for the different pristine PDIC2F3 films grown
at various temperatures. Here, the in-plane component is parallel to the sub-
strate plane, and the out-of-plane component is perpendicular to it. Similar to
the other PDI derivatives, the TDM is oriented along the longest molecular axis
[117]. The spectral shapes of the in-plane components εxy are comparable with
the absorption data with some deviations (Fig. 7.7). The spectral shape of the
in- and out-of-plane components of the dielectric functions are similar, however,
the overall intensities are different for these two directions. The intensities of the
in-plane components of the dielectric functions are moderately higher than the
out-of-plane components. The differences between the two components are higher
for the films deposited at 25 ◦C and 100 ◦C, which is possible to a more tilted
conformation, a more lying-down conformation compared to the molecule orienta-
tion in the other pure films grown at higher temperatures. This indicates slightly
tilted PDIC2F3 molecules instead of a complete standing-up orientation for the
thin films deposited at high growth temperatures.
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7.2 Growth behavior and CT effects of

PDIC2F3:DIP/DNTT mixed films

7.2.1 Structural characterization

Prior to CT examination, the structure and mixing behavior of the mixed films
with the acceptor PDIC2F3 and the two donors DIP and DNTT are investigated.
The mixed thin films are examined by X-ray scattering (XRR and GIWAXS) and
AFM.

X-ray scattering

Figure 7.10 shows the reciprocal space maps of the equimolar PDIC2F3:DIP and
PDIC2F3:DNTT mixed films and the respective pure materials (DIP, PDIC2F3,
and DNTT). Both donor molecules fit with their molecule sizes to the perylene
diimide core and form crystalline thin films with Bragg reflections belonging to
known crystal structures (Fig. 7.10b and 7.10e). The molecules are both oriented
with their longest axis almost normal to the substrate surface. For completion,
the GIWAXS pattern (Fig. 7.10c) of the pure acceptor PDIC2F3 film deposited
at 165 ◦C is also shown. The molecules form a crystalline thin film at this growth
temperature with the crystal structure calculated in Table 7.1 in Sec. 7.1.2. As
shown before, the alkyl, branched, and fluorinated side chains in the imide posi-
tion of the PDI acceptor molecules can alter molecular packing and morphology
of the deposited thin films [19, 20, 23]. The different morphology and growth
behavior also influence the co-crystal formation and the mixing and growth be-
havior with different donor materials. Based on this, the structure of the mixed
PDIC2F3:DIP and PDIC2F3:DNTT thin films will be discussed depending on the
different donors. The equimolar mixed films are investigated at the optimized
substrate temperatures for the respective system (Tsub = 150 ◦C for PDIC2F3:DIP
and Tsub = 100 ◦C for PDIC2F3:DNTT).

PDIC2F3 forms with the donor DIP a co-crystal with Bragg reflections at
Qxy = 1.88 Å−1 marked with yellow squares in the reciprocal space map (Fig.
7.10a). Here, also signals from the pure compounds, especially from the acceptor,
are visible. The expected Bragg peaks of the two pristine materials are also fea-
tured in this image. The equimolar mixed film grown at 150◦C shows a crystalline
structure and well ordering in the xy-direction observed by precisely aligned Bragg
peaks.

In contrast, PDIC2F3 does not form a co-crystal with the donor DNTT, in-
stead, the molecules tend to phase-separate. In the GIWAXS data (Fig. 7.10d),
only Bragg reflections from both pure materials, especially from PDIC2F3, are
detectable. Here, also the different expected Bragg peaks of the two pristine ma-
terials are visible. The Bragg peaks are slightly blurred out, indicating a less
ordered crystallinity in the equimolar mixed film. For more structural details, the
X-ray reflectivity data of the different mixed thin films have to be examined.
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(a) (b)

(c)

(d) (e)

Figure 7.10: GIWAXS data: a) PDIC2F3 1:1 DIP (Tsub = 150 ◦C), b) DIP (Tsub
= 150 ◦C), c) PDIC2F3 (Tsub = 165 ◦C), d) PDIC2F3 1:1 DNTT (Tsub = 100 ◦C)
and e) DNTT (Tsub = 100 ◦C) (white crosses indicate peaks of the donor, red
crosses of the acceptor, and yellow squares for the mixed phase).
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(a)

(b)

Figure 7.11: XRR data of mixed films deposited at 100 ◦C and 150 ◦C: a)
PDIC2F3 and DIP and b) PDIC2F3 and DNTT (violet and blue dashed lines
indicate peaks of the respective donor, red of the acceptor, and green for the
mixed phase with the respective Miller indices of the Bragg peaks, all spectra are
vertically offset for better clarity).

Figure 7.11 shows the XRR data of both PDIC2F3:DIP and PDIC2F3:DNTT
thin film binary systems. In both data sets, the XRR curves of the pristine
materials are also depicted for comparison with the mixed films. The out-of-plane
Bragg reflections of the three pristine compounds indicate, as mentioned for the
GIWAXS patterns, crystalline formed thin films.



101

One Bragg peak of the co-crystal is at Qz = 0.49 Å−1 for all PDIC2F3:DIP mixed
films in the XRR spectra (Fig. 7.11a). The Bragg peak is the most intense for
the equimolar film deposited at Tsub = 150 ◦C which indicates that with increasing
substrate temperature the crystallinity of the equimolar mixed films increases. The
Bragg peak of the formed co-crystal is the weakest for the mixed film with excess
of the acceptor. However, with excess of the donor DIP, the co-crystal formation is
favored. All films except the pristine DIP film show no Kiessig oscillations which
suggests rough mixed thin films.

In the XRR spectra of the PDIC2F3:DNTT mixed films, only Bragg reflections
from both pure materials are detectable (Fig. 7.11b). For the 1:2 mixed film with
excess of the donor DNTT, Bragg peaks of pure PDIC2F3 and DNTT are visible.
This indicates that a phase-separation into the pure compounds PDIC2F3 and
DNTT occurs. These different films also show no Kiessig oscillations assuming
rough mixed thin films.

The results obtained by the XRR data are consistent with the GIWAXS data.
When comparing the mixing behavior of PDIC2F3 with both donors, DIP which
has a similar structure to the perylene diimide core favors the mixing and forms a
well-defined co-crystal with long-range ordering with PDIC2F3. The morphology
of the equimolar mixed films will be investigated in more detail by means of AFM
measurements.

Morphology study by AFM

Figure 7.12 shows the AFM images of the mixed DIP:PDIC2F3 and DNTT:
PDIC2F3 thin films to investigate the surface morphology of the equimolar mixed
films. The morphology of the three pristine films has to be considered to compare
the surface structure with the equimolar mixed films (Fig.7.12a-7.12c).

The two donor molecules, DIP and DNTT, are establishing wedding-cake struc-
tures visible through the density of islands and plateaus on top of each other.
However, DNTT forms no closed wetting layer due to the depressions visible in
the AFM image which is an indication of de-wetting and also common for this ma-
terial [135]. The surface morphology of pure PDIC2F3 thin films grown at higher
deposition temperature has already been discussed in Sec. 7.1.2. DIP forms crys-
talline smooth films, while DNTT and PDIC2F3 establish also crystalline, but
rougher films. The root mean square roughness values of the pristine compounds
and the equimolar mixed films are given in Table 7.2.

Table 7.2: Roughness values σRMS of pristine DNTT, DIP, PDIC2F3, and the
respective equimolar mixed films (determined by AFM).

DIP DNTT PDIC2F3 DIP:PDIC2F3 DNTT:PDIC2F3

σRMS [nm] 2.8± 0.2 8.4± 1.0 27.3± 2.3 12.6± 1.7 17.6± 0.7

The surface structure of the equimolar mixed PDIC2F3:DIP thin film is shown
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(a) (b) (c)

(d) (e)

Figure 7.12: AFM images (5 x 5 µm) of pure and mixed films: a) DIP (Tsub =
150 ◦C), b) PDIC2F3 (Tsub = 165 ◦C), c) DNTT (Tsub = 100 ◦C), d) PDIC2F3 1:1
DIP (Tsub = 150 ◦C) and e) PDIC2F3 1:1 DNTT (Tsub = 100 ◦C) (Length of the
scale bar is 1 µm).

in Fig. 7.12d. Here, needlelike features with a length of 0.7 - 1 µm are visible.
The structure differs from both pristine materials and the thin film seems to be
very homogenous which indicates the formation of a co-crystal between PDIC2F3

and DIP. This is also in agreement with the X-ray scattering data. The thin film
is smoother than the pristine PDIC2F3 film. A preferred 1D growth of the needles
possibly occurs in the direction of the donor/ acceptor π − π- stacking [222].

In contrast, the equimolar mixed film of PDIC2F3 and DNTT reveals a different
surface morphology (Fig. 7.12e). Smaller and elongated islands with sizes between
0.3 - 1 µm and islands on top are shown. This film seems to be rougher than the
equimolar mixed film with DIP. This structure possibly suggests phase-separated
DNTT and PDIC2F3. The surface morphology together with the X-ray scattering
data indicates different mixing and growth behavior for the two PDIC2F3 systems
which reveals the formation of a co-crystal for the mixed films with DIP and
phase-separation into the pure materials for the mixed films with DNTT.
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7.2.2 Excited CT properties

The optical properties and the CT effects of the mixed thin films with PDIC2F3

and the two donors DIP and DNTT are investigated. The influences of the dif-
ferent donor molecules on excited-state CT effects in thin films are examined by
absorption and emission spectroscopy.

Absorption spectroscopy

(a) (b)

(c) (d)

Figure 7.13: Absorption spectra of a) PDIC2F3:DIP mixed films deposited at
100 ◦C and 150 ◦C, b) enlarged section of CT peak (black marked area of (a)),
c) PDIC2F3:DNTT mixed films deposited at 100 ◦C and 150 ◦C and d) enlarged
section of CT peak (black marked area of (c)).

In Figure 7.13 the absorption spectra of the two mixed PDIC2F3:DIP and
PDIC2F3:DNTT thin film systems are shown. The CT effect upon excitation
of the different mixed films is of high interest. The low energy region (1.3 eV -
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2.0 eV) below the HOMO-LUMO transition of the pristine materials is examined
in more detail.

For all mixed films of PDIC2F3 and DIP, an excited-state CT peak below the
HOMO-LUMO transition of the pure compounds with a maximum at 1.73 eV is
detected (Fig. 7.13b). For the thin films with excess of one pure compound, the
CT peak is the most intense for the 1:2 mixed film with DIP excess. In contrast,
for the 2:1 thin film with PDIC2F3 excess the ES-CT peak is the weakest. In
agreement with the XRR data of these films (see Fig. 7.11 in Sec. 7.2.1), it
is shown that the excess of DIP favors the co-crystal formation and thus the CT
effects whereas the excess of the acceptor hinders the mixing and the excited-state
CT effects.

In the absorption spectra of PDIC2F3:DNTT mixed films, almost no CT peak
is shown (Fig. 7.13d). The mixed thin films only show peaks of both pure com-
pounds. In the absorption spectra of the 1:2 thin film with excess of DNTT, peaks
of PDIC2F3 are visible and the remarkable peak of the pure DNTT at 2.7 eV dom-
inates. This indicates a superposition of DNTT and PDIC2F3 which is shown in
the absorption spectra of the mixed films. As a result, a phase-separation into
both pristine materials is observed and no ES-CT effects are identified for these
mixed thin films.

Photoluminescence spectroscopy

Figure 7.14 shows the emission spectra of the mixed PDIC2F3:DIP and PDIC2F3:
DNTT thin films. As mentioned for the absorption spectra, peaks in the emission
spectra located at the low energy region below the HOMO-LUMO transition of
the pure compounds belonging to the ES-CT effects are investigated for both
compound combinations. The emission spectra are recorded at a measurement
temperature of 25 K with liquid Helium.

For all DIP:PDIC2F3 mixed films, a shoulder at 1.4 eV originates from an
excited-state charge transfer (Fig. 7.14a). This peak emerges only at measurement
temperatures lower than 90 K in temperature-dependent PL data (see Fig. 9.11a
in the Appendixes). It is related to the absorption band at 1.73 eV (Fig. 7.13b).
In a PL spectrum, a shift of ∼ 0.3 eV to lower energy is common for related
mixed systems [74]. The other peaks shown in the emission data are either from
pure DIP or PDIC2F3 which may be slightly shifted due to solid state solvation
[207–209]. The PL signals of the pure PDIC2F3 are much more intense than those
of pristine DIP. In the spectra of the equimolar mixed films, the CT leads to a
slight quenching of the signals of the pristine materials [205, 206].

In contrast, the emission spectra of mixed DNTT and PDIC2F3 films show only
signals of both pure compounds (Fig. 7.14b). The PL signals of the pure PDIC2F3

are much more intense than those of pristine DNTT. The peak at 1.5 eV possibly
originates from the pure acceptor molecule, potentially in a different orientation
due to the DNTT molecule. In the temperature-dependent PL data of the pure
PDIC2F3 (see Fig. 7.8 in Sec. 7.1.3), there is only a weak shoulder at 1.5 eV.
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(a)

(b)

Figure 7.14: Photoluminescence spectra of mixed films deposited at 100 ◦C and
150◦C: a) PDIC2F3:DIP and b) PDIC2F3:DNTT. The spectra are scaled for clarity
based on the respective equimolar mixed film grown at 150 ◦C.

Compared with the other results (especially GIWAXS and absorption data), it
appears that PDIC2F3 and DNTT, in contrast to thin films with DIP, tend to
phase-separate.

To summarize, PDIC2F3 has different mixing and CT behavior with the two
donor molecules DIP and DNTT. PDIC2F3 forms a well-defined co-crystal with
strong ES-CT effects with DIP. In contrast, the acceptor tends to phase-separate
with the donor DNTT with almost no ES-CT effects.
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7.3 Discussion and conclusions

A comprehensive study on mixing behavior and charge transfer effects of the two
donor-acceptor (DIP/DNTT:PDIC2F3) molecular systems prepared by OMBD
has been performed. The thin films consist of the two different donor molecules,
DIP and DNTT, and one PDI derivative with a short fluorinated side chain in
the imide position as acceptor. Pristine and mixed thin films of PDIC2F3 and the
two donors DIP and DNTT are prepared at different conditions (Tsub and mixing
ratios) which results in different molecular order, mixing behavior, and CT effects.
The structure and morphology of these thin films are investigated by GIWAXS,
XRR, and AFM measurements, whereas optical properties are examined for both
thin film systems by absorption and emission spectroscopy.

For the pure acceptor, PDIC2F3, the structure of the thin films is schematically
shown in Figure 7.15. An orientational change from a lying-down to a standing-up
conformation of the PDIC2F3 molecules and a higher crystallinity of the pristine
thin films with increasing substrate temperature are shown.

Figure 7.15: Schematic results for the investigated pristine films of PDIC2F3.
The different schematic scenarios are describing the temperature-dependent
growth behavior (Tsub = 25 ◦C - 165 ◦C).

Figure 7.16: Schematic results for the investigated mixed films of PDIC2F3:DIP
and PDIC2F3: DNTT. The different schematic scenarios are describing the mixing
behavior and the degree of the CT effects. This illustration is part of Fig. 4.9.

The results of the mixed films with DIP and DNTT are schematically shown in
Figure 7.16 (as part of Fig. 4.9). Here, the respective mixing behavior and the de-
gree of ES-CT effects are illustrated for both thin film systems. For PDIC2F3:DIP
mixed films, a donor/acceptor co-crystal formation is detected. For the equimolar
mixed films, a well-defined co-crystal with long-range order and strong ES-CT
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effects is observed. The excess of DIP in the mixed films favors the co-crystal for-
mation and CT effects, while the excess of the acceptor hinders both effects. For
the mixed films with PDIC2F3 and DNTT, an opposite behavior regarding mixing
and CT effects is noticed. For these thin films, there is almost no indication of a
co-crystal formation or ES-CT effects. This suggests phase-separation into both
pure compounds.

These results show the influence of the donor on the mixing behavior and CT
effects. The donor molecule DIP possibly fits better with its structure and size to
the PDIC2F3 molecule than the donor DNTT molecule which could explain the
favored mixing and CT effects of DIP and PDIC2F3 in the mixed thin films.



Part III

Conclusions and outlook
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Chapter 8

Conclusions and outlook

The main topics of this thesis are the structural morphology and charge transfer
effects of organic binary bulk heterojunctions studied by structural and optical
characterization methods like X-ray scattering and absorption as well as emission
spectroscopy. Knowledge of growth and mixing behavior as well as molecular CT
were applied and are also closely related to organic optoelectronic applications.
An overview of the experimental results with the different donor and acceptor
molecules is shown in Figure 8.1 as described at the beginning of Part II.

Figure 8.1: Schematic representation of the investigated organic binary bulk het-
erojunctions. The donor molecules are listed as a row and the respective acceptor
molecules as a column. The different schematic scenarios are describing the mix-
ing behavior and the charge transfer effects of the individual systems. Systems
that are investigated together are marked by different grey colors.

The different mixing scenarios are schematically presented for the various in-
vestigated donor-acceptor systems and the respective degrees of charge transfer
effects are described by the actual transition dipole moment of the CT. More
details are summarized separately for the respective parts of investigated donor-
acceptor thin film systems. Afterward, possible future projects as an outlook are
discussed.

8.1 Results on PDI:DIP mixed films

The various n-alkyl side chains and cyano groups of the different PDI acceptors
influence the structural morphology and mixing behavior as well as the charge
transfer effects with the donor molecule DIP in these thin film systems. Thereby,
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two thin film systems show strong mixing and excited-state CT effects which are
schematically presented in Figure 8.2. The different influences and aspects are
illustrated below:

Figure 8.2: Schematic representation of donor-acceptor π-stacking with the ori-
entation of the TDMs and the illustrated absorption spectra in the low energy
region for the thin film system: a) PDIC3:DIP, b) PDIC8-CN2:DIP and c) sketch
of the calculated CT energies by EL and IPCE data presented for the various PDI
derivatives with DIP, the respective CT peak features in the absorption data and
the molecular packing motifs of the various DIP:PDI thin film systems.
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• A strong CT effect, as well as a strong mixing, is detected for the system
DIP:PDIC3. The acceptor molecule has an optimal length of n-alkyl side
chains in the imide position to form a well-defined co-crystal with DIP which
shows a sharp ES-CT peak in absorption as well as one defined charge trans-
fer energy (Fig. 8.2a and 8.2c).

• Strong CT and intermixing exist also for systems of DIP and perylene di-
imide derivatives with cyano groups in the bay position. These side groups
influence the aromatic backbone of the PDIs. PDIC8-CN2 and DIP form
also in thin films a well-ordered co-crystal but show a broad ES-CT band
in absorption as well as two defined charge transfer energies (Fig. 8.2b
and 8.2c). The same behavior was observed for the investigated system of
PDIR-CN2:DIP [49].

• The increased intermolecular interactions of the pure acceptor molecules
with longer n-alkyl side chains appear to disfavor the mixing and the CT
effects. However, the orientation of the acceptor molecules on the substrate
(SiO2) is changing with longer n-alkyl side chains which favor the mixing
and the CT effects.

It is possible to control mixing behavior and CT effects by using suitable pery-
lene diimide molecules. An important aspect is the structure of these acceptor
molecules which can be modified easily in the desired way.

8.2 Results on molecular CT of PDI:DNTT

mixed films

The molecular charge transfer effects of the two different DNTT:PDIF-CN2 and
DNTT:PDIC8-CN2 systems were characterized in regards to mixing behavior
as well as theoretical calculations on energy levels and optical absorption spec-
troscopy. The two considered acceptor molecules differ in the fluorination of the
side chain in the imide position. The main points of the results are illustrated in
Figure 8.3 and summarized in the following:

• The influences of the different side chains of the acceptor molecules were
investigated by obtaining a favored mixing behavior and stronger ES-CT
effects for the system DNTT:PDIF-CN2 (Fig. 8.3b).

• CT effects as well as co-crystal formation of the mixed thin films increase
with raising deposition temperature and thickness for the acceptor with
fluorinated side chains (PDIF-CN2) and decrease for the acceptor with n-
alkyl side chains (PDIC8-CN2).



112

Figure 8.3: Representation for both DNTT 1:1 PDI thin films of a) the local-
ized HOMO and LUMO level of the CT complex, b) the schematical CT exciton
formation with the respective TDMs and c) the charge transfer case indicating a
small GS-CT and a strong ES-CT effect.

• For both mixed thin film combinations an anisotropic nature of the excited-
state CT is obtained. The ES-CT effect occurs only in the in-plane direction,
parallel to the substrate plane (Fig. 8.3b).

• Both systems show a small ground-state CT governed by hybridized HOMO-
1 and LUMO+1 levels, while the frontier orbitals are segregated on the donor
and acceptor molecule (Fig. 8.3a).

• The calculated optical spectra show similar visible absorption peaks for both
systems in agreement with the experimental results. The aforementioned
localization for the frontier orbitals leads to a nearly pure charge transfer
exciton visible in the absorption spectra.

• With these results it is possible to make a comparison with other weakly
bound donor-acceptor molecules depending on their optical properties and
to classify the two PDI:DNTT systems in different CT scenarios (Fig. 8.3c).

8.3 Results on PDIC2F3:DNTT/DIP mixed films

The influence of two donor molecules on mixing behavior and charge transfer
effects with a PDI derivative is characterized in mixed thin film systems. The
synthesized PDI acceptor with a short fluorinated side chain in the imide position
is investigated with the two donor molecules DIP and DNTT. The main results
are presented schematically in Figure 8.4. They are illustrated in the following:

• An orientational change from a lying-down to a standing-up conformation
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Figure 8.4: Schematic illustration of a) the temperature-dependent growth be-
havior (Tsub = 25 ◦C - 165 ◦C) for the investigated pristine films of PDIC2F3 and
b) the mixing behavior and molecule structure of DIP:PDIC2F3 and DNTT:PDI-
C2F3 mixed thin films.

of the PDIC2F3 molecules and higher crystallinity of the pristine thin films
with increasing substrate temperature is observed (Fig 8.4a).

• For PDIC2F3:DIP mixed films a donor/acceptor co-crystal formation is ob-
tained. For the equimolar mixed films, a well-defined co-crystal with long-
range order and strong ES-CT effects is observed. The excess of the donor
in the mixed films favors the co-crystal formation and CT effects and the
excess of the acceptor disfavors both (Fig 8.4b).

• For the mixed films with PDIC2F3 and DNTT, there is almost no indication
of a co-crystal formation or ES-CT effects. This suggests phase-separation
into both pure compounds (Fig 8.4b).

• The donor molecule DIP possibly matches better with its structure and
size the PDIC2F3 molecule, than the donor DNTT, which could explain the
favored mixing and CT effects of DIP and PDIC2F3 in the mixed thin films.

8.4 Outlook

The presented results offered insights into the interplay between structural mor-
phology and charge transfer effects in donor-acceptor thin films. These results
in this thesis raise new questions and ideas which are considered in the following
future projects:

• For a better understanding of the influences of the various PDI derivatives
with different donor molecules on mixing behavior and CT effects in weakly
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bound donor-acceptor thin film systems, the different trends of the various
PDI derivatives (see Chapter 5) can be tested with another donor molecule
with similar structure, size, and energy levels such as Anthradithiophene
(ADT). Another interesting aspect could be to compare one PDI derivative
with suitable other donor molecules (f. ex. PEN, ADT, etc.) regarding the
mixing behavior and the CT effects.

• First-principle calculations based on DFT and many-body perturbation the-
ory could also be performed on other donor-acceptor molecule combinations
(PDI:DNTT/DIP) to combine them with the experimental results on thin
film systems. The calculations could be achieved before, choosing suitable
donor and acceptor molecules with the desired optical properties (desired
CT effects).

• Other PDI derivatives such as PDIC5-CN2 (PDIC5 with incorporated cyano
groups) can be synthesized and are likely to exhibit co-crystal formation or
CT effects with suitable donor molecules based on the insights gained with
this thesis. So, more details regarding the influences of the different side
chains could be obtained.

• UPS measurements can be performed for the thin film systems where GS-CT
effects were investigated (such as PDIC8-CN2:DNTT and PDIF-CN2:DNTT)
to gain knowledge about GS-CT properties.

• In-situ experiments regarding the structural morphology (for instance in-
situ XRR and in-situ GIWAXS) and the CT effects (such as in-situ DRS
and in-situ VASE spectroscopy) can be considered to study transient or
thickness-dependent properties during growth.
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Chapter 9

Appendixes

9.1 Additional data and comments on the

comparative study of PDI:DIP mixed films

This section covers the supplementary data of the results in Chapter 5 based on
the comparative study of PDI:DIP mixed films (Ref. [189]). Additional GIWAXS
patterns, AFM images, temperature-dependent PL spectra, and VASE data of the
various mixed thin films are presented below.

9.1.1 GIWAXS data

In Figures 9.1 and 9.2 the GIWAXS data of the various PDI:DIP mixed thin films
are shown. In addition, the growth and mixing behavior of the various PDI:DIP
mixed films deposited at a substrate temperature of Tsub = 25 ◦C is examined by
the various GIWAXS patterns of the pristine PDI derivatives and their equimolar
mixed thin films with DIP. The thin film structure of the donor molecule DIP
(Fig. 9.2a) and the formed co-crystal phases of the two DIP:PDIF-CN2 (9.2b) and
DIP:PDIR-CN2 (9.2c) equimolar thin films are shown in the GIWAXS patterns.
Well-defined co-crystal phases of DIP:PDIF-CN2 and DIP:PDIR-CN2 were already
investigated and strong ES-CT effects for these thin film systems were analyzed
[49]. Therefore, they serve as a good comparison model.
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Figure 9.2: GIWAXS data (150 ◦C deposition temperature): a) DIP, b) PDIF-
CN2 1:1 DIP and c) PDIR-CN2 1:1 DIP (the donor is marked in violet and black
crosses indicate the mixed phase).

9.1.2 AFM images

AFM images of the pristine PDI thin films and the equimolar mixed films with the
donor DIP which are grown at room and high substrate temperatures are shown
in Figures 9.3 and 9.4. The morphology of the pristine PDI derivatives can be
compared with the thin film structures of the 1:1 mixed films with DIP. All PDI
derivatives show homogenous surfaces with small grains for the thin films grown
at room temperature and elongated islands for the thin films deposited at high
substrate temperature.

Especially, the PDI derivatives with longer n-alkyl side chains (PDIC5, PDIC8,
and PDIC8-CN2) form smooth thin films at both substrate temperatures. The
equimolar mixed films are forming all rougher films except for the equimolar thin
films of DIP 1:1 PDIC8-CN2. The co-crystal phase forms smooth films with small
grains or needlelike features at the respective growth substrate temperature. For
DIP 1:1 PDIC3, rougher thin films with a different morphology compared to the
pure PDI derivative can be established which can indicate the co-crystal phases.
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9.1.3 PL temperature-dependent data

In Figure 9.5 the temperature-dependent PL data is shown of the pristine PDI
derivatives. The PL spectra are measured from 250 K to 15 K. For PDIC1, PDIC5,
and PDIC8 three dominant peaks are visible which are sharper at low measuring
temperatures. For PDIC3 and PDIC8-CN2 only a broad emission feature is shown
for all measurement temperatures. It is possible that for the PDIs with strong
intermolecular interactions defined emission features are visible whereas for the
other compounds only one broad peak is presented [200].

9.1.4 Ellipsometry data

The results of the in-plane εxy and the out-of-plane εz components of the dielectric
functions for the various equimolar DIP:PDI thin films are shown in Figure 9.6.
The shape of the in-plane components is comparable with the absorption data
(see Figures 5.10 and 5.11 in Sec. 5.3). Only in the in-plane spectra of DIP 1:1
PDIC3 and DIP 1:1 PDIC8-CN2 excited-state CT peaks are visible at low energy
below the HOMO-LUMO transition of the pure materials. The ES-CT effects for
these mixed films are also observed in the absorption data.
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(a) (b)

(c) (d)

(e)

Figure 9.5: Temperature-dependent photoluminescence spectra (measured from
250 K (light color) to 15 K (dark color)) of the pure PDI films deposited at 150◦C:
a) PDIC1, b) PDIC3, c) PDIC5, d) PDIC8 and e) PDIC8-CN2.
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(a) (b)

(c) (d)

(e)

Figure 9.6: Dielecrtic function with the in-plane εxy and out-of-plane εz com-
ponents of the equimolar thin films deposited at 25 ◦C and 150 ◦C: a) DIP 1:1
PDIC1, b) DIP 1:1 PDIC3, c) DIP 1:1 PDIC5, d) DIP 1:1 PDIC8 and e) DIP 1:1
PDIC8-CN2. CT peaks are marked in black.
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9.2 Additional data and comments on molecule

charge transfer effects of PDI:DNTT mixed

films

This section covers the supplementary data of the results in Chapter 6 based on
the recent publication [169]. Additional calculated molecular orbitals and optical
spectra are presented below.

9.2.1 Calculated molecular orbitals

In Figure 9.7 the frontier orbitals and the respective energy levels are shown for
both DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 complexes computed from DFT.
The long alkyl side chains in the imide position of the PDI acceptors do not
influence the calculated frontier orbitals or the respective energy values. So, for
the calculations, the side chains can be reduced to the important groups.

Figure 9.7: Frontier orbitals and respective energy levels calculated for a) the
individual acceptor molecules and b) the complexes with the donor DNTT. Values
computed from DFT (PBE0 functional).

9.2.2 Additional details on the computed optical spectra

The analysis of the optical absorption spectra of the DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2 complexes is complemented by considering the character of the
high-energy excitations labeled as E4 and E5 in Figure 9.8. E4 appears at 2.70
eV (2.72 eV) in the spectrum of DNTT:PDIC8-CN2 (DNTT:PDIF-CN2). In both
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complexes, it exhibits similar composition and oscillation strength, correspond-
ing to transitions from the HOMO to higher unoccupied orbitals (Table 9.1). E5

appears at 3.34 eV (3.37 eV) in the spectrum of DNTT:PDIC8-CN2 (DNTT:PDIF-
CN2), again with comparable oscillator strength in the spectra of the two com-
plexes. It is composed by a manifold of transitions mainly from occupied orbitals
below the HOMO and unoccupied ones above the LUMO. The hole and electron
densities plotted for these two excitations reveal that in both cases the electron
is delocalized over the whole complex. On the other hand, the hole of E4 sits on
the donor while in E5 it is delocalized over both constituents (Figure 9.9).

Figure 9.8: Optical absorption spectra of the DNTT:PDIC8-CN2 and
DNTT:PDIF-CN2 complexes computed from GW/BSE. The excitations are la-
beled as E1, E2, E3, E4, and E5. The energy of the quasi-particle gaps (Egap) is
reported in each panel. OS denotes the oscillator strength.
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Table 9.1: Energies, oscillator strength (OS), and composition in terms of single-
quasi-particle transitions of the high-energy excitations in the DNTT:PDIC8-CN2

and DNTT:PDIF-CN2 complexes. HOMO and LUMO are abbreviated by H and
L, respectively.

Excitation Energy [eV] OS Composition
DNTT:PDIC8-CN2 E4 2.70 0.136 H → L+1 (59%)

H → L+4 (33%)
E5 3.34 0.183 H-3 → L+1 (31%)

H-3 → L+4 (20%)
H → L+7 (14%)
H-2 → L (3%)

H-2 → L+1 (3%)
DNTT:PDIF-CN2 E4 2.72 0.127 H → L+1 (51%)

H → L+3 (29%)
H → L+2 (11%)

E5 3.37 0.175 H-2 → L+3 (17%)
H → L+8 (15%)

H-2 → L+1 (14%)
H-3 → L+1 (12%)
H-3 → L+3 (9%)
H → L+4 (8%)

Figure 9.9: Hole and electron densities calculated for E4 and E5 in the
DNTT:PDIC8-CN2 and DNTT:PDIF-CN2 complexes. Isosurfaces plotted with
a cutoff of 0.002 Å−3.

9.3 Additional data and comments on the

comparative study of PDIC2F3: DNTT/DIP

mixed films

This section covers the supplementary data of the results in Chapter 7 based on the
comparative study of PDIC2F3:DNTT/DIP mixed films (Ref. [219]). Additional
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temperature-dependent PL spectra as well as VASE data of the pure and mixed
films are presented below.

9.3.1 Temperature-dependent PL spectra of pure
PDIC2F3 thin films

In Figure 9.10 the temperature-dependent emission data are shown of the pristine
PDIC2F3 thin films which are grown at substrate deposition temperatures of 25◦C,
100 ◦C, and 150 ◦C.

(a) (b)

(c)

Figure 9.10: Temperature-dependent photoluminescence spectra of PDIC2F3

thin films deposited at a) 25 ◦C, b) 100 ◦C and c) 150 ◦C. Measurement tempera-
tures in the range from 250 K to 15 K.

The spectral shape and temperature dependency are similar to the PL spectra
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in Fig. 7.8 in Sec. 7.1.3. These spectra show the temperature-dependent PL
data of the pure film grown at 165 ◦C to compare the spectra with the data of
the mixed films. The slight variations of the spectra at the various measurement
temperatures are possible due to the different measurement spots and the different
orientations of the PDIC2F3 molecules.

9.3.2 Temperature-dependent PL spectra of
DIP/DNTT:PDIC2F3 mixed films

In Figure 9.11 the temperature-dependent emission data are shown of the equimo-
lar DIP:PDIC2F3 and DNTT:PDIC2F3 mixed thin films.

(a) (b)

Figure 9.11: Temperature-dependent photoluminescence spectra of equimolar
mixed thin films: a) DIP:PDIC2F3 deposited at 150 ◦C and b) DNTT:PDIC2F3

deposited at 100 ◦C. Measurement temperatures in the range from 250 K to 15 K
and the ES-CT peak is marked in black.
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9.3.3 Ellipsometry data of DIP/DNTT:PDIC2F3 mixed
films

The results of the in-plane εxy and the out-of-plane εz components of the dielectric
functions for the equimolar DNTT/DIP:PDIC2F3 thin films are shown in Figure
9.12. The shape of the in-plane components is comparable with the absorption
data (see Figure 7.13 in Sec. 7.2.2). Only in the in-plane spectra of DIP 1:1
PDIC2F3 an excited-state CT peak is visible at low energy below the HOMO-
LUMO transition of the pure materials. The ES-CT effects for these mixed films
are also observed in the absorption data. The out-of-plane components of the di-
electric functions are moderately higher than the in-plane components for the films
of the pure donors which indicates a standing-up orientation of these molecules.
The molecules of the pure acceptor (for more details see Sec. 7.1.3) and the
equimolar mixed films present possibly a more tilted orientation.

(a) (b)

Figure 9.12: Dielectric function of a) the in-plane εxy and b) the out-of-plane
εz components of PDIC2F3:DIP/DNTT equimolar thin films deposited at 100 ◦C
and 150 ◦C. The CT peak is marked in black.
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List of abbreviations

Miscellaneous:

BHJ Bulk heterojunctions
CS Charge-separated
CT Charge transfer
EA Electron affnity
ES Excited-state
ETL Electron transporting layer
FMO Frontier molecular orbital
GS Ground-state
HOMO Highest occupied molecule orbital
HTL Hole transporting layer
IC Internal conversation
IE Ionization energy
ISC Intersystem crossing
LCAO Linear combination of atomic orbitals
LUMO Lowest unoccupied molecule orbital
OFET Organic field-effect transistor
OLED Organic light emitting diode
OPVC Organic photovoltaic cell
OS Oscillator strength
PHJ Planar heterojunction
TDM Transition dipole moment
TMP Turbomolecular pump
Tsub Substrate temperature

Materials:

ADT Anthradithiophene
BCP Bathocuproine
DIP Diindenoperylene
DNTT Dinaphtothienothiophene
HIL 1.3 Hole injection layer 1.3
HMDS Hexamethyldisilazane
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ITO Indium-tin oxide
NMP N-methyl-2-pyrrolidone
PDI Perylene diimide
PDIC2F3 N,N’-bis(2,2,2-Trisfluoroethyl)-perylene-3,4:9,10-bis(dicarboxyimide)
PDIF-CN2 N,N’-1H,1H-perfluorobutyl-dicyanoperylene-3,4:9,10-

bis(dicarboxyimide)
PDIR-CN2 N,N’-bis-(2-ethylhexyl)-1,7-dicyanoperylene-3,4:9,10-

bis(dicarboxyimide)
PEN Pentacene
PTCDA Perylenetetracarboxylic anhydride
PTCDI-C1 N,N’-dimethyl-3,4:9,10-perylenedicarboxyimide
PTCDI-C3 2,9-Dipropylanthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-

1,3,8,10(2H,9H)tetrone
PTCDI-C5 N,N’-dipentyl-3,4:9,10-perylenedicarboxyimide
PTCDI-C8 N,N’-dioctyl-3,4:9,10-perylenedicarboxyimide
PTCDI-C8-CN2 N,N’-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis-(dicarboxyimide)
SiO2 Silicon oxide

Experimental techniques:

AFM Atomic force microscopy
BSE Bethe-Salpeter equation
CCD Charge-coupled device
DFT Density-functional theory
DRS Differential reflectance spectroscopy
EL Electroluminescence
EMA Effective medium approximation
FTIR Fourier-transform infrared
GIWAXS Grazing incidence wide angle X-ray scattering
GIXD Grazing incidence X-ray diffraction
IPCE Incident photon-to-current efficiency
MBPT Many-body perturbation theory
MS Mass spectrometer
OMBD Organic molecular beam deposition
PL Photoluminescence
QCM Quartz-crystal microbalance
UHV Ultra-high vacuum
UV/vis/NIR Ultraviolet/visible/near-infrared
UPS Ultraviolet photoelectron spectroscopy
VASE Variable angle spectroscopic ellipsometry
XRR X-ray reflectivity
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[50] A. Köhler and H. Bässler, Electronic Processes in Organic Semiconductors:
An Introduction. John Wiley & Sons, 2015.

[51] M. Schwoerer and H. C. Wolf, Organic Molecular Solids. John Wiley &
Sons, 2007.

[52] E. Breitmaier and G. Jung, Organische Chemie Grundlagen,
Verbindungsklassen, Reaktionen, Konzepte, Molekülstruktur, Naturstoffe.
Thieme, 2009.

[53] C. E. Mortimer and U. Müller, Chemie das Basiswissen der Chemie. Thieme,
2007.

[54] E. A. Meyer, R. K. Castellano, and F. Diederich, “Interactions with aro-
matic rings in chemical and biological recognition,” Angewandte Chemie
International Edition, vol. 42, no. 11, pp. 1210–1250, 2003.

[55] C. R. Martinez and B. L. Iverson, “Rethinking the term “pi-stacking”,”
Chemical Science, vol. 3, no. 7, pp. 2191–2201, 2012.

[56] S. Grimme, “Do special noncovalent π–π stacking interactions really exist?,”
Angewandte Chemie International Edition, vol. 47, no. 18, pp. 3430–3434,
2008.

[57] A. Aufderheide, K. Broch, J. Novák, A. Hinderhofer, R. Nervo, A. Gerlach,
R. Banerjee, and F. Schreiber, “Mixing-induced anisotropic correlations in
molecular crystalline systems,” Physical Review Letters, vol. 109, no. 15,
p. 156102, 2012.

[58] A. I. Kitaigorodsky, Mixed Crystals. Springer Berlin Heidelberg, 1984.

[59] B. Lewis and J. C. Anderson, Nucleation and growth of thin films. Academic
Press, 1978.



136

[60] I. Markov and S. Stoyanov, “Mechanisms of epitaxial growth,” Contempo-
rary Physics, vol. 28, no. 3, pp. 267–320, 1987.

[61] S. R. Forrest, “Ultrathin organic films grown by organic molecular beam de-
position and related techniques,” Chemical Reviews, vol. 97, no. 6, pp. 1793–
1896, 1997.

[62] I. V. Markov, Crystal growth for beginners: fundamentals of nucleation,
crystal growth and epitaxy. World scientific, 2016.

[63] A. Pimpinelli, Physics of Crystal Growth. Cambridge University Press, 2011.

[64] G. Hlawacek and C. Teichert, “Nucleation and growth of thin films of rod-
like conjugated molecules,” Journal of Physics: Condensed Matter, vol. 25,
no. 14, p. 143202, 2013.

[65] M. Born and E. Wolf, Principles of optics: electromagnetic theory of prop-
agation, interference and diffraction of light. Pergamon Press, 1980.

[66] J. A. Woollam, Guide to Using WVASE Spectroscopic Ellipsometry Data
Acquisition and Analysis Software. J. A. Woollam Co., Inc, 2012.

[67] B. H. Bransden and C. J. Joachain, Physics of atoms and molecules. Long-
man, 1983.

[68] E. Condon, “A theory of intensity distribution in band systems,” Physical
Review, vol. 28, no. 6, pp. 1182–1201, 1926.

[69] G. Wedler, Lehrbuch der physikalischen Chemie. Wiley-VCH, 1997.

[70] M. de Jong, L. Seijo, A. Meijerink, and F. T. Rabouw, “Resolving the
ambiguity in the relation between stokes shift and huang–rhys parameter,”
Physical Chemistry Chemical Physics, vol. 17, no. 26, pp. 16959–16969, 2015.

[71] W. Y. Liang, “Excitons,” Physics Education, vol. 5, no. 4, pp. 226–228,
1970.

[72] G. H. Wannier, “The structure of electronic excitation levels in insulating
crystals,” Physical Review, vol. 52, no. 3, pp. 191–197, 1937.

[73] S. Ullbrich, J. Benduhn, X. Jia, V. C. Nikolis, K. Tvingstedt, F. Piersi-
moni, S. Roland, Y. Liu, J. Wu, A. Fischer, et al., “Emissive and charge-
generating donor–acceptor interfaces for organic optoelectronics with low
voltage losses,” Nature Materials, vol. 18, no. 5, pp. 459–464, 2019.
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in die experimentellen und theoretischen Grundlagen. Springer-Verlag, 2013.

[81] A. S. Davydov, “The theory of molecular excitons,” Soviet Physics Uspekhi,
vol. 7, no. 2, pp. 145–178, 1964.

[82] M. Kasha, H. R. Rawls, and M. A. El-Bayoumi, “The exciton model in
molecular spectroscopy,” Pure and Applied Chemistry, vol. 11, no. 3-4,
pp. 371–392, 1965.

[83] U. Heinemeyer, R. Scholz, L. Gisslén, M. I. Alonso, J. O. Ossó, M. Garriga,
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