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Abstract
Since decades organic electronics experience a rapidly growing interest among academic research and have set the foundation for manifold commercial applications.
The tunability of electrical properties in organic-based devices by control of the
charge carrier density via the charge transfer (CT) is their major advantage. At the
same time the understanding of this mechanism remains the key challenge. This
is especially true at interfaces of different organic semiconductor (OSC) materials,
where doping using molecular electron donors (D) and acceptors (A) is employed.
The aim of this thesis is to elucidate the CT mechanism in the ground-state (GS)
for several prototypical D and A systems, focusing on the connection to CT characteristics and molecular arrangements. Within this framework, CT complex (CTC)
and ion-pair (IPA) formation are studied in more detail.

In the first part of the present work, planar heterojunctions are studied consisting of diindenoperylene (DIP) and hexafluorotetracyanonaphthoquinodimethane
(F6 TCNNQ) as electron D and A, respectively. A strong GS-CTC is formed at the
DA interface, where also charges rearrange. This is quantified with respect to device
performance of fabricated OFETs. It is shown that interface roughness and CTC
formation reduce the doping eﬀiciency, which is also confirmed by an electrostatic
model for local p-type doping. Furthermore, the Frenkel-type valence excitons in
pristine materials and in the CTC are discussed and contrasted to core excitons.
The findings here improve the fundamental understanding of CTC and exciton formation, as well as their impact in device-relevant organic DA interfaces.
In the second part, D:A mixtures of dibenzotetrathiafulvalene (DBTTF) as D and
tetracyanonaphthoquinodimethane (TCNNQ) and F6 TCNNQ as A are studied in
different states of matter – solid state and in solution. DBTTF:F6 TCNNQ results in
simultaneous CTC and IPA formation. The charge transport activation energies for
both mixtures are determined. It is shown that IPA formation has a higher doping
eﬀiciency than CTCs and is favorable for electrical device applications. Predicting
IPA formation can be done using redox potentials determined by cyclic voltammetry
measurements.
The third part of the thesis studies interface doping at rubrene and DBTTF single
crystal surfaces. Bipolar doping with rubrene is done using molybdenum tris(bis(trifluoromethyl)ethane-dithiolene) (Mo(tfd)3 ) and cobaltocene (CoCp2 ). The band
dispersion is examined and it is shown that surface CT is absent. DBTTF in combination with TCNNQ, F6 TCNNQ and Mo(tfd)3 is investigated with respect to
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changes in the density of surface states. It is found that for doping applications
in mixed systems bulky A molecules are more suited, while planar A molecules are
ideal for applications using D|A stacks.
In the final chapter, a review comparing the tunability of GS-CT at selected
organic-organic OSC interfaces is presented. In particular, the D:A systems DIP:C60,
DIP:PDIR – CN2 and DIP:F6 TCNNQ are compared. Exciton binding energies and
charge distributions in the excited state are derived and correlated to the D and
A energy level difference. The hybridization is described with a theoretical model.
Experimentally determinable parameters, which characterize the system, are absorption energies and energy level shifts upon DA interaction. Their use enables to
predict CT state energies, without the need for computationally complex calculations.

The present work studied charge transfer at organic-organic heterojunctions. The
elaborated results allow to correlate electronic structure, dopant strength and molecular shape with their impact on doping eﬀiciency. Further, prerequisites for CTC
and IPA formation are identified and it is shown that the latter has a higher doping
eﬀiciency. In combination, the findings contribute to a better understanding of CT
processes at interfaces of OSCs setting the ground for further enhancing technical
devices based on these materials.
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Kurzfassung
Seit Jahrzehnten erlebt organische Elektronik ein schnell wachsendes Interesse in
akademischer Forschung und hat den Grundstein für eine Vielzahl an kommerziellen
Anwendungen gelegt. Die Durchstimmbarkeit elektrischer Eigenschaften in organischen Bauelementen mittels Kontrolle der Ladungsträgerdichte via Ladungstransfer
(CT) ist ihr größter Vorteil. Gleichzeitig bleibt das Verständnis dieses Mechanismus
die zentrale Herausforderung. Dies gilt insbesondere an Grenzflächen verschiedener organischer Halbleitermaterialien, wo Dotierung mit molekularen Elektronendonatoren (D) und Akzeptoren (A) angewendet wird. Das Ziel dieser Arbeit ist die
Erforschung des CT-Mechanismus im Grundzustand (GS) für mehrere prototypische D- und A-Systeme, wobei der Schwerpunkt auf dem Zusammenhang mit CTEigenschaften und molekularen Anordnungen liegt. In diesem Rahmen werden die
Bildung von CT-Komplexen (CTC) und Ionenpaaren (IPA) detailliert untersucht.

Im ersten Teil der vorliegenden Arbeit werden planare Heteroübergänge untersucht, die aus Diindenoperylen (DIP) und Hexafluortetracyanonaphthochinodimethan (F6 TCNNQ) als Elektron D bzw. A bestehen. Am DA-Interface bildet sich ein
starker GS-CTC, in dem auch die Ladungsverteilung geändert wird. Diese wird in
Bezug auf die Bauteilleistung von hergestellten OFETs quantifiziert. Es wird gezeigt, dass Grenzflächenrauhigkeit und CTC-Bildung die Dotiereﬀizienz reduzieren,
was auch durch ein elektrostatisches Modell für lokale p-Dotierung bestätigt wird.
Darüber hinaus werden die Valenzexzitonen mit Frenkel Charakter in den reinen
Materialien und im CTC diskutiert und mit Kernexzitonen verglichen. Die Ergebnisse verbessern das grundlegende Verständnis von CTC und Exzitonenbildung sowie
deren Einfluss auf bauteilrelevante organische DA-Grenzflächen.
Im zweiten Teil werden D:A-Mischungen mit Dibenzotetrathiafulvalen (DBTTF)
als D und Tetracyanonaphthochinodimethan (TCNNQ) und F6 TCNNQ als A in
verschiedenen Aggregatzuständen untersucht – im Festkörper und in Lösung. Mischungen aus DBTTF:F6 TCNNQ resultieren in gleichzeitiger Entstehung von CTC
und IPA. Die Aktivierungsenergien für den Ladungstransport in beiden Mischungen
werden bestimmt. Es zeigt sich, dass IPA-Bildung eine höhere Dotiereﬀizienz aufweist als CTCs und für Anwendungen in elektrischen Bauelementen vorteilhaft ist.
Vorhersagen über IPA-Bildung können mit Hilfe von Redox-Potentialen getroffen
werden, die durch Cyclovoltammetriemessungen bestimmt werden.
Der dritte Teil der Arbeit untersucht die Grenzflächendotierung an Rubren- und
DBTTF-Einkristalloberflächen. Bipolares Dotieren von Rubren erfolgt mittels Mo-
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lybdän tris(bis(trifluormethyl)ethan-dithiolen) (Mo(tfd)3 ) und Cobaltocen (CoCp2 ).
Die Banddispersion wird untersucht und es wird gezeigt, dass kein Oberflächen-CT
vorhanden ist. DBTTF in Kombination mit TCNNQ, F6 TCNNQ und Mo(tfd)3 wird
auf Veränderungen der Oberflächenzustandsdichte hin untersucht. Es wird festgestellt, dass für Dotieranwendungen in gemischten Systemen voluminöse A-Moleküle
besser geeignet sind, während planare A-Moleküle ideal für Anwendungen mit D|A
Stapeln sind.
Im letzten Kapitel wird ein Vergleich der Durchstimmbarkeit von GS-CT an
ausgewählten organisch-organischen Halbleitergrenzflächen vorgestellt. Insbesondere die D:A-Systeme DIP:C60, DIP:PDIR – CN2 und DIP:F6 TCNNQ werden gegenübergestellt. Exzitonenbindungsenergien und Ladungsverteilungen im angeregten
Zustand werden hergeleitet und zur D und A Energieniveaudifferenz in Korrelation gesetzt. Die Hybridisierung wird mit einem theoretischen Modell beschrieben.
Experimentell bestimmbare Parameter, die das System charakterisieren, sind Absorptionsenergien und Energieniveauverschiebungen im Zusammenhang mit DAWechselwirkungen. Ihre Verwendung ermöglicht die Vorhersage von CT Zustandsenergien, ohne die Notwendigkeit von zeitintensiven Berechnungen.

Die vorliegende Arbeit untersuchte den Ladungstransfer an organisch-organischen
Heteroübergängen. Die erarbeiteten Erkenntnisse ermöglichen es die elektronische
Struktur, die Dotierstärke und die molekulare Struktur mit ihren Auswirkungen auf
die Dotiereﬀizienz zu verknüpfen. Darüber hinaus werden die Voraussetzungen für
die Entstehung von CTC und IPA identifiziert und es wird gezeigt, dass letzteres
eine höhere Dotiereﬀizienz aufweist. In ihrer Gesamtheit tragen die gewonnen Erkenntnisse zu einem tieferen Verständnis von CT-Prozessen an den Grenzflächen
organischer Halbleiter bei und bilden die Grundlage für die weitere Optimierung
technischer Bauelemente auf Basis dieser Materialien.
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1 Fundamentals
In this chapter the basics of organic semiconductors (OSC), their electronic structure, excitons and general properties of organic thin films are established, which are
necessary to follow the presented work. First, the concepts of orbital hybridization
and delocalization in π-conjugated molecular systems are introduced. Second, their
electronic structure is detailed, with regards to the molecular interactions that occur
upon contact of two different OSCs. This covers molecular doping used to enhance
device performance and its two essential mechanisms – ion-pair (IPA) and charge
transfer complex (CTC) formation. Then electrical conductivity is covered, which
is the main metric used for device performance characterization. The energy levels
also shift upon contacting two OSCs. Different alignment schemes, vacuum level
alignment and Fermi level pinning, are explained. Third, the concept of exciton formation is illustrated with an extension to different types of excitons – valence and
core excitons. Last, organic thin films will be presented with respect to their surface morphology, the processes during thin film growth and the impact of molecular
orientations on electronic properties.

1.1 Organic semiconductors
In todays technological world, OSCs are ever-growing in popularity. This is due to
some attractive material properties and their great potential applications. Among
these are reduced production costs given by the large material abundance and processing techniques such as roll-to-roll processing, direct printing or easy solution
processing. In general, organic materials are less toxic than their inorganic counterparts. Chemical tuning enables specific optimization of the electric, electronic
and structural properties. The molecular nature often offers anisotropy of these
properties, which can be fruitfully exploited in OSC devices.
The definition of an organic compound or molecule differs across several fields of
materials science and is somewhat arbitrary. For example, a common definition is
the occurrence (“of a considerable amount”) of carbon. Apart from carbon, other
common elements in OSCs are hydrogen, oxygen, nitrogen, fluorine or sulfur. A more
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strict definition requires carbon-hydrogen bonds. The term OSC refers to the subset
of organic molecules which have a π-conjugated electron system. A π-conjugated
electron system is created from the overlap of p-orbitals from neighboring atoms.
Therein a σ-bond is crossed and the single bonds in-between are connected. As a
result of the conjugation, the molecules are often highly planar.
Hybridization occurs upon this orbital overlap (see section 1.1.1), which is a linear
combination of the 2s and 2p atomic orbitals of carbon. For π-systems, the relevant
case is sp2 hybridization. The electron configuration of carbon in its electronic
ground state is 1s2 2s2 2p2 . In sp2 hybridization two of the three 2p orbitals mix with
the 2s orbital of the other atom, which results in the creation of three equivalent
sp2 hybrid orbitals and one 2p orbital. These hybrid orbitals are oriented in a
common plane and due to symmetry reasons rotated by 120◦ from each other (see
Figure 1.1). The one 2p orbital is oriented normal to this plane. When bonding,
two of the sp2 orbitals form a σ-bond along the bond axis. The overlap of the pz
orbitals from neighboring atoms forms a π-bond. This overlap is maximized, when
all pz orbitals align in parallel. As mentioned before, this results in all sp2 hybrid
orbitals being aligned in a common plane and therefore also all carbon atoms in the
molecule. However, when the molecular structure allows for a rotation around this
bond, the repulsion between terminal hydrogen atoms often induces a twisting in the
molecule and reduces the planarity. Due to the delocalized nature of the π-electrons,
the resulting carbon-carbon bonds are expected to have a constant length, which is
experimentally confirmed, and not different lengths like single and double bonds.

π-bond
C

sp2

pz

C

σ-bond
Figure 1.1: Sketch of the bonds between two sp2 hybridized carbon atoms. The
pz orbitals (red) are oriented normal and the sp2 hybrid orbitals (blue) parallel to
a common plane of the carbon atoms. For simplicity, the bonding scheme is shown
for two carbon atoms, the extension to other atoms in the molecule is indicated
by dashed arrows. The overlap of the pz orbitals results in a π-bond, which is
maximized for parallel pz orbitals. In turn, this aligns the sp2 hybrid orbitals into a
common plane. Overall this results in planar molecules.
In a conjugated π-system, the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are called frontier orbitals. They
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play an essential role in optoelectronic processes. They are separated by an energy
difference, which is called the optical gap ∆Eopt . Note that this is not true when
excitonic effects are considered, which will be introduced in section 1.3. Compared to
inorganic semiconductors, where the optical gap is a property of the crystal, ∆Eopt
is defined by the single molecule in OSCs. For common OSCs, ∆Eopt is in the near
ultraviolet, visible or near infrared spectral region located. This covers a range of
roughly 0.5 eV to 3.0 eV. This is mainly due to the π-electrons being weakly bound,
which makes OSCs ideal candidates for optoelectronic devices. Energy level position
and optical gap value strongly depend on the size of the conjugated π-system and
the presence of side groups.[1] This strong dependence enables chemical tuning of
OSCs, where optoelectronic properties and structural behavior like crystal packing
or solubility can be changed independently from one another and makes them very
attractive for device applications.
As sketched in Figure 1.1, the overlap of sp2 orbitals is normally stronger than the
overlap of pz orbitals. As a consequence the energy splitting of the corresponding
pz states upon hybridization is smaller. Thus, the HOMO and the LUMO are the
most important energy states for OSCs and are of π character. Those π-states can
be theoretically estimated using the so called Hückel method, which is described in
section 1.1.2.
A direct way of manipulating the energy levels of OSCs is “chemical tuning”.[2]
By adding or replacing electron donating or electron withdrawing side groups, one
can change or tune the electron density within the molecule and, thus, also the
energy levels. This is a very common and intuitive chemical method to engineer
OSCs with the desired energy levels and optoelectronic properties.[3] Since OSC
molecules are generally of closed shell configuration, their intermolecular forces are
relatively weak. Such interactions are classified as van der Waals type and can be
modeled using the so called Lennard-Jones potential:
" 
12

V (r) = 4ϵ

σ
r

−

 6 #

σ
r

(1.1)

Here, ϵ is the depth of the potential well, σ is the distance where the potential
vanishes and r is the distance between both particles. The first term describes Pauli
repulsion at close distances due to spatial overlap of the electron orbitals and is
sometimes substituted by an exponential function er/σ . The resulting potential is
named after Richard Buckingham and a better approximation than the LennardJones potential. The r−6 term contains attractive forces in the long range via van der
Waals or dispersion forces. Since van der Waals interactions are weakly bounding
forces, OSCs are softer and thermally not as stable as inorganic materials.
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1.1.1 Hybridization of molecular orbitals
Since orbital hybridization is an essential element of OSCs, the theoretical background is presented in slightly more detail in this section. Within the tight binding
approximation the electrons are strongly bound. Therefore, one can use the individual atomic orbitals to construct the molecular wave functions. This is done via
a linear combination of atomic orbitals |ϕi ⟩ (LCAO).
|Ψ⟩ = c1 |ϕ1 ⟩ + c2 |ϕ2 ⟩ + ... + cN |ϕN ⟩

(1.2)

Here, the dimensionless factor ci is related to the coupling strength of the atomic
orbital |ϕi ⟩. Presuming the Born–Oppenheimer approximation,[4] the time independent Schrödinger equation then can be written as
H |Ψ⟩ = E |Ψ⟩ ,

(1.3)

where H is the Hamiltonian and E the energy of the system. Rearranging Equation 1.3 in terms of the energy and using Equation 1.2 results in
⟨Ψ |H| Ψ⟩
=
E=
⟨Ψ|Ψ⟩

P ∗
cc

i j

i,j

⟨ϕi |H| ϕj ⟩

P ∗
cc
i,j

i j

⟨ϕi |ϕj ⟩

,

(1.4)

where the numerator contains the expectation values for the orbital interactions
D
E
Hij = ϕi Ĥ ϕj and the denominator the overlap integrals Sij = ⟨ϕi |ϕj ⟩. The minimum energy for the hybridized system can be found using the Ritz method,[5, 6]
which involves differentiation of Equation 1.4 with respect to the coupling parameters:
∂E
∂E
=0
=
∗
∂ci
∂cj

(1.5)

Written out this yields a set of equations:

(H11 − S11 E)c1 + (H12 − S12 E)c2 + ... + (H1N − S1N E)cN = 0
(H21 − S21 E)c1 + (H22 − S22 E)c2 + ... + (H2N − S2N E)cN = 0
..
.

(1.6)

(HN 1 − SN 1 E)c1 + (HN 2 − SN 2 E)c2 + ... + (HN N − SN N E)cN = 0
Here, Sij are the overlap integrals, the diagonal matrix elements Hii are called
coulomb integrals and the off diagonal elements Hij resonance integrals. Solving
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these equations is a common eigenvalue problem with non trivial solutions if the
determinant vanishes. For small systems (N = 3 or 4), analytical solutions exist,
while for larger systems computer aided algorithms are mandatory to solve the
determinant. A more common approach is presented in the next section 1.1.2,
where a lot of matrix elements vanish to simplify the mathematical problem.

1.1.2 Delocalized π-systems
As mentioned before, the energy of the π-states in conjugated molecules can be estimated using the Hückel method, which was introduced by Erich Hückel in 1931.[7]
The pz orbitals are the main contributors to the electronic properties of the π-states.
Hückels method therefore starts with a LCAO of the atomic pz orbitals to calculate
the molecular π-state wave functions, as shown in Equation 1.2. In the following,
N is the number of atoms contributing to the delocalized π-system, which means
neglecting hydrogen atoms or linear side chains and i and j are indices running from
1...N . Hückel now applied the following simplifications:[7, 8]
• Overlap integrals between neighboring atoms vanish: Sij = δij
• All Coulomb integrals are equal: Hii = α
• Only resonance integrals between neighboring atoms are non–vanishing and
all of them are equal: Hijnn = β
Under these assumptions the following determinant is obtained:
α−E
β
0
β
α−E
β
0
β
α−E
..
..
..
.
.
.
β
0
0

···
···
···

β
0
0
..
.

=0

(1.7)

··· α − E

The dimensions of this determinant are N × N . Depending on the complexity of
the aromatic system, the solutions can be found as solutions of a simple polynomial.
For cyclic molecules, such as benzene, the determinant takes the form as shown in
Equation 1.7. For more complex molecules, there are more next neighbors for the
carbon atoms and the off diagonal elements are not necessarily vanishing anymore.
The solutions for the energy levels of benzene alongside with the corresponding pz
orbitals are shown in Figure 1.2. There are six solutions, of which two are degenerate
(HOMO and LUMO).
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E6=α-2β

Energy

π*
π6
π*
π4

π*
π5

π2

π3

E4,5=α-β
an�-bonding
bonding

E2,3=α+β

π1

E1=α+2β

Figure 1.2: Calculated π-orbital energies of benzene using the Hückel method.
HOMO and LUMO are twofold degenerate. Red and blue circles represent different
phases of the π-orbitals. Gray circles show carbon atoms without any active orbitals.
The energy spacing between HOMO and LUMO levels is constant with β.

1.2 Electronic structure
The energy levels in a single molecule are different compared to the case of single
atoms. Due to their proximity, the atoms’ potential wells merge together and form
delocalized orbitals, as described in the previous section. Core atomic levels are not
delocalized but remain localized at the nucleus. Figure 1.3 sketches an energy level
diagram usually drawn for organic solids. An electron can escape from the molecule
if it gains enough energy to overcome the vacuum level Evac .[9] Now, going to a
molecular solid, the molecules’ potential wells are combined. Usually, HOMO and
LUMO are still refined to individual molecules. One possible exemption is complex
formation, where these orbitals hybridize over multiple molecules (see section 1.2.1).
The electronic structure in a single molecule is mostly retained when going to a solid.

EVac
energy

EA Φ IE
LUMO
EF
HOMO

Eg

core levels
Figure 1.3: Sketch of an energy level diagram, with the relevant energy levels and
gap energies. EA is the electron aﬀinity, Φ the work function, IE the ionization
energy and Eg the energy gap. Note that IE and EA are defined with respect to the
onset of HOMO and LUMO.
A typical energy level diagram of a molecular solid is shown in Figure 1.3. Further
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useful quantities are the ionization energy (IE), electron aﬀinity (EA), Fermi level
(EF ) and work function (ϕ).[10] The IE is the energy needed to remove an electron
from the HOMO of the molecule, while the EA is the energy gained upon addition
of an electron. By definition, IE (EA) is the energy difference between HOMO
(LUMO) level and Evac .[11] This definition is not completely correct, since HOMO
and LUMO are defined for the neutral ground state molecule, while IE and EA
describe single particle levels between a neutral and an ionized state. However, this
approximation is widely used, as the error made is manageable.[10] By definition,
the work function ϕ of a material is the energy difference between EF and Evac . In
other words, ϕ can be regarded as the energy barrier, which prevents an electron at
the Fermi level from escaping the solid.
The Fermi level of the system can be regarded as a hypothetical energy level (of
an electron), that at any given time has a 50 % probability of it being occupied. In
mathematical terms, the occupation probability of electronic states in solids is given
by the Fermi-Dirac statistics


f (E) = e

E−µ(T )
kB T

−1

+1

(1.8)

,

where kB is the Boltzmann constant, T the absolute temperature, E the energy of
the electron and µ(T ) the temperature dependent chemical potential of the electrons.
Care has to be taken using the terms “Chemical potential”, “Fermi level” (Fermi
niveau) and “Fermi energy”. The term Fermi level is used independently of the
material and is a temperature dependent quantity: µ(T ) = EF (T ) = EF . The term
Fermi energy is used when describing the energy of the highest occupied level of
electronic states in a metal at absolute zero (T = 0). In other words, the chemical
potential equals the Fermi energy µ(T = 0) = EF (0).[12] The density of electrons
n(E) in an energy interval dE is then given by n(E) = f (E)D(E)dE. Assuming a
dopant and impurity free semiconductor and kB T ≫ 1 the electron and hole density
(ne and nh ) is then given by

m∗e kB T
ne = 2
2πℏ2

!3
2

e

EF −EC
kB T

m∗h kB T
= nh = 2
2πℏ2

!3

2

e

EV −EF
kB T

.

(1.9)

This also means that as long as the Fermi level is suﬀiciently far away from the
band edges (several kB T ), the product of electron and hole density is constant.
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1.2.1 Molecular doping
In inorganic semiconductors, doping is the process of introducing impurities (the
dopant) into a host matrix. The goal is to modify the hosts electrical properties,
mostly to increase the concentration of free charge carriers for increased conductivity.
The discovery of doping was a breakthrough for electric device applications. For
OSCs however, the known doping process was not successful, mainly due to diffusion
of the small dopants through the molecular matrix.[13, 14] Use of molecular dopants
remedied this problem simply due to the molecules’ larger size.[15] First, a short
overview about doping in inorganic semiconductors is given, and the differences to
molecular doping will then be contrasted.
By introducing impurity atoms into the host matrix from an inorganic semiconductor, a popular example is silicon, doping is achieved. Depending on the dopant
chosen, valence electrons are added or removed from the doped matrix compared to
the undoped one. There are two types of charge carriers, electrons and holes, and
therefore there are also two types of doping. Addition of electrons is called n-type
and removal of electrons p-type doping. One example for a p-type dopant for silicon
is boron, which has three valence electrons. Phosphorus, as an example, has five
valence electrons and is used for n-doping of silicon.
A simpler form of equation 1.9, using the density of states in conduction and
valence band NC and NV , is

ne = NC · e

EF −EC
kB T

nh = NV · e

EV −EF
kB T

.

(1.10)

Here, EC and EV are the energy positions of conduction and valence band. The
Fermi level EF is located around the center of the band gap energy Eg = EC − EV
in the case for undoped semiconductors, where ne ∼ nh :


EF =

NV
EC − EV kB T
+
ln
2
2
NC



(1.11)

For similar effective masses of electrons and holes one often finds EF in the middle
of the band gap. This can change when impurities or dopants are introduced into
the solid.[16] In the case of n-type doping ND leads to donor states ED located close
below the conduction band. To remedy this charge imbalance, the Fermi level shifts
towards the conduction band. Accordingly, for p-type doping the Fermi level shifts
towards the valence band, where new acceptor states EA are located. Their energy
separation to the band edges is given by
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NC
|EC − ED | < kB T · ln
ND





NA
|EV − EA | < kB T · ln
NV



(1.12)

The available thermal energy is suﬀicient to ionize all dopant atoms. Therefore,
the number of free charge carriers is temperature independent and equal to the
dopant concentration. Using Equation 1.12, the Fermi level is then given by



NC
EF = EC − kB T · ln
ND







NV
EF = EV + kB T · ln
.
NA

(1.13)

From these equations it is clear that the total number of free charge carriers and
thus the electrical conductivity as well as the Fermi level position can be precisely
controlled via the dopant concentrations ND and NA . Typical values for inorganic
semiconductors range from 1 × 10−7 to 1 × 10−4 .[17]
When doping using OSCs, the responsible mechanisms are different. Small atomic
dopants were shown to diffuse into the molecular host matrix and thus diminish the
device performance drastically.[13, 14] This was remedied using larger dopants that
is molecular dopants. Simply due to their larger size, detrimental diffusion was
not occurring. Likewise to doping of inorganic semiconductors, the conductivity
can increase several orders of magnitude[18, 19] and the Fermi level is shifted upon
doping – towards the HOMO for p-type and towards the LUMO for n-type doping.
A key difference is that this shift saturates at a specific dopant concentration, which
is in the order of up to 10 %. Such high doping concentrations have a significant
influence on the thin film growth and resulting morphology. Crystalline host films
often become amorphous at such high impurities, which decreases the charge carrier
mobility due to disorder. Since the final value of the conductivity is the product of
mobility and number of free charge carriers, both effects have to be balanced for a
high device performance.[20, 21] Chapter 4 investigates this in more detail.
There are two distinct doping mechanisms known responsible for molecular doping
of OSCs.[22–24] Both strongly depend on the energy levels of host and dopant material as well as geometric considerations of the molecules. The following descriptions
of doping mechanisms are given for p-type doping, but are valid for n-type doping accordingly. Next, both mechanisms will be introduced and contrasted to each
other.
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Ion-pair formation
The first mechanism is called ion-pair (IPA) formation. Figure 1.4a sketches the
energy levels during IPA formation. It requires the LUMO of the electron acceptor
to be lower than the HOMO of the electron donating material.
b)
host

LUMO

CTC

host matrix
HOMO

Energy

Energy

a)

dopant

dopant
ion-pair forma�on (IPA)

charge transfer complex
forma�on (CTC)

Figure 1.4: Doping mechanisms in OSCs for p-type doping: a) shows IPA formation, where an electron transfer from the host HOMO to the dopant LUMO occurs.
b) shows CTC formation, where the frontier orbitals of host and dopant overlap and
form new energy states via hybridization.
If the energy difference is high enough, this results in highly eﬀicient electron
transfer towards the acceptor and both molecules become charged into radical cation
(donor) and anion (acceptor). IPA formation is therefore also known as integer
charge transfer. Identification of IPA is commonly done via the optical absorption
signature of the ionic species. Such features lie often below the absorption edge of
the pristine materials. They are observed for amorphous molecular compounds[25–
27] and also for amorphous and semicrystalline polymers.[24, 28, 29]
Charge transfer complex formation
The second doping mechanism is called charge transfer complex (CTC) formation.
Figure 1.4b sketches the energy landscape during the doping process. CTC formation requires similar positions of donor HOMO and acceptor LUMO. Then, the
frontier orbitals of both molecules can overlap and form new energy states if the
wavefunction overlap is suﬀiciently large. Since the interaction takes place between
the conjugated π-systems, a high degree of aromaticity is needed for eﬀicient CTC
formation. These new energy states then form a supramolecular complex, with its
own unique spectral absorption character. Similar to ionic species, the new absorption features are located within the optical gap of the pristine compounds. One
major difference to IPA formation is that here partial charge transfer is possible,
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due to the frontier orbital overlap. For convention, the term charge transfer complex is used throughout this thesis, even though “electron donor–acceptor complex”
would be a more general term, also including complex formation without any charge
transfer.[30–32]
CTCs are well known in literature for doping in organic mixtures.[31, 33–37] Since
the π-π overlap is critical for CTC formation, their properties depend on the crystal
or molecular arrangement, which then also determines the CT degree ρ. There are
CTCs with wide semiconducting or highly conducting character.[34, 38] Mixed-stack
CTCs show a strong hybridization, whereas segregated stacks usually result in high
conductivities. These are accompanied with a CT degree of ρ ≈ 0.5 e.[34, 38] Here,
the π-π overlap inside a stack is more pronounced than between different stacks.
Dimerization of the stacks eliminates the high conductivity. Use cases for both
classes of CTCs are narrow gap semiconductors or as conductive electrodes.[39, 40]
When looking at the energy levels of donor and acceptor materials, CTC formation can also take place if IPA formation is not possible.[23, 41] However, in this
case the created CTC requires additional energy to be ionized in order to generate
free charge carriers. This results in a very low charge carrier yield and doping eﬀiciency. Since eﬀicient CTC formation requires a suﬀicient orbital overlap, a possible
approach is the use of bulky acceptor molecules to control the CTC formation. This
steric hindrance can be achieved via additional side-groups or non-planar molecular
backbones.

1.2.2 Electrical conductivity
One important material property is the capability to conduct (or block) the flow
of electrical current. Especially with regards to OSC devices, this property is most
crucial for performance characterization. The electrical conductivity σ is given by
σ = nqµ

(1.14)

where n is the charge carrier density, q is the charge of the carrier and µ is the
charge carrier mobility. Specific electrical conductivities span over nearly 30 orders
of magnitude between organic and inorganic materials.[42, 43] By including superconductors, which are estimated with σ = 1 × 1020 Ω−1 cm−1 , even more than 40
orders of magnitude are covered, as shown in Figure 1.5 for some selected materials.[43] Depending on the value of σ, materials are classified into different categories.
Insulators such as quartz, ceramics or polytetrafluoroethylene (PTFE, Teflon) range
from σ = 1 × 10−20 Ω−1 cm−1 to 1 × 10−7 Ω−1 cm−1 , semiconductors such as (doped)
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Si or Ge from σ = 1 × 10−7 Ω−1 cm−1 to σ = 1 × 103 Ω−1 cm−1 , and metals upwards
from σ = 1 × 103 Ω−1 cm−1 to 1 × 106 Ω−1 cm−1 and higher.
Quartz
Teflon

Rubber
SiO2
NaCl porcelain

Al2O3 Dry wood

Mica

I2
Glass

GaAs

Ge

Si

Graphite Fe
Ag
TTF/TCNQ Mn
Cu
doped Si

10-20

10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

100

102

104

106

σ (Ω -1 cm-1)
Insulator

Semiconductor

Metal

Figure 1.5: Specific electrical conductivities σ for several materials in the solid
state, classified into insulating, semiconducting and metallic materials.[42, 43] Note
that there are no sharp boundaries.
Metallic conductors are postulated to have “free electrons”, which are solely accelerated by electric fields generated by the applied external potential differences.
Classically speaking, the electrons sometimes collide with atoms of the metal and
lose some of their kinetic energy. The frequency of collisions then gives the electrical
resistivity as ρ = 1/σ.
In contrast to this, semiconductors and insulators only offer a small quantity
of free electrons and therefore also very low conductivities. This is due to the
strong (molecular) binding forces. The frequency of collisions decreases, meaning
the conductivity increases, with decreasing temperature and amount of defects. This
simple “free electron model” is a good description of the electrical properties of a lot
of materials. However, OSCs often are polycrystalline in nature, and have therefore,
by definition, a lot of grains. At the grain boundaries, the charge transport is
severely limited and dominates the conductivity, which requires a more advanced
model.

Charge carrier mobility
As the mobility µ directly influences the conductivity (equation 1.14), the charge
transport in OSCs plays a critical role. It strongly depends on the degree of structural order or rather disorder. In organic single crystals, the charges move via band
transport, similar to inorganic semiconductors. This can be described with a power
law:
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µ(T ) ∝ T −α

(1.15)

Here, T is the temperature and α typically ranges between 0 and 3.[44] In this case,
the mobility decreases with increasing temperature. However, in more disordered
systems, the charges are instead transported via hopping between neighboring molecules, since their orbital overlap is rather weak. Charge transport in such a system
can be described using the Bässler model, which assumes localized HOMO states
to be Gaussian distributed. This distribution is then extrapolated to determine the
onset value. However, there are also states beyond the so determined onset – so
called gap-states. There are a variety of origins for gap-states, energetic disorder,
structural defects or impurities, to name a few. Now, the mobility using the Bässler
model is given by
µ(T ) ∝ e

−c



σ
kB T

2

.

(1.16)

This equation is valid for low electric fields, where c is a constant and σ is covers
the width of the state distribution or energy disorder. Here, the eﬀiciency of charge
transport depends on the wavefunction overlap of adjacent molecules and follows a
Gaussian distribution. For high electric electric fields, however, the mobility becomes
also field dependent:
− k ∆T

µ(T ) ∝ e

B

· eβ

√

F

(1.17)

Here, β and ∆ are constants and F is the strength of the electric field. This model
is called Poole-Frenkel. Both models exhibit increasing mobilities with increasing
temperature, contrary to the band transport model, which shows that the hopping
process is thermally activated. This hopping transport is the main reason why
OSCs exhibits much lower mobilities than inorganic semiconductors and therefore
also much lower conductivities, as shown in Figure 1.5.

1.2.3 Vacuum level alignment
In general, materials with different energy levels will be out of electronic equilibrium when brought into contact. Consequently, charges are redistributed across the
interface until equilibrium is reached. This results in a shift of the energy levels,
which is called energy level alignment. There are two limiting mechanisms of energy
level alignment, vacuum level alignment and Fermi level pinning. One talks about
vacuum level alignment when the potential across an (organic-organic) interface is
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constant.[45] This is often the case at interfaces with weakly interacting materials,
which also means that there is no charge redistribution across the interface. Also the
potential across the interface is unchanged and the energy levels of both materials
can be calculated using the vacuum level. Figure 1.6 shows such a scenario for two
stacked layers of OSCs.

a)

b)
EVac

EVac
Φ1

Φ2

EA IE

EF

EA IE

EF

Figure 1.6: Energy level diagram in the case of vacuum level alignment at an
organic-organic interface. In a) both OSCs align their vacuum levels, which are
defined by the work function ϕ1 . Increasing the work function of the underlying
material to ϕ2 , as shown in b), does not change ionization energy (IE) and electron
aﬀinity (EA), but rather the energies of the frontier orbitals HOMO (filled boxes)
and LUMO (empty boxes). For both cases the energies of HOMO and LUMO can
be calculated using the work function ϕ, IE and EA.
Using the work function ϕ1 the vacuum level is uniquely defined with respect to
the Fermi level. In thermal equilibrium, the Fermi level is constant in the region
where both materials are in contact. By deposition of another layer of material on
top, the vacuum level aligns accordingly, as shown in Figure 1.6a. Then, the HOMO
and LUMO energies (regarding the Fermi level) are given by

EHOMO = ϕ − IE

ELUMO = ϕ − EA.

(1.18)

Here, IE and EA are the ionization energy and electron aﬀinity of the top material.
Changing the substrate and thereby the work function (or altering the substrate
work function by deposition of other molecules [46]) then results in an energy level
diagram as shown in Figure 1.6b. An increase in ϕ then increases the HOMO and
LUMO energies of the top layered material.
This energy level tuning by changing the work function of the underlying substrate
is limited to a certain energy range. Using a substrate with too low (high) ϕ, would
result in the LUMO (HOMO) being located below (above) the Fermi level. Since the
occupation of HOMO and LUMO is determined by the Fermi level, such a crossing
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of HOMO or LUMO through EF would lead to charge transfer and rearrangements
at the interface. These charges then result in interface dipoles. Such a pinning is
called Fermi-level pinning and is detailed in subsection 1.2.4.
Using the vacuum level as point of reference, it can be problematic, since EV ac
can not always be exactly measured prior to film deposition. Even more, a precise
definition is not possible at the very surface, as there is neither surface nor complete vacuum.[47, 48] Vacuum level alignment is often observed at organic-organic
interfaces, due to their weakly interacting nature.[49–52]

1.2.4 Fermi level pinning
As pointed out earlier, vacuum level alignment is not always fulfilled. Instead, a
common effect is Fermi-level pinning, which means that the energy levels (of HOMO
or LUMO) become fixed when they cross the Fermi level.

a)

ID

b)
EVac

ID
EVac
Φ1
EF

Φ2

EA IE

EA IE

EF

Figure 1.7: Energy level diagram in the case of Fermi level pinning at an organicorganic interface. Fermi level pinning can occur for occupied as well as unoccupied
states. Here, the case of HOMO pinning is illustrated. If the work function ϕ1
of the underlying substrate/material is larger (smaller) than the ionization energy
(electron aﬀinity) the materials cannot align at the vacuum level. Otherwise the
HOMO (LUMO) of the top material would be lying above (below) the Fermi level
and the thermodynamic equilibrium is disturbed. To remedy this, holes (electrons)
are transported into the HOMO (LUMO), which results in an interface dipole (ID).
Afterwards the HOMO (LUMO) level is again situated below (above) the Fermi
level. Increasing the work function to ϕ2 , as shown in b), yields a larger interface
dipole, but the energy levels (w.r.t. the EF ) are virtually identical to a).
Consider the following thought experiment: Two layers of materials are separated
at their facing sides but are electrically contacted via their backsides. Then, they
share a common vacuum level. When bringing both layers closer together, energy
level alignment then occurs at the very interface inbetween. Depending on the
individual energy levels of the materials, it can happen that HOMO (LUMO) lie
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above (below) the Fermi level. To achieve equilibrium again, the HOMO (LUMO) is
emptied (filled) according to Fermi-Dirac statistics and the relative energy position
changes w.r.t. EF . This emptying or filling causes a charge transfer across the
interface until the occupations are in equilibrium again. At this point, the energy
levels are fixed very close to the Fermi level, hence the name Fermi-level pinning.
A typical value for the energy difference between peak onset and Fermi level for
organic materials is 0.40 eV.[53]
Figure 1.7 shows the energy levels at two organic-organic interfaces, with two
different substrate work functions. Panel a) shows the scenario, where vacuum
level alignment would result in the HOMO being positioned above EF . A small
interface dipole (ID) due to charge rearrangements shifts the HOMO below EF again.
An increase of the substrate work function results in a stronger ID (Figure 1.7).
However, the energy levels of the top material are not changed, as the HOMO is
still pinned at the same energy position directly at the Fermi level.

1.3 Excitons
1.3.1 Fundamentals
In the device physics of OSCs excitons play an important role. For example in a
photovoltaic cell the charges generated upon light absorption are generally a coulombically bound e–h pair. This generation of excitons is very eﬀicient and the exciton
creation rate in organic materials is directly proportional to the photon absorption
rate, which is given by the Lambert–Beer law (discussed in section 2.4). In order to
make use of the generated charges, the e–h pair has to be separated into free charge
carriers. The energy needed to overcome this is the exciton binding energy (EBE),
which is inversely proportional to the spatial e–h separation and the dielectric constant of the material. For OSCs, the EBE ranges typically from several 100 meV
up to a few eV and is apparently larger than the thermal energy available (at room
temperature kB T ≈ 25 meV). Therefore, one major challenge in the design of organic excitonic devices remains an eﬀicient charge separation, due to the in general
low dielectric constants or significant electron interactions.[54] Since excitons are
neutral particles, their movement is unaffected by electric fields, but instead they
diffuse randomly.
The most common way to classify the excitonic character is by the location of
the charges, as shown in Figure 1.8a.[55] Wannier or Wannier-Mott excitons occur
in materials with a large dielectric constant, which consequently results in a large
mean e–h distance and rather low EBE.[56] On the other hand, in materials with
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a low dielectric constant, the e–h separation is small and the EBE much larger.
Such an exciton is called a Frenkel exciton. For OSCs, both exciton charges are
usually located in the same molecule, which is then defined to be a Frenkel exciton.
Wannier excitons are much larger than the lattice spacing. As an intermediate case
there are charge transfer excitons, where electron and hole are located on adjacent
molecules, which undergo charge transfer. However, it has to be kept in mind that
these classifications are easy to write down but somewhat blurred in real world
systems and no sharp boundaries for excitonic characters are defined.
a)

b)

Core state
excita�on

Valence state
excita�on

+
VS exciton

CS exciton
-

+

+

+

+

Figure 1.8: a) shows excitons with different physical volumes. In a Frenkel exciton
the charges are located on the same molecule, if the dielectric constant is small,
which results in little Coulomb screening and high EBEs. The other extreme is a
Wannier exciton, where the charges are separated over the whole crystal lattice. The
intermediate case is a CT exciton with both charges placed on adjacent molecules. a)
is adapted from[42]. b) visualizes the differences between valence and core excitons,
resulting in larger EBEs for core state excitons than valence state excitons and is
adapted from [57].
Experimentally, EBEs can be determined using a combination of spectroscopic
methods. As sketched in Figure 1.9, the pristine energy levels involved during the
exciton creation need to be known, as well as the transition energy between these
levels. Intuitively, it could be assumed that both quantities are equal. This is
not the case. The EBE stored in the Coulomb attracted electron–hole pair then
is the difference. To determine the energy levels, direct and inverse photoelectron
spectroscopy are widely used. Transition energies are often determined using optical
or X-ray absorption spectroscopy. As another example, EBEs can be extracted
directly using two-photon photoelectron spectroscopy.

1.3.2 Valence vs core excitons
A lot of OSCs contain delocalized π-systems. By definition, this means that the frontier molecular orbitals HOMO and LUMO are also delocalized over the molecule.
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Figure 1.9: Schematic energy level diagram linking together the energy levels C1s,
HOMO and LUMO (direct and inverse PES), the transition energies (Etrans ) from
optical (UV-vis-NIR) and X-ray (NEXAFS) absorption and the EBEs (optical and
X-ray). S0 and S1 denote the ground and first excited state, respectively, while SX is
an excited state from the C1s core level. The left panel shows the energy landscape
in terms of electrons/ionization energy and the right panel for holes/electron aﬀinity.
Direct measurement of the new excitonic states (half filled LUMO and half emptied
HOMO) is possible using two-photon photoelectron spectroscopy (2PPE).[58–61]
Directly accessing the energy levels of SX can be achieved by using an X-ray pump
and laser probe pulse, similar to 2PPE.

For valence excitons, where the excitonic charges originate from and reside in the
HOMO and LUMO, it is impossible to accurately determine the position of the
charges. Core excitons are different to valence excitons because the charge (hole) is
strongly localized at discrete positions of the atomic cores, instead of being delocalized over multiple atoms in the HOMO. Additionally, this core orbital is separated
from the bound electron by valence orbitals, both spatially and energetically.[57]
Figure 1.8b shows a sketch of these differences. This results in different charge
distributions compared to the case of optical excitons. Both these effects result in
larger X-ray EBEs than their optical counterparts, which has also been reported for
other molecules, e.g. azobenzene-functionalized self-assembled monolayers.[62, 63]
Determination of EBEs can be done using several spectroscopic methods. This
requires an accurate characterization of energy levels and transition energies. Figure 1.9 collects their relationship and the corresponding experimental methods. One
practice is to determine the energy of the (un)occupied states using (inverse)direct
photoelectron spectroscopy. Transition energies can be measured using absorption
spectroscopies such as UV-vis-NIR (for valence excitons) or NEXAFS (for core excitons). The EBEs then simply follow as the difference between energy gap and
transition energy. A more direct approach for measuring the energy levels in the
excited state of the exciton is using two-photon photoelectron spectroscopy (2PPE).
2PPE is a technique used to study electronic excitations and structure at surfaces.
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First, an electron in the ground state is photoexcited via a photon (pump pulse).
Second, the excited electron is emitted into the vacuum by a following photon (probe
pulse). Hence the name pump-probe spectroscopy. By performing the excitations
in a time-resolved manner insight into the (de)population of the excitation can also
be gained. Depending on the magnitude of the pump and probe pulse energy, there
are four different configurations possible. Laser pump and probe for the determination of valence excitons,[64] X-ray pump and laser probe for core excitons,[65], laser
pump and X-ray probe,[66] and X-ray pump and probe.[67] One common pitfall
in understanding excitonic solar cells occurs when drawing energy level diagrams.
Often single-particle energies like, e.g., HOMO or LUMO levels are combined with
quasi-particle energies like excitonic states. This practice can lead to confusion and
ambiguities.[49]

1.4 Organic thin films
The electronic properties of (organic) thin films obviously depend on the properties
of the thin film itself. There is on the one hand the electronic structure of the single
particles (molecules), which determines the thin film properties. On the other hand,
there is molecule-molecule interaction in a thin film, which manifests in different
surface morphologies, a variety of thin film growth modes and the molecular arrangement on the inside of the film – molecular orientation or crystallinity are two
examples here. All these properties are determined by a variety of parameters during
the growth: deposition rate, substrate temperature, molecular shape or planarity,
lattice (mis)matching, substrate surface treatment, energy levels of interacting materials and many more. In the following subsections, different surface morphologies,
thin film growth modes and molecular orientations will be detailed and discussed
why it is important to consider them during preparation, measurement and analysis
using spectroscopic methods.

1.4.1 Surface morphologies
In this subsection, the different kinds of molecular interactions in organic-organic
heterostructures and their impact on the thin film morphologies will be discussed.
Single-component structures then simply follow as a special case of multi-component
structures. For simplicity, a system of two organic materials A and B is assumed in
this chapter.
1. A|B type interfaces. There are a wide range of possible interfaces in het-
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erostructures with two components A and B. The most simple case (at least
conceptually) is an interface of A|B type, where A is deposited on a closed
layer of B. Such a layered system is called a planar heterojunction (PHJ).
Here, the interaction volume Vinter between A and B is minimal for a perfectly
flat surface of B. One direct way of tuning Vinter is by altering the surface
roughness of B. By depositing A on the rough surface of B there are several
ways the roughness can develop. One possibility is fast roughening or mound
growth of A caused by dewetting or preferential nucleation at step edges.[68,
69] Roughening independent of B is also possible.[70] Surface smoothing was
observed for A|B systems of (perfluoro)pentacene and diindenoperylene.[71]
For these material combinations, first the rough valleys of B are filled by deposition of A. Afterwards the roughness increases again. All these scenarios
show that the growth naturally depends on the chosen material system.
Since organic molecules often orient in a standing arrangement on weakly interacting surfaces, the conjugated π-system of B is not completely exposed to
the surface and therefore not available for π-π interactions with other molecules. Because of this, molecular orientation plays a crucial part in understanding the molecular interactions. Orientational templating means that the
molecular orientation of the top molecules adapt to the ones of the bottom
layer and has been observed for several combinations of organic molecules.[72–
74] Parameters which can be used to induce orientational templating are e.g.
balancing of interface energies, molecular lattice matching or specific step patterns amongst others. Apart from the molecular orientation also other aspects
of templating are subject to the A|B interactions. Crystal structure parameters such as coherent crystallite size or mosaicity can also be inherited to the
top layer.[53, 75–78]
Understanding and predicting the resulting morphologies of a PHJ can be
done via the interface energies, as done for wetting angles.[79] However, thin
film growth is by definition a non-equilibrium process. As such, a complete
model cannot be based exclusively on equilibrium energies (interface energies),
but has to include kinetic aspects as well.[80–83]
2. A:B type interfaces. When mixing two materials in a non-solid state (either
diluted in a solvent or in the gas phase during coevaporation) A:B type interfaces can be obtained. Of course the specific mixing behavior differs depending
on the materials chosen.[84–86] This can result in complete or partial intermixing on the molecular level or phase separation. It has to be kept in mind
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that there are no sharp boundaries for these classifications. For terminology
reference [87] classifies the A:B type structures into phase separating, solid
solutions and ordered molecular complex formation. Intermixing is favored
when the mixed crystal offers a lower free energy than the phase separated
combination. It can be argued that steric compatibility is a prerequisite for efficient mixing. Using a dimensionless interaction parameter χ the free energy
of mixing can be quantified:
Fmix = kB T · (xA · ln xA + xB · ln xB + χ · xA xB ) ,

(1.19)

where kB is the Boltzmann constant, T the absolute temperature and x the
mixing concentration. χ is defined as
χ=

1
(WAA + WBB − 2WAB ) ,
kB T

(1.20)

with the interface energies in one material (WAA and WBB ) and between both
materials (WAB ). Depending on the sign and magnitude of χ, one of the
different A:B mixed structures is obtained. However, this model is neglecting
interactions stemming from the molecular shapes and is valid only in the low
temperature limit.
a) Phase separation. For χ > 2 there is enough unfavorable interaction
or steric incompatibility between A and B. This strongly reduces the
solubility or ability to mix material A in a single crystal of material B.
As a result A and B phase separate.[88] Examples for materials which
phase separate are C60 mixed with CuPc, DIP or PEN.[53, 76, 89–91]
b) Solid solution. When χ ≃ 0, the mixture is called a solid solution,
where guest molecules (A) can randomly replace host molecules in a
single crystal of B.[87] In order for this molecular substitution to take
place eﬀiciently, a high compatibility of A and B in terms of molecular
shape and size is required. Solid solutions show a continuous mixing
behavior, as e.g. mixing α-6T or α-6P with dihexylsexithiophene.[92]
c) Ordered complex formation. For χ < 0 the interaction between
A and B is stronger than for the pristine compounds. In this case a
strong bond, e.g. a hydrogen bond, is binding A and B, resulting in the
formation of a molecular complex. Due to the stronger intermolecular
attractive forces a specific molecular arrangement or ordering is taking
place. Intuitively, such a molecular complex should consist of a perfect 1:1
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stoichiometry, which is often true.[78, 93] One example are D|A cocrystals
of perylene and tetracyanoquinodimethane (TCNQ) or the fluorinated
versions thereof (F2 TCNQ, F4 TCNQ) reported by Salzillo et al. with
stoichiometric ratios of 1:1, 3:1 and 3:2.[93]
3. AB type interfaces. This notation denotes a combination of two materials with any type of interface – be it planar, mixed, or any other interface
configuration.
4. Graded interfaces. As an intermediate case between A|B and A:B interfaces, there are interfaces with variable DA concentration. Planar mixed heterojunctions (PMHJ) are mixed layers (A:B) sandwiched between pristine layers of material.[53, 94, 95] This structure is advantageous since it incorporates
a large interaction volume Vinter between A and B, while at the same time
exposing pristine materials to further connections in the device. A version of
this is using concentration profiles, where the mixing ratio is variable.[96]
5. Superlattices. When alternately stacking layers of A and B, the resulting
structure is called a superlattice. Similarly to mixed films or graded interfaces,
superlattices exhibit a large interaction volume Vinter and therefore better signal quality than a single A|B stack. At the same time, the molecular D|A
interaction is still limited to planar interfaces and not bulky like in A:B mixtures. The main challenge here is to control the multilayer in an ordered
fashion, which is a lot more complex for organic than for inorganic materials.[97, 98]

1.4.2 Growth modes
All organic thin films investigated in this thesis are prepared by organic molecular
beam deposition (OMBD). This is done via resistive heating using Tungsten (W) or
Tantalum (Ta) wires wrapped around quartz or aluminium oxide (Al2 O3 ) crucibles.
At a certain temperature, the molecules in the material sublime from the powder
(solid) to the gas phase. As the mean free path of gas molecules at (U)HV pressures
is far greater than the dimensions of the vacuum chamber, the evaporated molecules
fly in a straight line from the crucible to the sample or chamber wall and do not
interact with other gas molecules in the gas phase. For example the mean free path
of an N2 molecule at 1 × 10−6 mbar is already 59 m.[99]
When the molecules hit the sample surface there are several outcomes. Some
molecules do not stick to the surface and are reflected, this quantity is called the
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sticking coeﬀicient. The sticking coeﬀicient is a measure for the strength of the
molecule-substrate or molecule-molecule interaction. For example, a variety of organic molecules stick better to metal surfaces than to themselves, which enables
easy fabrication of monolayer coverages.[100, 101] Another outcome can be that
the molecule stays exactly in place, where it hit the surface. This occurs when the
molecule-molecule interaction is very strong. A third outcome is the diffusion of the
molecule over the surface until it reaches a region with significantly lower energy.
This can be surface defects, edges of molecular islands or step edges.
All these surface processes result in different growth modes as depicted in Figure 1.10. From an energetic point of view the surface free energy of the substrate
γsub , the growing organic thin film γosc and the interface between OSC and substrate
γinterface determine the growth mode. If γsub ≥ γosc + γinterface , then layer-by-layer
growth will occur.[82] If γsub is smaller, then rough island growth will dominate.
The intermediate Stranski-Krastanov growth is a transition between the two energy relations, as the molecular orientation, lattice parameters or symmetries can
change upon molecular deposition.[102] One important thing to keep in mind is
that CTC formation requires π-π-stacking of two molecules. Since organic molecules often adopt an (upright) standing orientation in organic thin films,[103–107]
this CTC formation then obviously is limited to step edges, where the π-system of
the already grown thin film is exposed to the molecular beam. In other words, a
certain amount of surface roughness is required to form a CTC at planar interfaces.
However, this is not true for lying molecules, as for example for HOPG substrates,
or during co-deposition of several materials simultaneously.
a) Layer-by-layer growth
(Frank-van der Merwe)

b)

Island growth
(Volmer-Weber)

c) Layer and island growth
(Stranski-Krastanov)

Figure 1.10: Sketch of the three most common growth modes of organic molecules:
Smooth layer-by-layer or Frank-van der Merwe growth (a), rough island or VolmerWeber growth (b) and the intermediate case of simultaneous layer and island or
Stranski-Krastanov growth (c).
As photoelectron and X-ray absorption spectroscopies are classes of surface sensitive techniques, the knowledge of the thin film growth mode is essential for successful
data interpretation. Volmer-Weber growth results in shadow effects shielding pho-
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tons and electrons and also still exposes the bare substrate for measuring, which can
be advantageous or disadvantageous.

1.4.3 Molecular orientation
As mentioned earlier, the molecular orientation in organic thin films with respect
to the substrate surface and the vacuum side, which builds the final barrier between
sample and detector, can play a major role during energy level alignment. More precisely, the surface potential is greatly depending on the molecular orientation. An
explanation can be given by considering the two extreme cases – flat lying polycyclic
aromatic hydrocarbon (PAH) molecules, where the electron rich π-system is facing
the surface on the one hand and standing upright molecules, where typically hydrogen atoms face the surface on the other hand. These hydrogens reduce the surface
potential barrier compared to the flat lying case. As a direct consequence, different
molecular orientations result in different ionization energies. Standing molecules
with highly electronegative side groups such as cyano groups ( – C –– N) or outer F
atoms will yield higher ionization energies than face-on lying molecules. For molecules without such side groups, the opposite is true. Two examples of this are shown
in Figure 1.11.
This effect can be compared to orientation dependent work functions for different
crystal facets.[48, 108, 109] In the case of vacuum level alignment, this orientation
dependence now manifests in different binding energies.[73] The other case of Fermi
level pinning then consequently does not manifest in changes of the binding energies
but rather changes of the work function. It has to be kept in mind that the measured
IE is a property of many individual molecules. Intermediate IEs are also possible if
different molecular orientations mix.[76] However, each individual molecule has only
one orientation independent ionization energy.
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Figure 1.11: a) shows valence band (left) and work function (right) spectra of
PDIR – CN2 (the structural formula is given to the right) thin films on different
substrates. HOPG induces a more lying orientation while SiOx results in more
upright standing molecules, which is sketched on the right side. The peak and onset
values of the HOMO are labeled as well as the work functions. Summation of both
gives then the ionization energy. As derived in the main text, the upright orientation
results in a higher ionization energy. All values given are in eV and referenced to the
Fermi level. b) shows the case for DIP, which is a molecule without electronegative
side groups. This results in the inverse orientation dependency of the IE compared
to PDIR – CN2 . Adapted with permission from [108]. Copyright 2017 American
Chemical Society.

25

2 Experimental methods
2.1 Photoelectron spectroscopy
Photoelectron spectroscopy (PES) is a spectroscopic method widely used to characterize the electronic band structure, chemical composition and electrostatics of
solids. It is a widely used technique in the fields of solid state physics, surface science, surface chemistry and materials research. A PES experiment basically consists
of a sample, which is being irradiated by photons with defined energies and the subsequent ejection of electrons. Then a detector measures the kinetic energy of these
electrons. The main physical principal exploited is the photoelectric effect, which
was discovered by Hertz in 1887 and explained first by Einstein in 1905.[110, 111]
Einstein used the concept of quantized light particles (photons) for his explanation.
In mathematical terms the relationship he found is
Ekin,max = hν − Φ,

(2.1)

where Ekin,max is the highest kinetic energy of the ejected electrons, hν is the
energy of the photons hitting the sample and Φ is the work function of the sample.
Equation 2.1 is then converted to a binding energy Ebin of the probed material:
Ekin = hν − Ebin − Φ.

(2.2)

A schematic of the energy level landscape is shown in Figure 2.1. Note that
inelastic scattering of the electrons is not included in this model, so Equation 2.2 is
only true for primary electrons.
Interpretation of data from PES experiments is often done using the so called
three-step model of photoemission, which treats the photoemission process in three
individual steps. They are treated independently from each other and allow to gain
more insight into the physical processes occurring during a PES experiment. The
three steps of the process are:
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1. Photoionization or photoexcitation The first step describes the photoionization or photoexcitation of an electron after the absorption of a photon in
the bulk of the solid.
2. Transport The second step contains the description of the excited electron
transport in the solid to the surface (of the crystal).
3. Electron escape The third step describes the escape of the electron through
the potential barrier at the surface into the vacuum, where it is detected.

sample
Figure 2.1: Schematic of the
fundamental structure of a
PES experiment, including
the three step model outlined
before. Important parameters are: sample work function Φ, detector work function
ΦD , photon excitation energy
hν, binding energy Ebin of the
probed energy level, kinetic
electron energy Ekin at the detector, Fermi EF and vacuum
level Evac . The obtained spectrum contains three regions:
valence region, core level region and the secondary electron cutoff.

eEVac

HOMO
HOMO-1
core level

Ekin

SECO
Φ

EFermi

Ebin

spectrometer

hν
Φ∞

ΦD

valence levels
hν

core levels

It is important to keep in mind that this separation into three independent steps
is arbitrary. A more simple one-step model can also be formulated, but is not easily
solvable.[112] The three-step model provides better insight into the underlying physical processes and is therefore often adopted. In the following, a short description of
each of the processes is given. For a more detailed treatment, the reader is referred
to the literature.[113]
Photoexcitation
The photoionization or photoexcitation probability of the electronic system per unit
time is given by Fermi’s golden rule. Without loss of generality, the excitation
process is described as a transition from an initial to a final state. The initial and
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final states are given by their respective wave functions ψi and ψf . ψi contains
the electronic system including N electrons, while ψf contains the remaining N-1
electrons in the solid and the emitted photoelectron. The transition probability w
between these two states is then given by
w ∝ |Mif |2 δ(Ef − Ei − hν),

(2.3)

where the delta function ensures energy conservation during the process and Mif is
the transition matrix element of the photoemission perturbation operator H, given
by
Mif = ⟨ψf |H| ψi ⟩ .

(2.4)

This initial state is identical to the one-step model, but the final state differs
and is often approximated as an inversed low energy electron diffraction (LEED)
state.[114]
Transport
After excitation the photoelectron will move through the bulk of the solid. Both,
the created photohole and the screening of the surrounding material will influence
the movement of the photoelectron. Further movement is then strongly hindered
by electron-electron interaction, resulting in (inelastic) scattering. The inelastic
mean free path λ (IMFP) is an effective description of this scattering processes. For
typical excitation energies used in PES the IMFP ranges between 0.4 nm and 4 nm,
depending on the chosen photon excitation energy. Since the attenuation length of
X-ray photons is in the range of several tens of nm and significantly larger, most
of the electrons actually never reach the surface. Therefore, the information depth
from PES is mainly limited by λ. One can calculate λ by modeling the electrons as
a free electron gas, which leads to the inverse of λ:
−1

λ

"
#

√ a0 R 3/2
4 2/3 Ekin 2
r ln
r
≃ 3
Ekin s
9π
R s

(2.5)

where a0 = 0.529 Å is the Bohr radius, R = 13.6 eV and rs is the mean electronelectron distance given in units of a0 .[115] In solids, the IMFP is only a function
of the kinetic energy of the electron and rs . Interestingly, λ is (nearly) element
independent, which results in the so called universal curve, as first classified by Seah
and Dench.[116] Figure 2.2 shows a plot of this behavior for organic compounds
1
(a = 143 nm eV2 , b = 0.054 nm eV− 2 ). The escape depth is as low as 0.4 nm at
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around 40 eV, which makes PES a very surface sensitive spectroscopic method.

IMFP λ (nm)

10


(E) =

a
+b⋅
E2

E

1

10

100

1000

Electron energy E (eV)

10000

Figure 2.2: IMFP of electrons depending on the kinetic energy of the electrons.
The figure is adapted from data presented in [116]. The inscribed formula shows the
empirically found parameters for organic compounds, which are different for other
classes of materials.
As mentioned before, the majority of photoelectrons are inelastically scattered
electrons, which asymmetrically alters the peak shapes. This is due to the electrons
loosing but not gaining energy. Integrating over all scattering losses leads to the
following equation for the PES background:[117]
Ibg (E) = λ(E)

Z ∞
E

K(E ′ − E)I(E ′ )dE ′

(2.6)

where K(E ′ − E) is the inelastic energy loss cross section and I(E ′ ) the photoemission intensity at energy E ′ . The assumption that K(E ′ − E) is constant yields
the widely used case of the Shirley background.[117, 118] Tougaard found that for
most materials using a simple function instead of a constant, Equation 2.6 converts
to
Ibg (E) = λ(E)

Z ∞
E

h

B(E ′ − E)
C+

(E ′

i I(E
2 2

− E)

′

)dE ′ .

(2.7)

Here, B and C are parameters dependent on the materials and have to be determined empirically.[119, 120] Often these parameters are therefore not experimentally
accessible and the main drawback of Tougaard’s background description. To this
end, the XPS spectra in this thesis were treated using the Shirley background.
Electron escape
Describing the escape of the photoelectron from solid to vacuum can be done using
the escape-cone argument.[113] Since there is a surface potential barrier, only elec-
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trons whose kinetic energy is suﬀicient to overcome this barrier are actually ejected
into the vacuum. If their kinetic energy is not high enough, the electrons are reflected back into the solid. For this argument only the part of the momentum normal
to the surface is relevant, since the translational symmetry parallel to the surface is
conserved. Thus, the parallel component of the momentum is also unchanged or at
most changed by a reciprocal lattice vector G|| of the surface Brillouin zone:
p||
= k||out = k||in + G||
ℏ

(2.8)

In order to escape into the vacuum the excited electrons must satisfy the following
condition:
!

ℏ2
K2⊥ ≥ Evac − E0
2m

(2.9)

here E0 is the lowest energy of the valence band and k⊥ is the component of the
wave vector of the excited electron normal to the surface.
photoelectron
ptot/ℏ
ϴ

vacuum

p⊥/ℏ

p∥/ℏ

surface
solid
K∥
Ktot
K⊥,min

K⊥ ϴ'
ϴ'max

Figure 2.3: Escape cone model for
photoelectrons leaving the solid into
the vacuum. The figure is adapted
from [113]. Thick solid lines represent the internal and external escape
cones for photoelectrons with a constant momentum on a circle with radius |K| = const. and |p| /ℏ = const.,
respectively.

Equation 2.9 is a reformulation of Snell’s law and can be rewritten as


2m
sin(Θ) 2 Ekin
ℏ

1

2



1

2m
= sin(Θ ) 2 (Ef − Ei )
ℏ
′

2

,

(2.10)

where Θ and Θ′ are the angles with respect to the surface normal in the solid and
in vacuum. When comparing the angles to the photoelectrons shown in Figure 2.3,
it is apparent that the accessible angle in vacuum is larger than in the solid. In
other words, there is a largest angle in the solid Θ′max < π/2 at which the excited
electrons have suﬀicient momentum normal to the surface to cross into the vacuum.
Then, the kinetic energy of the photoelectrons in the vacuum is given by:
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"

Ekin



ℏ2
p⊥
=
K2|| +
2m
ℏ

2 #

= Ef − Evac

(2.11)

It is noteworthy that the three-step model, as described here, violates the uncertainty principle. This violation is contained in the assumption of a given specific
point in the solid and in the assumption that the inelastically scattered electrons
lose their energy after the optical excitation. Despite this violations, a wide range of
experimental data shows that the three-step model is indeed a useful and accurate
model.[113]

N (E, K|| , ℏw) ∝

X

2

Mf′ i (ki , kf ) d(Ef , kf ) T (Ef , K|| )

2

f,i

× δ(Ef (kf ) − Ei (ki ) − ℏw)δ(E − [Ef (kf ) − ϕ])

(2.12)

× δ(ki + G − K)δ(K|| − p|| (Θ, φ)/ℏ)
Electron detection
In order to measure the energy distribution of the photo electrons, which left the
sample, an electron spectrometer is used, as sketched in Figure 2.1. There are
different types of electron spectrometers, of which two will now be briefly described.
The most common one is the hemispherical analyzer, which consists, in order
of precedence, of electron optics, entrance slits, a hemispherical analyzer (HSA),
exit slits and an electron detector. The electron optics consist of electrostatic and
magnetic lenses, which focus the incident electrons onto the entrance slits. At the
same time, retarding fields slow down their velocity to a set amount. Scanning the
electron kinetic energy is done by scanning the retarding field voltages. Adjustment
of the entrance slits allows a selection of the sampled spot size. Electrostatic fields
in the HSA deflect the electrons traveling on a semi circle. Only electrons with the
correct kinetic energy will pass through the complete HSA, which is determined by
the pass energy (PE). A higher PE means more detected electrons, but also less
energy resolution. The detector itself then records the electron flux and combines
it with the kinetic energy obtained from the current parameters of the whole PES
setup. Lens functions are the voltage–retarding field characteristics of the optics and
are the most critical part to get a well performing instrument. Operation of PES
setup can be done in two modes, constant analyzer energy (CAE) or constant retard
ratio (CRR). In CAE, the PE is kept constant and the optical lens system alone has
to decelerate the electrons to the kinetic energy accepted by the analyzer. This is
often used for XPS measurements. In CRR, the ratio of initial electron energy to
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analyzer PE is kept constant, which is more suited to measure Auger spectra.
A more advanced setup used is a so called Angle Resolved Time Of Flight electron
energy analyzer (ARTOF). An ARTOF analyzer does not include entrance slits,
but characterizes all incident electrons in a cone with an acceptance angle of up
to ±15◦ . This increases the transmission function drastically compared to classical
HSAs by up to 250 times,[121] which enables experiments with very low photon flux
for radiation sensitive samples. As the name suggests, the electron kinetic energy
is determined by measuring the flight time inside the analyzer along a defined path
length. For this, the photon source has to provide a pulsed beam, as a starting
point for each time of flight measurement. A synchrotron providing a single bunch
filling pattern such as BESSY II in Berlin, Germany, meets this requirement. These
single bunches can be filtered and selected using a chopper, which is a slitted wheel
rotating at a very high frequency.[122] A complex electron lens system is then used
to direct the electrons onto a 2D channel plate. According to their position on this
channel plate, information about the electrons transversal momentum kx and ky can
be deduced. This angular information can be used to map band dispersive features.
For a traditional HSA, this can be achieved by changing the angle between sample
normal and analyzer in consecutive measurements, which results in significantly
longer data acquisition times.
As sketched in Figure 2.1, a PES spectrum can be divided into three regions.
Therein, each region conveys different sample information. In the core level region,
chemical compositions and species can be distinguished. This can also be extended
into charge distribution analysis. At lower binding energies, the valence region offers
details about the electronic structure. This is mainly determined by chemical bonds
in the material or charge transfer states. The secondary electron cutoff (SECO) is
directly related to the work function of the sample ϕ. It is comprised of electrons
with nearly zero kinetic energy Ekin ≈ 0, which is barely enough to leave the sample
surface. The main reason for this energy loss is inelastic scattering.
It is common practice to separate PES into two categories, depending on the precise electronic properties that are of interest. These are X-ray photoelectron spectroscopy (XPS), which probes the core level region, and ultraviolet photoelectron
spectroscopy (UPS), which characterizes the valence region and SECO. The next
section illustrates the characteristics of XPS, while UPS is detailed in section 2.1.2.

2.1.1 X-ray photoelectron spectroscopy
One speaks of XPS when the excited photoelectron stems from a core level state.
Typically, this starts at binding energies around 84 eV, which is the Au4f core level
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region of gold. There are also core levels lower in energy, but they often have to
low photoelectron cross sections to be detectable. The core levels of different elements are well separated in binding energy and easily distinguishable. One big
advantage of XPS is therefore the high element sensitivity. Common core levels analyzed in organic samples are C1s (carbon, 284.2 eV), N1s (nitrogen, 409.9 eV), O1s
(oxygen, 543.1 eV), F1s (fluorine, 696.7 eV), Si2s (silicon, 149.7 eV) or S2s (sulfur,
230.9 eV).[123, 124] Aside from the chemical composition one can also distinguish
different binding modes, oxidation states and observe charge redistribution after
charge transfer processes, which is often the case when new species are formed. Interpretation of XPS data is, in general, not as straight forward as Equation 2.2 would
imply. Additionally, a real XPS spectrum includes effects from the line shape, e.g.
the natural line width. Furthermore, the energy level position can differ between
measured and the true values. Inherently, the true spectrum is convoluted with an
instrumental response function.[125–127]
One example of an XPS measurement is given in Figure 2.4, which shows the C1s
photoelectron spectrum of ethyl trifluoroacetate CF3 COOCH2 CH3 . Also known as
the “ESCA molecule”, it is a very illustrative example showing the chemical shifts
and thereby connecting energy level shifts to different chemical environments of the
probed carbon atoms.
F

F

F

Intensity (arb. u.)

Figure 2.4: Simulated C1s core level
spectrum of the “ESCA molecule”, referenced to the binding energy of pure
carbon. Depending on the atomic
neighbors, which dictates the chemical environment, the different carbon atoms experience different chemical shifts ∆Echem .[128, 129] Separation
of these shifts thus allows an assignment of different molecular species.

C

12

10

8

O
C

O

H

H

H

H

C

6
4
2
∆Echem (eV)

C

H

0

-2

-4

2.1.2 Ultraviolet photoelectron spectroscopy
The valence electronic structure is considerably different from the electronic structure in the core level region. As XPS typically requires photon energies in the
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range of 100 eV to 1000 eV, ultraviolet photoelectron spectroscopy (UPS) operates
with photon energies down to several eV. Among methods to investigate the valence
electronic structure UPS is used to shine light on dispersion (see subsection 5.3 for
an example) and the hybridization of molecular orbitals upon, e.g., charge transfer
complex formation (see sections 1.2.1 and 1.2.1). Compared to XPS, UPS offers a
better excitation bandwidth and instrumental resolution in general. Because of this,
measurements of work functions are commonly performed by UPS. Another major
distinction to XPS is the (often) higher surface sensitivity. As shown in Figure 2.2,
the inelastic mean free path γ is greatly depending on the kinetic energy of the
electron. Since γ is much lower than the absorption depth of the exciting X-ray
photons, it is in general the limiting factor, which defines the probing depth. The
photoelectrons in UPS generally have much lower kinetic energy and therefore UPS
features a much higher surface sensitivity down to the monolayer regime.

2.1.3 Inverse photoelectron spectroscopy
Electronic properties of OSCs depend critically on both electrons and holes. Therefore, it is desirable to study not only occupied but also unoccupied states in OSC
materials. The occupied states are extensively evaluated using PES, which is nowadays common lab practice. By contrast, the measurement and characterization of
unoccupied states is not as developed because of experimental limitations. There
are several techniques used in literature to investigate unoccupied states, such as
X-ray absorption spectroscopy, optical absorption spectroscopy together with PES,
or cyclic voltammetry.[130, 131] However, these methods either neglect excitonic
effects, which can be on the order of several eV for core excitons, [132, 133] or they
operate in completely different states of matter (in solution vs solid), which then
changes the molecular energy levels significantly because of their different environment. Inverse photoelectron spectroscopy (IPES) is then complementary to PES.
Simply put, IPES is the time reversed process of PES. First, an electron with kinetic
energy Ek is emitted and is hitting the sample surface. The electron penetrates the
sample surface if Ek is greater than the vacuum level of the sample. Second, those
electrons then radiatively transition to lower lying unoccupied states. Third, the
created photon with energy hν is detected. Energy conservation then dictates the
electron binding energy Eb :
Eb = hν − Ek .

(2.13)

From Equation 2.13 it becomes clear that there are two modes of operation to
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determine Eb . The first mode is called isochromat mode, where the electron kinetic
energy Ek is swept and the photon energy hν is kept constant. The second mode
is called fluorescent mode, where Ek is kept constant and the photon energy hν
is swept.[134] Comparing both modes, the isochromat mode has a stronger signal,
while the fluorescent mode has a better energy resolution. Since OSCs are very
sensitive to electron irradiation,[135, 136] a lower electron flux is desired, which
makes the isochromat mode the better choice of the two. However, the lower energy
resolution of 0.5 eV or more when performing IPES measurements has to be considered.[137] This can and should be done by correcting the additional broadening of
the experimental setup, as described in literature.[138]

2.1.4 Measurement and data processing
Raw PES spectra contain electron counts depending on their kinetic energy. A physically more meaningful scale is binding energy. Therefore, the data is transformed
according to Equation 2.2 and referenced to the Fermi level. SECO measurements
are rescaled to work function scale. Photon energies generated by gas discharge
lamps or X-ray anodes, which are commonly used in lab setups, are constant. However, this is not true for radiation generated at synchrotrons or other sources with
variable energies. There, the monochromatization process involves mechanical movement of optical components, such as mirrors and gratings. Additionally, the beam
position inside the storage ring may change over time and consequently hit the optical elements at different positions. This movements result in inconsistencies ∆E
between the desired and real photon energies. Often, this differences are in the range
of several per mille. Especially for XPS measurements this has to be corrected in
order to get accurately defined energy values. Therefore, all XPS data obtained at
synchrotrons was referenced to the Au4f7/2 energy at 84.00 eV.[139] Since UPS measurements are typically done with excitation energies below 84.00 eV, this approach
is impossible there. Another method for precise calibration of the photon energy
is using the parasitic higher order radiation with energies E = n · hν. Measuring
the Fermi edge of a bare metal sample (usually gold or silver) with different order
radiation directly gives the precise photon energy hν (or a multiple thereof) from
their difference.
Laboratory photon sources do not suffer from this change in energy. However, if
no monochromator is used, the created radiation can produce “satellite peaks” in
the measurement, which can, especially around the bandgap region, confuscate the
true valence signature. Using the relative energies and intensities of the satellites, a
self consistent iterative procedure can be employed to isolate the true spectrum.

36

2.1 Photoelectron spectroscopy
Figure 2.5 shows PES and IPES spectra for a set of OSC thin films. If possible,
peak and onset values for HOMO and LUMO are indicated. Here, the onset is
defined as the crossing point between a background baseline with linear slope and
linear extrapolation of the peaks’ inflection point towards this baseline. For a Gaussian distribution, e.g., the onset xon is shifted by exactly two times the standard
deviation σ from the peak center xc : xon = xc ± 2σ. For a complete description of
energy levels and transition energies both values, peak center and onset, should be
provided, since different techniques exhibit intrinsically different broadening mechanisms and amounts.
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Figure 2.5: UPS and IPES
spectra of OSC thin films.
The peak and onset values of
HOMO and LUMO are indicated by vertical arrows and
referenced to the Fermi level
at zero binding energy. In
the case of the 4T LUMO,
only the onset is given due to
the broad nature of the state.
From the transport gap (difference between HOMO and
LUMO) and the optical absorption gaps shown in Figure
2.10, the exciton binding energies can be calculated. All
spectra are vertically shifted
for visual clarity.

Additionally, due to the design of the IPES setup itself, the obtained spectra are
significantly broader than for PES measurements. This results in vastly different
onset values for determination of unoccupied energy levels. To obtain the true
signature one needs to deconvolute the measured signal, which is convoluted as
shown in equation 2.14. Here, the convolution operator ∗ is defined as A ∗ B =
R∞
−∞ A(x − t)B(t)dt.
M =F ∗S∗D∗I

(2.14)

37

2 Experimental methods
Here, M is the measured spectrum and F is the unadulterated density of states,
which is convoluted by the dispersion of emitted an electrons S, the detector window
D (in this case a SrF2 + NaCl window) and instrumental broadening I.[140, 141]
The electron dispersion can be estimated using a very clean sample and a standard
angle resolved PES setup. Detector window broadening should be known from
literature.[142] Further instrumental broadening can be measured using, e.g., from
the width of the Fermi edge of very clean (without any surface states) Au single
crystals. For mathematical details on the algorithm see Chornik et al.[141]. Overall,
this data treatment can increase the quality of IPES spectra to match the one of
PES spectra.[138, 141]

2.2 Near edge X-ray absorption fine structure
spectroscopy
Near edge X–ray absorption fine structure (NEXAFS) spectroscopy is a type of
spectroscopy commonly used to measure the fine structure around absorption edges.
Similar techniques to NEXAFS are XANES (X-ray absorption near edge structure)
and EXAFS (Extended X-ray absorption fine structure). The basic principle of
NEXAFS is the use of an energy tunable, monochromatic X-ray source (normally a
synchrotron). After excitation of a core level electron into either unfilled molecular
orbitals, Rydberg states or empty states in a continuum, the X-ray absorption is
measured. A sketch of this is shown in Figure 2.6. During a NEXAFS measurement
core level electrons (in this case from 1s levels) are excited by X-ray light of a
fixed wavelength either into unfilled molecular orbitals, Rydberg states or empty
states in a continuum. In aromatic molecular systems the LUMO has π symmetry
and transitions into those orbitals are denoted as π ∗ -resonances. By tuning the
excitation energy through the ionization potential (gray graph in the top panel), a
step function arises, which is then superimposed by transitions into the unoccupied
states. The low energy π ∗ -resonances are well separated, while the σ ∗ -states form
a quasi-continuum of states with rather short lifetimes. Therefore, σ ∗ -resonances
appear generally broader than π ∗ -resonances.
The absorption measurement itself can be performed in several modes of operation
– total electron yield (TEY), partial electron yield (PEY), Auger electron yield
(AEY) and fluorescence yield (FLY). The observed energy landscape is very sensitive
to chemical bonds in the molecules. Thus, NEXAFS is an extremely useful tool
to characterize the electronic structure of organic thin films alongside PES or to
determine molecular orientations to complement structural analysis via, e.g., X-ray
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Figure 2.6:
Schematic
(atomic) potential (bottom)
and the corresponding NEXAFS spectrum (top). The
electron can stem from core
levels (e.g. 1s) or frontier
orbitals and be excited into
unoccupied frontier orbitals,
Rydberg states or into the
continuum.

diffraction.
In this thesis only K-shell excitations from 1s levels will be presented, but NEXAFS is of course also possible for L,M,N-shell excitations etc. Since the energy of
the exciting photon and therefore the absorbed energy is fixed, the observed NEXAFS resonances correspond to empty states. Transitions in NEXAFS spectroscopy
are identified as π ∗ or σ ∗ , depending on the symmetry of the final state. This goes
along with different dependencies of the X-ray absorption on the molecular orientation to the X-ray beam. In aromatic molecular systems the LUMO has π symmetry
and transitions into those orbitals are of π ∗ character. Such transitions have large
lifetimes compared to transitions into the higher lying σ ∗ or continuum states and
are therefore much sharper in energy (see Figure 2.6 for details).[104, 143–145] After excitation, the empty core hole is then filled by radiative recombination (TEY,
PEY, FLY) or non-radiatively (AEY).[144]

2.2.1 Modes of operation
The probability for an excited electron to leave the sample without undergoing (inelastic) scattering processes decreases exponentially with increasing film thickness.
The vast majority of the non scattered electrons originates in the top-most layers.
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This fact is used to change and control the probing depth during NEXAFS experiments. This option is a powerful tool in surface spectroscopy, where molecules often
behave tremendously different at the substrate-molecule interface compared to the
molecular bulk (these differences include electronic structure and spatial arrangements). Consequently, detecting only elastically scattered and totally non-scattered
electrons gives the highest surface sensitivity possible.[104, 146] Based on this there
are the three aforementioned modes of operation: TEY, PEY and AEY. In TEY
mode, the X-ray absorption is measured by monitoring the sample current generated by the excited and emitted electrons. In PEY mode, additionally a negative
retarding field is applied (typically below 150 eV) in front of the channelplate detector. This filters out electrons with lower kinetic energies, which originate in deeper
layers of the sample. Further enhancements can be made by using an energy sensitive detector. Normally, the energetic window is set to around the kinetic energy of
the Auger electrons, which are emitted during relaxation of the created photohole.
Therefore, this mode of operation is called AEY. Obviously, the probing depths d of
these three modes fulfill dAEY < dP EY < dT EY . Radiative recombination after creation of the photohole results in the emission of X-rays. These X-rays are detected
in FLY mode, which is the optimal mode for bulk measurements.
Intuitively, the cross section of X-ray absorption σX-ray is given by the ratio between the number of excited electrons and the density of the incident photons. Using
Fermi’s Golden Rule[147] one can link σX-ray to the matrix element of the initial and
final state and the photon energy hν:
σX-ray =

4π 2 ℏ2 e2
|⟨f |E · p̂| i⟩| ϱf (E)
m2 hν

(2.15)

Here, ϱf (E) is the density of final states and E the electric field vector. Since the
excited electron after a NEXAFS event is bound in a previously empty state and,
thus, still bound to the sample, it can not be considered as a free electron. This is
the main difference between NEXAFS and PES.

2.2.2 Calibration procedure
The NEXAFS spectra presented in this thesis have been measured in TEY and PEY
mode for enhanced surface sensitivity. There are several factors, which distort the
real spectra from the sample and give the measured spectra. Most importantly,
the photon flux during an energy sweep (e.g. for C1s from 270 eV to 330 eV) is not
constant. This is due to the different amounts of photons created by the synchrotron,
but also due to the element specific absorption of the optical elements present in a
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beamline (mirrors, gratings, lenses, etc.). Especially for C1s NEXAFS, the present
carbon contaminations change the photon flux at the sample. As mentioned before
in section 2.1.4, the photon energy can also vary and has to be corrected. There are
two ways to correct for this distortions.
The photon flux is measured on a well defined substrate without any absorption
features in the relevant energy range. Often, a sputtered and annealed gold sample
is used for this. To account for changes in the energy, during each measurement, simultaneously the current produced by photon absorption at a mirror in the beamline
is collected. This absorption spectrum contains a signature and peaks characteristic
for the beamline. Fitting (stretching and shifting) these “mirror spectra” to each
other allows for a relative energy calibration.[148] Measuring the Au 4f core level
before and after the energy sweep during the calibration measurement then allows
for the absolute energy calibration.
A simpler alternative is the use of a gold grid/mesh present in the photon beam
instead of an additional gold sample and the mirror current. This has the advantage
of lower contaminations compared to the mirror and enables simultaneous aquirement of the full calibration data during each sample measurement. A drawback is
that the photon flux reaching the sample is reduced, often in the range of 10 % to
30 %. After energy calibration, the NEXAFS spectra were corrected according to
[149] using an iterative method.
1. Energy calibration using mirror or gold mesh current
2. Offset subtraction of the NEXAFS spectrum
3. Photon flux normalization by dividing by the absorption intensity of the reference sample
4. Remove the non-resonant background by linear fitting of the pre-edge intensity.
5. If there are still artifacts and the pre-edge is not constant at zero intensity,
repeat steps 2)-4).
6. Normalize the intensity at the post-edge to unity.
A simpler alternative to calibrate the energy scale would be the use of already
calibrated samples or known spectra. Figure 2.7 shows an example for organic thin
films of different OSCs.
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Figure 2.7: Energy
calibration of C1s
NEXAFS
spectra
shown exemplary for
thin films of the OSCs
DIP and F6 TCNNQ
on substrates with
a strong C1s background
signature
(HOPG) and without
(SiOx ), according to
[150].
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2.2.3 Determining molecular orientations
Equation 2.15 shows that the intensities of π ∗ and σ ∗ -resonances are proportional
to the X-ray cross section. When changing the angle between the corresponding
orbitals and the X-ray beam, their individual intensity changes, whereas their shape
stays constant. For linearly polarized light Equation 2.15 then transforms into:
I∝

1
|⟨f |E · p| i⟩|2
|E|2

(2.16)

In general, the electric field of the incident X-ray light can be written as
E = E|| cos(kz − wt) + E⊥ sin(kz − wt).

(2.17)

This is true for elliptically polarized light. E|| and E⊥ are the electric field vectors
parallel and perpendicular to the electron orbit plane in the synchrotron storage
ring. k is the momentum of the X-rays, z is the direction of light propagation and
w is the frequency or wavelength of the electromagnetic wave. The special case of
linearly polarized light then can be achieved by fixing the desired ellipticity. Using
the definition of E given by Equation 2.17 in Equation 2.16 one has to integrate
over all possible electric field vectors. Further simplification is achieved by using the
dipole approximation. There, it is assumed that the wavelength of the photoelectron
λ is much larger than the K-shell diameter or the interatomic distance between the
λ
absorbing atom and its first neighbor atoms z ≪ 2π
= k1 . Consequently, kz = 0 can
be set and the following expression is obtained
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R 2π D

I∝

0

E2

f E|| · p cos(wt) − E⊥ · p sin(wt) i
R 2π

d(wt)

2

E|| cos(wt) − E⊥ sin(wt) d(wt)

0

.

(2.18)

After integration, the cross-terms vanish and Equation 2.18 reduces to
D

I∝

E2

f E|| · p i

+ |⟨f |E⊥ · p| i⟩|2

2

E|| + |E⊥ |

2

.

(2.19)

Introducing the so called degree of linear polarization or polarization factor P
allows further simplification of Equation 2.19. According to [151] P is defined as

P =

E||
2

2

E|| + |E⊥ |2

.

(2.20)

P is a characteristic parameter to the set X-ray energy and the X-ray optics of
the beam line[152] and ranges typically between 0.8 and 0.9 for a bending magnet
source and close to 1.0 for an undulator source.[151] Rewriting Equation 2.19 with
this definition of P yields
I∝P

D

E2

f E|| · p i

+ (1 − P ) |⟨f |E⊥ · p| i⟩|2 .

(2.21)

Since K–shell excitations are dipole transitions, where the initial 1s state is spherically symmetric, the complete angular dependency is given by the angle δ between
the direction of the electric field vector e and the final state orbital direction. Vector
type orbitals are orbitals, which can be described by one vector in the direction of
the maximum orbital amplitude. Therefore, isolated orbitals that are not spherically
symmetric can always be considered as vector type. In contrast, equivalent orbitals
of similar binding energy and transition probability (e.g. σ ∗ C-H orbitals in PAHs
like diindenoperylene) can not be described in such a way. Instead, those orbitals
are described as planar orbitals, if their directions span a common plane.[153] For
vector like orbitals one gets the following dependency:
Ivec ∝ |e · ⟨f |p| i⟩|2 ∝ cos2 δ

(2.22)

This is true for linearly polarized light, which is the case for currently used synchrotron radiation with their high polarization factors. For plane like orbitals one
has to integrate Equation 2.22 over all azimuthal angles, which results in
Iplane ∝ |e · ⟨f |p| i⟩|2 ∝ sin2 δ.

(2.23)
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With this it is now possible to calculate the angular dependencies of NEXAFS
resonances. To achieve this it is necessary to discuss vector and plane like orbitals
(see equations 2.22 and 2.23) in terms of the parallel (E∥ ) and perpendicular (E⊥ )
components of the electric field. Usually, spherical coordinates are used, as described
in Figure 2.8. For a complete derivation the reader is referred to [147, 154].

z
θ
E|| θ

α

n

E

Φ

y

x
Figure 2.8: Coordinate system in a NEXAFS experiment according to [147]. The
incident light hits the sample at an angle Θ. For planar molecules the molecular
orientation is uniquely given by the plane normal vector n and defined with respect
to the incoming light via the polar angle α and the azimuthal angle ϕ. Since the
final states are oriented in parallel (π ∗ ) or perpendicular (σ ∗ ) with respect to n, the
molecular orientation can be determined.

As all thin films investigated in this thesis are polycrystalline in the dimensions of
the X-ray beam, it is further assumed that 3-fold or higher symmetry is present with
respect to the azimuthal angle ϕ. This averages out cos2 (ϕ) terms and simplifies
the obtained equations. Finally, the intensity of vector and plane like resonances is
then given by the following equations.
1
Ivec,∥ ∝ cos2 Θ cos2 α + sin2 Θ sin2 α
2

(2.24)

1
Ivec,⊥ ∝ sin2 α
2

(2.25)

1
Iplane,∥ ∝ 1 − cos2 Θ cos2 α − sin2 Θ sin2 α
2

(2.26)

Iplane,⊥ ∝
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The electrical conductivity, as introduced in 1.14, can be determined by measurement of the current-voltage (IV) relation. This is realized by sandwiching the organic
material of interest between two electrodes. To measure the electrical conductivity,
a direct current is applied to a slab of the material of interest. During this, the
current I flowing through the sample, as well as the voltage drop V on the two
electrodes are recorded. Often the Mott Gurney law is used to analyze IV data
measured on organic semiconductors. It is defined as
9 V2
j = εµ 3 ,
8 L

(2.28)

where j is the electric current density, ε is the materials’ permittivity and µ the
mobility, as introduced in section 1.2.2. There are several constraints for this model:
there are only electrons or only holes present, there is no intrinsic conductivity in
the material, µ and ε are constant in the sample, there are no trap states, doping
plays no major role and the current has to be drift determined. Then, equation 2.28
can be used to determine either the conductivity σ or the mobility µ. For the trap
free, ideal case it is possible to determine the charge carrier mobility µ from the
IV dependencies. Since the occurrence of traps does not alter the Ohmic behavior
but only the space charge limited current (SCLC) region, it is possible to get the
conductivity σ from ideal as well as the non ideal devices.
Using Equation 2.29 it is possible to determine the specific electrical conductivity
σ from the length L through which the current flows, the slope of the linear IV-curve,
which is the resistivity R and the cross sectional area A.
σ=

L
R·A

(2.29)

There are different configurations in which the conductivity can be measured.
Figure 2.9 sketches a diode and a finger structure typically used. In a diode structure the current flows vertically through the organic layer, while a finger structure
enables lateral current flow. Crystalline organic molecules have a defined molecular
orientation with respect to the substrate and electron transport between molecules
mainly occurs via overlap of the π-orbitals. This results in anisotropic charge transport through the organic layer, which can be separately measured by choosing one
or the other measurement geometry. Choosing a diode structure has the advantage
of easy tuning of the channel length by changing the deposition parameters. One
disadvantage for the diode structure is the necessity to attach a top electrode on
top of the organic layer via thermal evaporation. This deposition often damages
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Figure 2.9: (a) shows a diode and (b) finger structures used for conductivity measurements. The current flow can be measured vertically (diode structure) or laterally
(finger structure). The parameters L, w and d are used in Equation 2.30 to determine the electrical conductivity.
the organic layer via, e.g., too large thermal energy or diffusion of the metal into
the organic layer. Finger structures have the upside of easy tuning of the channel
width, while L is predetermined from the indium-doped tin oxide (ITO) structure.
Finger structures enable measurement of low conductivity samples by providing several channels connected in parallel. This is the main reason why all conductivity
measurements in this thesis are performed on such substrates.
The substrates used for the conductivity measurements are pre-patterned ITO
substrates purchased from Ossila. They are made of 20 mm×15 mm glass substrates
and finger structured ITO with a thickness of 100 nm. The channel width w is 6 mm
and the channel length L is 50 µm.
Rewriting Equation 2.29 in terms of the substrate parameters results in
σ=

L
nRtotal wd

,

(2.30)

where n is the number of parallel channels measured, Rtotal is the total resistance
as determined from the slope of the IV-curve, w is the width and d is the thickness
of the organic layer.
One major challenge when using two-point or simple IV-measurements to determine the conductivity, is the contact resistance Rc at the interfaces between the
electrodes and the organic films. Often, these contacts oxidize, which then makes
Rc non negligible. If Rc is of non Ohmic character, the obtained resistance will be
underestimated. There are also other factors, which have to be considered for an
accurate conductivity measurement:
1. Near ohmic contact between electrodes and semiconductor (ideally zero contact resistance Rc )
2. Sample heating due to the current from the measurement is negligible
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3. Controlled injection of charges, preventing excess conduction (check with dark
measurement)
4. Strong surface band bending leads to charge accumulation at the surface and
might change the bulk conduction. This can be desired (surface doping applications) or unwanted (bulk applications).
There are several methods to compensate this drawback. One method is called
the transmission line measurement or transfer length measurement (TLM). A TLM
consists of a series of IV-measurements at varying channel lengths. Linear extrapolation of the total resistance dependence on the channel length to zero channel length
then directly gives the contact resistance. However, this procedure requires multiple
identical samples with different channel lengths, which might be challenging.
Other methods are four-point measurements, where Rc has no influence on the
measurement. In linear geometry, four electrodes contact the sample on a straight
line. By measuring the voltage drop at the inner electrodes while a current is
driven through the outer electrodes, the resistance without Rc is determined.[43]
The minimal spacing between the electrodes, however, is on the order of several
100 µm. In combination with the often low electrical conductivities of OSCs, this
would require voltages of 100 V or more, which can be damaging for the organic
material. A variation is the van der Pauw method,[155] where the electrodes are
placed on the sample perimeter. Thereby, an averaged resistivity is obtained in
contrast to the directional sensing in linear geometry.[156]

2.4 Optical absorption spectroscopy
Optical absorption spectroscopy is a ground state measurement of electronic transitions in organic materials. This is achieved by measuring the wavelength dependent
light transmission in the ultraviolet (UV: 100 nm to 380 nm, 12.4 eV to 3.26 eV),
visible (Vis: 380 nm to 780 nm, 3.26 eV to 1.59 eV) and near-infrared (NIR: 780 nm
to 3000 nm, 1.59 eV to 0.41 eV) range. Arguably, the most important transition is
between the HOMO and the LUMO level, which gives the optical gap and is the
energetically lowest transition observable.
While passing through materials photons are absorbed with an increasing probability depending on the distance traveled. This dampening in light intensity I(x) is
described by the so called Lambert–Beer law:
I(x) = I0 e−αx

(2.31)

47

2 Experimental methods
Here, I0 is the light intensity before hitting the sample, α is a material and
energy dependent absorption coeﬀicient and x is the traveled path length inside
the sample. In general, optical transmission and absorption are connected via the
following relationship:
1 = Iabs + Itrans + Iinter + Iscatt + Irefl

(2.32)

Here, the photons hitting the sample can undergo several processes – absorption
in the sample Iabs , transmission through the sample Itrans , interference with other
photons Iinter , scattering at any point of the sample Iscatt and reflection at the
sample surface Irefl . Without loss of generality, all these contributions sum up to
unity. Interference and scattering are assumed to be negligibly small. Depending
on the sample surface reflection can play a major role, but is mostly neglected as
well. If necessary, integrating spheres can be used to capture the reflected light as
well, in order to get a more reliable signal of the absorption.
It is common to convert the measured transmission signal T into the absorbance
A, as shown in Equation 2.33. The advantage of this conversion is A being a quantity proportional to the material thickness, meaning for identical absorption cross
sections a doubling in sample thickness results in a doubled absorbance intensity.


A = log10

I
I0



= −log10 (T )

(2.33)

During a measurement the monochromatic light is split into two equal beams.
One beam is used as a reference beam, while the other probes the sample. Using
the difference between both signals, the absorbance of, e.g., thin films can be directly isolated without contributions from underlying substrates. All the absorption
spectra shown in this work were obtained with a Lambda 950 UV-vis-NIR spectrophotometer from Perkin Elmer Inc. As light sources, a deuterium lamp for the
UV region and a Tungsten-halogen lamp for the visible and NIR region are installed.
Standard substrates used for absorption measurements are optical grade quartz glass
of 1 mm thickness from PGO. Typical thin films vary between 10 nm and 100 nm in
thickness and are grown by thermal evaporation.
Some examples of absorption measurements are shown in Figure 2.10. Comparing
the spectral features from thin films of the pristine OSC donors (a) and acceptors (b)
with the absorption from mixed films (c), reveals new transitions below the optical
gaps of the pristine OSCs. These new transitions are then assigned to stem from
hybridized energy levels due to CTC formation (see section 1.2.1).
An alternative method to measure the absorption is photothermal deflection spec-
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Figure 2.10: Optical absorption spectra of thin films of
pristine donor (a) and acceptor (b) materials. DA material
combinations are shown in (c),
where blend exclusive features
emerge, attributed to the DA
interaction and complex formation. The absorption gap
of the complex lies below
that of the pristine materials. Vertical arrows indicate
the peak position for the lowest observed optical transition
(HOMO-LUMO). All spectra
are shifted vertically for visual
clarity. The molecular structures of the OSCs are shown
in Figure 2.13.

troscopy (PDS). PDS offers a much higher sensitivity, since the signal is proportional
to the absorption cross section. Classical absorption spectroscopy directly measures
the transmission and therefore only indirectly the absorption. For small absorption
cross sections this results in a “problem of big numbers”. The main principle of PDS
is the addition of a medium, which changes the refractive index upon heating and
does not dissolve the sample. A monochromatic light source (e.g. a laser) shines
onto the sample. Upon light absorption, the sample is heated by a small amount
(lower than 1 × 10−4 K)[157], which changes the refractive index of the medium and
thereby the laser deflection.

2.5 Scanning force microscopy
In this thesis scanning force microscopy (SFM), also more commonly known as
atomic force microscopy (AFM) was used to investigate the topography of organic
thin films. SFM allows direct access to surface properties including size distribution
and densities of molecular islands, surface roughness, film thickness, or checking for
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phase separation in mixed thin films. Other variants include electrical characterization via Kelvin probe force microscopy (KPFM), where the surface potential or
work function is measured at atomic scales.[158] Quantitative nanoscale mechanical
characterization allows the extraction of mechanical properties such as modulus, adhesion, dissipation, and deformation. Since an SFM is not diffraction limited like an
optical microscope, a much higher resolution can be achieved. Typically, a lateral
resolution of several nm and a vertical resolution better than 1 Å is obtained.
The basic working principle of an SFM consists of a very sharp tip mounted to a
flexible cantilever. Depending on the distance between tip and sample surface and
the resulting forces the cantilever is being bent. The position of a reflected laser
beam from the cantilever is measured on a photo diode. Therefore, the position of
the laser on the photo diode is a measure of the distance between tip and surface.
PeakForce Tapping is an alternating contact (AC) imaging technique, i.e., the cantilever is oscillated well below resonance. This results in a series of force-distance
curves, as sketched in Figure 2.11. In addition to direct force control by keeping the peak force constant, a multitude of material properties can be extracted and
quantified from the force-distance curve at each pixel within an image, such as modulus, adhesion force, and deformation depth. One advantage of PeakForce Tapping
compared to traditional tapping mode is by keeping the maximum tapping force
constant, the interaction strength between tip and surface is also kept constant.
This allows to extract more consistent quantities from the measurement.

withdrawal

approach
force

C
peak force

A
B

E

adhesion
D

�me or distance
Figure 2.11: Sketch of a force-distance curve during one PeakForce Tapping cycle.
The cantilever starts at a non-contact force (A) above the sample. Then, the piezo
moves the tip towards the surface until contact (B) and further until the set-point is
reached (C). Withdrawal results in the “maximum adhesion point” (D) and finally
the non-contact force (E).
The SFM setup used in the work presented here is a Dimension Icon scanner by
Bruker. The cantilevers used are ScanAsyst air tips, which are composed of a silicon
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nitride cantilever and aluminium back side coating. The specified spring constant is
0.4 Nm−1 with a nominal tip radius of 2 nm and resonant frequencies around 70 kHz.
Typical scanrates are 1 Hz at 512 × 512 pixel for a 1 µm2 to 10 µm2 area. Since the
obtained signal is always a convolution of the true surface morphology and the tip
geometry, properly sharp and well defined tips have to be ensured. However, atomic
resolution is not needed in this thesis as processes on molecular scale are studied,
which makes the used tips ideally suited to investigate the surface morphology of
organic thin films.

2.6 Vibrational spectroscopy
Fourier-transform infrared (FTIR) spectroscopy is a commonly used tool to investigate vibrational bonds and intermolecular interactions in DA systems. These vibrations are often sensitive to charge transfer between molecules and become weaker
upon electron transfer to the LUMO. The CT here is determined in the ground state,
in contrast to the CT determined by means of XPS, which is a technique measuring
properties in the excited state.
Figure 2.12 sketches the working principle of an FTIR setup. As in other spectroscopic methods, photons of different energy are focused onto the sample and the
transmitted or reflected signal is recorded. When the energy of the incident beam
and the vibrational mode are equal, resonant absorption occurs and a maximum in
signal intensity is recorded. To tune the photon energy often a prism or grating is
used to disperse a polychromatic beam, which enables the selection of single photon
energies. However, during this process the majority of the beam is discarded, which
leads to long accumulation times and lowers the overall achievable signal to noise
ratio.
An FTIR spectrometer circumvents this disadvantage by being based on a Michelson interferometer. Here, the sample is exposed to the complete spectral range of
the beam, using the complete spectral information at all times. This is known as
“Fellgett’s advantage” or the “multiplex advantage”. In a Michelson interferometer
the incident beam is split ideally into two equal partial beams, which are then refocused onto the sample. Depending on the mode of operation, either the reflected or
the transmitted beam is detected. Depending on the optical path difference (OPD)
between the two beams the signal intensity varies. At zero OPD constructive interference gives the highest signal. By translating one mirror the OPD can be tuned.
Measuring the complete spectral information depending on the OPD gives the so
called interferogram. This interferogram contains all spectral information about the
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Fixed mirror

Figure 2.12: Working principle of an FTIR spectrometer operating in transmission
mode including all relevant
parts necessary for operation.
By continuous tuning of the
optical path difference an interferogram is created, which
contains the complete spectral
information about the sample. The interferogram is converted to energy dependent
absorption via application of a
Fourier-transformation.
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sample depending on a length scale and is converted to a spectrum (depending on
an inverse length scale) by applying a Fourier transformation. To speed up the computation time often a fast Fourier transform is used, which requires constant OPD
steps. The spectral resolution is the inverse of the maximum OPD scanned, e.g. a
resolution of 0.25 cm−1 is achieved using a maximum OPD of 4 cm.
FTIR measurements in this work were performed in vacuo using a Bruker IFS-66v
spectrometer. Atmospheric pressure, especially the water vapor, often show strong
vibrational modes when measuring organic samples. The vacuum environment significantly enhances the spectral quality. In the spectral range from 5000 cm−1 to
750 cm−1 a liquid nitrogen cooled Mercury Cadmium Telluride detector is used.
The samples for the FTIR measurements were deposited using thermal evaporation on non-doped silicon wafers from SIEGERT WAFER (Siegert prime grade)
with 1 mm thickness and native oxide layers (thickness about 5 nm). Deposition
was performed at a base pressure of 1 × 10−7 mbar and deposition rates of about
−1
5 Å min . Nominal film thickness was between 20 nm and 100 nm.

2.7 Organic semiconductor materials
2.7.1 Determination of energy levels
The precise position of (frontier) energy levels in molecular systems, or more general
the electronic interactions, strongly depend on the direct environment of the entities to be studied.[159] For individual atoms these are largely directly neighboring
atoms in the molecule or crystal, but also 2nd order or higher neighbors still can
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exert measurable influence. The electronic structure is changed by differences in
the electronegativity, e.g. at a C-F bond the pair of shared electrons is attracted
more towards the fluorine atom. In molecular crystals or mixtures, the direct environment can be other molecules, when in a solid state, or solvent molecules, when
in solution. This solvation shell is effectively a screening shell. When interacting,
pairs of molecules can form charge transfer complexes [22, 86] or ion pairs [23, 24],
both of which are accompanied by a charge transfer between two molecules. A third
possible state would be a gaseous state, where no direct neighbors are present, and
the atoms or molecules can basically be treated as single entities. This is often done
in computational modeling methods in order to reduce the runtime and complexity
during the calculation.
Often, the choice of the measuring technique directly dictates the state matter of
the system to be studied. As a popular technique to determine energy levels, PES
can be performed in the gas phase or solid state. Another technique is cyclic voltammetry, which requires a solution of the material. Energy levels obtained by these
two techniques differ in absolute values, but general trends are often identical.[21,
160] As relative energy level positions determine the possibility of different types of
interactions, care has to be taken, whether predictions from cyclic voltammetry or
PES are more suitable. To a lesser degree, but certainly also not insignificant, the
details of the experimental setup also influence the obtained energy levels. Other
effects which hinder an accurate determination of energy levels can be disorder or
shake-ups in aromatic systems, which leaves the ionized molecule not in the ground
state but rather in an excited state. This energy difference is then reducing the
kinetic energy of the photo electron.[161, 162]
Cyclic voltammetry
Cyclic voltammetry (CV) is an electrochemical measurement to determine reduction
and oxidation potentials. Molecules are dissolved in a solvent, such as dichloromethane (DCM), which should be chosen such that it completely dissolves the molecule
of interest. A widely used energy reference is the ferrocene–ferrocinium (Fc/Fc+ )
redox couple, as it has quite an ideal behavior. Its oxidation and reduction are monoelectronic and reversible, it is highly stable under temperature changes and soluble
in commonly used organic solvents such as dichloromethane (DCM) or acetonitrile.
Usually it is added at the end of a measurement to obtain a reliable reference point
in setup specific conditions. During the measurement, the potential of the working
electrode is ramped in a triangular shaped potential with respect to the reference
electrode, which has a fixed potential. The obtained data is the current flowing
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between the working electrode and the counter electrode vs the applied potential.
At material specific potentials, the molecules are either oxidized or reduced, which
is visible by a sharp increase in current. This current reaches a maximum due to a
combination of two factors. First, the redox process is thermodynamically favored,
which means that an increased potential should also increase the current. Second,
the Helmholtz double layer of the molecule is depleted, rather than an increased
amount of the oxidized species. Therefore, the mass transport to the electrodes
surface becomes diffusion-limited, which then decreases the current. The position of
this reduction or oxidation peak is often taken as the half-wave potential, which is
the averaged position of both scanning directions, also known as forward and return
waves. Since during oxidation an electron is removed from the molecule and the
lowest possible ionization should occur from the HOMO, one can directly correlate
the redox potentials obtained from CV and energy levels from PES.[11] This means
that oxidation potentials correlate to HOMO and IE, while reduction potentials
correlate to LUMO and EA. However, as mentioned before, special care has to be
taken when comparing or using energy level values from CV and PES in the same
context.

Density functional theory
Part of a successful analysis is a verification step with a model. For processes
involving electron-electron interactions the Schrödinger equation gives an analytical
solution. Unfortunately, this approach is limited to systems containing only a few
electrons. Numerical solutions on the other hand allow, in principle, analysis of
arbitrarily large systems. However, in an N electron system there are 3N possible
coordinates for the wave function Ψ(r1 , . . . , rN ).[163] As the number of interacting
particles increases, the required computational power is then the limiting factor.
To circumvent this drawback, the formalism of density functional theory (DFT)
was developed,[164] which considers the electron density n(r) in a quantum system.
DFT is widely used in physics, chemistry and materials science, in particular to
model the electronic structure of atoms, molecules and condensed phases. For any
given n(r) there is exactly one external potential Vext corresponding to the electronic
properties in the system. For this, the Schrödinger equation is given as follows




1
− ∇2 + Vext (r) − Ej |Ψj (r1 , . . . , rN )⟩ = 0.
2

Then, n(r) is used as a starting point and is defined as
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n(r) =

N
X

|ϕj (r)|2 .

(2.35)

j=1

Here, ϕj (r) are the Kohn-Sham wave functions.[165] Combining Equations 2.34
and 2.35 reshapes the Schrödinger equation into:




1
− ∇2 + veff (r) − ϵj |ϕj (r)⟩ = 0.
2

(2.36)

ϵj are the Kohn-Sham eigenvalues and veff is an effective potential, which is composed of an external potential v(r), a term describing the electron-electron interaction and an exchange-correlation potential vxc .
Z

veff (r) = v(r) +

n(r′ ) 3 ′
d r + vxc (r)
|r − r′ |

(2.37)

The external potential v(r) contains the Coulomb potential inside the atomic
nuclei. Since vxc is not exactly known, the challenge lies in an accurate estimation
for each system. Using an iterative procedure, n(r) is optimized to minimize the
energy of the system, which is thereby a functional (a function depending on another
function) of the spatial electron density n(r). This is where the name of DFT comes
from. As outlined earlier, the main advantage of DFT now is the reduction of
a 3N many body problem to a single body equation.[166] Until the 1990’s, DFT
was not considered to have reached the accuracies required, when more precise
estimations of the exchange and correlation interactions vxc were developed. More
advanced models using pseudo potentials or gradient approximations rectified this
disadvantage.[167] There are still some areas where DFT lacks precision. These
include intermolecular interactions, van der Waals forces, CT excitations and doping
processes amongst others. Ongoing research is the modification of functionals or
other additional potential corrections.[168–170]

2.7.2 Structural compatibility
As introduced in section 1.2.1, suﬀicient π-π overlap between neighboring molecules
is mandatory for eﬀicient CTC formation and molecular mixing in general. Figure 2.13 depicts the molecular structures of the compounds studied in this work. The
scale bar in the bottom left gives an overview of the molecular dimensions. Most of
the molecules are completely planar, which enables excellent CTC formation. Some
are considered to be “bulky”, such as C60, CoCp2 and Mo(tfd)3 prohibiting CTC
formation. The intermediate case are molecules with planar backbones and bulky,
flexible or twisted side chains. If there is suﬀicient room for π-π stacking on the
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molecular backbone alone, side chains do not prohibit CTC formation and mixing
a priori. One example for such a D:A system is DIP:PDIR – CN2 .[108]
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Figure 2.13: Structural formulas of the OSC molecules used in this work.
Tetracyanonaphthoquinodimethane (TCNNQ), hexafluorotetracyanonaphthoquinodimethane (F6 TCNNQ), tetracyanochinodimethane (TCNQ), fluorotetracyanoquinodimethane (FTCNQ), difluorotetracyanoquinodimethane (F2 TCNQ),
tetrafluorotetracyanoquinodimethane (F4 TCNQ), diindenoperylene (DIP), pentacene (PEN), perfluoropentacene (PFP), dibenzotetrathiafulvalene (DBTTF),
molybdenum
tris(bis(trifluoromethyl)ethane-dithiolene)
(Mo(tfd)3 ),
nickel
bis(bis(trifluoromethyl)ethane-dithiolene) (Ni(tfd)2 ),
quaterthiophene (4T),
cobaltocene (CoCp2 ), fullerene (C60), rubrene, bis(2-ethylhexyl)-dicyanoperylenebis(dicarboxyimide) (PDIR – CN2 ), perfluorobutyldicyanoperylenecarboxydiimide
(PDIF – CN2 )
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In this section, the details about the experimental setups, sample preparation steps
and other experimental information are presented, grouped by each results chapter.

Complex formation and interface doping at donor|acceptor
interfaces
Molecular thin films were grown by thermal sublimation under high vacuum conditions (base pressure below 10−6 mbar) on silicon wafers with a native oxide layer
(SiOx ) or quartz glass. The molecular flux was monitored by a quartz crystal microbalance during film growth and kept constant at 1.0 nm · min−1 , which was decreased to 0.1 nm · min−1 for thin PHJ formation. Nominal film thicknesses were
28 nm (DIP) and 21 nm (F6 TCNNQ) for pristine films. For PHJ structures consisting of F6 TCNNQ on top of DIP nominally 1.5 nm and 8.5 nm thick F6 TCNNQ
layers were grown. For the multilayer-PHJ each layer had a nominal thickness of
5 nm.
Highly p-doped <100> Si wafers with a dry, thermally grown oxide layer of 300 nm
(Siegert Wafer) were used as the bottom gate of the OFETs. A 20 nm thick passivation layer was produced by spin-coating poly(methyl methacrylate) (PMMA)
from 1wt.% xylene solution. After deposition of 25 nm DIP with a deposition rate
of 3.0 nm · min−1 through a shadow mask on top of PMMA, Ni (100 nm) source and
drain electrodes with channel width W = 3 mm and the channel length L = 65 µm
were added. The channel length was determined using an optical microscope. Electrical characterization was done with a Keithley 4200-SCS under vacuum conditions
and using a transfer system in order to prevent devices from ambient exposure. Interface doping was done by deposition of F6 TCNNQ (5 nm) on top of the OFET
using the same mask as for DIP in a last step before electrical re-characterization.
The area capacitance of the whole gate insulator was determined via impedance
measurements of capacitors with silver electrodes of 10 mm2 thermally deposited on
PMMA using a Solartron Dielectric Interface 1296 and a Solartron Impedance/GainPhase Analyzer SI 1260.
Ex-situ SFM measurements were performed with a Bruker Dimension Icon in
peak force tapping mode (ScanAsyst) using SCANASYST-AIR cantilevers with a
typical resonance frequency of 70 kHz and spring constant of 0.4 N · m−1 and with
a NanoWizard 3 SFM by JPK Instruments in standard tapping mode using cantilevers with a resonance frequency of 350 kHz and spring constant of 42 N · m−1 .
Background correction and image analysis was done using the software package
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Gwyddion.[171]
Optical absorption was measured using a PerkinElmer LAMBDA 950 UV-vis-NIR
spectrophotometer in transmission mode. The UPS, XPS and NEXAFS measurements were performed at the dipole beamline D1011 of the synchrotron storage ring
MAX II at MAX IV laboratory, Lund University, Sweden. UPS spectra were acquired using a photon energy of 50 eV, which was increased to 335 eV for the XPS
measurements of the C1s core levels and pass energies of 20 and 50 eV were chosen,
respectively. The detector was a SCIENTA SES200 electron energy analyzer with
an experimental resolution of ∼50 meV, as determined from the width of the Fermi
edge of a polycrystalline gold sample. The secondary electron cutoffs (SECOs) were
measured with a bias of −26.84 V applied to the sample to overcome the analyzer
work function (WF). X-ray absorption spectra were obtained by measuring the sample current (total electron yield). For energy calibration a pristine highly oriented
pyrolytic graphite (HOPG) sample was used (absorption maximum of the C1s − π∗
transition at a binding energy of 285.40 eV with respect to the Fermi level[150]). All
peak positions were determined by fitting Gaussians if not stated otherwise. XPS
spectra were fitted using the software XPSPEAK 4.1 applying a combination of
Shirley[117, 118] and linear background.

State of matter dependent charge transfer interactions
The following experimental description in this section was reprinted and adapted
with permission from [21]. Copyright 2019 American Chemical Society. Dibenzotetrathiafulvalene (DBTTF) and tetracyanonaphthoquinodimethane (TCNNQ)
were purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany), hexafluorotetracyanonaphthoquinodimethane (F6 TCNNQ) was acquired from Novaled GmbH
(Dresden, Germany). All materials were used as received. All films were prepared
at room temperature via co-deposition of the individual materials (base pressure
below 10−6 mbar) from resistively heated quartz crucibles. The nominal thickness
of each compound was measured separately by quartz crystal microbalances. The
deposition rates were in the range of 1 nm · min−1 . The mixing ratio was set due to
variation of the individual deposition rates. The ratio used in the manuscript is the
molar ratio of the two compounds.
Cyclic voltammetry (CV) was performed using a PG310 USB (HEKA Elektronik)
potentiostat interfaced to a PC with PotMaster v2x43 (HEKA Elektronik) software
for data evaluation. A three-electrode configuration contained in a non-divided cell
consisting of a platinum disc (d = 1 mm) as working electrode, a platinum plate as
counter-electrode, and a saturated calomel electrode (SCE) with an agar-agar-plug
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in a Luggin capillary with a diaphragm as reference electrode was used. Measurements were carried out in 1 M × 10−3 M solutions in dichloromethane (DCM,
HPLC-grade, dried over calcium hydride and distilled) containing 0.1 M Bu4 NPF6
using a scan rate of dE/dt = 1 Vs−1 . Oxygen was removed by argon purging (Argon
99.999 % ALPHAGAZTM 1 and ALPHAGAZ Purifier, Air Liquide). The data is
given in reference to the half-wave potential of the ferrocene / ferrocinium redox
couple (Fc/Fc+ ), which was used as external standard. Spectroelectrochemistry was
performed in a SEC-C thin layer quartz glass spectroelectrochemical cell (0.5 or
1.0 mm optical path length, working electrode: platinum mesh, counter electrode:
platinum wire, reference electrode: non aqueous reference electrode Ag/Ag+ with
0.01 M AgNO3 and 0.1 M Bu4 NPF6 in acetonitrile) from ALS Co. Ltd (Tokyo,
Japan) using the Potentiostat PGSTAT 128N (Deutsche Metrohm GmbH & Co.
KG, Filderstadt, Germany) and the software NOVA 1.10. Absorption measurements
were performed using the spectrometers AvaSpec-2048x14 with vaLigth-DH-S-BAL
and the software AvaSoft 7.7.2 (both Avantes, Apeldoorn, Netherlands).
Ex situ SFM measurements were performed at a Bruker Dimension Icon in peak
force tapping mode (ScanAsyst) using SCANASYST-AIR cantilevers with a typical resonance frequency of 70 kHz and spring constant of 0.4 N · m−1 . Background
correction and image analysis was done using the software package Gwyddion.[171]
Conductivity measurements were conducted for films deposited on pre-patterned,
interdigitated indium tin oxide contacts (channel length 50 µm, different channel
width due to application of shadow mask) purchased from Ossila Ltd using a Keithley SourceMeter 2612A in the dark. Several devices (2-5) were measured for each
mixing ratio. Temperature-dependent conductivity measurements were performed
under high vacuum in a liquid nitrogen cryostat from CryoVac GmbH & Co. KG
using a Keithley parameter analyzer 4200-SCS on substrates with different channel
lengths ranging from 50 to 100 µm.
Optical absorption spectroscopy was performed using a Lambda 950 UV-vis-NIR
spectrophotometer (Perkin Elmer Inc.). Measurements in solution were performed
in DCM against a DCM filled reference cuvette. Films were prepared on quartz
glass (QX-type quartz purchased from Präzisions Glas & Optik GmbH, Iserlohn,
Germany) and measured against an uncoated quartz glass slide.
Fourier-transformed infra-red (FTIR) spectroscopy was performed in vacuo using a
Bruker IFS-66v spectrometer with a mid-range mercury cadmium telluride detector
cooled with liquid nitrogen; samples were prepared on non-doped silicon wafers
(Siegert prime grade, 1 mm thickness, native oxide, used as received).

59

2 Experimental methods

Interface doping at single crystal surfaces
Rubrene single crystals
The rubrene single crystals were provided by Jens Pflaum from the University of
Würzburg. They were stored under atmospheric conditions for more than one year.
For sample mounting, the crystals were carefully laid down onto an ITO covered
glass substrate using Teflon tweezers. Proper grounding was necessary to avoid the
crystals being charged up and flying around due to electrostatic charging. Conductive silver glue at the edge of a crystal was used to establish a conductive channel
between the crystal surface and the ITO surface grounded to the PES setup. This
was necessary as the crystals’ conductance is highly anisotropic and not high enough
perpendicular to the surface to avoid surface charging.
For characterization of the dispersion and valence structures, PES was performed
using an angle resolved time of flight (ARTOF) electron spectrometer at the PM4
beamline at the BESSY II synchrotron in Berlin, Germany.[121] The used ARTOF
detector delivers a 3-dimensional data set containing the kinetic energy of the photoelectrons, as well as the full band structure in kx and ky . The acceptance angle is
±15◦ in both directions. In the detector coordinate system, kx and ky are mapped
onto a linear combination of α and β. After about 10-20 min data collection the
band dispersion was visibly. At an excitation energy of hν = 60 eV, the energy
resolution was 60 meV.
DBTTF single crystals
All DBTTF crystals were grown by Sebastian Hammer at the University of Würzburg.
Using physical vapor deposition with N2 transport gas and a flux of 50 SCCM results
in a growth time of 4 days. The crystals are around 1 mm wide, 3 mm to 6 mm long
and 0.1 mm thick. Estimating the sublimation temperature gives 200 ◦ C. For each
crystal, roughly 70 mg of starting material was needed. Cooling down was done in
small steps over 6 h. Due to the strong electrostatic interaction between the crystals
and the growing tube, mechanical extraction was impossible. Instead, the crystals
were flushed out using isopropyl alcohol. DBTTF is insoluble in isopropyl alcohol,
as previous tests showed. To prevent photo oxidation, the crystals were stored under
inert gas and yellow light conditions.
There were three types of crystals distinguishable by eye or optical microscopy.
First, there were crystals coalescent from fine needles. These were not used further,
as they are polycrystalline and therefore not suited for this study, which was also
confirmed by XRD measurements (not shown). Second, individual, thin needles
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looked to be less polycrystalline. However, crystallites with dimensions comparable
or greater than the beam size used at the synchrotron (≥ 50 µm) were desired and
the needle size did not meet that criterion. Third, joined, thin plates promised large
crystallites.
Ex situ SFM measurements were performed at a Bruker Dimension Icon in peak
force tapping mode (ScanAsyst) using SCANASYST-AIR cantilevers with a typical resonance frequency of 70 kHz and spring constant of 0.4 N · m−1 . Background
correction and image analysis was done using the software package Gwyddion.[171]
XRD measurements were performed by Sebastian Hammer at the University of
Würzburg using an in-house setup in Bragg-Brentano Θ − 2Θ configuration. A
wavelength of λ = 1.540 56 Å from the Kα1 -line of a standard copper anode was
used.
PES measurements were done using the same setup as for the rubrene single
crystals. For XPS measurements different excitation energies were used, depending
on the core level region of interest: hν = 260 eV for S2p, hν = 330 eV for C1s,
hν = 450 eV for N1s and hν = 750 eV for F1s. The energy resolution was 200 meV.
The iterative algorithm to calculate the surface charge densities was implemented
from [172] using the programming language Python 3.5.

Charge transfer interactions in a broader perspective
The following description in this section was reprinted and adapted with permission
from [108]. Copyright 2017 American Chemical Society. For the preparation of the
samples for UPS measurements, glass substrates coated with prestructured 140 nm
indium−tin oxide (ITO) were used. A polymeric hole injection layer of HIL 1.3
(Clevios Heraeus) was spin-coated from an aqueous solution on the ITO, followed
by annealing at 125 ◦ C. DIP and PDIR – CN2 were deposited onto the substrate by
thermal evaporation under a vacuum of 1 × 10−7 mbar with rates of 3 to 6 nm/min
and 0.2 to 6 nm/min, respectively, depending on mixing ratio and sample structure.
All samples for the NEXAFS measurements were deposited under high vacuum
conditions (base pressure 1 × 10−7 mbar) and nominal growth rates of 4 nm/min for
DIP and 3 nm/min for PDIR – CN2 . The NEXAFS measurements were performed at
the beamline D1011 of the synchrotron storage ring MAX II at MAX IV laboratory,
Lund University, Sweden. The used light is linearly polarized. Through the end
station an energy resolution of about 50 meV around the carbon K-edge is achieved.
All NEXAFS spectra were recorded in total electron yield mode. Contributions from
the substrate, which overlap with the sample signature, were subtracted to isolate
the unadulterated thin film spectra. The observed dichroisms were analyzed using

61

2 Experimental methods
Equation 2.38, to obtain the average molecular orientation with an uncertainty of
5◦ .[149, 154]




1
1
3 2
cos (α) −
+ sin2 (α)
(2.38)
2
2
2
Here, Θ is the angle of incidence between the incoming X-ray photons and the
sample surface plane, α is the average molecular inclination angle between molecular
plane and substrate surface and P = 0.975 is the degree of polarization, characteristic for the beamline. Additionally, an angular offset ΘOffset was introduced during
the fit routine, to account for small angular misalignment of the sample. Since
Equation 2.38 is symmetric around Θ = 90◦ , the last data point (Θ = 90◦ + ΘOffset )
was mirrored to (Θ = 90◦ − ΘOffset ) to achieve visual uniformness, without loss of
generality. Utilizing the dichroism of X-ray absorption, NEXAFS spectroscopy allows the determination of the average molecular orientation in thin films. The exact
intensity dependence for π ∗ -transitions for substrates of at least threefold-symmetry
is given by Equation 2.38.[154]
Iπ∗ (α, Θ) ∝ P · cos2 (Θ) ·
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3 Complex formation and interface
doping at donor|acceptor interfaces
The performance of organic electronic devices, such as organic field–effect transistors (OFETs) and organic light–emitting diodes, is determined by the molecular
electronic, optical, and excitonic properties and their interplay at interfaces, particularly with respect to interface doping and charge generation layers. The energy
levels and electronic transition energies at planar interfaces of molecular electron
D and A are studied, with diindenoperylene (DIP) as D and hexafluorotetracyanonaphthoquinodimethane (F6 TCNNQ) as A. By combining direct and inverse photoelectron spectroscopy as well as optical and X-ray absorption spectroscopy, it is
shown that at this D|A interface a ground-state charge transfer complex (CTC) is
formed, where the respective frontier π orbitals of D and A form supramolecular
orbitals in the complex. The occupied electronic states of the CTC are directly
observed. Furthermore, the deposition of the acceptor on top of the D layer results
in charge rearrangements, which then increases the electrostatic potential of the D
layer and accumulates holes at the D|A interface. To demonstrate the impact of
this on device performance, DIP-based OFETs are investigated. The deposition of
F6 TCNNQ on DIP substantially shifts the switch-on voltage in the hole-conducting
regime. This shift stems from local p-type doping and hole accumulation at the
D|A interface, as supported by electrostatic modeling. Furthermore, valence level
exciton binding energies (EBEval ) are obtained with values of (0.45 eV for DIP,
0.65 eV for F6 TCNNQ) and for the CTC (0.75 eV). In contrast, core level EBEs determined at the carbon K-edge are several 100 meV higher than EBEval for all cases.
A comprehensive picture of the energy level alignment at F6 TCNNQ|DIP interfaces
is provided. This includes a detailed view on interface doping of the donor layer,
which is connected to the switch-on voltage shifts found for respective field-effect
transistors. The presence of a finite interface roughness reduces the doping eﬀiciency
compared to flat interfaces. The Frenkel-type valence excitons in pristine materials
and in the CTC will be discussed and contrasted to core excitons, where strong hole
localization and screening are present.
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Figure 3.1: Sketch showing the correlation between CT, CTC formation and roughness at organic D|A interfaces.

Introduction
Devices based on OSCs exhibit numerous attractive features, such as low-cost production, mechanical flexibility and surface-conformability, as well as widely tunable
electronic and optical properties via the organic compound itself. Examples are
organic light–emitting diodes (OLEDs), organic photovoltaic cells (OPVCs), and
organic field–effect transistors (OFETs). Intentional molecular electrical doping (in
analogy to doping of inorganic semiconductors) can help to tailor and improve electronic properties and thereby device functionality and performance.[173, 174] On
the molecular level, doping is achieved via host and dopant interactions resulting
in either ion-pair (IPA) or charge transfer complex (CTC) formation, the latter,
however, yielding a lower number of mobile charge carriers per dopant.[23] IPA
formation is typically found for material pairs with non-planar/bulky D or A molecules and disordered or amorphous structures,[27, 175] whereas CTC formation
is prevalent for ordered phases of planar DA molecules.[41, 176] Here, the focus
lies on providing an improved understanding of electronic and optical properties
when molecular doping results in CTC formation. Two prerequisites are mandatory for CTC formation: First, a rather small energy difference between the HOMO
level [corresponding to the IE] of the donor and the LUMO level [corresponding to
the EA] of the acceptor is necessary, which enables eﬀicient electronic coupling of
these levels.[41] Second, structural conformance between the DA molecules, such
as planarity (“2D molecules”) or good molecular lattice matching, is required for
allowing proper wave function overlap, thereby creating a supramolecular structure
with ground-state charge transfer.[177, 178] CTC formation can be modeled using a
simple Hückel approach.[22] From this, one can relate the gap of the CTC and the
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intermolecular resonance integral to quantify the binding strength and determine
the wave function distribution in the complex. A sketch of the hybridized energy
levels, including the values determined in this work, is shown in Figure 3.2a. Note,
this is different from charge transfer in excited states, such as occurring in D:A
blends for OPVCs.[108, 179, 180]
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4.65
5.40

5.60
6.40 ΔEelec=f(β)

Ioniza�on energy

b)
Ioniza�on energy

a)

S0

S1

LUMO
UV-vis-NIR
HOMO

SX

c)
DIP

EBE

NEXAFS

N
F

F6TCNNQ

F

F

C1s
(I)PES

N

N
F
F

F
N

Figure 3.2: (a) Schematic energy level diagram for hybridization of frontier energy
levels in a CTC, including the ionization energy (IE) of DIP (left), electron aﬀinity
(EA) of F6 TCNNQ (right), calculated IE and EA of the CTC (middle). β denotes
the intermolecular resonance integral, which is a measure for the DA interaction
strength, the energy level splitting ∆Eelec = f (β) of the CTC is a function of β, see
equations 3.2 and 3.3). (b) Schematic energy level diagram linking the relevant energy levels C1s, HOMO and LUMO (direct and inverse PES), the transition energies
(∆Eopt ) from optical (UV-vis-NIR) and X-ray (NEXAFS) absorption and the EBEs
(valence and core level). S0 denotes the ground state, S1 is the lowest-energy excited
state after optical absorption and SX is the excited state after X-ray absorption.[49]
(c) Chemical structures of DIP and F6 TCNNQ.
The CTC type of DA molecular interactions is not restricted to occur only in
the bulk of molecularly mixed blends, it can also occur at planar D|A interfaces
or at grain boundaries of phase-separated morphologies. Compared to bulk blends,
samples comprising of a planar D|A heterojunction (PHJ) can be structurally better
defined, since the D and A molecules interact only at the very interface, provided
that intermixing is absent or limited to the monolayer regime. Applications of such
interfaces have been put forward, e.g., for interface doping and charge generation
layers in organic electronic devices.[181–183]
Likewise, important for device performance is the energy level alignment at the
DA interface. In particular, optical, electronic, and electrical properties and processes are determined by the position of the frontier energy levels. Their energy
separation is denoted as the transport or electronic gap ∆Eelec , ranging typically
between 1.5 eV and 3.5 eV for OSCs in opto–electronic applications. Depending on
the level alignment, both layers can undergo Fermi level pinning, either of their
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LUMO or of their HOMO levels. This occurs when the HOMO/LUMO level (of the
pristine material) would come to lie above/below the Fermi level when assuming
vacuum level alignment. This non-equilibrium situation is then remedied by CT
right at the interface or long-range CT across an un-pinned layer.[184, 185]
Photon absorption based experiments allow probing of CT properties in the
ground and excited state. Analysis of ground state CT is possible with photoelectron
spectroscopy (PES), which is a method to determine electronic correlations, CT and
hybridization.[10, 41, 47, 186–188] By comparing ∆Eelec obtained from PES and the
exciton absorption energy ∆Eopt , e.g. from UV-vis-NIR absorption measurements,
one obtains the EBE as the difference of both values, as sketched in Figure 3.2b.
To avoid mixing of energy levels and transition energies in the same diagram, the
excited state energy levels are shown in terms of the IE.[49] The EBE magnitude is
determined by the Coulomb interaction of the two opposite charges of the exciton
and directly related to their spatial distribution. Depending on the degree of delocalization, the character of excitons differs, from Frenkel-type, where electron and
hole are localized on one single molecule to CT excitons,[189] where both charges
are separated on two adjacent molecules. The ground state CTC introduced above
has to be considered as an individual (supra)molecular species, in addition to noninteracting D and A molecules. A key parameter for understanding and optimizing
materials for optoelectronic devices is the EBE, which is used here to characterize
the excited states in the individual molecules and in the CTC. In addition to the
commonly discussed valence excitons, there are also core excitons, i.e., the excitation of an electron from a deep lying atomic core level to the LUMO (in simple
terms). Such excitations, typically in the core level regime, are also dressed with an
EBE, due to screening and core hole localization effects.[132, 133] Here, the hole is
essentially trapped at one atomic site within the molecule. In contrast, the electron
is delocalized over the entire molecule in the LUMO.
DIP (C32 H16 ) and F6 TCNNQ (C16 F6 N4 , also known as F6 – TCNNQ or F6 – TNAP)
are selected as D and A, since both semiconductors have been widely employed in
devices. The chemical structures are sketched in Figure 3.2c. DIP is a superior OSC
as a result of its high crystallinity, which is accompanied by excellent charge and
exciton transport.[53, 190–192] F6 TCNNQ is a strong electron acceptor with higher
molecular weight, and thus better processability, compared to the more widely used
tetrafluorotetracyanoquinodimethane (F4 TCNQ).[27, 175, 193] DIP has an ionization energy of 5.4 eV as determined previously[106] and F6 TCNNQ features a rather
high electron aﬀinity of 5.6 eV[27, 176] suitable for the formation of a CTC. SFM
shows that the two molecules are structurally compatible to form well defined PHJs.
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3.1 Surface morphology
Ultraviolet/visible/near-infrared absorption spectroscopy (UV-Vis-NIR) and ultraviolet photoelectron spectroscopy (UPS) reveal evidence for CTC formation. Then
the analysis is extended to the core level regime via near edge X-ray absorption fine
structure (NEXAFS) spectroscopy and X-ray photoelectron spectroscopy (XPS).
For both excitation energy regimes the EBEs of the individual materials and their
CTC are extracted. Finally, the impact of the CTCs on interface doping and the
performance of OFETs is revealed.

3.1 Surface morphology
A suﬀiciently dense coverage the A molecules on top of a D thin film is a prerequisite
for proper PHJ formation and could be observed as a “templating effect” of the first
material layer (DIP) for the second material layer (F6 TCNNQ).
SFM micrographs of the corresponding film samples are shown in Figure 3.3. It
can be seen that pristine DIP exhibits the typical (“wedding cake” like) morphology
of the well-known highly crystalline σ-phase, (Figure 3.3a,d, where individual monolayer steps with a typical step height of 1.68 nm are observed). In this phase, the
DIP molecules arrange in a herringbone structure, with a tilt angle of 83◦ between
the molecular plane and the substrate surface, as determined by X-ray diffraction
and reported in literature.[194–196] This “standing up” orientation is especially relevant for devices such as OFETs, where in-plane π-stacking leads to high charge
carrier mobility.[197, 198]
a)

DIP|SiOx

b) F6TCNNQ|SiOx

c) F6TCNNQ|DIP|SiOx d)

Height proﬁles
5 nm

5 nm

Height

30 nm
10 nm
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0.0 0.5 1.0 1.5 2.0 0.2 0.6 1.0
Distance (µm) Distance (µm)

Figure 3.3: SFM micrographs (2 × 2 µm2 ) of pristine DIP (a) and F6 TCNNQ (b)
thin films, as well as of a PHJ sample with F6 TCNNQ on top of DIP (c). (d)
Height profiles, corresponding to the horizontal lines in (a,b,c). The morphology
of F6 TCNNQ deposited on top of DIP strongly resembles that of pristine DIP,
demonstrating the templating effect of the DIP layer. The data in (b) and (c) was
measured by Katrein Sauer (Humboldt-Universität zu Berlin, Germany).
Table 3.1 summarizes the surface morphology parameters of the samples, i.e., the
film roughness σrms , the island density, and average island size (radius of an equivalently sized disc). The roughness of the pristine DIP film is relatively small (5.9 nm),

67

3 Complex formation and interface doping at donor|acceptor interfaces
which is equivalent to a few monolayers. In contrast, the pristine F6 TCNNQ film
reveals more pronounced island growth (Figure 3.3b), not covering the entire surface
(surface coverage is about 66 %). So far, the single crystal structure of F6 TCNNQ
has not been reported. However, since grain formation with angled edges is clearly
observed, amorphous films can be excluded. Looking at the cross sections (Figure 3.3d), the island growth of F6 TCNNQ results in a much higher film roughness
(45.9 nm), compared to DIP. The morphology of F6 TCNNQ deposited on top of a
DIP layer (Figure 3.3c) is markedly different from that of the pristine F6 TCNNQ
film (Figure 3.3b). The morphology resembles the pristine DIP film rather than the
pristine F6 TCNNQ thin film. This visual impression is supported by the quantitative analysis (Table 3.1), where the parameters of F6 TCNNQ|DIP are close to the
ones for the pristine DIP film, and differ greatly from the pristine F6 TCNNQ film.
Consequently, the interaction between DIP and F6 TCNNQ molecules is suﬀiciently
strong to enable the “templating effect” of DIP and suppress the growth mode of
F6 TCNNQ alone.
Table 3.1: Quantification of the surface morphology as extracted from SFM. The
morphology of F6 TCNNQ|DIP shows a strong morphological similarity to pristine
DIP regarding film roughness σrms , island density and average island size (radius of
an equivalently sized disc).
material

σrms (nm)

Island density (µm−2 )

Island size (nm)

DIP|SiOx
F6 TCNNQ|SiOx
F6 TCNNQ|DIP|SiOx

5.9
45.9
13.5

50.3
12.8
32.3

112
164
102

3.2 Optical absorption and valence electronic levels
To investigate the electronic coupling of DIP and F6 TCNNQ, UV-Vis-NIR absorption spectroscopy is used. Figure 3.4 shows the absorption spectra of pristine DIP and F6 TCNNQ thin films along with a multilayer-PHJ sample, where
each layer is 5 nm thick, totaling 10 D|A interfaces to enhance the signal quality.
H-L
∆Eopt
is defined as the peak energy of the lowest energy optical transition, determined by least squares fitting using Gaussians. The obtained peak positions
H-L
(DIP ) = 2.20 eV [199] and
are indicated by arrows in Figure 3.4. Values of ∆Eopt
H-L
(F6 TCNNQ) = 2.40 eV are found. Due to Davydov splitting, the DIP sig∆Eopt
nature contains doublet features, of which the component with lower energy is
considered. The optical signature changes markedly for the multilayer-PHJ sam-
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ple. New absorption features below the transition energies of the pristine materials (below 2 eV) are observed, which implies additional excitation channels.
Since no transitions related to the F6 TCNNQ radical anion[175] are found and the
spectra of F6 TCNNQ|DIP multilayer-PHJ are similar to those of D:A complexes
formed in DIP:F6 TCNNQ bulk blends with molecular π-π stacking,[200] the observations here strongly indicate that these low-energy transitions (the lowest one at
H-L
∆Eopt
(CT C) = 1.00 eV ) are from CTCs formed at the interfaces.
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Figure 3.4:
Optical
absorption
spectra of the pristine materials
(F6 TCNNQ top – light blue, DIP
bottom – red) and a multilayer-PHJ
(middle – black) with 10 D|A interfaces (inset).
Both OSCs have
H-L
their lowest optical absorption ∆Eopt
above 2 eV, significantly higher than
the CTC transitions (cyan graph),
with the lowest being at 1.00 eV.
Gaussian fits for the low energy
transitions are shown in gray. The
multilayer sample was measured by
Paul Zybarth (Humboldt-Universität
zu Berlin, Germany).

To determine the EBE in the valence level regime (EBEval ) knowing ∆Eelec of the
CTC is mandatory. For this purpose, UPS measurements of both pristine materials’
thin films as well as on PHJs with F6 TCNNQ on top of DIP are used, as shown in
Figure 3.5 (right panel). The valence spectra were fitted using Gaussians to identify
the onset values of the respective HOMO levels, with respect to the vacuum level
Evac . By adding the sample work function to the HOMO binding energy the onset
IE is obtained.
For the pristine materials, IE values of 5.40 eV (DIP)[106] and 8.65 eV (F6 TCNNQ)
and HOMO onset binding energy values with respect to EF of 1.25 eV (DIP) and
2.30 eV (F6 TCNNQ) are obtained. To access the energy levels of the CTC, which is
confined to the very interface, PHJs are created by evaporation of varying amounts
of F6 TCNNQ on a pristine DIP layer (21 nm thickness on SiOx ) (Figure 3.5f,g).
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Figure 3.5: PES spectra (measured by Stefan Krause, Andreas Opitz and Timo Florian, Humboldt-Universität zu Berlin, Germany) of thin films of pristine F6 TCNNQ
(a) and DIP (d), as well as PHJs with varying F6 TCNNQ thickness (1.5 nm (c)
and 8.5 nm (b)) deposited on DIP. The left panel shows the C1s core levels. Core
levels of F6 TCNNQ are shaded blue, those of DIP red. Black, solid lines are the fit
containing core levels, shake-up satellites and a Shirley background.[117, 118] The
peak assignment is given according to [201]. Shake-up satellites at the high binding
energy side (gray curves) accompany all core levels. The right panel shows valence
region spectra. By deconvoluting the valence spectra the CTC signature of the PHJs
is extracted. All spectra are scaled and shifted vertically for clarity and referenced
to the vacuum level. Vertical solid lines represent the position of the Fermi level and
thus the work function (values noted). Color codes are F6 TCNNQ (light blue), DIP
(red), CTC (cyan), measured PHJ (black) and fitted PHJ (gray). Binding energies
are given with respect to the vacuum level Evac .

A superposition of the valence spectra of pristine DIP and F6 TCNNQ, weighted
according to the deposited amount of the materials, is not suﬀicient to reproduce
the measured valence spectrum of the thin PHJ sample (1.5 nm F6 TCNNQ) (Figure 3.5g). The residuum features (Figure 3.5f,g, cyan graphs) are attributed to the
yet unknown valence signature of the CTCs. Constructing a superposition of this
residuum spectrum and the spectra of the pristine materials, again weighted with
the deposited amount, describes the thicker PHJ sample (8.5 nm F6 TCNNQ) in very
good agreement (Figure 3.5f). In addition, a shift by 0.55 eV in binding energy for the
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DIP contribution towards the Fermi level is necessary. The shift of the Fermi level
and work function is most likely related to CT from the SiOx substrate through the
DIP layer to the F6 TCNNQ layer. A more detailed discussion of this CT is given
in the section about interface doping further below. From the residuum spectra,
HOMO binding energies (with respect to the Fermi level) of the CTC are found to
be 1.35 eV (thin F6 TCNNQ, 1.5 nm) and 1.30 eV (thicker F6 TCNNQ, 8.5 nm), which
is 0.55 eV and 0.50 eV below the onset of the DIP HOMO, respectively. The CTC
HOMO binding energy values are higher than those of the DIP HOMO level in the
PHJs, as expected from the energy level splitting upon formation of a CTC (see also
Figure 3.2a).[41] Since the measured work function values of the PHJ samples are
not representative of chemically homogeneous surfaces, work function and IE values
of these samples are not provided, to avoid potential misinterpretations.[158]
The LUMO level positions and the electron aﬀinity (EA) values remain to be
determined, which can be calculated from the IE minus the electronic gap (transH-L
(DIP ) =
port gap). For DIP the gap from literature[202, 203] is used with ∆Eelec
EHOMO − ELUMO = 2.65 eV (The superscript indicates the energy levels involved
in the electronic transition. Further, an additional correction for the EA due to
experimental broadening of 100 meV is included) and obtain EA(DIP ) = 2.75 eV.
Likewise, EA(F6 TCNNQ) = 5.60 eV is reported for similarly prepared samples, as
determined by inverse photoelectron spectroscopy (IPES) measurements, which reH-L
sults in ∆Eelec
= 3.05 eV.[27, 176] As a lower limit for the transport gap of the
CTC, the LUMO level is assumed to being pinned at the Fermi level. Since the
UPS signal of the interfacial CTC is already quite weak, experimentally determining its LUMO via IPES, with its much lower cross section and the high probability
of sample damage upon prolonged exposure to the electron beam, would not readily
return reliable values. Thus, a difference of 0.40 eV between the CTC LUMO peak
onset and EF is assumed, which is typical for Fermi level pinned organic materials.[53, 204] In this way, the resulting (lower limit) transport gap for the CTC is
H-L
(CT C) = 1.75 eV. In a perfect PHJ with zero interface roughness (for model
∆Eelec
calculations see Table 3.2 and Figure A.5), the CTC LUMO will be pinned only for
a pure CTC overlayer. Additional F6 TCNNQ molecules would undergo Fermi level
pinning as well, and would move the CTC LUMO further away from the Fermi level.
Therefore, as an upper limit for the CTC LUMO binding energy, symmetric positions of the HOMO and LUMO levels of the CTC with respect to those of the
(non-interacting) D and A are assumed. The HOMO of the CTC is 0.55 eV lower
than the DIP HOMO at the interface (compare cyan and red graph in Figure 3.5g).
Then the CTC LUMO would come to lie 0.55 eV higher than the LUMO value of

71

3 Complex formation and interface doping at donor|acceptor interfaces
the pinned F6 TCNNQ (assuming again a difference of 0.40 eV between peak onset and EF , illustrated in Figure A.5), which results in an upper limit value of
H-L
∆Eelec
(CT C) = 2.30 eV. Since the work function of the PHJ samples is not suﬀiciently robust from the experiments here, as mentioned above for the determination
of the IE, values of the EA are also not provided. However, further below an estimate
of EA and IE using the Hückel method is given.
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Figure 3.6: Energy level diagram of the F6 TCNNQ(8.5 nm)|DIP PHJ on SiOx .
Solid symbols represent experimentally determined energy values from the samples
of Figure 3.5. Open symbols represent calculated energy values inside the complete
PHJ (corresponding to the thicker PHJ). Experimentally determined and calculated
values of electrostatic potential Φ (squares), LUMO (triangles) and HOMO energies
(circles) demonstrate the same trends across the PHJ. The small differences between
experiment and theory are most likely caused by different interface roughness. In
the theoretical model, an interface with zero roughness is assumed, while the actual
sample has a finite roughness.

A comparison of the experimentally determined (rough interfaces) and theoretically predicted (perfectly smooth interfaces) energy levels across the PHJ between
is shown in Figure 3.6. The values at the DIP|substrate interface are taken from
the pristine film measurements. Inside the DIP multilayer, a constant IE and EA is
assumed. The F6 TCNNQ|DIP interfacial data points are taken from measurements
of the F6 TCNNQ(8.5 nm)|DIP|SiOx PHJ. Note that the work function of the incomplete PHJ (i.e., less than full coverage) differs from the electrostatic potential Φ
inside the final layer stack.[205] Yet, the agreement between experiment and model
is very satisfactory.

72

3.3 X-ray absorption and core levels
Table 3.2: Parameters used for the calculations of the charge distributions in the differently layered stacks using the electrostatic calculations introduced in[205] (shown
in Figure 3.8). The HOMO and LUMO values are referenced to the vacuum level.
Note that the values given here are peak values. g is the (spin) degeneracy (gHOMO
and gLUMO ). The standard deviation σ is assumed to be equal for HOMO and
LUMO and taken from the UPS measurements. Note that the HOMO and LUMO
energies given here are peak values. d is the thickness of a monolayer of material, n
is the number of molecules per unit area and ϵr the relative permittivity. Since no
crystal structure data is known for F6 TCNNQ and the CTC, these are approximated
from similar organic molecules. For all peaks the shape of a Gaussian distribution
is assumed. The substrate work function was set to 4.1 eV.
material
DIP
CTC
F6 TCNNQ

IE (eV) EA (eV) g
-5.85
-6.95
-9.10

-2.05
-4.25
-5.35

2

σ (eV) d (nm)
0.2
0.3
0.2

1.68
1.42
1.18

n (nm−2 ) ϵr
3.30
2.09
2.59

4

shape

gauss

3.3 X-ray absorption and core levels
To gain insight into the respective energies in the core level regime of DIP, F6 TCNNQ
and the CTC NEXAFS and XPS are used, exercised analogously to the valence
level regime described above. Figure 3.7 (left panel) shows carbon K-edge NEXAFS
spectra measured in magic angle geometry (∼55◦ between the X-ray beam and the
sample surface) to exclude dichroic effects due to the molecular orientation with
respect to the substrate surface.[154] The lowest transitions at the carbon K-edge
are π*-resonances and are therefore characteristic signatures of the π-conjugation
of the molecules. Electrons are excited from the C1s core level to the LUMO level
C1s-L
with the transition energy ∆Eopt
.
C1s-L
For the pristine semiconductors absorption energies of ∆Eopt
(DIP ) = 283.95 eV
C1s-L
and ∆Eopt (F6 TCNNQ) = 284.15 eV are obtained. To assess the CTC signature
the data is analyzed in analogy to the deconvolution of the valence structures further above. The full angular dependent deconvolution procedure is shown in the
C1s-L
(CT C) = 283.55 eV.
Figure 3.7 and yields ∆Eopt

XPS measurements were performed with the same samples as used for the UPS
measurements, which gives access to the C1s core levels (here onset values are considered). The measured spectra are shown in Figure 3.5a-d. Since the XPS measureC1s-L
ments shown in Figure 3.5 are referenced to the vacuum level, ∆Eelec
is obtained
by further subtracting the corresponding EA. Pristine DIP shows one C1s core level
(onset value), resulting in EC1s (DIP ) = 287.85 eV, since all carbon atoms are in the

73

3 Complex formation and interface doping at donor|acceptor interfaces
π-conjugated molecular plane and therefore in equivalent chemical environments.
F6 TCNNQ on the other hand shows two components – the low energy component
contains signals from carbons adjacent to carbon or nitrogen atoms (C – C, C – C,
C –– N), while the high energy component stems from carbon atoms bound to fluorine atoms.[201] Since the lowest energy transitions are of interest here, only the
low energy component is considered. Thus, a core level (onset value) energy of
EC1s (F6 TCNNQ) = 291.70 eV is obtained. In principle, core excitations from components with higher binding energy to unoccupied states are also possible. However,
a distinction in the NEXAFS spectra is impossible without additional theoretical
support and not considered here.
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Figure 3.7: X-ray absorption spectra (measured by Stefan Krause, Andreas Opitz
and Timo Florian, Humboldt-Universität zu Berlin, Germany) of F6 TCNNQ (a),
DIP (c) and the CTC (d) measured on thin films as obtained from the deconvolution
of the F6 TCNNQ|DIP spectrum in (b) and the middle panel. The lowest transition
C1s-L
energies ∆Eopt
were fitted using Gaussians (gray lines) to obtain peak energy
values (indicated by arrows). All spectra are normalized and shifted vertically for
clarity.[149] Spectra of DIP are displayed in red, of F6 TCNNQ in light blue, and of
CTC in cyan. Gray curves show the fitted low energy transitions and fitted PHJ
signal. C1s X-ray absorption spectra (NEXAFS) of 8.5 nm F6 TCNNQ on top of
DIP (middle panel, black circles) for varying tilt angles Θ between the photon beam
and the sample plane (Θ = 90◦ – normal incidence, Θ = 30◦ – grazing incidence).
For clarity, only three absorption spectra are shown here. A magnified view of the
obtained CTC absorption is shown in the right panel. The inset shows the resulting
average orientations.[154] The dotted line in the right panel shows a corresponding
CTC contribution for the absorption spectrum at Θ = 55◦ of a mixed film.
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3.3 X-ray absorption and core levels
Looking at the C1s core level of the PHJs (Figure 3.5), it is notable that there
are only apparent signatures from pristine DIP and F6 TCNNQ. In the other spectroscopic methods (UV-Vis-NIR, UPS, NEXAFS) clear additional signals from the
CTC are observed. This is due to the fact that the CTC formation dominantly
involves the HOMO and LUMO levels, while XPS is mostly probing the core levels. In the PHJ samples, the C1s core level energy for the CTC (Figure 3.5c) can
be found at EC1s (CT C) = 288.05 eV or at EC1s (CT C) = 290.45 eV, depending on
whether the probed carbon atom belongs to DIP or F6 TCNNQ. Note that the
vacuum level used as reference here is not necessarily representative of the CTC
work function, as already mentioned. Nevertheless, the determination of EBEs depends on the determined gaps and not on the position of the vacuum level and is
therefore not influenced by this lack of information. Comparing the relative core
level intensities of F6 TCNNQ and DIP again matches the relative nominal coverages (1.5 nm and 8.5 nm) of F6 TCNNQ. It is noteworthy that the full width at half
maximum (FWHM) of all core levels changes during the subsequent deposition of
F6 TCNNQ. The FWHM (DIP) changes from 0.77 eV to 0.84 eV (1.5 nm F6 TCNNQ
coverage) and 0.94 eV (8.5 nm F6 TCNNQ coverage). This is rationalized by an increase in disorder of the DIP molecules, which on the other hand means that by
deposition of F6 TCNNQ and therefore increasing CTC formation, it is favorable for
some DIP molecules to rearrange in a less defined CTC crystal structure.[200] As
the core level broadening is purely symmetrical, layer dependent electrostatic potential variations as shown in Figure 3.6 can be excluded. The FWHM (F6 TCNNQ)
is 0.92 eV for 1.5 nm F6 TCNNQ top layer thickness and decreases to 0.80 eV for
8.5 nm F6 TCNNQ top layer thickness, which is comparable to the value of pristine
F6 TCNNQ on SiOx (0.77 eV). The broadening for the thin F6 TCNNQ overlayer is
again explained by the addition of the rather non crystalline arrangement of the
CTC at the interface. Further deposition of F6 TCNNQ does not necessarily result
in an equal amount of additional CTCs. Instead, F6 TCNNQ molecules growing on
already present F6 TCNNQ molecules order in polycrystalline F6 TCNNQ phases,
thereby decreasing the observed FWHM. Another possible source for peak broadening are decreasing lifetimes due to changes in the electronic structure of the core
level excited states, which affects the Lorentzian shape. However, using Voigt profiles for fitting resulted in an insignificant Lorentzian fraction and made no difference
compared to pure Gauss profiles. Therefore, any significant change of the lifetime
can be excluded.[206]
As clearly evidenced by the UPS and XPS data (Figure 3.5), the DIP contributions shift by 0.55 eV towards the Fermi level, while the F6 TCNNQ contributions
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stay virtually constant (shift of 0.05 eV away from the Fermi level) upon deposition of F6 TCNNQ on top of the DIP film. After this energy level shift the nonequilibrium situation of the Fermi level is compensated by a charge (hole) transfer
through the DIP interlayer from the substrate to the F6 TCNNQ layer, as supported
by electrostatic calculations. Since the F6 TCNNQ|DIP interface possesses a finite
roughness and therefore lower density of F6 TCNNQ molecules contributing to the
charge transport, the occurring charge transfer is slightly reduced compared to a
perfectly flat/smooth interface. To study this interfacial p-type doping in more detail, OFETs based on DIP and F6 TCNNQ were built and characterized, as discussed
in the following section.

3.4 Interface doping
Ambipolar[207] OFET devices were fabricated with crystalline DIP layers in bottom gate, top contact configuration using Ni electrodes. To isolate the influence of
F6 TCNNQ on interface doping and transfer characteristics, one device before and
after deposition of an F6 TCNNQ top layer is compared. Current vs voltage characteristics of these devices are shown in Figure 3.9 alongside sketches of the device
structures. In the electron-conducting regime, a shift of the switch-on voltage (minimum gate-to-source voltage in logarithmic scale)[208] before and after doping can
be identified (∆Vso = 6 V). For details on the determination of ∆Vso see Figure A.7.
In contrast, in the hole-conducting regime an even bigger shift by ∆Vso = 32 V in the
same direction is visible. This shift is then directly related to a charge accumulation
or interface doping at the organic/organic interface[17]
∆Vso =

e · Nif
.
COx

(3.1)

Here, e is the elementary charge, Nif is the charge density at the D|A interface
and COx = 10.09 nF · cm−2 is the common area capacitance of the gate dielectric.
F6 TCNNQ acts as a p-dopant for DIP, which shifts the valence states towards the
Fermi level. As charges are transferred (independent from the applied bias during the
measurement) from the gate dielectric through the DIP layer to the F6 TCNNQ layer,
this results in a hole accumulation in the D material directly at the D|A interface
with a charge density of Nif,OFET = 0.02 e · nm−2 (Figure 3.8). Consequently, the
energy level alignment at the F6 TCNNQ|DIP interface follows with shifts of the
DIP energy levels (see Figure A.5).
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Figure 3.8: Calculated charge distributions for planar heterojunctions assuming
perfectly flat interfaces – with (left panel) and without (right panel) a CTC interlayer. Each dot represents one layer of material – 10 layers of DIP, then 1
layer of the CTC and 7 layers of F6 TCNNQ (corresponding to 8.5 nm coverage as
given in the main text). As experimentally determined from the transport measurements, a hole accumulation at the interface is observed. The value determined
here of 0.013 e · molecule−1 is twice as high as the value determined from the “real
world device”. This difference is attributed to a different interface roughness. Removing the CTC interlayer results in a more than twofold increase in CT up to
0.030 e · molecule−1 , due to the shorter interlayer distance (1.42 nm compared to
0 nm), separating the D|A layers. The intermediate CTC is unpinned upon deposition of additional acceptor material and acts as an insulating layer to separate D
and A molecules.[205]

DIP grows on PMMA in the σ-phase, as determined by X-ray reflectivity measurements shown in the Appendix (Figure A.6). Since the crystal structure of the
molecules in the DIP layer thereby is known, this can be converted into charges
transferred per DIP molecule (surface area per DIP molecule in the σ-phase is
0.3031 nm2 [53, 209]), which amounts to Nif,OFET = 0.006 e · molecule−1 . As the
F6 TCNNQ LUMO is pinned at the Fermi level, there is charge transfer from the dielectric to the F6 TCNNQ layer until charge neutrality is reestablished. This charge
transfer is calculated from electrostatic modeling (Figures 3.6 and A.5), which yields
Nif,theo = 0.013 e · molecule−1 .[205] The details of this calculation are shown in Table 3.2 and Figure 3.8.
This value is considerably higher than Nif,OFET , showing a 54 % decrease in the
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Source-drain current (A)

amount of charge transfer for the experimental value. Contrary to the experiment,
the theoretical model assumes perfectly flat organic|organic interfaces. Thus, this
54 % decrease in doping eﬀiciency is attributed to originate in the lower density of
F6 TCNNQ molecules in the transport channel, which directly follows from the finite
surface roughness at the interface. The charge transfer is increased even more to
Nif,theo = 0.030 e · molecule−1 in a system without any CTC interlayer (Figure 3.8).
Therefore, it is concluded that the eﬀiciency of interface doping in organic electronic
devices can be drastically enhanced by fabricating flat interfaces using crystalline
OSC materials, where the intermolecular π-π overlap is reduced and therefore CTC
formation lowered or prohibited.
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Figure 3.9: OFET transfer measurements (measured by Justas Jasiunas, University
of Augsburg, Germany) using DIP without (red curves) and with (cyan curves)
F6 TCNNQ top layer. Insets sketch the device geometries. From the shift of the
switch-on voltage ∆Vso the interface charge density can be estimated. This shift is
observed for the hole-conducting regime, while for the electron side it is much lower.
The applied drain voltage was VD = +2 V for the electron conducting and VD = −2 V
for the hole conducting regime. Dashed arrows indicate the scan directions during
each voltage sweep.
Further evaluation of the linear regime from the transfer characteristics gives
the charge carrier mobilities µh (holes) and µe (electrons), as shown in Table 3.3.
For the undoped OFET µh = 1 × 10−3 cm2 ·V−1 ·s−1 is obtained, which increases
threefold to µh = 3 × 10−3 cm2 ·V−1 ·s−1 after surface doping with F6 TCNNQ. For
electrons, the opposite behavior is observed, where the mobility decreases from µe =
1 × 10−2 cm2 ·V−1 ·s−1 to µe = 5 × 10−3 cm2 ·V−1 ·s−1 after deposition of F6 TCNNQ,
which supports accumulation of holes in DIP close to the F6 TCNNQ|DIP interface,
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while electrons are depleted. This observation is in line with the dependence of
the mobility on the charge carrier density.[210] Significant changes in hysteresis of
the source-drain current were also observed. For the hole transport regime, hysteresis is reduced and in the electron transport regime increased upon deposition
of F6 TCNNQ on DIP. This behavior can be explained by filling/emptying of trap
states according to the change in the charge carrier density.[211, 212]
Table 3.3: Electron (µe ) and hole (µh ) mobilities in the linear transport regime as
extracted from the transfer measurements shown in Figure 3.9. The hole mobility
increases after addition of the F6 TCNNQ doping layer, while µe is lowered.
active layer

DIP

µh (cm2 · V −1 · s−1 ) 1 × 10−3
µe (cm2 · V −1 · s−1 ) 1 × 10−2

F6 TCNNQ|DIP
3 × 10−3
5 × 10−3

3.5 Discussion
3.5.1 Ground-state charge transfer complex
CTC formation at the interface between DIP and F6 TCNNQ was identified, without
intentional blending. Notably, the optical signatures are very similar to reported
ones for co-deposited films.[200] On the one hand, this study is more relevant for
devices in PHJ geometry such as interface doped OFETs. On the other hand, this
also shows that the intermolecular D|A interaction is strong, since the interaction
volume in a PHJ is rather limited, compared to intermixed systems. One has to
keep in mind that in actual devices finite interface roughness and grain boundaries
in polycrystalline films blur the transition between both cases. To quantify this
D|A interaction, a simple Hückel model is used and the hybridized frontier orbital
energies of the CTC are calculated.[23] Thereby, a connection between the splitting
of the frontier orbital energy levels and the intermolecular resonance integral β is
drawn via

EHOMO,LUMO (CT C) =

1
1
H-L
(CT C),
[EHOMO (DIP ) + ELUMO (F6 TCNNQ)] ± ∆Eelec
2
2
(3.2)

where the HOMO – LUMO separation of the CTC is given by
H-L
∆Eelec
(CT C)

q

=

[EHOMO (DIP ) − ELUMO (F6 TCNNQ)]2 + 4β 2 .

(3.3)
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Using the IE of DIP (5.40 eV), the EA of F6 TCNNQ (5.60 eV) and the lower-limit
HOMO-LUMO gap of the CTC (1.75 eV), EA(CT C) = 4.65 eV, IE(CT C) = 6.40 eV
and β = 0.87 eV are obtained, as summarized in Figure 3.6a. β = 0.87 eV is slightly
larger than other values reported for small organic molecules.[41, 213] This is due
to the fact that electronic gaps instead of transition gaps were considered, therefore
explicitly including excitonic effects.
From the Hückel approach (see section 1.1.2) and the approximation using a linear
combination of molecular orbitals, also the wave function distribution of the CTC is
calculated according to ΨHOMO (CT C) = c1 ·ΨHOMO (DIP )+c2 ·ΨHOMO (F6 TCNNQ).
With this c21 = 0.44 and c22 = 0.56, and reversed coeﬀicients for ΨLUMO (CT C) are
obtained. These values show that both frontier orbitals (HOMO and LUMO) of the
CTC are emerging from the DIP and F6 TCNNQ molecules by a comparable amount
and confirm the distributed nature of the CTC. It is worthwhile to reemphasize
that the CTC between DIP and F6 TCNNQ is formed in the ground state. This
was confirmed by the high absorption strength of the CTC transitions and the
observation of the interfacial CTC density of states in photoemission.

3.5.2 Exciton binding energies
After determining the energy levels (C1s, HOMO, LUMO) and the transition energies (optical and X-ray absorption) for all three materials, the EBEs after valence
level excitation are calculated according to
H-L
H-L
− ∆Eopt
EBEval = ∆Eelec

(3.4)

and the EBEs after core level excitation correspondingly via
C1s-L
C1s-L
.
− ∆Eopt
EBEcore = ∆Eelec

(3.5)

The relationships between the energy levels (C1s, HOMO, LUMO), the absorption
(transition) energies (∆Eopt ) and the EBEs (valence and core level) are shown in
Figure 3.6b. All values of energy levels and transition energies are summarized in
Table 3.4, as well as the resulting EBEs.
Then the calculations result in EBEval (DIP ) = 0.45 eV, EBEval (F6 TCNNQ) =
0.65 eV and EBEval (CT C) ≥ 0.75 eV. One has to keep in mind that EBEval (CT C)
here is a lower limit, since LUMO level pinning at the Fermi level was assumed.
Comparing the valence EBEs of the investigated materials in pristine films, it is
seen that F6 TCNNQ has the higher valence EBE. The strongly electro-negative side
groups in the F6 TCNNQ molecule modify the distribution of HOMO and LUMO
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compared to the delocalized π-system of DIP. In turn, this changes the effective
electron – hole distance and the EBE of F6 TCNNQ is increased compared to DIP.
These results for both pristine materials are typical for OSCs.[55, 214, 215] As
known from literature, valence CT excitons are expected to have a lower binding
energy than Frenkel excitons.[179, 216] However, with at least 0.75 eV, the valence
EBE of the CTC is larger than the ones of the pristine materials. This is related to
the proximity of both DA molecules forming the CTC, which is defined by the π-π
stacking distance. For organic materials, π-π stacking distances of 3.4 Å to 3.8 Å are
typical, which is significantly lower than the dimensions of the individual molecules
and therefore increases the EBE. Since the EBE of the CTC is larger than the one of
DIP and F6 TCNNQ, it is concluded that the excitonic character in the CTC is still
predominantly Frenkel type and not a CT exciton. The determined value for the
EBE of the CTC is higher than the estimated EBE of other organic CTCs.[41] This
is well in line with the stronger interaction between the molecules of the present
study and therefore a higher value of the resonance integral β.

For the pristine OSCs EBEcore (DIP ) = 1.15 eV and EBEcore (F6 TCNNQ) =
1.95 eV are obtained. The calculation for the CTC yields EBEcore (CT C) = −0.15 eV
if the core hole is located on the DIP side of the CTC, and EBEcore (CT C) = 2.25 eV
for the F6 TCNNQ side. Obviously, a negative EBE is not in line with our understanding of excitons. For the CTC, the lowest energy C1s-LUMO transition is
C1s-L
observed at ∆Eopt
(CT C) = 283.55 eV (see Figure 3.7, bottom graph). A reasonable (positive) EBE would require a corresponding transition around 281 eV, which
could not be observed in the experiments. A possible explanation for not observing
this transition could be that the C1s(DIP)-LUMO(CTC) transition is forbidden,
due to selection rules and the mixed composition of the LUMO(CTC) from the
HOMO(DIP) and the LUMO(F6 TCNNQ). In other words, a direct core excitation,
where the carbon atom is located on a DIP molecule, is absent. Apart from that, the
NEXAFS setup used here might be not sensitive enough to detect very weak transitions. To investigate this, blend films of F6 TCNNQ and DIP were also studied,
which were reported to form DA co-crystals.[200] The obtained X-ray absorption
spectrum is shown in the right panel in Figure 3.7. By comparing the results from
the blended film to the PHJ no new features of the CTC were observed and the
same molecular orientation is obtained. This shows that the sensitivity of the experimental setup is suﬀicient for studying blends and the lack of a transition around
281 eV is most likely due to selection rules.
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Table 3.4: Onset energy levels, electronic gaps, and peak absorption (transition)
energies of the pristine semiconductors (DIP and F6 TCNNQ) and the CTC, as well
as the resulting EBEs. The EBEs are highlighted in dark gray. The electronic
gap of DIP and the EA of F6 TCNNQ are taken from literature (DIP[202, 203],
F6 TCNNQ[176]) or estimated from pinning at the Fermi level (CTC). All other
energy values are determined by PES and absorption measurements, as described in
the text. All energy level values are given in eV and referenced to the vacuum level.
E

DIP

F6 TCNNQ

CTC

EA
IE
C1s
H-L
∆Eelec
H-L
∆Eopt
EBEval
C1s-L
∆Eelec
C1s-L
∆Eopt
EBEcore

2.75
5.40a
287.85
2.65b
2.20
0.45
285.10
283.95
1.15

5.60c
8.65
291.70
3.05
2.40
0.65
286.10
284.15
1.95

4.65d
6.40d
288.05e 290.45f
1.75
1.00
0.75
283.40e 285.80f
283.55
−0.15e 2.25f

[106], b [202, 203], c [27, 176], d Hückel model,
e
w.r.t. C1s(DIP), f w.r.t. C1s(F6 TCNNQ)

a

Core excitons are different from valence excitons because the hole is strongly
localized at specific atomic positions, instead of being delocalized over multiple
atoms in a molecular orbital. Additionally, this core orbital is separated from the
valence orbitals, both spatially and energetically.[57] This results in different charge
distributions compared to the case of valence excitons. Both these effects result in
larger core EBEs than their valence counterparts, which has also been reported for
other molecules, e.g. azobenzene-functionalized self-assembled monolayers.[62, 63]
As summarized in Table 3.4, the core EBEs for the pristine materials (DIP 1.15 eV,
F6 TCNNQ 1.95 eV) are larger than the valence EBEs, which is readily explained by
the charge localization and distribution, as mentioned before.
Compared to the core EBE of the pristine materials, a higher core EBE of 2.25 eV
is observed for the CTC if the hole is located on the F6 TCNNQ molecule. This can
be explained analogously to the valence case, where the electron – hole separation is
decreased by the CTC formation. Here, the formed exciton consists of an electron
delocalized over the (LUMO of the) complete CTC, while the hole is located at
discrete positions of the carbon atoms (C – C, C – C or C –– N) in the F6 TCNNQ
molecule. As for the pristine materials, the core EBE for the CTC is larger compared
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to the valence EBE of the CTC, due to charge localization and screening effects.
By using the upper limit for the CTC LUMO position in this calculation, all electronic gaps and therefore the EBE energies will increase by 0.55 eV. The discussion
given so far will hold also for the upper limit, as the relation between the EBE values
for the pristine films and the CTC is the same for both limits.

3.5.3 Interface doping
UPS and XPS clearly revealed a binding energy shift of the DIP component towards the Fermi level after deposition of F6 TCNNQ on top of the DIP film, for both
the occupied valence levels and C1s core level. Contrary, the F6 TCNNQ component experiences no shift, as well as the CTC for varying acceptor layer thickness.
Assuming that the F6 TCNNQ LUMO onset is pinned at the Fermi level, this observation can be explained by an electron transfer from the underlying substrate
(Si|SiOx ) through the DIP layer to the F6 TCNNQ layer, as confirmed by electrostatic modeling (see Figure 3.8). In turn, there has to be a charge (hole) accumulation Nif in the DIP layer at the interface to F6 TCNNQ to comply with overall
charge neutrality. An experimental quantification of this hole accumulation gives
(Nif,OFET = 0.006 e · molecule−1 ), which is done via the shift of the switch-on voltage in OFETs. A theoretical value (Nif,theo = 0.013 e · molecule−1 ) for a perfectly
planar interface is obtained via electrostatic modeling. A finite interface roughness
increases the actual interface area, brings local variations to the relative molecular DA orientation (which directly translates to a change in π-π overlap and CTC
formation) and potentially increases the abundance of grain boundaries.[217, 218]
In turn, these effects can decrease charge transfer at the interface. Furthermore,
avoiding the formation of a CTC layer at the interface, for example by applying
structurally incompatible semiconductor and dopant molecules, will increase charge
transfer, as indicated by electrostatic modeling used here (for details see Table 3.2
and Figure 3.8 and [205]). Note that the dopant layer and the hole transport channel
in the OFET geometry used here are on opposite sides of the DIP layer. The dopant
molecules could be very close to the channel at grain boundaries, which increases
the complexity of the system. After doping at the D|A interface the hole mobility
increases, while the electron mobility decreases (Table 3.3), which correlates well
with the increased hole concentration as a result from the p-type doping.[210]
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3.6 Summary
A comprehensive picture of the energy landscape of the two organic semiconductors
DIP and F6 TCNNQ and their ground state CTC, at a planar heterojunction, was
developed. By correlating HOMO, LUMO, C1s core level and transition energies
the valence EBEs, as well as their counterparts in the core level regime, which are
of interest due to the element specific sensitivity when probing different absorption
edges, are determined. For all studied systems, DIP, F6 TCNNQ, and their CTC,
valence excitons with Frenkel character and EBEs of several hundred meV are observed. The absolute values for the core EBEs for the pristine materials are much
larger than their valence counterparts, due to charge (hole) localization. They range
from 1.15 eV to 2.25 eV. However, the relative values with respect to the transition
energies (∼2 eV for valence and ∼290 eV for core level transitions) are greatly reduced due to screening. For the CTC vastly different EBEs are observed, which
need to be further investigated by theoretical studies to clarify the nature of these
excitons. In PES measurements clear signatures of p-type doping at the D|A interface are detected. The increase in the hole concentration is accompanied by a
corresponding change in switch-on behavior and in charge carrier mobilities (increasing for holes, decreasing for electrons), as determined from transfer measurements
of OFETs, which also reveal p-type doping. The number of charges present at a
rough D|A interface determined experimentally is lower than for a perfectly smooth
interface used in an electrostatic model in this case by a factor of two. Avoiding
structural compatibility and therefore CTC formation at the interface will increase
the eﬀiciency of interface doping in PHJs. The findings presented here improve the
fundamental understanding of CTC and exciton formation, as well as their impact
in device-relevant organic DA interfaces.
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4 State of matter dependent charge
transfer interactions
Use of molecular dopants allows controlling the electrical conductivity of OSCs in
nowadays organic electronics. This includes two doping mechanisms – CTC and IPA
formation. As the title of this chapter implies, their connection to the precise molecular structure, energy levels and morphology in thin films is still barely explored.
The results of this chapter are published in [21]. Here, p-type doping with the planar
OSC dibenzotetrathiafulvalene (DBTTF) and the likewise planar electron acceptors
tetracyanonaphthoquinodimethane (TCNNQ) and F6 TCNNQ is therefore studied.
In F6 TCNNQ doped films the conductivity increases by more than a factor of 100
and only moderately for TCNNQ. The conductivity is determined by two counteracting effects: first, an increase in charge carrier concentration and second, reduction
of charge carrier mobility caused by structural defects. Two different CTCs were
identified in blends of DBTTF and TCNNQ, while CTC and IPA were found to
coexist in DBTTF:F6 TCNNQ blends. Changing the state of matter from solid films
to molecules in solution shows no CT interaction for DBTTF:TCNNQ and only
IPAs for DBTTF:F6 TCNNQ. Quantification of the CT using the C –– N stretching
mode softening in infrared absorption shows that the stronger acceptor F6 CTNNQ
has a higher CT. It is shown that the doping eﬀiciency is higher for IPA than CTC
formation. The determination of energy levels in different states of matter enhances
the understanding of CT.

Introduction
For state of the art electronics eﬀicient doping is mandatory.[17] For this, the charge
carrier concentration needs to be controlled in a precise manner. The charge carrier
density is increased by introducing a molecular dopant into the OSC matrix to
create doped CT layers. Combined with intrinsically doped layers, this enables lightemitting diodes and photovoltaic cells to function.[25, 219–221] The conductivity
strongly depends on the doping ratio. For OSCs the maximum is often reached
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Figure 4.1: CTC and IPA
formation depend on the
state of matter and acceptor
strength for planar molecules.
The latter also controls charge
carrier transport. Here, the
case for DBTTF doped with
TCNNQ and F6 TCNNQ is
studied. Reprinted with permission from [21]. Copyright
2019 American Chemical
Society.
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at concentrations between 5 and 20 mol%. Too much dopant material results in
changes of the film morphology and with this the carrier mobility is reduced.[222]
As the conductivity is proportional to carrier density and mobility, at too large
doping concentrations the conductivity is reduced.
In molecular doping applications for OSCs two different interaction mechanisms
have been observed – CTC and IPA formation.[22–24] Distinction between these
two mechanisms is done by comparing the absorption signatures of the doped DA
compounds to the absorption of ionized materials.[24, 41] Also, by using vibrational
spectroscopy the energy shift of certain vibrational modes upon doping can distinguish both mechanisms.[223] The viability of both mechanisms depends on the
energy level alignment. At the border between staggered and broken-gap ELA (see
Figure 4.2), both mechanisms are possible. For eﬀicient doping, free charge carriers
must be generated in both cases. When forming an IPA, the two charges are electrostatically bound, which has to compensated by thermal excitation.[23] This is also
supported by energy disorder within thin films.[224, 225] In contrast to IPA formation, a CTC requires suﬀicient wave-function overlap between D and A molecule.
Primarily donor HOMO and acceptor LUMO hybridize and form new orbitals and
energy levels. Then the CTC acts as a dopant without direct ionization. Inside the
CTC HOMO a hole is generated via thermal excitation. This hole can be filled by
an electron from the OSC HOMO in the case of p-type doping. As a result, OSC
molecules and CTCs both are charged. The charges are separated by thermal activation, like it is for doping with IPA formation. CTC and IPA formation both can
increase the conductivity,[18, 19, 176, 226] while IPA formation seems to be more
eﬀicient in the generation of free charge carriers.[23] However, the total amount of
generated free carriers is small compared to the number of added dopant molecules
for the fraction of a few percent typically used in molecular doping.[23, 225]
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Figure 4.2: Schematic illustration for two types of energy level alignment for
OSC and acceptor: (a) staggered gap (overlapping) and (b) broken gap (not overlapping). The horizontal lines (green + red lines) represent the onset values of
the HOMO and LUMO for organic materials and the vacuum levels (gray lines).
(c) Chemical structures of dibenzotetrathiafulvalene (DBTTF), tetracyanonaphthoquinodimethane (TCNNQ), and F6 TCNNQ. Reprinted with permission from [21].
Copyright 2019 American Chemical Society.
Some state of the art hole-transporting OSCs are [1]benzothieno[3,2-b][1]-benzothiophene (BTBT), DIP, as well as dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
(DNTT). They exhibit a high IE (> 5.0 eV) in thin films.[53, 227] These IE values are
similar to the EA (≈ 5.6 eV) of commercially used acceptor materials, like the bulky
molybdenum tris(1,2-bis(trifluoromethyl)-ethane-1,2-dithiolene) (Mo(tfd)3 ) and the
planar F6 TCNNQ.[27, 176, 228] To study the doping interactions at the border
between staggered and broken-gap ELA, a donor material with a lower IE is chosen. Dibenzotetrathiafulvalene (DBTTF) is therefore used as donor with an IE
of 4.4 eV. The molecular structure of DBTTF is shown in Figure 4.2c. DBTTF
thin films showed charge carrier mobilities up to 1 cm2 V−1 s−1 in OFETs.[229, 230]
F6 TCNNQ and its non-perfluorinated version tetracyanonaphthoquinodimethane
(TCNNQ, also known as TNAP) were chosen as dopants. Due to the fluorination, F6 TCNNQ is a stronger electron acceptor than TCNNQ, while both feature
the same π-conjugated backbone, as shown in Figure 4.2c. They are heavier than
their tetracyanoquinodimethane (TCNQ) derivatives, which are a widely used material class but suffer from their high volatility.[231, 232] CTCs with DBTTF of
conducting and semiconducting nature are reported in literature.[233–235] In particular, single crystals of DBTTF:TCNQ were used in OFETs.[39, 40] Perfluorinated
TCNQ (F4 TCNQ) was used for doping with DBTTF as electrodes for OFETs.[33,
39] DBTTF:F4 TCNQ mixed crystals are classified to dimerize in segregated stacks,
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which goes along with low conductivities.[235] DBTTF and 2,3-dichloro-5,6-dicyanop-benzoquinone (DDQ) form a highly conductive CTC with segregated molecular
stacks.[233, 236] TCNNQ was also studied as acceptor in CTC crystals, where both
complex types were found.[237–244] TTF derivatives were used for the highly conductive ones.[240, 241, 243, 244] F6 TCNNQ was specifically designed for use in
doping applications, for example in diodes[26, 175] and transistors.[193]
This chapter aims to deepen the understanding of the conductivity behavior when
doping OSCs. The DA interaction is studied in thin films and in solution by means
of absorption and vibrational spectroscopy. Doping DBTTF with F6 TCNNQ results
in a stronger conductivity increase than doping with TCNNQ. CTC formation is
found with optical absorption spectroscopy for blends with both dopants, while IPA
is only found for DBTTF:F6 TCNNQ. The observed conductivity increase is stronger
for blending DBTTF with F6 TCNNQ than for blending with TCNNQ. Optical spectroscopy reveals the presence of CTCs for DBTTF:TCNNQ blends, whereas CTC
and IPA formation appear in DBTTF:F6 TCNNQ blends. The fundamental OSCdopant interactions are discussed in the solid state and in solution. By both CT
mechanisms being present, the doping eﬀiciency is determined, which is higher for
IPA than for CTC formation.

4.1 Energy levels
As introduced above, the relative energy level position between D and A is deciding
for the possible doping mechanisms. It is important to note that the energy levels
strongly depend on the molecular environment. The energy levels of isolated molecules vs molecules in solution vs molecules in the solid state can be accessed by
using experimental techniques such as CV and PES.
CV is used to ionize molecules in solution and determine their oxidation and
reduction potentials. Figure 4.3a shows the corresponding curves for the oxidation of
DBTTF and the reduction of TCNNQ and F6 TCNNQ measured in dichloromethane.
Figure 4.3b summarizes the determined half-wave potentials in an energy level diagram, referenced to the potential of the ferrocene/ferrocinium redox couple. From
the energy levels a staggered gap ELA for DBTTF:TCNNQ and a broken-gap ELA
for DBTTF:F6 TCNNQ blends are to be expected. In the solid state, direct and
inverse PES are used to ionize the molecules and determine IE and EA. Figure 4.3c
shows values from literature for the three OSCs.[27, 176, 245–247] From the solid
state energy levels, both acceptor materials show a broken-gap ELA. The differences to the energy levels in solution stem from different molecular environments.
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In solution, the molecule-solvent interaction is dominating, while in thin films the
next neighbor is a similar molecule given by crystal structure.[248, 249] However,
F6 TCNNQ shows the stronger electron accepting character in both cases.[250]
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Figure 4.3: (a) CV measurements for the donor DBTTF (red) and the acceptors
TCNNQ and F6 TCNNQ (green) in dichloromethane, performed by Lutz Grubert,
Humboldt-Universität zu Berlin. Curves are shifted vertically for clarity. The scanning direction is indicated by an arrow. Dashed lines illustrate the position of the
half-wave potentials. The data are given in reference to the half-wave potential of the
ferrocene/ferrocinium redox couple (Fc/Fc+ ), which was used as external standard.
Potentials and energy levels of DBTTF, TCNNQ, and F6 TCNNQ measured by CV
(b) and determined by direct and inverse photoelectron spectroscopy (PES) of thin
films (c) taken as onset values from literature.[27, 176, 245–247] Values marked in
red indicate the levels for the occupied states, and those in green indicate the levels
of the unoccupied states. PES data are given with respect to the vacuum level.
Adapted with permission from [21]. Copyright 2019 American Chemical Society.

Predicting the CT interaction when doping DBTTF films using the data summarized in Figure 4.3 is straight forward. IPA formation can be expected with
both acceptors based on solid state data, while solution data predicts the boundary case for TCNNQ. Variations in intermolecular interactions, electrostatic energy
level changes and orbital hybridization can alter the predictive behavior.[22, 108,
251, 252]
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4.2 Charge transfer complex formation
As shown in literature, the chosen DA molecules can readily form CTCs.[233, 234,
236–242, 244, 253] First-principle calculations of one-dimensional DADADADA
stacks enable a direct comparison of the two material pairs. The acceptor strength
in terms of the EA directly changes the DA stacking distance, which is shown in
Figure 4.4. For more details, the reader is referred to the full article.[21]

DBTTF : TCNNQ

DBTTF : F6TCNNQ
top view

side view

Figure 4.4: Ball-and-stick visualization of the mixed stacks for DBTTF:TCNNQ
(left column) and DBTTF:F6 TCNNQ (right column) in top and side views as used
in calculations. (Carbon: gray; nitrogen: blue; sulfur: yellow; fluorine: cyan; and
hydrogen: white). The dimer included in the unit cell and replicated in the stacking direction by periodic boundary conditions is framed by the red box. Arrows
indicate the intermolecular distances. The lattice parameters are 6.72 and 6.62 Å
for DBTTF:TCNNQ and DBTTF:F6 TCNNQ stacks, respectively. Reprinted with
permission from [21]. Copyright 2019 American Chemical Society.

4.3 Film morphology
The film morphology was measured using SFM. Figure 4.5 shows the corresponding
micrographs for the pristine materials and D:A mixed films with different acceptor
concentrations. Films of pristine DBTTF show a much larger crystallite size than
both acceptor materials. Both, TCNNQ and F6 TCNNQ, show a similar surface morphology. Upon admixing TCNNQ, the morphology is for the most part unchanged
up to 10 % TCNNQ content. Adding more TCNNQ results in smaller crystallites,
which are designated to a mixed-crystalline DBTTF:TCNNQ phase. By contrast,
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F6 TCNNQ disturbs the morphology of pristine DBTTF already at low doping concentrations of 5 % and adding more F6 TCNNQ quickly adapts into the morphology
of pristine F6 TCNNQ films.
5% acceptor 10% acceptor 30% acceptor 50% acceptor

acceptor

F6TCNNQ

TCNNQ

DBTTF

Figure 4.5: SFM micrographs (5 µm × 5 µm) for films of evaporated DBTTF, the
acceptors TCNNQ, and F6 TCNNQ, as well as for different blend ratios. The measurements were performed by Duc Pham, Humboldt-Universität zu Berlin. Different height scales were used for the micrographs. Background correction and image
analysis were done using the software package Gwyddion.[171] Reprinted with permission from [21]. Copyright 2019 American Chemical Society.
DBTTF keeping its morphology for low TCNNQ concentrations points towards
a limited solubility in the D matrix, which is favorable for CT.[86] For higher TCNNQ concentrations the grain density increases, as is also the case for F6 TCNNQ.
Since the molecular backbone of both acceptor molecules is identical, the mixing
behavior shows strong differences in surface morphology. Therefore, the growth and
nucleation behavior of mixed D:A is determined by their electronic DA interaction,
namely the CT interactions.

4.4 Sheet conductivity
The sheet conductivity was measured on thin D:A films deposited on glass substrates with structured ITO electrodes. Figure 4.6a shows the obtained conductivities. For both acceptor materials, the maximum in conductivity is found at
10 % acceptor content. Compared to undoped DBTTF, this is an increase of 5
times for TCNNQ and 300 times for F6 TCNNQ. To determine the activation energies Eact , temperature-dependent conductivity measurements (shown in Figure B.1)
were performed. The linear behavior confirms an ohmic injection and negligible contact resistances. Corresponding conductivities and the extracted activation energies
are shown in Figure 4.6b. The pristine DBTTF and the mixed DBTTF:TCNNQ
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(10 %) exhibit Eact = 171 meV, while for the higher conductivity sample with 10 %
F6 TCNNQ Eact = 100 meV.
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Figure 4.6: (a) Conductivity of DBTTF:TCNNQ and DBTTF:F6 TCNNQ blend
films dependent on the mixing ratio and pristine DBTTF. The measurements were
performed by Duc Pham, Humboldt-Universität zu Berlin. The filled symbols correspond to a series of samples with different dopant concentrations. The open symbols
are data at room temperature taken from the temperature-dependent series shown in
part (b). Dashed lines are a guide for the eye. (b) Temperature-dependent conductivity for a pristine DBTTF film and films of DBTTF blended with 10 % TCNNQ
and F6 TCNNQ. The temperature range is from 300 down to 200 K in steps of 10 K.
The numbers give the calculated activation energies. Reprinted with permission
from [21]. Copyright 2019 American Chemical Society.

Doping DBTTF with F6 TCNNQ shows a pronounced maximum in sheet conductivity. This increase together with the lower activation energy points towards a
higher charge carrier density in low concentration F6 TCNNQ doped films.[27, 225]
Doping with other OSCs in literature confirmed this explanation, which was done
for pentacene:F4 TCNQ blends.[22] For higher doping concentrations, the significant
increase in grain density (see Figure 4.5) overcompensates the increased gain in
charge carrier concentration. Using TCNNQ, the gain in sheet conductivity is only
marginal and the activation energy does not change compared to undoped DBTTF.
Combined, these findings proof that the conductivity is a strong interplay between
the strength of the electron acceptor and the changes in surface morphology.
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4.5 Charge transfer interactions
As described earlier, by using optical absorption spectroscopy it is possible to differentiate CTC from IPA formation.[176] To begin with, the absorption spectra of
DBTTF dissolved in dichloromethane (DCM) along with spectra from D:A blends
were measured, as shown in Figure 4.7. For DBTTF:TCNNQ all mixed spectra can
be described with a superposition of the spectra of pristine DBTTF and TCNNQ,
which means radical ions are not present. For DBTTF:F6 TCNNQ on the other hand,
new features arise, which are then attributed to the formation of the radical cation
DBTTF+ and the radical anion F6 TCNNQ – . Additional spectroelectrochemistry
measurements (Figure B.2) confirm this classification.
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Figure 4.7: UV–vis–NIR absorption spectra for DBTTF
measured in dichloromethane
(DCM) upon admixing the acceptors: (a) TCNNQ and (b)
F6 TCNNQ. The measurements
were performed by Lutz Grubert,
Humboldt-Universität zu Berlin.
The absorption of pristine acceptors in DCM is shown by dashed
lines, which are scaled to the maximum of the respective feature
with the highest amount of the
neutral acceptor. Reprinted with
permission from [21]. Copyright
2019 American Chemical Society.

Bringing back to mind the potential difference (Figure 4.3b) between DBTTF
and TCNNQ of 420 meV, this offers an explanation for the lack of ionic absorption
features in solution. The potential difference is much larger than the thermal energy
available at room temperature of about 26 meV. Therefore, the required electron
transfer is very unlikely. By contrast, the potential difference for DBTTF and
F6 TCNNQ amounts to −60 meV. This enables spontaneous IPA formation, as the
potential difference is negative. Since the absolute value is still comparable to the
thermal energy at room temperature, spontaneous back-reactions are also possible.
After balancing out, both these processes reach a chemical equilibrium, which is also
shown by the presence of neutral F6 TCNNQ in the absorption spectra as well.[254]
These results of doping in solution are concomitant with the predictions about CT
interactions from the energy levels determined by CV measurements (Figure 4.3b).
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This is opposed to the PES data on thin films, which predicts the presence of
ionic species for both acceptor materials. Absorption measurements of thin films of
DBTTF:TCNNQ and DBTTF:F6 TCNNQ blends are shown in Figure 4.8. The ionic
species known from spectroelectrochemistry measurements (see Figure B.2) or for
poly(3-hexylthiophene) (P3HT) blended with F6 TCNNQ[175] are not rediscovered
in the solid state absorption spectra.
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Figure 4.8: UV–vis–NIR absorption spectra of pristine and co-evaporated films for
the blend series of (a) DBTTF:TCNNQ and (b) DBTTF:F6 TCNNQ. The measurements were performed by Duc Pham, Humboldt-Universität zu Berlin. The dashed
lines in (a) mark two different transitions of CTCs depending on the mixing ratio,
which are labeled P1 and P2. (c) Zoom-in of the low-energy range of (b). The
dashed line indicates the absorption maximum of the F6 TCNNQ radical anion measured in DCM (see Figure 4.7b). Reprinted with permission from [21]. Copyright
2019 American Chemical Society.
However, similar to the previous chapter, where interface doping with DIP and
F6 TCNNQ was studied, there are additional absorption features present upon dopant addition of TCNNQ. Depending on the doping concentration, the energy maximum of these new features is at 0.72 eV (P1) for lower and at 0.84 eV (P2) for
higher concentrations. Both these features are attributed to optical HOMO-LUMO
transitions of a newly formed CTC.[41, 176] This connects well the concentration
dependent energy position of these new features to the different morphologies discovered earlier in Figure 4.5. As discovered for DBTTF:TCNQ CTCs,[255] this
hints towards the creation of different DBTTF:TCNNQ polymorphs. It should be
mentioned that the polymorphs P1 and P2 can also be created for an equimolar
mixing ratio by tuning the growth rate of the organic thin films. P1 appears at
higher rates (≈ 1.0 nm · min−1 ) and P2 at lower rates (≈ 0.5 nm · min−1 ).
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Mixed DBTTF:F6 TCNNQ films show features in absorption comparable to blends
of DBTTF:F4 TCNQ (see Figure 4.8b and [256]). The CT interaction there was described as being ionic CT, since the acceptor EA is significantly higher than the
donor IE.[35] Such ionic CTCs are known to be semiconducting, e.g., in the mixture DBTTF:F4 TCNQ segregated stacks are formed. This stacking is comparable to TTF:TCNQ and contrasts the mixed stack arrangement of DBTTF:TCNQ
crystals. A detailed study of the DBTTF:F6 TCNNQ crystal structure is presently
not available. The energy maximum of the CTC transition lies at 1.43 eV, which
is higher compared to the DBTTF:TCNNQ CTC absorption features. This goes
along with the CTC formation observed for other material combinations in terms of
redox-potential differences vs CTC absorption energies.[35, 38] This aspect will be
presented in more detail in chapter 6. There, the DBTTF:TCNNQ CTC absorption
energies are in the lower range observed for a variety of mixed stack CTCs, but still
higher compared to the values of semiconducting CTCs (about 600 meV). [35, 38] It
is reported that highly conductive CTCs have a lower absorption energy than this.
Looking closer at the spectral region of DBTTF:F6 TCNNQ thin films between
1.00 and 1.10 eV reveals an additional feature (see Figure 4.8c). It is located close
to the energy of the radical anion F6 TCNNQ – in solution at 1.08 eV and in blends
with P3HT.[175] The transition of the F6 TCNNQ anions in the thin film is slightly
red shifted when compared to the transition in solution. This red-shift increases
upon increasing F6 TCNNQ content in the mixed films and is related to a different
environmental polarization between different states of matter and dopant concentrations. Compared to the ionic CTC absorption strength, the IPA formation is
barely detectable. For DBTTF:TCNNQ, anionic features are absent in the mixed
thin films, mimicking the behavior in solution. By comparing doped films in solution and thin films using different acceptor materials, it is shown that CV data is
also useful to predict CT interactions in blended films, since CTC formation does
not require the donor HOMO to lie below the acceptor LUMO. However, energy
levels might change upon mixing as well as differences in growth kinetics at earlier
stages of thin film growth might occur.[22, 251, 252] These effects could have further influence on the predictive power using CV data and necessitates more detailed
studies in the future. Calculated optical absorption spectra of the two DADADADA
stacks shown in Figure 4.4 show that excitonic effects are highly relevant. Use of
the Bethe–Salpeter equation[257–259] is the state of the art approach for computing optical excitations in solids and shows the relevance of excitonic effects in these
DADADADA stacks.[63, 260–267] For more details, the reader is referred to the full
article.[21]
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4.6 Degree of charge transfer
Vibrational spectroscopy is commonly used to quantify the CT degree between D
and A molecules.[223, 268] For TCNQ derivatives, the nitrile stretching vibrations
(C –– N) are highly sensitive to CT.[41, 176, 223, 269, 270] Further including electronmolecular vibration (e-mv) interactions potentially increases the accuracy.[271, 272]
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Figure 4.9 shows the FTIR spectra of the thin films.
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Figure 4.9: FTIR spectra in a characteristic region of the cyano stretching mode
for films of pristine acceptors (TCNNQ and F6 TCNNQ) and DBTTF blends, measured by Clea Peter, Humboldt-Universität zu Berlin. The acceptor content in
the blended films is 50 %, except for one case (10 %) where it is stated explicitly.
The observed shifts with respect to the films of pristine acceptors are as follows: for
DBTTF:TCNNQ, (P1) −8.8 cm−1 ; for DBTTF:F6 TCNNQ (CTC), −19.4 cm−1 ; and
for DBTTF:F6 TCNNQ (IPA), −31.3 cm−1 . Polymorph P2 of the DBTTF:TCNNQ
blend appears to not have a shift. Reprinted with permission from [21]. Copyright
2019 American Chemical Society.
DBTTF shows no active vibrations in the spectral range shown between 2125 and
2275 cm−1 , where the C –– N stretching mode of both acceptor materials is located.
Doping with both acceptor materials shows this stretching mode.[175, 270] The fine
structure around the vibrational transition is caused by both intra- and intermolecular coupling of C –– N stretching modes in the unit cell.[223, 273] The C –– N stretching
mode shifts upon doping of DBTTF compared with the pristine acceptor films. For
TCNNQ (P1) it is shifted from 2218.7 cm−1 by −8.8 cm−1 , which is a similar result
to TCNNQ grown on coinage metals.[270] From this, it seems there is a small degree
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of CT and CTC formation for polymorph P1. Polymorph P2 shows no shift of the
stretching mode and it is concluded that there is CTC formation without CT in this
case.
Analysis of the degree of CT for DBTTF:F6 TCNNQ is done in films with the
highest conductivity (10 % acceptor content) and 50 %. For pristine F6 TCNNQ, the
C –– N stretching mode is located at 2215.3 cm−1 . For the mixed films two features of
the C –– N stretching mode are present. The larger shift of −31.3 cm−1 is comparable
in magnitude with the one observed in P3HT:F6 TCNNQ blends and is assigned to
originate from integer CT (IPA formation). The second feature with a smaller shift
of −19.4 cm−1 is then attributed to fractional CT (CTC formation).
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Figure 4.10: Relation between the degree of charge transfer and the frequency
change of the cyano-stretching mode by a linear relation (solid line)[223] and a
relation taking into account e-mv coupling (dashed and dash-dotted lines).[271] The
horizontal lines give the measured values for the observed shifts. Curves using
different values for the e-mv coupling (color code) and the respective, measured
absorption gaps of the CTCs (dashed vs dot-dashed lines) are displayed for the
respective CTCs. The used maximum of 65 meV is a reported value for the emv coupling in DBTTF:TCNQ systems.[272] Reprinted with permission from [21].
Copyright 2019 American Chemical Society.
Literature reports nitrile vibration mode shift for ionic CT to be −25 to −28 cm−1
for both acceptor molecules,[175, 270] which is comparable to the value found for
F6 TCNNQ here. Assuming a linear relationship between stretching mode shift and
the CT degree[223] then gives a CT of 0.62 e for the CTC of DBTTF:F6 TCNNQ.
DBTTF:TCNNQ (P1) then shows a CT of 0.28 e and DBTTF:TCNNQ (P2) only
insignificant CT. This polymorphic dependence for the CT degree was also found
for quaterthiophene:F4 TCNQ dimers.[274]
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The accuracy of the CT degree determination from stretching mode shifts can be
increased by considering e-mv coupling. This can be done using
−1
.
Ωn = ωn − 2g 2 ρ(1 + ρ)2 ωCT

(4.1)

Here, Ωn is the frequency of the e-mv perturbed mode and ωn of the unperturbed
one. ωCT is the frequency of the CT transition, g is the e-mv coupling constant and
ρ is the degree of CT or ionicity.[271, 272] Figure 4.10 connects all the frequency
changes observed here to the CT degree for a linear relationship and one including
e-mv coupling (Equation 4.1).
The consideration of the e-mv interaction reduces the degree of CT, as shown
in Figure 4.10. The lack of precise knowledge on the e-mv coupling energy for the
systems analyzed here suggests that the degree of CT is likely smaller due this effect.
However, the degree of CT for the systems considered here exhibits the same trend
in the simple model and with inclusion of the e-mv interaction.

Discussion
Doping of DBTTF using the acceptor molecules TCNNQ and F6 TCNNQ results in
different CT interactions. They strongly depend on the state of matter in which
the molecules are present – in solution or in a solid state. DBTTF:TCNNQ solutions show no kind of CT interactions at all, whereas DBTTF:F6 TCNNQ shows IPA
formation. This behavior is nicely predicted from the redox potentials of the pristine materials, which were also measured in solution. A redox potential difference
comparable to the thermal energy available or being negative enables spontaneous
IPA formation. This is true for DBTTF:F6 TCNNQ here. A possible back reaction
of charged molecules then balances out until chemical equilibrium between neutral
and ionized molecules is reached, which determines the fraction of charged molecules.[254] Going to the solid state, CTC formation is present for both acceptors.
In DBTTF:F6 TCNNQ thin films, also a very small fraction of IPA formation occurs
simultaneously. For both D:A systems here, π-π stacking of D and A seems to be
energetically favorable compared to IPA formation. Some effects, which have to be
taken into account when comparing molecules in solution and in the solid state, are
solid state polarization effects,[275] electrostatic effects from dipole or quadrupole
moments,[250–252] and orbital hybridization from complex formation.[22, 41, 176,
276] Future studies should detail the energy landscape for D:A blends with strong
CT interaction, whereby local energy levels and molecular geometries are essential
for predictions of CT interactions.
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Mixing of DBTTF and TCNNQ revealed the formation of two different CTC
polymorphs P1 and P2. Their occurrence depends on the acceptor concentration
and the growth rate of the thin films. P1 shows a higher CT degree and lower
optical gap compared to P2, where CT is absent. Notably, only P2 exhibits needlelike crystals and has a negligible CT degree, although CTC formation is evident
from optical absorption.[93, 255]
When using the stronger acceptor F6 TCNNQ to dope DBTTF, CTC formation
predominates in thin films, while also a small fraction of molecules are ionized.
The source for this seems to be π-π stacking being energetically more favorable
than IPA formation. Identification of the CT interactions was done via optical
absorption and vibrational spectroscopy. Compared to the neutral DBTTF:TCNNQ
CTC, the DBTTF:F6 TCNNQ CTC is ionic, which can be explained by the larger
redox potential difference for the latter. CTC formation is stronger connected to
more defined geometries, while IPA formation is prevalent at grain boundaries and
defect sites as these are constraining a possible π-π stacking.[277] In solution π-π
stacking is absent and IPA formation dominates due to charge localization from
solvent molecules. Due to their structural similarity, in DBTTF:TCNNQ thin films
there are most likely also disordered regions. However, the relative energy level
positions do not allow IPA formation.
The energy levels around the CTC formation for the different D:A combinations
are summarized in Figure 4.11. As introduced in section 1.2.1, the CTC energy levels
are centered around the energy levels of the pristine materials.[41, 176] Estimating
an EBE of 500 meV then gives the electronic gaps Eelec from the optical gaps.[215,
278] In order to generate free charge carriers, the electrons have to overcome the
energy barrier EBR between the DBTTF HOMO and the CTC LUMO. For all three
CTCs here EBR is lower than the transport gap in pristine DBTTF films. The lowest EBR is found for the DBTTF:F6 TCNNQ CTC but is higher than 360 meV in
all three cases here. However, temperature-dependent conductivity measurements
revealed activation energies much lower than the values for EBR here. The activation energies of pristine DBTTF films compared to DBTTF:TCNNQ (10 %) are
virtually identical with 171 meV. In both cases this shows that charge carrier generation occurs predominantly via unintentional doping of DBTTF. Then again, the
conductivity increase in DBTTF:F6 TCNNQ blends is due to IPA formation, which
has a higher doping eﬀiciency than CTC formation.[19] This increased charge carrier
density also results in a reduced activation energy of 100 meV. CTCs are present in
blends with both acceptors, but their influence on charge carrier transport is not significant. This is shown by comparison of the calculated energy barriers from energy
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levels (Figure 4.11) and measured activation energies from temperature-dependent
conductivity data (Figure 4.6). All CTCs revealed here show semiconducting behavior, which is similar to DBTTF:TCNQ and DBTTF:F4 TCNQ CTCs.[253, 255] Very
high conductivities were not observed, like in CT salts. Therefore, the CTCs here
can be classified as narrow-gap semiconductors and may be valuable in applications,
such as infrared detectors.
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Figure 4.11: Schematic energy level diagrams for the three observed CTCs: (a)
DBTTF:TCNNQ – polymorph P1, (b) DBTTF:TCNNQ – polymorph P2, and (c)
DBTTF:F6 TCNNQ. EA values are shown in green, and IE values in red. The
optical transition increased by an EBE of 500 meV gives the electronic gap of the
complexes Eelec as indicated by vertical arrows. The energy barrier EBR is given as
blue arrows and is defined as the difference between the IE of the DBTTF and the
EA of the respective complex. In total, this energy is the barrier to overcome for
doping via CTCs. Reprinted with permission from [21]. Copyright 2019 American
Chemical Society.

4.7 Summary
In summary, two planar electron acceptors (TCNNQ and F6 TCNNQ) were used
to increase the conductivity of DBTTF films via doping. The respective ELA is
at the limit between staggered and broken-gap ELA. CTC formation was found
using both dopants, which seems to be preferable over IPA formation for planar
molecules. The stronger acceptor results in a higher energy gap in the mixed D:A
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system, which results in less charge carriers thermally activated in the CTC. Note
that the CTC takes the role of a dopant in this case. DBTTF doped with the
stronger acceptor F6 TCNNQ reveals coexisting IPA formation, which then increases
the conductivity and reduces the activation energy for charge carrier transport.
Displacing less ordered molecules and reducing molecular π-π stacking suppresses
CTC formation in grains and is thus a possibility to enhance the doping eﬀiciency.
Predicting IPA formation can be reliably done using the redox potentials obtained
by CV. This prediction is valid in solution as well as in the solid state.
Remarkably, IPA and CTC formation both coexist in DBTTF:F6 TCNNQ blends.
A discussion about the doping mechanisms is rather debatable, since a variety of
effects are reported from literature for pentacene:F4 TCNQ blends.[22, 279] The CT
interactions can change depending on the molecular arrangement. Preventing π-π
stacking can increase the doping eﬀiciency by shifting the CT mechanism from CTC
to IPA formation.
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surfaces
Conjugated organic molecules are in the center of interest for a wide range of (opto)
electronic devices. Some state of the art OSCs already reach and even surpass the
performance of inorganic devices regarding their mobility. Examples for such materials are tetracene and rubrene compared to Si-based devices.[280–282] In spite
of the success regarding device performances, the underlying mechanisms of charge
transport still lack understanding. Especially the electronic structure, the thin film
morphology and the influence of crystal lattice defects and doping mechanisms can
be different.[283, 284] This chapter investigates p- and n-doping on rubrene single
crystals using the molecular acceptors Mo(tfd)3 and CoCp2 . The band dispersion
is analyzed before and after doping, from which the hole effective mass is determined. In a second part, DBTTF single crystals will be surface doped with the
acceptors TCNNQ, F6 TCNNQ and Mo(tfd)3 . This allows to separate the influence
of molecular shape and acceptor strength towards the doping process. Further, a
model from literature for the surface density of states is modified and applied to the
organic|organic interface here.

5.1 Single crystal surfaces
Using organic single crystals consequently allows studying the intrinsic material
properties without the influence of extrinsic factors, such as impurities, structural
defects or grain boundaries. However, there are experimental obstacles to overcome
when measuring the band structure of organic single crystals because of their often
low absolute electrical conductivity and high radiation sensitivity when exposed to
X-rays.[285] When the photoelectrons leave the sample photoholes are generated. In
combination with a low surface conductivity, the photoholes cannot be drained fast
enough and accumulate at the surface. These positive charges generate additional
electric fields and thereby continuously distort and shift the measured photoemission
spectra, which then smears out the obtained results. Beam damage can be caused
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by the high kinetic energy of the photoelectrons of several eV, which can break
intramolecular bonds and thus change the chemical composition and environment
inside individual organic molecules. There are several strategies commonly employed
to control these drawbacks, such as the use of highly crystalline samples, the negation
of photoholes by visible laser irradiation and lowering the photon flux.[286–293]

5.2 Rubrene single crystals
Rubrene is an OSC, which is widely used in the fabrication of organic light emitting
diodes and other organic electronic devices. There are known techniques to produce
highly crystalline samples up to single crystals.[294] It is the record holding OSC
with regards to charge carrier mobility (40 cm2 /Vs).[295] Due to its herringbone
arrangement and orthorhombic crystal lattice, there are dispersive features to be
expected, as sketched in Figure 5.1.[287, 296]

a)

b)
non-dispersive
X
Γ

dispersive
Y

a
b
Figure 5.1: Crystal structure of rubrene unit cell (a) together with the corresponding Brillouin zone along the Γ − X and Γ − Y directions (b).[296] Dispersive features
are expected along the Γ − Y direction but not Γ − X.[287]

Photographs of the undoped crystals are shown in Figure 5.2. Being several mm in
size enables for an easy surface characterization using PES, since the probing X-ray
beam is only several 10 µm in size. First, the band structure of the undoped rubrene
single crystals is determined. Then, the crystals will be doped using Mo(tfd)3 (p-type
doping) and CoCp2 (n-type doping), respectively. Comparing the band structure
before and after doping allows to draw conclusions on the doping process and details
about the CT at the interface.
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a)

Rubrene single crystals
b)
c)

Figure 5.2: Optical images of the undoped rubrene single crystals. The several
mm long crystals were attached to a conductive ITO covered glass substrate using
UHV compatible conductive silver glue. All crystals were used as received, without
further surface treatment. The scale bars are 5 mm long.
For characterization of the dispersion, PES was performed using an ARTOF electron spectrometer.[121] To improve statistics, the data shown here were collected
over several hours, which was enabled by the absence of any charging effects. Figure 5.3 shows the angle resolved photoemission spectra of a pristine rubrene single
crystal.

Figure 5.3: HOMO-band region of rubrene in Γ − X (left) and Γ − Y (right)
direction. One direction features dispersion, while the other shows only a flat band.
α and β are the entrance angles on the detector channel plate and directly related
to kx and ky . This specific crystal was later used for p-type doping with Mo(tfd)3 .
From the data set, cross sections along the Γ − X and Γ − Y (shown in Figure 5.3)
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direction were extracted. This specific crystal was used for p-type doping with
Mo(tfd)3 . A second rubrene crystal later used for n-type doping with CoCp2 was
also measured. However, due to the sample mounting, the α and β directions were
offset with the detector axes. This resulted in a noisier cross section and the data
is not shown here. Still, the same band dispersion was observed.
In the Γ − Y direction there is a clear energy dispersion of the HOMO related
band. The total angular range shown in Figure 5.3 corresponds to the complete
detector acceptance angle of 30◦ . The highest binding energy reached is 1.4 eV with
a dispersion width slightly lower than 0.4 eV, which is comparable to the values
reported in literature.[287, 293, 297, 298] The Γ − X direction shows no dispersion
features at all, as previously reported.[287, 297, 298]
The band dispersion was visible despite the crystals being exposed to ambient
atmospheric conditions for one year. Such a long exposure to oxygen leads to surface
oxidation, which is a common concern for OSCs considering long-term stability. This
oxidation introduces defects into the perfect single crystal structure, which alters the
electronic structure, electrical conductivity and accumulation of photoinduced holes
at the surface. To minimize these effects of oxidation, in the previously cited studies,
the crystals were freshly cleaved in vacuum prior to the measurement, irradiated
using a continuous wave laser during the measurement to negate surface charging
and/or exposed to the lowest feasible photon flux. Nevertheless, our crystals still
showed band dispersive features without needing any special treatment during the
measurement, emphasizing the robustness of the rubrene single crystals.

5.3 Bipolar doping of rubrene
Another useful property of rubrene is the energy level position of its frontier orbitals.
The reported IE is 5.0 eV.[297] The EA is not yet experimentally determined, however, first-principles calculations estimate a transport gap of 2.8 eV and therefore an
EA of roughly 2.2 eV.[299] Choosing appropriate partner materials, allows using the
rubrene in p- and n-doping applications, which is called bipolar doping here. This
is useful for e.g. the creation of bipolar junction transistors, or in a more general
sense, precise tailoring of rubrene energy levels by molecular dopants. Using cobaltocene (CoCp2 ) with an IE of 4.1 eV[300] then enables rubrene to act as an acceptor,
while Mo(tfd)3 with an EA of 5.6 eV reverses the function of rubrene to being the
donor.[228] This is shown in Figure 5.4 in an energy level diagram.
Note that the estimation of the EA for rubrene is based on a calculated model and
therefore not directly comparable to the other, experimentally determined, energy
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Figure 5.4: IE and EA energy level diagram of rubrene
and the two OSCs CoCp2 and Mo(tfd)3 . Depending on
the molecular pairing and relative position of the energy levels, rubrene can either act as an electron donor
or acceptor. Mo(tfd)3 has an IE of 5.6 eV.[228] The IE
of rubrene is 5.0 eV, while the EA is not yet experimentally determined and estimated using the GW approximation.[297, 299] The IE of CoCp2 is 4.1 eV, which is a
very low value for vacuum-deposited OSCs.[300]

levels. However, as shown in the following sections, there is doping occurring in both
configurations, highlighting the flexibility of rubrene in doping applications.[301]

n-doping with CoCp2
Figure 5.5 shows the band dispersion of a rubrene single crystal with (right) and
without (left) deposited CoCp2 on top. The angular units were converted to k∥
by assuming a 7.2 Å unit cell size.[296] The nominally deposited amount ranges in
the monolayer regime, as the direct D|A interaction is limited to the very interface.
Model fits, as explained in the discussion later, are shown as red lines in Figure 5.5.

Figure 5.5: Band dispersion of a rubrene single crystal in Γ − Y direction before (left) and after (right) deposition of CoCp2 . From the n-type doping the band
structure shifts towards higher binding energy, while the dispersive features remain
unchanged. The red lines show fits with the one-dimensional tight-binding approximation.[297]
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After stepwise deposition of CoCp2 the HOMO related band shifts gradually
to higher binding energies. For simplicity the intermediate measurements are not
shown. The center band energy shifts from 1.78 eV to 1.97 eV, which shows that electrons are transferred from the HOMO of the CoCp2 to the LUMO of the rubrene,
as expected for n-type doping of the rubrene. This disturbs the charge balance
and is compensated by a readjustment of the Fermi level. Since the HOMO shifts
gradually, this means that the dopant strength of CoCp2 is comparably moderate.

p-doping with Mo(tfd)3
Interfacing Mo(tfd)3 with rubrene results in the opposite role of rubrene (donor
instead of acceptor), as motivated by the relative energy levels shown in Figure 5.4.
The band dispersion before and after deposition of 2 nm of Mo(tfd)3 is shown in
Figure 5.6. Compared to the uncovered single crystal, the deposition of Mo(tfd)3
shifts the HOMO related band to lower binding energies. The center band energy
changes from 1.39 eV to 1.12 eV. In this case the electrons are transferred from the
HOMO of the rubrene to the LUMO of the Mo(tfd)3 or, in other words, holes are
transferred in the opposite direction. Hence the naming scheme p-type doping.

Figure 5.6: Band dispersion of a rubrene single crystal in Γ − Y direction before
(left) and after (right) deposition of Mo(tfd)3 . From the p-type doping the dispersion
shifts towards lower binding energy. The red lines show fits with the one-dimensional
tight-binding approximation.[297]
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Contrary to CoCp2 , the use of Mo(tfd)3 shows no gradual shift during the stepwise
deposition of dopant material (again, intermediate steps are not shown because of
simplicity). This shows that Mo(tfd)3 is a stronger (p-type) dopant for rubrene than
CoCp2 (n-type), most likely due to the larger ∆EDA = IED − EAA donor/acceptor
gap (see Figure 5.4). For Mo(tfd)3 ∆EDA = −0.6 eV. Due to the negative sign,
this energy level difference allows for spontaneous IPA formation or full integer CT
(see section 1.2.1).[254] The absence of fractional CT also explains the saturated
energy shift of the band structure at the lowest amount deposited. By contrast, for
CoCp2 ∆EDA = +1.9 eV (calculated estimation). Here, spontaneous IPA formation
is unlikely and the larger energy gap also is reflected in the gradual energy shift of
the band structure after each of several dopant deposition steps. In order to quantify
the band dispersion the one-dimensional tight-binding approximation is used.[297]
It is given by
Eb = Ec − 2t · cos(d · k∥ ),

(5.1)

where Eb is the binding energy, Ec is the center of the band energy, t the transfer
integral (4t = W , with W being the dispersion bandwidth) and d the lattice constant. Another quantity, which can be obtained from Equation 5.1 is the effective
ℏ2
mass of the holes by using m∗H = 2td
2 . Table 5.1 shows all parameters obtained
from applying the one-dimensional tight-binding approximation model. For this,
the energy maxima at each measured k∥ were fitted against k∥ .
Table 5.1: Parameters obtained from the dispersion fits shown in Figures 5.6
and 5.5. The ranges given are absolute limits, as the fit results from 100 iterations
were collected and a multitude of distinct minima were found. The global optimum
is not easy to determine because of the relatively high SNR. The dispersion data
was smoothed along the energy axis prior to fitting using a normal distribution to
reduce the influence of the noise.
sample
Rubrene SC
+CoCp2
Rubrene SC
+Mo(tfd)3

Ecenter (eV) t (meV)

dlattice (Å)

koffset (Å−1 )

m∗H (m0 )

1.78 ± 0.01
1.97 ± 0.01
1.39 ± 0.01
1.12 ± 0.01

7.24 ± 0.05 +0.00 ± 0.01
7.25 ± 0.04 −0.03 ± 0.02
7.22 ± 0.03 +0.01 ± 0.01
7.20 ± 0.02 +0.02 ± 0.02

1.6 ± 0.2
1.4 ± 0.2
1.5 ± 0.3
1.4 ± 0.3

45 ± 3
50 ± 5
48 ± 6
52 ± 6

Comparing the results of the four fits of the band dispersion yields m∗H ≈ 1.5 · m0 ,
where m0 is the rest mass of an electron. This differs significantly to m∗H = 0.65 · m0
reported in literature.[297] As mentioned above, the crystals used here were not
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freshly cleaved or prepared in vacuum, but instead were stored for a prolonged
duration of roughly one year under atmospheric conditions. This exposure to oxygen
most likely has transformed the pristine rubrene into rubrene-epoxide and rubreneendoperoxide,[302] both of which loose fine detail in the valence structures. There
is also additional momentum transfer to the electrons due to scattering at surface
contaminations, which then broadens the dispersion. Both of these effects explain
the lower transfer integral t or dispersion bandwidth observed here, which then
directly explains the higher value of m∗H . Also, t is unchanged in all four cases. A
change in the periodicity of the single crystal or chemisorption of dopant molecules
can cause a change in dispersion. The low amplitude and absence of any changes
in the dispersive features, apart from the shift in binding energy due to doping, is
indicative of rather localized and non-overlapping orbitals.[303] In other words, this
hints towards a relatively weak D|A interaction or physisorption.
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5.4 DBTTF single crystals
In order to investigate the behavior during interface doping, the substrates used are
DBTTF single crystals. Optical images of the three crystals used for the doping
study are shown in Figure 5.7 (bottom panels).

a)

DBTTF single crystals
b)
c)

Figure 5.7: SFM micrographs (top) and optical images (bottom) of the uncovered
DBTTF single crystals. All three crystals show large terraces on the µm scale and
11 Å step edges, as in the α-phase. Varying amounts of contaminations are present
on the surface, since the crystals could not be cleaved in vacuo, due to their fragility.
The scale bars are 2 µm (top) and 50 µm (bottom) long.
As the name might suggest, single crystals have a well defined surface. In reality,
however, there are surface contaminations and defects, step edges and crystallite dimensions to be considered. Therefore, it is critical to start with a well characterized
surface. This characterization was done using X-ray diffraction and SFM measurements. As confirmed by X-ray diffraction (see Figure 5.10), the DBTTF molecules
arrange in a herringbone structure in the so called α-phase with a molecular tilt
angle of 38◦ with respect to the surface normal.[235, 304] All pristine DBTTF crystals showed the same α-phase and identical degrees of crystallinity. For clarity,
only one XRD measurement is shown. This molecular orientation exposes part of
the π-system to on top deposited acceptor molecules. To characterize the electronic
structure and CT upon interface doping, three DBTTF single crystals were measured at the PM4 beamline at the BESSY II synchrotron using an ARTOF electron
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analyzer. Specifically, the valence structures between the Fermi level and 6 eV binding energy, and the XPS S2p, C1s, N1s and F1s core levels were measured. Of these
only the S2p core level showed evaluable changes upon stepwise deposition of dopant
material. A band dispersion, like in the case of rubrene in section 5.3, is absent.
The data on the electronic structure is supported with the surface morphology of
the pristine and doped single crystals. Figures 5.7 and 5.9 show the corresponding
SFM micrographs.
All uncovered DBTTF single crystals show large terraces in the order of µm and
step edges with heights of 11 Å, as expected for the out-of-plane lattice spacing of
the α-phase. Also, small aggregates, probably contaminations accumulated during
the sample transport through ambient air, are visible on all crystals. As Mastrogiovanni et al. showed for rubrene single crystals, oxygen exposure leads to point
like accumulations, preferentially at the step edges.[305] Due to experimental limitations, the DBTTF crystals were exposed to ambient air during mounting on a
sample holder and introduction into the PES setup. However, the majority of the
crystal surface seems to be still pristine DBTTF and therefore well defined. The
XPS measurements (shown later in Figures 5.11, 5.12 and 5.13) at the S2p core level
reveal varying degrees of satellites, most likely due to the imperfections in the crystal lattice. An extension of this explanation would be a locally low conductivity of
the surface, which then results in charge accumulation during the PES experiment.
This would manifest in the experimental data as a smeared out spectrum, due to
a continuous shift of the true (uncharged) spectrum. Illumination with a halogen
lamp to compensate the charging showed no effect. Also, the charging has to occur on a timescale faster than 1 s, as this is the minimal integration time per scan,
meaning the surface was already charged to its maximum capacity after this time.
The amount of imperfections observed by SFM (Figure 5.7) does not correlate with
the XPS satellites. For future studies, more emphasis should be put onto the crystal
surface condition before doping, which was not possible here, due to the fragility of
the crystals and the experimental setup.

5.5 p-type doping: planarity and doping strength
Doping OSCs is a complex process and still not understood completely. There are
a wide variety of factors, which influence the doping eﬀiciency. Amongst these is,
e.g., the doping strength of the acceptor molecule, which is the energy difference
EAA − IED .[41] Another factor is “geometrical compatibility” or steric hindrance
of the molecules. Planar molecules promote easier π-π overlap of the conjugated
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π-systems and thereby a very intimate bond between molecules, ideally suited for
charge transfer. On the other hand, non-planar molecules prohibit a close and
unhindered arrangement, often due to bulky side chains. To compare and separate
the influence of these two properties on molecular doping, the donor DBTTF and
the three acceptor materials TCNNQ, F6 TCNNQ and Mo(tfd)3 are ideal candidates,
as the first two are both planar, while the last two have the same acceptor strength.
The relevant energy levels and molecular structures are shown in Figure 5.8.
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Figure 5.8: a) shows the IE of DBTTF[306] (donor) and EA of the acceptors
TCNNQ,[247] F6 TCNNQ[176] and Mo(tfd)3 .[228] b) shows the molecular structures
in the same order as in a). Amongst the three materials, TCNNQ is the weakest
acceptor, while Mo(tfd)3 is the only non-planar molecule.
DBTTF has an IE of 4.4 eV[306], which means for eﬀicient electron transfer, the
EA of the acceptor should be larger: EAA > 4.4 eV. TCNNQ has an EA of 4.7 eV,
which makes it the weakest of the three acceptors. F6 TCNNQ and Mo(tfd)3 both
have an EA of 5.6 eV, which makes them much more electron attracting. Studying
two binary parameters, weak/strong and planar/non-planar acceptors yields four
combinations. A bulky and weak electron acceptor, however, is not studied, as
there is little to no DA interaction possible.

Surface morphology
Figure 5.9 shows the surface morphology after surface doping by deposition of 252 Å
TCNNQ, 133 Å F6 TCNNQ and 55 Å Mo(tfd)3 , respectively. One has to keep in mind
that these layer thicknesses are not “real world values”, as they are determined by
a quartz crystal microbalance and not directly on the sample itself. Differences
in sticking coeﬀicients and growth modes make it mandatory to properly calibrate
the nominal thickness values. This calibration can be done using, e.g., the signal
attenuation in PES, thickness oscillations from X-ray diffraction or other optical
methods like ellipsometry. Here, the absolute thickness values are not calibrated
due to the highly complex growth behavior of the chosen acceptor materials.

113

5 Interface doping at single crystal surfaces

a)

DBTTF single crystals doped with
TCNNQ
F6TCNNQ
Mo(�d)3
b)
c)

Figure 5.9: SFM micrographs of the doped DBTTF single crystals. Corresponding
undoped surface morphologies are shown in Figure 5.7. a) and b) show well covered
surfaces, while in c) step edges of the DBTTF crystal are still visible, without drastic
changes due to the deposition of Mo(tfd)3 . The scale bars are 2 µm long.

Judging from the surface morphology of the acceptor layer on the donor single
crystal, one can already infer some properties of the D|A interaction behavior. TCNNQ grows in parallel, elongated islands, up to several µm in length and widths of
several 100 nm. There appears to be a barrier in the energy landscape during film
growth, as individual islands are still separated at island heights of 100 nm or more.
This points towards a high lateral ordering, as molecules apparently favor growing
in the out of plane direction.

Crystalline ordering
However, X-ray diffraction measurements shown in Figure 5.10 reveal no additional features from TCNNQ or crystallographic changes in the DBTTF crystal.
F6 TCNNQ has the same molecular shape as TCNNQ, but its electron accepting
potential is much higher. The surface morphology (Figure 5.9) is vastly different.
Compared to TCNNQ, there are no valleys visible, which means a significantly
higher DBTTF coverage. This also means, that the DA materials are interacting
much more strongly. Unfortunately, the fluorinated TCNNQ also interacts much
more strongly with the SFM probe. As a result, it is much more challenging up
to impossible to get high quality SFM data with the used setup. A possible work
around could be silanization of the SFM probes, to increase hydrophobicity and
minimize attracting forces between sample and probe.[307]
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Figure 5.10: Experimental XRD spectra (measured by Sebastian Hammer (University of Würzburg)) of a pristine DBTTF single crystal in the α-phase.[235, 304]
After deposition of the three acceptor materials, there is little to no change in the
XRD patterns, due to the high polycrystallinity (see also Figures 5.7 and 5.9).

However, for a qualitative comparison, the available data quality is suﬀicient.
Again, the XRD measurements reveal no changes in the crystal structure. The
lack of high crystalline ordering on top of DBTTF single crystals is explained by the
tendency of F6 TCNNQ thin films to grow in a very polymorphic fashion. Coming to
the third acceptor Mo(tfd)3 , again, the surface morphology differs greatly. Mo(tfd)3
has the same acceptor strength as F6 TCNNQ, but its bulky structure shields the
π-system of the aromatic rings from interactions with other molecules. The SFM
micrograph in Figure 5.9 clearly still shows step edges with heights of about 11 Å,
meaning there is little to no acceptor material on the DBTTF crystal. A nominal
coverage of 30 Å should be enough for at least a few monolayers of material. The
most direct conclusion would be that this extremely low sticking coeﬀicient is a
result of the non-planarity of the molecule. To detect this low amount of material,
SFM is not the ideal measuring technique. XRD data shows a small diffraction peak
−1
at q = 1.69 Å , which might originate from a crystalline phase of Mo(tfd)3 .
From comparing the surface morphology and crystallinity of the three D|A systems, a rough first conclusion is that planarity (exposing the π-system) is the major
factor determining high sticking coeﬀicients, while doping strength seems to play
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only a minor role. Next, the electronic structure and the doping process itself are
investigated with regards to these two factors. For this purpose, UPS measurements
were performed to characterize the valence structure and most notably the HOMO
level during the stepwise deposition of acceptor molecules. Further, XPS measurements of the S2p core level allow an identification of different molecular species,
corresponding to charged and neutral DBTTF molecules. From the relative XPS
intensities, information about the amount of CT is gained and presented.

Electronic structure
The valence band structure of DBTTF during stepwise deposition of TCNNQ is
shown in Figure 5.11a. For the undoped DBTTF, the HOMO lies at 0.95 eV. Clearly,
the HOMO-1 is well resolved, which confirms the presence of a good quality single
crystal.[246] Immediately after depositing a very low amount (4 Å) of TCNNQ molecules, the valence structure shifts towards the Fermi level, as a result of the p-type
doping due to the electron transfer from DBTTF to TCNNQ molecules. At a nominal coverage of 12 Å the shift saturates and is constant up to the highest achieved
acceptor thickness of 252 Å. This shows that the electronic D|A interaction is limited close to the interface. At full saturation, the HOMO now lies at 0.40 eV, which
corresponds to a shift of 0.55 eV. This HOMO position is typical for Fermi level
pinning in organic materials.[53, 204] Major spectral features from TCNNQ are absent. Only at around 5 eV binding energy, the shoulder visible for pristine DBTTF
is slightly smoothened. With an EA of 4.7 eV and an estimated optical gap of 1.5 eV,
TCNNQ has an IE of at least 6.2 eV.[247] In this region of the valence structures,
there are also major contributions from the HOMO-2 and lower lying occupied states
of DBTTF, as well as CTC states. Combined, this explains the lack of distinguishable TCNNQ features. Also, due to the anisotropy of the conductivity in the single
crystals, the experimental setup was restricted to a low photon flux to avoid surface charging. As a consequence the signal quality lacks perfection and could be
improved in future experiments to resolve finer details.
To further differentiate the D|A interaction, XPS measurements of the S2p core
level were performed and are shown in Figure 5.11b. The information depth from
XPS is higher than from UPS. Thus, the XPS data contains more information from
the underlying bulk substrate. One has to keep in mind this peculiarity when comparing UPS and XPS data. Since TCNNQ contains no sulfur, the XPS measurement
are sensitive to the DBTTF molecules, exclusively.

116

5.5 p-type doping: planarity and doping strength

a)

b)

252 Å

DBTTF

c)

28 Å

124 Å
60 Å

12 Å

28 Å
12 Å

6

4

2

0

Binding Energy (eV)

4Å
0Å
166

164

162

Binding Energy (eV)

N

N

S
S

S

60 Å

252 Å

4Å
0Å

S

N
N

1.0

Relative area (arb. u.)

Intensity (arb. u.)

124 Å

TCNNQ

0.8

DBTTFsub0

0.6

DBTTFsub+

0.4

DBTTFCTC0

0.2
0.0

0

80

160 240

Acceptor Thickness (Å)

Figure 5.11: Valence band (a) and S2p core level (b) spectra of a DBTTF single
crystal with increasing amount of the acceptor TCNNQ. Shift of the DBTTF features
towards the Fermi level shows that the crystal is effectively p-doped. Two new
species are emerging in the core level region and are attributed to neutral DBTTF
forming a CTC with TCNNQ and cationic DBTTF below the very D|A interface.
Panel (c) shows the relative peak areas from the core level, which gives the amount
of CT.
The undoped DBTTF crystal shows one major component for the bulk DBTTF
crystal, DBTTFsub 0 , a doublet with a spin orbit splitting of ∆E = 1.2 eV and an
intensity ratio of 0.5. One further minor component at lower binding energy is also
present, probably due to surface impurities, which reduces the local conductivity.
The effects of this impurity layer are nullified at the lowest TCNNQ coverage of
4 Å, where only the bulk component of DBTTF is present. As observed in UPS, the
DBTTFsub 0 component shifts accordingly towards the Fermi level. At 28 Å acceptor
thickness two new species are visible, DBTTFCTC 0 and DBTTFsub + . DBTTFCTC 0
is attributed to neutral DBTTF molecules at the very D|A interface, where a CTC is
formed. DBTTFsub + is attributed to DBTTF cations, which do not form a CTC, but
are still close to the D|A interface. From these regions, electrons are still transferred
to TCNNQ molecules above the D|A interface, albeit at a lower rate. The relative
amount of DBTTFCTC 0 and DBTTFsub + increases up to 124 Å acceptor thickness,
after which they stabilize. Figure 5.11c shows the relative amounts for each coverage.
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This model cannot be transferred in a straight way to mixed D|A systems. In
mixtures, potentially every D and every A molecule can find a corresponding partner
molecule and interact, as the mean free path during coevaporation is on the order
of m and more. This ensures that there is no clustering or forming of boundaries,
which separate D and A molecules, like it is the case for planar interfaces.
Considering the similarities and differences in surface morphology between TCNNQ and F6 TCNNQ, one would expect a D|A interaction to at least the same degree
for the stronger acceptor F6 TCNNQ. Starting with the valence structures shown in
Figure 5.12a, the overall behavior resembles that after the deposition of TCNNQ.
However, for F6 TCNNQ the shift of the HOMO due to p-type doping is already saturated at 2 Å, which proves the much stronger doping strength. Here, the HOMO
onset shifts by a larger amount of 0.75 eV from 1.20 eV to 0.45 eV, which might
partly be due to the differences in surface quality of the undoped crystals. This is,
within experimental uncertainty, again saturated due to pinning at EF . Overall, the
valence signature looses a bit their original shape. Again, the data quality in UPS
is not suﬀicient to extract any signatures other than that of DBTTF.
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Figure 5.12: Valence band (a) and S2p core level (b) spectra of a DBTTF single
crystal with increasing amount of the acceptor F6 TCNNQ. Qualitatively, these
measurements agree with the ones of TCNNQ (Figure 5.11). Panel (c) shows the
relative peak areas from the core level, which gives the amount of CT.
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To differentiate the molecular species, the S2p core level is shown in Figure 5.12b.
As for TCNNQ, there are three components visible: DBTTFsub 0 , DBTTFCTC 0 and
DBTTFsub + . Again, the shift of DBTTFsub 0 is identical to the HOMO level shift.
However, the relative intensities are greatly different and are shown in Figure 5.12c.
The CTC is already formed at 2 Å of F6 TCNNQ, and its amount stays nearly
constant. This is most likely due the extensive island or Volmer-Weber growth
mode of F6 TCNNQ. First, F6 TCNNQ molecules stick to the DBTTF surface and
form CTCs, where possible. To increase the π-π overlap, CTC formation is very
likely to occur at step edges of the single crystal, where the π-system is exposed.
But also on flat terraces, the molecular tilt of the DBTTF molecules exposes the
π-system partially. After filling of the base layer of each island with DA complexes,
further deposition of acceptor material results in an electron transfer from DBTTF
below the D|A interface to F6 TCNNQ molecules above the D|A interface.
Compared to TCNNQ, F6 TCNNQ showed a higher island density with lower
crystallinity. This shifts the probed sample volume away from the bulk substrate,
as evidenced by the continuous drop in DBTTFsub 0 intensity, while there is nearly
exclusively DBTTFsub + remaining at 133 Å coverage. An intriguing observation is
the disappearance of DBTTFCTC 0 at the highest coverage. As there is still neutral
DBTTF from the substrate visible, probing depth can be ruled out as a possible
origin. One explanation could be that the strong electron accepting character results
in a reorientation at the interface and regression of CTC.
To elucidate the influence of steric hindrance on interface doping, DBTTF single crystals were exposed to Mo(tfd)3 , which has identical acceptor strength as
F6 TCNNQ, but features a bulky, 3d molecular structure and not planar, 2d. The
results are shown in Figure 5.13.
As already determined by the SFM data, Mo(tfd)3 has a much lower sticking
coeﬀicient, as no clear change in surface morphology was visible. Looking at the
UPS data one can see, again, p-type doping of DBTTF accompanied by a shift
of the valence structure towards the Fermi level. Here, the HOMO onset shifts by
0.40 eV from 0.70 eV to 0.30 eV. Like for F6 TCNNQ, the saturation kicks in at a very
low acceptor coverage of 2 Å, since both have identical acceptor strengths. This also
points towards a high sticking coeﬀicient due to the strong electronic interaction, at
least at the very DA interface. Again the shift is limited due to Fermi level pinning.
Compared to both planar acceptors, the UPS results of Mo(tfd)3 are less noisy, as
there is little material present apart from the DBTTF single crystal.
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Figure 5.13: Valence band (a) and S2p core level (b) spectra of a DBTTF single
crystal with increasing amount of the acceptor Mo(tfd)3 . The spectra do not change
after deposition of one (sub)-monolayer of the acceptor material. This hints towards
a low sticking coeﬀicient of the acceptor material and Coulomb repulsion of further
molecules. The degree of CT is therefore unchanged at higher coverages. The
S2p1/2 component of DBTTFsub + was not included in the fit, as it overlaps with
the Shirley background. DBTTFsub + and Mo(tfd)3 – components are highlighted by
vertical arrows.
The XPS results are shown in Figure 5.13b. As Mo(tfd)3 also contains sulfur, the
interpretation of the S2p core level is not straight forward. Prior to acceptor deposition, there is again a smaller contribution from impurities. The main component
DBTTFsub 0 shifts in parallel and by the same amount to the valence structures. As
there is no reference for neutral Mo(tfd)3 available, the precise position of Mo(tfd)3 0
is unknown. Therefore, the main component DBTTFsub 0 might actually also contain neutral Mo(tfd)3 . XPS measurements at the F1s core level (not shown) confirm
the presence of Mo(tfd)3 to at least a small degree. Comparing the XPS data for
coverages between 2 Å and 55 Å shows basically no changes. The spectral shapes,
positions and intensities are unchanged. Figure 5.13c shows the evolution of the
individual components.
As there is no change upon further deposition after 2 Å, the conclusion would
be that the little amount of Mo(tfd)3 sticking to the surface completely ionizes.
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Due to the bulky structure and therefore more isotropic electron distribution in
the molecule, Coulomb repulsion prevents additional growth after the filling of one
(sub)monolayer. This shows that the steric hindrance does not effect the doping
strength, but still controls the total amount of DA interaction.

Degree of charge transfer
Comparing the relative intensities of neutral and charged DBTTF, as shown in
Figures 5.11c and 5.12c, allows the determination of the total CT degree in units of
the elementary charge e. The thickness dependent evaluation of the CT according
to
CT =

DBTTFsub +
,
DBTTFsub 0 + DBTTFsub +

(5.2)

is shown in Figure 5.14.
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Figure 5.14: Evaluation of the degree
of CT from the S2p core level spectra shown in Figures 5.11 and 5.12.
The stronger acceptor F6 TCNNQ results in a larger CT than TCNNQ.
The data of Mo(tfd)3 is not shown, as
no neutral component could be identified and IPA formation is assumed.
The filled areas give the CT degree
for DBTTF:Fx TCNNQ blends as determined by FTIR in chapter 4.[21]
Values without (top) and with e-mv
coupling (bottom) are given.[271, 272]

In terms of CT degree both planar acceptors saturate at coverages around 25 Å,
while the stronger acceptor has a higher CT. The values presented here are upper bounds, as the probing depth of the XPS setup varies with the acceptor layer
thickness. The more acceptor material is present on the single crystal, the less
DBTTFsub 0 is measured, which skews the intensity ratios or the CT. For comparison, the degree of CT in DBTTF:Fx TCNNQ blends is shown in Figure 5.14 as shaded
rectangles.[21] The CT varies in a range of 0.22 e, depending on the amount of e-mv
coupling.[271, 272] This models the coupling between intramolecular vibrations and
charge carriers, which alters the mobility.[308]
Compared to the D|A stacks, the D:A blends demonstrate a lower CT degree,
which has several reasons. First, the experimental method used was FTIR, which

121

5 Interface doping at single crystal surfaces
is not a surface sensitive method like PES, but probes the entire bulk of the thin
film. Second, in blended systems, potentially every molecule can find a counterpart
to build a CTC. In stacked D|A systems, CTC formation can only occur at the
very interface. On top of that, there is integer charge transfer (ICT) from the lower
donor to the upper acceptor layers. Therefore, the averaged degree of CT measured
in D|A stacks is a superposition of both individual effects and gives a larger value.
As shown with data on electrical conductivity for blended systems,[309] the doping
eﬀiciency is much higher for IPA than for CTC formation. This goes along well
with the observations at the single crystal interfaces, where the D|A interaction
volume is much more restricted compared to D:A blends. As a rule of thumb, one
can conclude that bulky acceptor molecules seem to be more suited for blended
systems. On the contrary, for OSC devices a well defined molecular structuring is
often mandatory. This includes large crystallite sizes and templating effects, which
makes CTC formation a necessary prerequisite. Thus, for devices/applications using
D|A stacks planar molecules seem to be better suited.

5.6 Density of surface states
To further investigate the doping process at the interface, the density of surface
states is analyzed, using a model from literature.[172] Within the framework of this
electrostatic model, the work function Φ is separated into two components, ΦBB and
ΦID . ΦBB is the surface band bending due to a space charge layer in the DBTTF
single crystal near the interface and ΦID is an interface dipole due to the electron
transfer from donor to acceptor. Then, a connection to surface state density NS
and bulk doping concentrations ND is established. Both, NS and ND are crucial
parameters for the device fabrication with D|A interfaces, as they determine bulk
electronic properties and the energy level alignment at the interface.

Experimental band bending
Experimentally, the SECO directly gives the work function Φ of the sample. Analyzing the change in Φ then gives ∆Φ. Analogously, the electronic core levels also
shift upon doping, which then gives ∆ΦBB . Here, the S2p core level is considered.
Figures 5.15a,b show PES data for acceptor coverages after which the work function
was saturated.
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Figure 5.15: PES data used to determine the work function change ∆Φ and change
in band bending ∆ΦBB . (a) shows the SECO for DBTTF without (bottom) and
with the three acceptor materials. (b) shows the respective S2p data. The shift
in (a) corresponds to ∆Φ and the shift in (b) to ∆ΦBB , as indicated by arrows.
(c) shows the relative shifts of the work function and the individual components,
referenced to Φ of the undoped DBTTF crystal.
The unknown interface dipole component ∆ΦID is then obtained using ∆Φ =
∆ΦBB + ∆ΦID , which is shown in (c) for all acceptor coverages still in the monolayer
regime.

Density of surface states model
The depletion approximation[310] including a correction factor due to charged surface states[311] (see Equation 5.3), the interface dipole contribution modeled by the
Helmholtz-equation and the recursive definition of the charge δq (see Equation 5.5),
which is transferred until electrostatic equilibrium is reached in the Fermi level pinning, are as follows:


∆ΦBB =

ND
δq ND +N
S /λS

∆ΦID =

2ϵ0 ϵND e
δq
deff
ϵ0 ϵeff

2

(5.3)

(5.4)
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δqn+1 = δqn +

eNm

1 + exp



Φ0 +∆Φ−EA
kB T



(5.5)

Combining Equations 5.4 and 5.5 then directly gives
"

Φ0 + ∆Φ − EA
Nm = 1 + exp
kB T

!#

·

∆ΦID ϵ0 ϵeff 1
.
·
e
deff

(5.6)

Here, Nm is the area density of one molecular layer, Φ0 is the work function
of the undoped and ∆Φ the change in work function of the surface doped DBTTF
crystal, EA is the electron aﬀinity of the acceptor material, ∆ΦID is the change of the
interface dipole component after doping, ϵeff is the dielectric constant averaged for
all different materials and deff is the effective distance between the charges separated
in D and A. For simplicity it is assumed that the charge centers are located at the
mass center of the DA molecules. The charge separation deff can then be estimated
as the distance between the mass centers of D and A molecules.
Table 5.2: Parameters used for the calculation of the band bending contributions.
ϵ is the dielectric constant and in the range of 2-4 for organic materials. Nm is
estimated from PFP[312] in the case of TCNNQ and F6 TCNNQ and from the known
crystal structure for Mo(tfd)3 . deff is estimated for lying molecules. ND is varied
in a range typically estimated for OSCs. ∆ΦBB /∆Φ are experimentally determined
from SECO and UPS/XPS measurements.
material

ϵ

DBTTF
2-4
TCNNQ
2-4
F6 TCNNQ 2-4
Mo(tfd)3 2-4

EA (eV) Nm (m−2 )
4.7
5.6
5.6

1.7E18
1.0E18
1.0E18
2.5E18

λS (Å)

deff (Å)

ND (m−3 )

∆ΦBB
∆Φ

3
-

8.35
8.35
13.6

1E18-1E24
-

0.54
0.53
0.35

In the α-polymorph, the DBTTF molecules are tilted by 38◦ towards the surface
normal. Assuming different orientations of the acceptor molecules and considering
the van der Waals radii, reasonable values for the charge separation deff at the
DA interface are: 8.35 Å (lying Fx TCNNQ), 10.6 Å (45◦ tilted Fx TCNNQ), 12.3 Å
(standing Fx TCNNQ), 13.6 Å (lying Mo(tfd)3 ), 11.1 Å (standing Mo(tfd)3 ). Nm
follows directly from the crystal structure of the materials, if available. This is the
case for DBTTF and Mo(tfd)3 . For TCNNQ and F6 TCNNQ, the crystal structure
of PFP, which is similar in size, was used to estimate Nm .[312] This yields values
between 1.0 × 1018 m−2 to 2.5 × 1018 m−2 , as shown in Table 5.2. Using Equation 5.6
gives area densities between 6.1 × 1015 m−2 to 5.5 × 1016 m−2 , depending on the
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total amount deposited. As the calculated Nm considers only charged molecules,
the comparison of both values shows that roughly 1 out of every 100 molecules is
charged. Table 5.2 shows all values used to calculate the surface state density NS ,
which is shown in Figure 5.16.
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Figure 5.16: Relationship between the relative change in band bending ∆ΦBB /∆Φ
and surface state density NS . Estimations for varying bulk donor dopant concentrations ND are given and correlated with the experimental values of ∆ΦBB /∆Φ.
Uncertainties for NS are in the order of 50 %.
Since the bulk doping concentration of the DBTTF single crystals was not known,
data from rubrene single crystals was used as reference. Kaji et al. obtained a value
of ND = 2.47 × 1020 m−3 using organic single-crystal Schottky gate transistors,[313]
while Saeki et al. give a concentration of ND = 1 × 1022 m−3 to 1 × 1023 m−3 .
Thus, a range of ND = 1 × 1018 m−3 to 1 × 1024 m−3 for DBTTF single crystals is reasonable. The black ellipses in Figure 5.16 give the intersection between
experimentally determined band bending contribution ∆ΦBB /∆Φ (see Table 5.2)
and the calculated surface state densities (colored lines). This results in surface
state densities for the DBTTF|acceptor systems investigated here in the range of
NS = 3.8 × 1012 m−2 to 3.8 × 1015 m−2 . These values are orders of magnitude lower
than the surface state density of DBTTF molecules as given by the crystal structure
of 1.7 × 1018 m−2 , which means that only a fraction (around 1 %) of the molecules

125

5 Interface doping at single crystal surfaces
contribute to NS . The model used here was originally introduced for CT analysis at
inorganic|organic interfaces,[172] where NS ≈ 1 × 1015 m−2 , which is on the higher
side of our estimation. For other material classes, e.g. perovskites, similar thought
processes are done, but due to their intrinsic inhomogeneity and mostly unknown
permittivities, little to no quantitative values are available.[314–316] However, this
model was applied successfully to organic|organic interfaces investigated here.

5.7 Summary
In this second part investigating surface doping, DBTTF single crystals were pdoped in combination with two planar (TCNNQ, F6 TCNNQ) and two strong acceptors (F6 TCNNQ, Mo(tfd)3 ). These D|A combinations enable to separate the
effect of molecular shape (planar or bulky) and acceptor strength (D and A energy level alignment) during doping. Figure 5.17 shows a simplified summary of the
molecular interaction at the three different D|A interfaces.
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Figure 5.17: Sketch of the proposed charge transfer and interaction types at the
D|A interfaces, emphasizing the influence of steric hindrance and dopant strength.
For planar acceptor molecules, CTCs are formed at the very D|A interface. Additionally, electrons are transferred from the underlying DBTTF to the upper acceptor
layers. For the bulky acceptor molecule, Coulomb repulsion between the ionized acceptor molecules prevents the growth of multiple acceptor layers.
For both planar acceptor molecules, CTC formation at the very interface is
present, while the bulky Mo(tfd)3 does not expose its conjugated π-system, thereby
prohibiting CTC formation. Instead, there is integer CT or IPA formation. The
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acceptor strength directly amounts to the degree of CT,[21, 309] independent of
molecular geometry. This is also accompanied by a transition from more pronounced
island growth to rather disordered closed layer by layer growth for increasing acceptor strength.
The DBTTF crystals show a high surface quality and crystallinity, which was determined by using SFM and XRD. Likewise, it is also shown that planar molecules
feature high sticking coeﬀicients and extensive island growth due to π-π stacking
with DBTTF. As a result from p-type doping, the valence bands shift accordingly.
This shift is saturated at low molecular coverages for the stronger dopants, independent on the molecular shape. A literature model for the surface density of
states at inorganic|organic interfaces was successfully extended to work also for the
organic|organic interfaces here. This model allows to estimate the bulk doping concentration in DBTTF below the D|A interface. It is estimated that a small fraction
of ≈ 1 % of DBTTF molecules contributes to the CT at the very interface and first
monolayer of the A. Distinguishing the CT between electrons transferring from the
donor bulk and the donor surface, enhances the understanding of how the surface
states influence the amount of band bending.
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broader perspective
This chapter aims to provide an overview of charge transfer (CT) in systems using
organic dopant materials. The degree and type of CT is determined by structural
aspects and energy level alignment of the D and A molecules. First, three different
material combinations will be discussed in this regard – DIP:C60, DIP:PDIR – CN2
and DIP:F6 TCNNQ. Next, the combination of the D materials DIP, PEN and
DBTTF with a variety of A materials is studied. This results in a “V-shaped curve”.
By considering intermolecular coupling the describing model can be refined as a
simple and light weight extension of the Hückel model. A higher modeling precision
can be achieved by DFT and other tools, which, however, is achieved at the cost of
much higher computational complexity.

6.1 Donor acceptor interaction strength
OSC devices fundamentally include CT, especially when used in doping applications.
D and A materials interact electronically, for instance at interfaces (planar heterojunctions) or in blended systems (mixed or planar mixed heterojunctions).[317, 318]
The CT directly correlates with the overlap of the DA wave functions, as described
by the Mulliken theory.[319] There can be partial or integer CT.
The degree of CT can be used to classify DA systems into different categories, as
sketched in Figure 6.1. First, systems with a DA energy gap ∆EDA between HOMOD
and LUMOA being very similar to the energy gaps of the pristine materials ∆ED
and ∆EA , as shown in Figure 6.1a. Due to the high energy level similarity between
D and A, CT in the ground-state is minimal and therefore making it often very
challenging to be detected. For a complete prevention of GS-CT phase separation
is likely not suﬀicient, as there still might be π-orbital overlap at grain boundaries.
Steric hindrance on the other hand seems to be able to prevent π-π overlap a priori
due to bulky side chains or molecular structure. Some examples for such molecules
are shown in Figure 2.13. Charges are transferred mainly via exciton formation and
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dissociation. Such systems are often used in organic solar cells, since excitons are
fundamentally part of their working principle. Examples for material combinations
with such very weak GS interactions are α-sexithiophene (6T) and diindenoperylene (DIP)[320] or tetra-phenyldibenzoperiflanthene (DBP) and zinc chlorodipyrrin
(ZCl).[321]
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Figure 6.1: Sketches of different energy level configurations at DA interfaces. (a)
∆EDA ≈ ∆ED or ∆EA , ground-state charge transfer (GS-CT) is very weak, electrons
transfer mainly (pathway depicted with orange arrows) via molecular excitons; (b)
∆EDA < ∆ED or ∆EA , weak to medium molecular coupling, partial GS-CT shifts
the energy levels, dotted lines show the unshifted energy levels, CT takes place under
direct excitation or exciton dissociation; (c) ∆EDA ≪ ∆ED or ∆EA , strong GS-CT,
hybridized energy levels in a CT complex (∆ECPX , gray lines). Note that for a more
accurate description of electronic transitions, the exciton binding energy must be
considered.[108]
Part of the second category are systems with stronger, but still overall weak
to medium DA coupling are considered, as shown in Figure 6.1b. Here, the DA
energy gap is clearly smaller than the individual energy gaps: ∆EDA < ∆ED
or ∆EA . Partial CT in the ground-state is present, while the molecular orbitals
are not altered much during the DA interaction. Example systems are DIP and
fullerene (C60),[322] DBP and C60[323] or DIP and N,N'-dioctyl-3,4,9,10-perylene
tetracarboxylicdiimide (PTCDI – C8 ).[177] Further reducing ∆EDA falls into the
third category, as shown in Figure 6.1c. Strong intermolecular coupling results
in the formation of hybridized molecular orbitals and energy level splitting for the
DA complex. Examples are quaterthiophene (4T) and 2,3,5,6-tetrafluoro-7,7,8,8tetracyanoquinodimethane (F4 TCNQ),[176] pentacene (PEN) and F4 TCNQ[22] or
picene (PIC) and F4 TCNQ.[324] Note that boundaries between the three categories
are not sharp and can smoothly transition into each other. One possible distinction
between the three categories can be done experimentally as follows:
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• Very weak GS interaction (Figure 6.1a): The CT-state absorption is only
detectable by highly sensitive techniques such as EQE or PDS. Changes in
the energy levels IE and EA are not detectable.
• Weak to medium GS interaction (Figure 6.1b): Absorption can be detected
using standard UV-vis-NIR spectroscopy. IE and EA shift upon contact of D
and A.
• Strong GS interaction (Figure 6.1c): CT states feature stronger absorption
than the pristine materials and are therefore easily detectable. The DOS of
the CT state can be quantified by UPS.
In the previous chapters 3 and 4, D:A systems with strong GS interaction were discussed, such as DIP:F6 TCNNQ, DBTTF:TCNNQ and DBTTF:F6 TCNNQ, where
orbital hybridization occurs. Such strongly interacting D:A systems are also covered
widely in literature.[22, 176, 324] By contrast, systems with weak to medium GS interaction are studied much less. One exemplary exemption is the combination of DIP
and bis(2-ethylhexyl)-dicyanoperylene-bis(dicarboxyimide) (PDIR – CN2 ), which is
going to be briefly discussed here.[108]

Absorbance (arb. u.)

As stated above, standard UV-vis-NIR absorption spectroscopy can be used to
identify such a GS interaction. Figure 6.2 shows corresponding measurements of
both pristine materials and a mixed film. For the mixed film absorption features
can be detected at an excitation energy of 1.57 eV, which is well below the optical
gaps of the pristine materials. These spectral features can be attributed to the
formation of new CT states as a result of the D:A interaction.

2.25 eV

DIP

DIP:PDIR-CN2
1.57 eV

2.18 eV

PDIR-CN2
1.0

1.5

2.0

2.5

Excitation energy (eV)

3.0

Figure 6.2: Optical absorption data
from DIP (top), PDIR – CN2 (bottom) and a mixed DIP:PDIR – CN2
film (middle). The arrows highlight
the peak center of the lowest optical
transition measured.

131

6 Charge transfer interactions in a broader perspective
The second characteristic for weak to medium GS interaction is a shift in the
energy levels upon DA contact as a result from the electrostatic interaction. Using
UPS, the valence levels of a planar DIP|PDIR – CN2 heterojunction and a mixed
film were measured. The results are shown in Figure 6.3. From the valence band
of the mixed film, the components of the pristine materials were extracted using a
linear combination.
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Figure 6.3: Valence-region spectra (left) and work-function measurements (right) of PHJ (a) and
PMHJ (b) on HIL 1.3|ITO substrates for layers of increasing
thicknesses. The HOMO and WF
onset values are indicated by the
vertical dashed lines. The red
graphs show the baseline spectra
of DIP-covered substrates. All
spectra are scaled and shifted vertically for clarity. Part (b) shows
the deconvolution of the valence
band with pristine valence signatures for a 100 Å thick film in
PMHJ geometry. The green and
red vertical lines are used to align
the single-fit components. Further
measurements are given in the appendix Figure C.1. Reprinted with
permission from [108]. Copyright
2017 American Chemical Society.
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As the work function is constant for both heterojunctions, planar and mixed, the
IE (or change of IE) is directly given by the position of the HOMO level. The
difference between the HOMO position of both materials ∆EH,H , is 1.35 eV for a
planar stack (Figure 6.3a) and 1.00 eV for the mixed configuration (Figure 6.3b).
As the DA interaction volume is much larger when mixing, the GS interaction is
stronger as well. This results in a more pronounced shift of the IE, as shown here
from the difference in ∆EH,H for both configurations. The EA can be determined
by using IPES. However, the high radiation sensitivity of the PDIR – CN2 molecules
impedes the collection of reliable data. Yet, energy level alignments of IE and EA
are often symmetric around their center position, it is not mandatory to quantify the
change of EA as well. The small change in the IE confirms therefore the classification
of DIP:PDIR – CN2 as a D:A system with weak to medium GS interaction.
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Further confirmation of the molecular interaction is found by NEXAFS spectroscopy. Corresponding measurements (Figures C.2) and fits of the π ∗ dichroism
(Figure C.3) are shown in the appendix. The evaluation of the measurements shows
that the molecular orientations of DIP and PDIR – CN2 adjust towards each other
compared to the values in pristine films. Figure 6.4 sketches this reorientation.
DIP

PDIR-CN2

DIP:PDIR-CN2

substrate

substrate

substrate

Figure 6.4: Sketch of the molecular tilt in the pristine materials and in the mixed
film. Corresponding NEXAFS data is shown in the appendix.
As PDIR – CN2 has bulky side chains, π-π stacking is not completely prevented
but also not fully enabled. This geometric root of GS interaction control will be
investigated further in the following section, where also the third interaction regime
with very weak GS interaction is being investigated.

6.2 Electronic structure and molecular assembly
In the previous section DIP:PDIR – CN2 was introduced as an example for a weakly
interacting DA system in the ground-state. Here, two systems will be analyzed
and compared, which constitutes the extreme cases depicted in Figure 6.1 – one
with very weak and one with very strong GS interaction. The weak GS interaction of DIP:PDIR – CN2 was deduced from UPS and confirmed by other spectroscopic methods,[108] as shown in Figure 6.5b. The valence signature of a mixed
DIP:PDIR – CN2 film shows a small residual, which cannot be explained by the pristine materials alone. The origin of this residual is spectral broadening due to larger
disorder and lower crystallinity in the mixed film. ∆EDA = IED − EAA was found
to be 0.95 eV.[108] The EA of PDIR – CN2 is 4.45 eV, which was estimated with
an electronic gap of 2.65 eV and a measured IE of 7.10 eV.[108] DIP has an IE of
5.40 eV.[106]
The GS interaction changes, when PDIR – CN2 is switched for the acceptor fullerene
C60 – a widely used semiconductor in organic photovoltaics.[325, 326] This has several different reasons. First, C60 features a much more bulky molecular shape, which
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prevents CTC formation due to steric hindrance. Second, the relative energy levels,
in particular ∆EDA = 1.65 eV (value taken from [53] including an additional correction of 100 meV to account for the experimental IPES broadening) is much larger,
which lowers the probability for an electron transitioning from the DIP HOMO to
the C60 LUMO. As a result, DIP and C60 tend to phase separate instead of mixing, which limits the DA interaction volume to the grain boundaries.[327, 328] This
limitation becomes more evident when looking at the valence signature of a mixed
thin film, as measured by Wilke et al., which is shown in Figure 6.5a.[203] A simple
superimposition of the valence signatures from pristine DIP and C60 films accurately describes the obtained data from the mixed film. The optical absorption of
the CT state is very faint and could only be detected using highly sensitive PDS
measurements.[322] Also, the HOMO and LUMO energy levels of both materials
are constant upon contact, as was shown by Wilke et al. using direct and inverse
PES.[203] Remarkably, the GS interaction is non vanishing, even though phase
separation and steric hindrance should prohibit such an interaction. Since this is
not the case, this finding indicates that growth parameters such as growth kinetics,
impurities and temperature amongst others can influence the GS interaction and
designing zero GS interaction materials in the real world is hardly feasible.
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Lin. comb.
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PDIR-CN2

Bulk HJ
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GS complex

1.35 eV
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Binding energy (eV)
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Figure 6.5: UPS measurements of different DA material combinations according to
the categories shown in Figure 6.1. DIP and C60 (a) show very weak GS interaction,
DIP and PDIR – CN2 show weak GS interaction, DIP and F6 TCNNQ show strong GS
interaction. The data in (a) is adapted from [203] (copyright 2012 AIP Publishing)
and supported by [53]. The data in (b) is adapted from [108] (copyright 2017
American Chemical Society) and data in (c) as previously discussed in Figure 3.5.
A DA system with strong GS interaction was already introduced in chapter 3.
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DIP:F6 TCNNQ features completely planar conjugated molecules, exposing their πsystems in both cases. Together with crystalline ordering, a strong orbital overlap
can be achieved. However, organic crystals are often able to build different polymorphs, which then changes the electronic DA interaction. The EA of F6 TCNNQ
is 5.60 eV,[27, 176] while the IE of DIP is 5.40 eV. This results in ∆EDA = −0.2 eV,
which is significantly lower compared to the previous two DA systems. In combination, the planar configuration together with the low ∆EDA result in a very
well mixed film with strong GS interaction.[200] Looking at the valence signatures
shown in Figures 3.5g and 6.5c, there is a strong residual due to the CTC formation
at binding energies of 1.50 eV and higher. The interaction strength is even more
emphasized, since the thin film was grown as a planar HJ with a much lower DA
interaction volume than DIP:C60 and DIP:PDIR – CN2 , which were bulk HJs.
After analysis of the CT interaction in the GS, absorption spectroscopy is used
to determine the optical gap, which is then used to calculate the EBE (see Equation 3.4). As established before in chapter 3, the EBE is an important parameter of
OSC devices. Therefore, relating the EBE to the electronic DA coupling strength
and morphological character is a promising approach to understand the CT mechanism. In order to do so, knowledge of the optical absorption energies ∆Eopt is
required. Note that in literature this is often denoted as the optical band gap Eg .
The literature value of ∆Eopt for DIP:C60 is 1.78 eV.[53] This value was determined using a combination of PDS[329] and standard transmissive UV-vis-NIR absorption spectroscopy. The necessity to use highly sensitive PDS is explained by the
low interaction cross section in the GS. For the stronger interacting DIP:PDIR – CN2
combination, standard UV-vis-NIR spectroscopy was suﬀicient to observe the CT
state transition.[108] Here, features around ∆Eopt = 1.57 eV, as shown in Figure 6.2,
can only be explained when taking DA interaction into account. The observed ∆Eopt
is lower than the optical gap of the pristine materials, which means a direct excitation of the CT state excluding excitons from the pristine materials is possible.[330]
By further increasing the acceptor strength, e.g. by using F6 TCNNQ instead of C60
or PDIR – CN2 , the optical gap of the CT state further decreases. It can be seen in
Figure 3.4 that ∆Eopt = 1.00 eV.
As sketched in Figure 3.2, the EBE is the difference between the electronic gap
∆EDA of the DA complex and the observed (optical) transition energy ∆Eopt , which
is summarized in Table 6.1 for the three DA combinations.
For DA systems with weak GS-interaction the EBE is very low, with 0.07 eV
for DIP:C60 and 0.08 eV for DIP:PDIR – CN2 . A low EBE corresponds to a large
electron-hole separation, indicating a charge delocalization or CT exciton (see Fig-
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Table 6.1: Electronic gaps of the DA complex, optical transition energies ∆Eopt
and EBEs for DA systems with different GS interaction strengths. All values are
given in eV. For the first two DA systems constant D and A gaps are assumed
and derived from the HOMO-HOMO offset. For DIP|F6 TCNNQ, LUMO(CTC) is
estimated from Fermi level pinning and the electronic gap from the HOMO-LUMO
difference. ∆EDA = IED − EAA is obtained from the pristine materials.
materials

complex gap

∆Eopt

DIP:C60
DIP:PDIR – CN2
DIP|F6 TCNNQ

1.85
1.65
1.75

1.78
1.57
1.00

EBE ∆EDA
0.07
0.08
0.75

1.65
0.95
-0.2

ure 1.8). This is sketched in Figures 6.6a,b. For strong GS-interaction, as between DIP and F6 TCNNQ, a large EBE of 0.75 eV is found. This corresponds to a
much closer electron-hole distance, where both charges are situated on the complete
supramolecular complex and form a Frenkel exciton, as sketched in Figure 6.6c.
a)

CT exciton/
delocalization

+
DIP:C60

b)

CT exciton

+
+
DIP:PDIR-CN2

c)

Frenkel exciton

- +
- +
DIP:F6TCNNQ

Figure 6.6: Exciton classification for DA systems with very weak (a), with weak
to medium (b) and strong (c) GS interaction. In the sketch, the rectangular shapes
correspond to DIP molecules as D, while the rounded shapes refer to the different
A molecules: C60, PDIR – CN2 and F6 TCNNQ.
∆EDA = IED − EAA is used to compare DA systems with different donor materials. The results in Table 6.1 indicate an inverse correlation between ∆EDA and
EBE. Systems with a high ∆EDA show a low EBE and vice versa. Such a connection
could be used for predictions and the precise design of DA systems based on the
application need. However, an increase of the sample size, i.e. the analysis of a
wider range of DA combinations, is required to verify the determined trend.
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In summary, the degree of GS-interaction strongly depends on two factors: (1) The
morphological aspect including the molecular shape (bulky vs planar) can prohibit
strong π-π interactions and therefore CTC formation and the concomitant CT.
Structural compatibility is thus an important tuning parameter for designing DA
systems. (2) The relative energy level alignment determines the interaction strength
and the amount of CT, but might also be influenced by a specific crystal polymorph.
Depending on the polymorph, the molecular arrangement in the unit cell directly
defines the wave function overlap of neighboring molecules and thereby the electronic
DA interaction. Similar energy levels result in new CT states due to hybridization
of HOMOD and LUMOA .

6.3 Complex optical absorption vs donor-acceptor gap
As covered earlier in this thesis (see chapter 4), one possible doping mechanism is
CTC formation. Correlating the optical absorption gap of the CTCs to the energy
levels of the pristine D and A materials, enables a prediction of DA interaction
and deepens the understanding of CT interactions. This section will briefly compare different models from literature for this relationship and extend them using a
model of orbital hybridization, which is approximated via the Hückel method. As
mentioned in section 6.1, Mulliken introduced a method to correlate CT and intermolecular interaction.[331, 332] The overlap of the DA wave functions then directly
correlates to the CT.[319] This first simple model was later expanded by Briegleb
and Czekalla.[31, 36] They linked the transition energies of newly formed CT states
for several DA material combinations to the IE (and to some degree to EA as well)
of the materials. As one possible use case, this enables to predict IE and EA from
measured CT transition energies. A few years later, Torrance et al. extended this
framework and incorporated the electrostatic Madelung energy.[35] They unraveled
a phase transition between neutral and ionic CTCs upon pressure change. This is
directly connected to a change of the crystal structure, which then also determines
the phase transition.
There are several classes of CTCs, with conducting CTCs being one of them.
They were discovered several decades ago. The first example published was TCNQTTF.[333, 334] Since then a wide variety of conducting CTCs was reported, using similar materials, e.g., TTF derivatives (OMTTF, EDT-TTF, BEDO-DBTTF,
DBTTF, HMTTF to name a few) or acceptor molecules similar to TCNQ such as
F4 TCNQ, CF3 TCNQ, F2 TCNQ amongst others.[335, 336] A set of fundamental requirements to form conductive CTCs was determined from these manifold studies
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on a variety of material combinations. First, the (planar) D|A π-systems must be
arranged in highly crystalline segregated stacks such as DDDDAAAA.[337] Furthermore, the degree of CT should be in the range of 0.4 e to 0.6 e in order to generate
partially filled valence bands for conduction. This is achieved when the energy gap
between HOMO of the donor and LUMO of the acceptor lies between 0.4 eV to
0.5 eV.[34, 338, 339] Other terms for such a material class would also be CT-salts or
organic metals.[35, 340]
In organic solids the overlap (or transfer) integral is small compared to other energies involved during the creation of CTC complexes and can be neglected. The
degree of charge transfer ρ is then determined by two opposing energies.[341] Using
perturbation theory one can approximate that the energetic cost to ionize a single
DA pair is given by the difference between IE of the donor and EA of the acceptor molecule (IED − EAA )ρ. This expression does not include coulombic ion-ion
interactions. This is contrasted by the electrostatic Madelung energy of the threedimensional lattice, which is gained during full ionization and given by α ⟨e2 /a⟩ ρ2 ,
where α is the Madelung constant of the crystal, e the elementary charge and a the
distance between D and A molecule.[35, 341] Thus, the total energy per DA pair
yields to
D

E

E(ρ) = (IED − EAA )ρ − α e2 /a ρ2 .

(6.1)

In the simplest model, such organic CTC materials are either neutral or ionic, as
observed in mixed DA stacks (DADADADA).[342] However, it has to be stressed
that such stacks are not fully ionic or completely neutral compounds. Nevertheless,
they will still be referred to here with these terms. Calculating the energy of the
CT transitions for neutral CTCs follows from Equation 6.1 and is given by[35, 341]
D

E

hνCT (neutral) = (IED − EAA ) − e2 /a .

(6.2)

In this case the energetically lowest transition is for an electron to be transferred
from a D to a neighboring A molecule. The CT transition for an ionic CTC involves
electron transfer from the ionic A to a neighboring D molecule and is given by[35,
341]
D

E

hνCT (ionic) = (2α − 1) e2 /a − (IED − EAA ).

(6.3)

Equation 6.1 can be used to fit experimental data of the optical CTC gap vs the
redox potential difference ∆EDA for a large variety of DA materials. The data is
presented in Table 6.2, where IE and EA were determined by CV measurements and
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the optical CTC gap by UV-vis-NIR absorption spectroscopy. Figure 6.7 shows the
corresponding plot and the “V-shaped curve” fit, which reproduces the experimental
data reasonably well.
Table 6.2: Summary of the oxidation and reduction potentials for different DA
material combinations. The values are half-wave potentials given in eV as determined from cyclic voltammetry measurements and referenced to the ferrocene redox
couple (Fc/Fc+ ). Plotting the optical gap ∆EDA of the formed CTCs with respect
to the DA energy difference follows a “V-shaped curve”, as shown in Figure 6.7.
D
Note that EOx
(DIP ) is a lower bound and can be shifted up to 350 mV due to a fast
dimerization of DIP radical cations and is estimated using the Nernst equation.[343]
donor

D
EOx

acceptor

A
ERed

∆EDA

∆Eopt

source
[228]

DIP
DIP
DIP
DIP
DIP
DIP
DIP

0.41
F4 TCNQ
0.41 F6 TCNNQ
0.41
TCNNQ
0.41
Ni(tfd)2
0.41 PDIR – CN2
0.41 PDIF – CN2
0.41
PFP

0.13
0.17
-0.31
0.33
-0.70
-0.58
-1.13

0.28
0.24
0.72
0.08
1.11
0.99
1.54

1.00
1.00
1.30
1.40
1.57
1.55
1.83

PEN
PEN
PEN
PEN

0.22
0.22
0.22
0.22

F4 TCNQ
F6 TCNNQ
Ni(tfd)2
PFP

0.15
0.16
0.33
-1.13

0.07
0.06
-0.11
1.35

1.28
1.06
1.51
1.60

[22, 159]

DBTTF
DBTTF
DBTTF
DBTTF
DBTTF
DBTTF
DBTTF
DBTTF
DBTTF
DBTTF

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

TCNNQ
TCNNQ
F6 TCNNQ
TCNQ
TCNQ
F4 TCNQ
DCNQI 4e
DCNQI 4f
CF3 TCNQ
DDQ

-0.31
-0.31
0.17
-0.29
-0.29
0.13
0.25
0.23
0.06
0.12

0.42
0.42
-0.06
0.40
0.40
-0.02
-0.14
-0.12
0.05
-0.01

0.72
0.84
1.43
0.73
0.78
1.41
1.80
1.80
0.843
0.50

[21]
[21]
[21]
[255]
[255]
[256]
[336]
[336]
[335]
[233]

[108]

[344]
[345]

Most of the DA systems are of insulating character, meaning they have a low
electrical conductivity. This is due to their small molecular dimensions and low
redox potential difference ∆EDA , which results in the formation of strongly ionic
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salts. Therefore, they have a high CT degree of ρ ≈ 1 e and very strong Coulomb
interaction between D and A. One example presented earlier is the combination of
DBTTF and F6 TCNNQ, with a CT degree between 0.40 e and 0.62 e in a mixture
and ionic CT in planar stacked configuration (see Figure 5.14). Such CTCs are
represented in region A in Figure 6.7. In this model, insulating CTCs might also be
completely neutral without any CT, which is another wide collection of DA systems,
as shown in region C. However, the finding of a nonzero CT degree in the case of
DBTTF:TCNNQ (Figure 5.14) illustrates the limits of the model. These limits are
found for large D molecules or high redox potential differences ∆EDA . Due to the
strong Coulomb interaction, insulating complexes mostly arrange in DADADADA
stacks. On the other hand, CTCs with an incomplete CT of 0.4 e to 0.6 e are
potentially highly conductive. These are shown in regions B and D and arrange in
DADADADA (B) and DDDDAAAA (D) stacks. Despite its limitations, the “Vshaped curve” fit constitutes a simple model with a suﬀiciently high accuracy for a
first approach.
2.5

Optical CTC gap ∆Eopt (eV)

Figure 6.7: Lowest optical CTC
transitions ∆Eopt for several organic DA combinations plotted
against the redox potential difference ∆EDA of the pristine materials. The CTCs can be classified
into different categories: A completely ionized insulators, B partially ionized insulators, C neutral insulators and D conductive
CTCs.
The corresponding energy values are given in Table 6.2.
The DA systems are grouped by
donor materials. Note the deviations between experimental data
and model at the boundaries.
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As can be seen in Figure 6.7, the linear relationship between CTC transition
energies and redox potential differences is deviating from the experimental data,
especially at the edge cases. Therefore, a more advanced model was introduced,[22]
which includes intermolecular orbital hybridization of OSC and dopant molecules.
However, at high values of ∆EDA , this model also reaches its limits. To overcome
this, the intermolecular coupling β between D and A molecules is now included. β is
the resonance integral (or sometimes referred to as transfer integral t) between the
frontier orbitals as shown in Figure 6.8 and gives a measure for the frontier orbital
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interaction. For simplicity, the LUMO-LUMO and HOMO-HOMO coupling (β2 ) is
kept constant, as well as the LUMO-HOMO and HOMO-LUMO (β1 ). Based on a
modified Hückel method[7, 8] using the Ritz scheme,[6] this extends the hybridization model of molecular interaction.[41] Solving the obtained determinant then gives
four new hybridized energy levels (of the created CTC), HOMO-1, HOMO, LUMO
and LUMO+1. The energetically lowest CT absorption is then given by the energy
difference of HOMO and LUMO. For more details see Equation C.1 and Figure C.5.

L1

β2
β1

H1

β2

Energy

L2

H2

LUMO
HOMO
Figure 6.8: Intermolecular coupling parameters β1 and β2 , which describe the
interaction between the frontier orbitals of D and A.
To verify this extended model exemplary DA systems with DIP as D and several
A materials were chosen. The energy levels (IE and EA) of the pristine materials
were obtained from DFT calculations, which were provided by Dr. Georg Heimel,
Humboldt-Universität zu Berlin (for details see appendix Table C.1 and Figure C.4).
DFT was chosen in order to get a consistent data set of energy levels, since experimentally determined values are influenced by the specific setup and might differ.
This is true for highly complex techniques such as PES, where the precision of
the determined energy levels also strongly depends on the sample properties, such
as the material choice, surface treatment, material purity but also environmental
conditions, to name a few. Further, to determine optical CTC gaps UV-vis-NIR
absorption spectroscopy was used here as a robust standard technique. By solving
the determinant for the unknown coupling parameters β1 and β2 , the fit as shown in
Figure 6.9 is obtained. Additionally, simulations without both coupling parameters
and using only a single parameter β1 or β2 are shown. Neglecting LUMO-LUMO
and HOMO-HOMO coupling (β2 = 0) gives the previously introduced model of
molecular hybridization and is not suﬀicient to accurately model the DA interactions here.[22] As can be seen in Figure 6.9, by setting the HOMO-LUMO coupling
β1 = 0, the predicted energy gaps are reduced and significantly lower than the observed gaps. Without any orbital coupling (β1 = β2 = 0), hybridization is absent
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and the model follows a linear relationship directly given by the energy levels of the
D and A materials. Only by including the complete intermolecular coupling and a
fit of the independent parameters β1 and β2 , the data is suﬀiciently described in this
extended hybridization model.
3.5
3.0

∆Eopt (eV)

Figure 6.9: Plot of the optical CTC gap ∆Eopt for different
DIP:A combinations as a function
of the pristine compounds’ energy
level offset ∆EDA . By neglecting coupling between the frontier orbitals of D and A, the “Vshaped curve” (gray line) is obtained. Including intermolecular
coupling increases the model accuracy (red line). The sharp kinks
for exclusive β2 coupling are due to
the crossing of the uncoupled DA
energy levels (β1 = 0).
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Compared to the model shown in Figure 6.7, this extension of the intermolecular
hybridization model using the Hückel method is a better reproduction of the experimental dataset used here. Especially, the nonlinear relationship allows for a better
reproduction of complex trends present in the experimental data. However, it is
still only one possible description to model CT states in DA systems for molecular
doping. DFT among other state of the art modeling techniques can achieve more
accurate descriptions of CT transitions, albeit at the cost of greatly increased computational complexity.[265, 267, 346, 347] This includes several challenges: (1) the
total number of molecules/atoms considered in the calculations strongly determines
the algorithmic runtime, due to its above linear complexity. However, the more
interacting molecules are considered, the more accurate the predictions. Therefore,
a trade-off has to be made. (2) Often the potential landscape is very shallow around
its minimum, such that the energy minimization is slow. (3) For DA systems the
crystal structure is often not known or there is more than one possible polymorph.
This uncertainty in the molecular arrangement is detrimental, as the input to DFT
calculations are precise positions of all atoms in the molecules. (4) Determination of
optical gaps can differ greatly depending on the selected functional. This includes
corrections for dipoles, polarization or dispersion amongst others. By contrast, a
simple model as presented here, which uses energy values from fast single molecule
DFT calculations and absorption gaps from optical spectroscopy, can be successfully
used for very fast but accurate calculations on the level of a first approach.
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The aim of this thesis was to enhance the understanding of the charge transfer
mechanism during molecular doping at organic-organic interfaces. A wide range of
state of the art spectroscopic methods was employed to unravel the electronic structure and new CT transitions resulting from doping. This includes UPS and XPS
for valence signatures and core level states. Absorption spectroscopies in the UVvis-NIR and X-ray regions were used to determine transition energies. Vibrational
spectroscopy was employed to quantify the CT degree in DA systems for stacked
and mixed heterojunctions. Current-voltage measurements were used for the determination of electrical conductivities and scanning force microscopy for surface
morphology characterization.
The topics covered in this thesis are: (1) Planar heterojunctions of DIP and
F6 TCNNQ were fabricated. They were studied with regard to CT complex formation, interface doping and exciton binding energies at the D|A interface. (2) DBTTF
was blended with TCNNQ and F6 TCNNQ in solution and in thin films. From this,
the connection of the two doping mechanisms, CTC and IPA formation, to the
state of matter was derived. (3.1) Rubrene single crystals were p- and n-doped with
Mo(tfd)3 and CoCp2 . After doping, the band dispersion shifts accordingly, while
the hole effective mass stays constant. (3.2) DBTTF single crystals were doped with
TCNNQ, F6 TCNNQ and Mo(tfd)3 . From changes in the electronic structure, the
CT across the D|A interface as well as the density of surface states were quantified. (4) From three DA systems with varying GS interaction strength, DIP:C60,
DIP:PDIR – CN2 and DIP|F6 TCNNQ, the interfacial excitons were characterized.
A comparison of different models, which describe and allow to estimate the optical
absorption in CTCs from the DA energy level offset, concludes the results.

Ad (1)
HOMO, LUMO, C1s core level and transition energies were determined for the
two OSCs DIP and F6 TCNNQ as well as their CTC. By correlating these values,
EBEs for valence and core level excitations were extracted. For all three compounds,
the valence excitons are of Frenkel character with EBEs of several hundred meV.
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Core EBEs range from 1.15 eV to 2.25 eV, which is mainly due to the hole localization at the atomic core. In contrast, the EBE values relative to the transition
energies are much lower than compared to valence excitations. This is due to the additional electrostatic screening. From PES data, p-type doping at the D|A interface
is observed. Upon doping, the charge carrier mobilities in OFETs increases for holes
and decreases for electrons. It is shown that interface roughness has a significant
influence on the charge distribution, as deduced by comparison of experimental and
electrostatically modeled interface CT.

Ad (2)
The OSC DBTTF was doped with a combination of planar acceptor materials
(TCNNQ and F6 TCNNQ) in different states of matter – in solution and thin films.
This allowed to elucidate the influence of molecular shape and energy level configurations to the occurrence of two doping mechanisms – CTC and IPA formation.
Both D:A combinations resulted in CTC formation, showing that planarity has a
stronger influence on doping than the energy level alignment in this regard. Also,
both dopants increased the conductivity, with F6 TCNNQ being more conductive by
two orders of magnitude. The CTC formed with F6 TCNNQ results in a reduced generation of free charge carriers due to the larger energy gap between donor and CTC
compared to DBTTF:TCNNQ. However, concurrent IPA formation counteracts this
by reducing the charge carrier activation energy. This coexistence of both doping
mechanisms in DBTTF:F6 TCNNQ needs further investigation, as there is a wide
range of involved effects reported for similar OSC blends of pentacene:F4 TCNQ.[22,
279] Thus, inhibiting CTC formation by the use of less planar molecules and, therefore, reduced π-π stacking offers potential to enhance the doping eﬀiciency. It is
demonstrated that using redox potentials from CV is a reliable way of predicting
IPA formation in both states of matter – in solution as well as in the solid state.

Ad (3.1)
The band dispersion of rubrene single crystals was determined using angle resolved PES. Due to the relative energy level alignment with respect to rubrene, the
OSCs Mo(tfd)3 and CoCp2 were used to inspect p- and n-doping, respectively, at the
D|A interface. This flexibility enables the creation of more advanced device structures, such as tandem organic heterojunctions.[94, 301] Additionally, the rubrene
crystals were found to be very stable under ambient storage conditions. This is
deduced from the fact that no further surface treatment, like laser illumination to
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compensate for surface charging[287] or crystal cleaving in vacuo to observe dispersive features, was necessary. Upon surface doping, the band dispersion shifts
according to charges being transferred either to or from the rubrene. It is elaborated that during this charge transfer the hole effective mass does not change, but is
still larger than values reported in literature.[297] This is likely due to the incorporation of oxygen and formation of rubrene-epoxide and rubrene-endoperoxide.[302]
Comparing rubrene|Mo(tfd)3 and rubrene|CoCp2 shows that the doping eﬀiciency
is higher for the former, most likely due to the larger donor-acceptor energy level
offset.

Ad (3.2)
In the second part on surface doping, DBTTF single crystals were p-doped with
a combination of two planar (TCNNQ and F6 TCNNQ) and two strong (F6 TCNNQ
and Mo(tfd)3 ) acceptor materials. This set of D|A combinations allowed to separate
the influence of molecular planarity and acceptor strength on the doping process.
All DBTTF crystals exhibit a high surface quality and crystallinity, as confirmed
by SFM and XRD. In addition, by using these methods it is also shown that planar
molecules demonstrate a high sticking coeﬀicient due to their prominent π-π stacking. According to p-doping, the valence bands shift, which is saturated at lower
coverages for the stronger dopants, independent on molecular shape. A model for
the surface density of states at inorganic|organic interfaces was taken from literature
and successfully modified to organic|organic interfaces here. This modified model
allows to estimate the bulk doping concentration in the DBTTF region beneath the
D|A interface. It is estimated that a small fraction of ≈ 1 % of DBTTF molecules
contributes to the CT at the very interface.

Ad (4)
The electronic interactions of D and A strongly correlate to the CT processes upon
doping, which might involve CTC formation. The DA interaction was classified into
three classes – very weak CT, weak/medium CT and strong CT. Guidelines for
distinguishing between these classes based on experimental data have been worked
out. It is shown that by correlating the energy levels of new CT states to the
energy levels of pristine materials, a prediction of CT interactions becomes possible. Several models with varying degrees of accuracy are compared and extended
by including intermolecular coupling. This extended model is advantageous when
highly sophisticated but computationally complex models like DFT and others alike
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are not feasible, either due to runtime constraints or incomplete information on
material parameters.

Finally, an outlook with a set of ideas on the direction of future studies is given.
As this work was rather focused on the extreme cases of weak and strong CTC
complex formation, an extension to the intermediate region is promising. One such
D:A system of interest could be DIP:TCNNQ and would increase the general understanding of CT interactions in doping processes. Whenever optical transitions
are modeled and used together with energy levels, excitonic effects can have nonnegligible impact. Therefore, to increase the accuracy of future models, the EBE
should be included. Especially, the nature of CTC excitons should be investigated
in more detail, as the results here show vastly different EBEs for CTCs than for pristine OSCs. One possible approach could be based on the Bethe-Salpeter equation,
which is widely used for computation of optical excitations and explicitly includes
excitonic effects. However, this requires precise knowledge of the molecular arrangement, which can be obtained using techniques such as, e.g., XRD amongst others.
Further, an extension of the investigations towards n-doping during complex formation could be stimulating in order to expand to a larger number of potential device
applications. Additionally, a more in depth investigation on the effect of functional
side groups on doping eﬀiciency could be tantalizing. As shown here, the interface roughness has a decisive influence on the CT degree at D|A interfaces. This
correlation should be quantified fully, since interface roughness is a fundamental parameter in devices based on stacked DA configurations. Regarding single crystals, it
is promising to extend the here presented studies to crystals cleaved in vacuo, since
a cleaner surface would potentially result in a lower hole effective mass and, therefore, higher charge carrier mobility. This study of cleaved crystals would benefit
from a determination of the density of free charge carriers. With the work presented
here, I hope to have contributed to and advanced the field of organic molecular doping, especially the correlation of charge transfer to device relevant donor-acceptor
interfaces.
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A Additional data on DIP and
F6TCNNQ
X-ray absorption
F6TCNNQ | SiOx
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Figure A.1: X-ray absorption spectra (measured by Stefan Krause, Andreas Opitz
and Timo Florian, Humboldt-Universität zu Berlin, Germany) for varying angles of
incidence Θ between the photon beam and the sample surface. Here, the results
of F6 TCNNQ on (a) SiOx and (b) highly oriented graphite (HOPG) substrates
are shown. Substrate contributions from the HOPG substrate are subtracted. All
spectra are normalized to the incident photon flux and to the C1s step edge at 270
and 330 eV.
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Figure A.2: C1s X-ray absorption spectra (measured by Stefan Krause, Andreas
Opitz and Timo Florian, Humboldt-Universität zu Berlin, Germany) of a PHJ consisting of 1.5 nm F6 TCNNQ on top of DIP on HOPG are shown in the left panel for
varying tilt angles Θ between the photon beam and the sample plane (Θ = 90◦ –
normal incidence, Θ = 30◦ – grazing incidence). For clarity, only three absorption
spectra are shown here. A magnified view of the obtained CTC absorption is shown
in the right panel. The inset shows the resulting average orientations.[154]
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Figure A.3: C1s angle dependent X-ray absorption spectra (measured by Stefan
Krause, Andreas Opitz and Timo Florian, Humboldt-Universität zu Berlin, Germany) for mixed (left panel) and planar stacked (right panel) DIP|F6 TCNNQ thin
films on SiOx . The fit residuals give the CTC signatures, which are shown in the
right panel. For visual clarity only spectra from three different angles are shown.
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Figure A.4: Evaluation of the dichroisms of mixed and planar stacked
DIP|F6 TCNNQ thin films shown in Figure A.3. Both configurations show the same
trend, while the reorientation is stronger in the case of the blended film. This is due
to the larger DA interaction volume compared to the PHJ.
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Energy level simulations
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Figure A.5: Energy levels (work function – squares, LUMO – triangles, HOMO –
circles) obtained from electrostatic calculations[205] for different configurations of
D|A stacks. Each data point represents one layer of material. Red shaded areas represent DIP, cyan the CTC and light blue F6 TCNNQ. Pristine DIP (top left) shows
constant energy levels throughout all layers, since external electrostatic potentials
are absent. Adding one layer of CTC on top (top right) results in an energy level
alignment, where the HOMO of the DIP and the LUMO of the CTC are Fermi level
pinned at the interface between the two materials. Further addition of one layer of
F6 TCNNQ on top (bottom left) unpins the CTC LUMO, while the DIP HOMO and
the F6 TCNNQ LUMO are even stronger pinned, due to the high electron aﬀinity of
the acceptor material. Increasing the acceptor thickness to 7 layers of F6 TCNNQ
(bottom right) shows no change in the energy levels of the underlying film. Qualitatively, this behavior is reproduced by the experiments here (Figure 3.6). The
quantitative differences in energy level alignment between calculation and experiment are the result of layer mixing due to rough surfaces and interfaces and the
finite probing depth of the used PES setup.
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Figure A.6: Specular X-ray reflectivity (measured by Justas Jasiunas, University
of Augsburg, Germany) of 50 nm DIP (top graph) deposited on a PMMA|SiOx |Si
(oxide layer thickness is 300 nm) substrate as used for the OFET fabrication. The
observation of several reflections attributed to the σ-phase of DIP shows that PMMA
as substrate results in the same growth mode as using SiOx . In this crystal phase
the molecules arrange in a laterally ordered herringbone structure with a molecular
tilt angle of 83◦ to the substrate plane.[194] A molecular packing with this tilt angle
results in molecular steps of 1.68 nm, as observed in the SFM measurements (see
Figure 3.3). The tilt angle determined by NEXAFS of 78◦ is lower than the value
in the pristine σ-phase of DIP, since NEXAFS is also sensitive to non-crystalline
regions containing randomly oriented molecules. An uncovered PMMA|SiOx |Si substrate (bottom graph, poly(methyl methacrylate) (PMMA)) as reference shows no
crystalline reflections. The scans are shifted vertically for visual clarity. X-ray
diffraction measurements were taken in Θ − 2Θ geometry using a Seifert XRD 3003
PTS. The X-rays were generated using the Kα1 -line of copper with a wavelength of
λ = 1.540 56 Å.
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Figure A.7: Source-drain currents (top panels), as shown in Figure 3.9 and the
corresponding source-gate currents (bottom panels). All currents shown are absolute values. The drop in source-drain current, e.g. clearly visible at −53 V or at
35 V, is due to the change of sign. Charge carrier injection and formation of a conductive channel starts at the onset of the displacement current (bottom panels) in
the forward scanning direction. The dashed arrows mark the scan directions. This
onset correlates well with the switch-on voltage and is therefore used to determine
∆Vso .[208] The data shown here was measured by Justas Jasiunas (University of
Augsburg, Germany).

192

B Additional data on DBTTF,
TCNNQ and F6TCNNQ
Temperature dependent conductivity
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Figure B.1: Current-voltage characteristics of a pristine DBTTF film (a) and films
of DBTTF blended with 10 % of TCNNQ (b) and F6 TCNNQ (c) measured during
cooling from 300 K down to 200 K in steps of 10 K. The open symbols are the measured data and the solid lines are linear fits. Please note that the analyzed devices
feature different channel lengths. The linear behavior of these characteristics proves
an Ohmic injection and negligible contact resistances. Reprinted with permission
from [21]. Copyright 2019 American Chemical Society.
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Figure B.2: Spectroelectrochemical measurement of DBTTF during oxidation
(a) and of TCNNQ/F6 TCNNQ during reduction (b/c) in dichloromethane. The
bleached absorption peaks of the neutral molecules are marked with green arrows,
the arising absorption of the radical ions are marked with red arrows. Reprinted
with permission from [21]. Copyright 2019 American Chemical Society.
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C Additional data on charge transfer
interactions
Valence bands of DIP and PDIR – CN2
heterojunctions
The following description in this section was reprinted with permission from [108]. Copyright
2017 American Chemical Society. Due to the high degree of structural compatibility between DIP
and the HOPG surface, the resulting templating effect forces the adsorbed molecules to grow in
a mainly lying down fashion. On weakly interacting, amorphous surfaces like SiOx on the other
hand, no such templating exists and the molecules grow rather upright standing. This large orientational difference conforms well to the lower IE (5.4 eV) for upright standing than for lying down
(5.8 eV) DIP molecules.[106] According to our NEXAFS results (see the next part) PDIR – CN2
does not experience strong interaction with the HOPG substrate since no significant orientational
change was found (Figure C.3). Nevertheless, the IE shift by 0.3 eV from 7.1 eV on SiOx to 6.8 eV
on HOPG (Figure S3 in [108]) can be observed. LUMO level pinning is observed from the increase
of work function upon deposition of PDIR – CN2 on SiOx (Figure S3 in [108]).[201] By assuming a
position of the pinned LUMO level of about −0.4 eV, the transport gap is 2.65 eV.[185]
After the establishment of energy values of the pristine molecules, now the focus is put towards
the energetic interplay at PHJ and PMHJ. We used ITO|HIL1.3 and HOPG substrates to build a
base layer consisting of standing and lying DIP molecules, respectively. The results are shown in
Figure C.1. Changing the substrate to HOPG results in a higher IE and vacuum level alignment
of DIP to the substrate. The same is true for the deposition of PDIR – CN2 on top, however, the
IE changes only marginally (6.65 eV compared to 6.75 eV on standing DIP molecules), since the
side groups of PDIR – CN2 inhibit close stacking to the DIP molecules. To look at large-area DA
interfaces we evaporated blends of DIP and PDIR – CN2 on top of DIP pre-covered ITO|HIL 1.3
and HOPG substrates. The results on the PMHJ on HOPG show the same trend as on ITO|HIL
1.3 and are shown in Figure C.1. In comparison to the energy levels of the pristine molecules, this
strongly indicates a mixture containing upright-standing DIP molecules, breaking the templating
effect of the HOPG substrate. We note further that a clear trend in IE of films dependent on
molecular orientation as observed for other materials before is absent for PDIR – CN2 .[73, 202]
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Figure C.1: Valence region spectra and work functions (WF) of PHJ (a) on HIL 1.3
and (b) highly oriented pyrolytic graphite (HOPG) for increasing layer thicknesses,
indicated by the inset values in the WF plots. The red graphs show the base line
spectra of DIP covered substrates. Parts (c) and (d) show the analogous results
of PMHJ architectures. All spectra are vertically scaled and shifted for clarity.
Overlaid in the valence region spectra are fits with pristine valence signatures for all
thicknesses in thin black curves. Reprinted with permission from [108]. Copyright
2017 American Chemical Society.
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Figure C.2: X-ray absorption spectra for varying angles of incidence Θ between
the photon beam and the sample surface (see color code a)). a) and b) show the
results for DIP and PDIR – CN2 on amorphous SiOx substrates. c) and d) show
the results for DIP and PDIR – CN2 on HOPG substrates. Substrate contributions
from the HOPG substrate are subtracted. e) and f) show spectra for device relevant
architectures, PHJ and PMHJ, using DIP and PDIR – CN2 on SiOx . Thin black
lines show linear combinations of pristine DIP and PDIR – CN2 spectra at Θ = 55◦ ,
providing the best fit to the experimental data. The orange curve is the residual
for the deconvolution at Θ = 55◦ . For visual clarity, the absorption spectra for
Θ = 70◦ and 40◦ are not shown. All spectra are normalized to the incident photon
flux and to the C1s step edge at 270 and 330 eV. Adapted with permission from
[108]. Copyright 2017 American Chemical Society.
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Figure C.3: Evaluation of the dichroism (shaded area in Figure C.2) (C1s-π ∗ transition) for pristine molecular thin films of DIP and PDIR – CN2 on SiOx and HOPG
substrates (a) and dichroism of pristine molecular contributions in the device relevant architectures – PHJ (b) and PMHJ (c), as shown in Figure C.2. The specified
angles α on the left are the average inclination angle between molecular and substrate surface plane for each fitted/simulated dichroism curve. The C1s substrate
signatures were subtracted prior to the analysis. All curves are normalized to an incident angle of 55◦ . Adapted with permission from [108]. Copyright 2017 American
Chemical Society.

To identify the molecular arrangement at the interface, NEXAFS spectroscopy at the C1s edge
is performed. The resulting absorption spectra are shown in Figure C.2. Pristine DIP on SiOx ,
shows clear dichroic behavior. After integration from 283.3 to 286.3 eV and angular analysis of
the obtained π ∗ -peak intensities using Equation 2.38, we obtain an average molecular inclination
angle of 78◦ between molecular and substrate surface plane.[185] On HOPG, the reverse dichroism
is observed (Figure C.2c). After subtraction of the C1s substrate signature,[103] analysis here
yields an average molecular inclination angle of 33◦ . Since the carbon frame of the DIP molecules
features a perfect lattice match to the HOPG surface, this dichroism is readily explained by the
templating function of the HOPG to induce a new polymorph, consisting of lying down DIP molecules. Deviations from 0◦ for perfectly flat lying down molecules originate from defects on the
substrate surface, as well as the averaging nature of the NEXAFS technique itself, being sensitive
to both, crystalline (well-ordered) and amorphous (disordered) regions. This shows that the choice
of HOPG and SiOx as substrates is ideal to control the molecular orientation of the DIP molecules,
which is essential to control the orbital overlap at (organic-organic) interfaces.
Likewise, the X-ray absorption spectra of pristine PDIR – CN2 on SiOx and HOPG are shown in
Figures C.2b,d. In contrast to DIP, there is no clear dichroism visible, independent of the substrate choice. The results of the peak intensity evaluations are shown in Figure C.3. On SiOx
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an average inclination angle of 55◦ is obtained, compared to 53◦ on HOPG. However, different
IEs are observed on both substrates and the molecular arrangements appear to be different. The
templating function of the HOPG is reduced by the alkyl side chains of the PDIR – CN2 molecules.
On weakly interacting SiOx , on the other hand, the undisturbed, known crystal phase with an
average inclination angle of 53◦ is adopted almost exclusively.[348]
Looking at the X-ray absorption spectra of device relevant architectures in Figure C.2e (PHJ)
and f (PMHJ), we can identify features from both pristine components. Deconvoluting the mixed
spectra with pristine spectra obtained at Θ = 55◦ reproduces all major features. The best fits are
shown by thin black lines in Figure C.2. Angular analysis of the individual components isolates
the separate orientations for DIP and PDIR – CN2 molecules (Figures C.3b,c). The DIP molecules
at the planar interface possess an average inclination angle of 79◦ , decreasing slightly at the mixed
interface to 76◦ . For the PDIR – CN2 contribution, the inverse trend is observed – a slight increase
from 53◦ to 58◦ . This shows that the average orientation of both individual molecules in the planar
configuration is nearly unperturbed compared to the pristine molecular films in the known crystal
bulk structures. However, in the mixed film, where the interplay between D and A is much more
pronounced, an angular shift towards a common alignment is achieved. This points towards a
relaxation or segregation from the individual polymorphs to a new one, which was also seen in
the GIXD data. The observed shift of at most 5◦ here is not astoundingly large. However, since
NEXAFS determines only average orientations over all probed molecules, a much larger angular
shift (>15◦ ) due to relaxation in the new polymorph is most likely, while the individual pristine
crystalline phases of DIP and PDIR – CN2 coexist as well to some degree.
As mentioned before, no new features due to interaction are observed. This is shown in Figures C.2e,f by the small residuals. There are several explanations for this distinction, for example
forbidden dipole transitions, the weak interaction character of the ground state CT complex itself
or just surface effects.[179, 349–354] IR spectroscopy was performed in transmission mode, being
sensitive to properties of the complete bulk. NEXAFS sensitivity, on the other hand, is limited
by the inelastic mean free path of the excited electrons (∼ 1 nm) and the absorption depth of the
incident X-ray photons, meaning that only surface properties are measured.[116] The weak interaction strength points towards a small overlap in the ground state between both involved molecules,
possibly too weak to be easily detected by the used setup. Additionally, the formed exciton upon
optical or X-ray absorption involves different molecular orbitals. This results in the observed
additional features for optical absorption, which are absent compared to X-ray absorption.

Extended CTC model via Hückel method
The following determinant was used to calculate the hybridized energy levels in section 6.3, based
on Equation 1.7.
L1 − E
0
β2
β1

0
H1 − E
β1
β2

β2
β1
L2 − E
0

β1
β2
=0
0
H2 − E

(C.1)
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DFT calculated OSC energy levels
Table C.1: IE and EA values of the donor DIP and several A molecules are shown
here. They are calculated using DFT by Dr. Georg Heimel, Humboldt-Universität
zu Berlin. ∆Eopt is the lowest optical absorption of the CTCs formed with DIP
determined experimentally. All values are given in eV.
material

IE

EA

DIP (donor) 5.42 2.52
F6 TCNNQ 7.41 5.17
PDIR – CN2 6.82 3.96
PFP
5.59 3.23
C60
6.07 3.26
TCNNQ
7.04 4.68
F4 TCNQ
7.91 5.13

∆Eopt
1.00
1.57
1.83
1.78
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Figure C.4: Frontier orbital energy levels HOMO and LUMO of different OSCs
in relation to DIP. The tuning of the offset between D and A together with the
analysis of molecular interaction and energy levels allows to understand and predict
the behavior between doping and photovoltaics. All IE and EA values shown here are
given in eV and obtained by DFT calculations in order to ensure consistency across
all material combinations. Absolute values may differ for experimentally determined
values. However, the relative values, which are the crucial ones, do not. CTC
absorption values from literature: PFP from [199], C60 from [322]. Some material
combinations show no CTC absorption due to phase separation upon mixing.
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Figure C.5: Hybridized energy levels for a continuous shift of the relative DA
energy levels, as shown for some materials in Figure C.4.
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Figure C.6: Electrical conductivities for the DA material combinations investigated in this work. Sheet conductivities σ of organic thin films with different DA
combinations and molar mixing ratios, as determined from IV-measurements. a) For
DIP:TCNNQ no increase in conductivity due to molecular doping or CTC formation
is present. Increasing the acceptor strength using F6 TCNNQ results in more than
two orders of magnitude enhancement of σ at an equimolar mixing ratio. b) shows
σ for DIP:PDIR – CN2 mixed films with a behavior similar to DIP:TCNNQ.[108]
Mixing DBTTF:TCNNQ and DBTTF:F6 TCNNQ reveals a conductivity increase
at low acceptor concentrations around 10 %.[21] d) shows the photoconductivity of
DIP:F6 TCNNQ and DIP:PDIR – CN2 mixed films as the ratio between conductivity
under illumination σPhoto and in the dark σdark .
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