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Abstract

The structure formation of native polythiophene (PT) thin films during in situ polymer-
ization is the center of this thesis. A solution-based synthesis is developed that enables
the fabrication of conducting and semiconducting PT films, respectively. The established
synthesis employs an oxidative polymerization mechanism in which the oxidizing agent
additionally serves as chemical dopant. A structural analysis reveals that the polymer
aggregation upon heavy doping during film formation results in a novel PT crystal struc-
ture with improved intermolecular interactions. Furthermore, an experimental routine is
presented that enables to track the film formation dynamics by performing simultane-
ous time-resolved grazing-incidence wide-angle X-ray scattering (GIWAXS) and UV/Vis
transmission measurements. A model is extracted which illustrates the impact of the con-
centration of oxidizing agent on the reactions kinetics and on the evolution of the doping
level throughout the whole process. Finally, the nanomorphology of the semiconducting
PT films is shown to be tunable with respect to their porosity by employing water as sol-
vent additive. Overall, this work contributes to the understanding of relevant structure
formation processes and how those can be exploited for manipulating the morphology and
resulting key material properties in PT thin films.

Zusammenfassung

Diese Dissertation befasst sich im Kern mit der Strukturbildung in in situ polymerisierten
Polythiophen-Dünnschichten. Eine lösungsbasierte Synthese wird entwickelt, die die Her-
stellung von leitenden sowie halbleitenden PT-Filmen ermöglicht. Die Grundlage dieser
Synthese ist ein oxidative Polymerisationsreaktion, in der das eingesetzte Oxidationsmittel
zusätzlich in der Lage ist die gebildeten Polymere chemisch zu dotieren. Es wird gezeigt,
dass die Aggregation der Polymerketten bei starker Dotierung während der Filmbildung
zu einer neuartigen Kristallstruktur mit verstärkten intermolekularen Wechselwirkungen
führt. Weiterhin wird ein Messkonzept aus kombinierten zeitaufgelösten Messungen von
Röntgen-Weitwinkel-Streuung und UV/Vis-Transmission vorgestellt, welches die Verfol-
gung der Filmbildung ermöglicht. Aus den experimentellen Daten wird ein Modell abgelei-
tet, dass den Einfluss der Oxidationsmittelkonzentration auf die Reaktionskinetik sowie
den Grad der Dotierung während des gesamten Prozesses darstellt. Abschließend wird
gezeigt, dass die Nanomorphologie der halbleitenden PT-Dünnschichten manipulierbar
ist, indem der Einfluss von Wasser als Lösungsmittel-Additiv auf ihre Porosität unter-
sucht wird. Insgesamt liefert diese Arbeit einen Beitrag zum Verständnis von relevanten
Strukturbildungsprozessen, die zur Morphologiekontrolle und damit zum Einstellen von
wichtigen Materialeigenschaften verwendet werden können.
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1. Introduction

Conductive polymers were first discovered in the 1970s by Alan J. Heeger, Alan G. Mac-
Diarmid, and Hideki Shirakawa. [1] For their detection of electrical conductivity in iodine-
doped polyacetylene they were awarded the Nobel prize in chemistry in 2000. Since then,
conductive polymers have gained a major interest in research and industry because of
their highly attractive application in organic electronic devices. These have increasingly
come more into focus as the world-wide growing energy demand is attracting public at-
tention. [2] As a consequence, new solutions for decentralized energy supply are required.
New markets are opening up, in which the application of organic semiconductors is more
attractive than that of conventional inorganic ones such as silicon. Organic solar cells,
for example, allow the conversion of sunlight into electricity in niche field applications
that the common inorganic technologies are unable to cover. [3] This is possible because
organic photovoltaic devices can be light-weight, are producible on mechanically flexible
substrates, and can be tuned with regard to their optical properties by help of synthetic
chemistry. [4–7] Due to the solution-processability of the materials the device fabrication
can be up-scaled easily by roll-to-roll fabrication techniques such as printing. [8] This facil-
itates the production of devices in different size-regimes for implementation in buildings,
wearables, or portable devices. [3, 9] Beyond photovoltaics, conductive polymers are also
employed in technologies such as organic light-emitting diodes (OLEDs), energy-storage
devices, and organic field-effect transistors (OFETs). [10–14]

The origin of conductivity in polymers lies in their conjugated π orbital system which
enables the transport of charge carriers. [15] Therefore, their electronic properties strongly
depend on their crystallinity, conjugation length, intermolecular orbital overlap, and ori-
entation of the crystallites. [16–18] An efficient charge transport along a single polymer
chain requires an stretched backbone, which results in a long conjugation length. In-
termolecular charge transport, on the other hand, is mostly governed by the aggregation
behavior of the polymer chains and the resulting π orbital overlap. Hence, some of the key
morphological properties in organic thin film devices are their molecular conformation,
short- and long-range order, and domain sizes in material blends. [19]

Polythiophenes are an important class of conjugated polymers. Especially the substi-
tuted derivatives poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylenedioxythiophene)

1



2 Chapter 1. Introduction

(PEDOT) are two of the most intensely studied (semi)conducting polymers in the field
of organic electronic devices. P3HT is typically employed in its semiconducting state to
serve as absorbing material in the active layer of organic solar cells. [20, 21] PEDOT is
rather employed in its doped state in which it obtains sufficient electrical conductivities
for application as transparent and flexible electrode material. [22–24]

Native, unsubstituted polythiophene (PT), on the other hand, is not often considered for
device applications because it is not easily processable from solution due to its complete
insolubility. Nevertheless, PT is a promising material because its chemical stability is
strongly enhanced in comparison to that of its soluble derivatives. This stability originates
in its closer packing structure preventing the permeation of for example oxygen into its
structure. [25,26] Therefore, several in situ polymerization techniques have been developed
that enable the fabrication of insoluble PT thin films. In in situ polymerization approaches
the polymer insolubility is overcome by initially depositing the soluble monomers and
subsequently performing the actual synthesis of the polymer directly on the substrate.
The major advantage of such syntheses is their potentially low costs, as the synthetic
effort is significantly reduced in comparison to that of the polymerization of substituted
polythiophene derivatives.

The in situ polymerization techniques presented in literature typically employ an ox-
idative reaction mechanism in which the monomers are activated for polymerization by
oxidation. [27,28] This oxidation can either be done electrochemically or chemically. In an
electrochemical polymerization the substrate is utilized as anode in an electrochemical cell.
Upon application of a cell voltage a polymer film is formed on the substrate surface. [29–31]
The main drawback of such electrochemical syntheses is their restriction with respect to
suitable substrates as these need to be electrically conducting. Chemical polymerization
mechanisms, on the other hand, employ oxidizing agents for monomer oxidation, thereby
making the synthesis independent of the substrate material. The application of monomer
and oxidant can be performed from either solution or by evaporation. [32–37] While the
latter typically suffers from a rather high energy consumption, solution-based approaches
promise a simple upscaling to the fabrication of larger devices.

While the fabrication of PT thin films is easily feasible with the variety of literature-
known in situ syntheses, the respective electronic devices still suffer from low performance.
Without addition of any side chains, native PT typically exhibits a rather low degree of
crystallinity. Moreover, it aggregates in a herringbone motif that results from the electro-
static repulsion of the π-orbitals of neighboring chains. [38] As a result, its morphology
in thin films typically yields insufficient charge transport properties. Nevertheless, struc-
tural investigations and approaches for morphological tuning play only a very minor role
in the optimization of in situ polymerization techniques. This is despite the fact that
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the processes typically depend on a large number of parameters that could potentially be
exploited for structural control once their influence is revealed. However, the underlying
film formation mechanisms are often not investigated nor discussed. Consequently, under-
standing the structure formation during in situ polymerization is still of high significance
in order to tune the properties of unsubstituted conducting polymers to their optimum.





2. Objective

The introduction showed that there is still knowledge lacking on the film formation pro-
cesses during in situ polymerization of semiconducting polymer thin films. As a result, it
is difficult to optimize these functional layers under consideration of fabrication-structure-
function relations. The aim of this thesis is to get a more detailed insight on solution-based
in situ polymerization techniques, using polythiophene as model material system. A spe-
cial focus is put into the polymer morphology on different length scales and how the chosen
fabrication route can be employed for an increased structural control. For this purpose,
the project is divided into four different parts that are introduced in the following and
schematically depicted in figure 2.1.

in situ 
polymerization

kinetics and 
dynamics

influencing
morphology

aggregation
and crystal
structure

Figure 2.1.: Graphical overview of topics addressed in this thesis. A solution-based in situ
polymerization for polythiophene thin films is developed. Thereafter, the film formation process
and the impact of different reaction parameters on the morphology are investigated in terms of
doping-induced modification of the polymer crystal structure, the reaction and drying kinetics,
and the change in nano-morphology upon application of water as an additive.
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6 Chapter 2. Objective

Initially, it is necessary to establish an in situ polymerization routine, which shall
meet two main demands. Firstly, the process is supposed to be solution-based, thereby
enabling the fabrication of films by up-scalable techniques like printing. Secondly, the
resulting films should be of sufficient quality to enable their application in the active layer
of organic solar cells. Chapter 6 discusses the adaption and optimization of a literature-
known method which employs so-called metastable reaction mixtures, utilizing special
oxidizing agents for the polymerization. The resulting films are analyzed regarding their
(opto)electronic properties and finally implemented in organic bilayer solar cells.

In oxidative polymerization reactions the oxidizing agent additionally serves as chemical
dopant, meaning it is further able to oxidize the polymer chains following their formation.
This synthesis-intrinsic doping can be reversed after the actual film formation by post-
treatment with reducing solvents. However, during the film formation the doping is
expected to have an impact on the aggregation of the polythiophene chains. Hence,
the possibilities to exploit this doping for altering the crystal structures in both doped,
conducting and undoped, semiconducting thin films are investigated in chapter 7.

The observed aggregation behavior upon doping raises the question, at which point in
the fabrication the doping reaction is actually happening. In order to gain a deeper un-
derstanding of the film formation simultaneous time-resolved spectroscopic measurements
and X-ray scattering experiments are performed. For this purpose, the polymerization
is performed by slot-die printing the reaction mixture in a printer setup implemented
at a synchrotron beamline. The data analysis and concluded film formation model are
introduced and discussed in chapter 8.

Finally, the morphological tuning on a larger length scale is the focus of chapter 9. This
is of high interest, as blending the polymer with a second functional material is difficult
during in situ polymerization. Hence, a tuning of film porosity enables a strong increase
in the polymer surface, which can potentially be exploited in backfilling processes. Here,
the impact of water on the film porosity is investigated by applying it as solvent additive
during the reaction. Additionally, the crystallization of reaction by-products inside the
polymer matrix is studied and proposed to be the origin of the variation in porosity and
pore size.

The other chapters cover the necessary theoretical background (chapter 3), informa-
tion on the employed characterization methods (chapter 4), and the details on employed
materials and sample preparation (chapter 5).

Finally, a conclusion and remaining open questions are given in chapter 10.



3. Theoretical aspects

This chapter gives an introduction to the theoretical aspects of the topics discussed in
this thesis. First, some basic concepts of polymer physics are introduced in section 3.1,
ranging from general definitions to polymer crystallinity, and at the end of the chapter the
origin of conductivity in organic systems (section 3.1.1). Thereafter, the polymerization of
semiconducting polymers with special focus on the in situ polymerization of polythiophene
is discussed in section 3.2.

A large part of this thesis deals with structural investigations on polymer thin films
performed by means of X-ray scattering techniques. The respective basics are introduced
in section 3.3.1. The specifics of scattering under grazing incidence are discussed further
in section 3.3.2.

3.1. Basics of polymer physics

The word polymer originates from the combination of two Greek words: poly (many)
and mer (part). Polymers are macromolecules that are composed of a large number
of repeating building blocks, the monomers. A chemical reaction linking the monomers
is called polymerization. Naturally, the chemical and physical properties of polymer
molecules are strongly related to those of their monomer molecules. Moreover, the number
of linked monomers n plays a crucial role, as the influence of the addition or removal of
a single monomer unit is strong for short or medium long chains and becomes almost
negligible if the chain is sufficiently long. Therefore, it is convenient to roughly distinguish
between single monomers (n = 1), oligomers (n > 1), and polymers (n >> 1). n is also
referred to as degree of polymerization.

In order to serve as a monomer in a polymerization reaction, a molecule needs to contain
at least one polymerizable chemical group. Figure 3.1 shows the schematic reaction of
propene to polypropylene. Here, the double bond of the monomer can be activated for
polymerization.

All synthetic polymerization reactions are statistical processes which result in polymers
of not one exact degree of polymerization but rather a distribution of different chain

7



8 Chapter 3. Theoretical aspects

H3C CH2

H3C

n

n

Figure 3.1.: Schematic polymerization equation of propene to polypropylene, with n as degree
of polymerization.

lengths. In order to describe the molecular weight it is necessary to work with statistical
mean values. Here, different approaches are possible. The simplest one is the number
average molar mass Mn

Mn =
∑
i ni ·Mi∑

i ni
(3.1)

with ni as the number of molecules of molar mass Mi. Additionally, it is possible to weight
the mean value by the weight fraction of each chain length. This weight average molar
mass Mw is defined as

Mw =
∑
i ni ·M2

i∑
i ni ·Mi

=
∑
iwi ·Mi∑

iwi
(3.2)

where wi = ni ·Mi is the total mass of component i. In order to additionally quantify
the distribution width of the molar masses, the ratio between Mw and Mn is defined to
be the polydispersity index PDI:

PDI = Mw

Mn

(3.3)

Hence, a monodisperse system would give PDI = 1. While this is hardly achievable with
synthetic methods (in comparison to some natural polymers such as for example DNA),
a narrow distribution of the polymerization degrees is often desired in order to obtain
well-defined and predictable system properties.

Another important aspect in describing polymers is the classification into different
groups. Depending on the characteristic trait that is considered they are assigned to
different categories. Most often they are categorized by [39]

origin: While natural polymers such as DNA or cellulose have been around long before
synthetic chemistry, synthetic polymers are man-made.

structure: Depending on the architecture in which the monomers are connected, poly-
mers can be of linear, branched, or cross-linked structure.

composition: If a polymer is composed of only one type of monomer A, it is called a
homopolymer. The combination of different monomer species A and B yields to
copolymers, which are differentiated by the arrangement of the different building
blocks into statistical (...AABABABBAAAB...), alternating (...ABABABABA...),
or block copolymers (...AAAA−BBBB...).
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mechanical properties: Depending on their mechanical properties and the underlying
molecular forces it is possible to classify into thermoplasts, elastomers, or duro-
plasts.

Polythiophene (PT), its processing for thin film applications, and finally its electronic
and morphological properties are the center of this work. PT is a synthetic homopolymer,
which additionally belongs to the class of organic conducting materials. In order to
interpret and understand the results later-on, it is necessary to first give a short insight
into two main physical aspects that underly its properties: polymer crystallization and
the origin of conductivity in organic materials.

Just like their shorter relatives, the oligomers, polymers can have the tendency to crys-
tallize. Moreover, they exhibit analogous crystal structures of parallel extended straight
chains. In contrast to oligomers, however, solid polymers usually do not fully crystallize
to form single crystals but rather stay in a semicrystalline state that is a mixture of crys-
talline and amorphous domains. The origin of this semicrystalline state lies in two major
differences between oligomers and polymers: i) other than oligomers, polymers do not
have a uniform chain length distribution, and ii) more importantly, the entanglement of
the longer chains is a large energetic barrier that needs to be overcome in order to obtain
a crystalline polymer. Hence, when a polymer crystallizes from an entangled melt, a sep-
aration happens between molecular parts that can be stretched out forming crystals and
amorphous, strongly entangled regions. These typically contain chain bends and ends.
Considering the entanglement that needs to be overcome upon crystallization it is evident
that the process is not mainly governed by thermodynamics but rather by kinetics. In
other words, the structures that develop fastest are not necessarily those with the lowest
free energy but simply possess the fastest growth rates.

Crystallinity plays a crucial role in the properties electronic of conducting polymers.
The basics of conductivity in organic systems is adressed in the next section.

3.1.1. Organic semiconductors

Organic semiconductors can be of molecular or polymeric nature. In both cases, the origin
of the electronic properties follows the same basic concept that lies in the chemical struc-
ture of the materials. Conductivity is present in organic systems when the molecules are
conjugated, meaning they feature alternating single and double bonds. This conjugation
results in the presence of an extended π electron system, leading to an increased mobility
of charge carriers through that system. Conductivity in polymers was first discovered by
Shirakawa, MacDiarmi, and Heeger in 1977 and awarded the Nobel prize in chemistry in
2000. [1]
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H

H

H

H

H

H

H

H

pz orbital

sp2 orbitals

atom orbitals molecular orbitals

π bond

s bonds

a) b) c)

ethen

Figure 3.2.: Electron orbitals and chemical structure of ethen. a) Schematic depiction of atomic
orbitals of two carbon atoms (black) after hybridization (grey: sp2 orbitals, blue: pz, b) formation
of molecular orbitals upon bond formation (grey: σbonds, blue: πbond), c) chemical structure
of ethen molecule.

Figure 3.2 exemplary depicts the formation of a π bond for the molecule ethen. When
a carbon atom is not in its elemental atomic state, its 2s and 2p orbitals form hybrids
in order to enable the formation of molecular bonds to other atoms. In organic semi-
conductors at least one of the p orbitals remains in its original state without undergoing
hybridization. For creation of a double bond, such as in the case of ethen, sp2 orbitals
are formed while the pz orbital remains. The development of molecular orbitals from
the single atomic orbitals upon bond formation is often described in terms of the linear
combination of atomic orbitals (LCAO). According to LCAO, ethen exhibits five σ bonds,
one between the carbon atoms and one to each of the connected hydrogen atoms. Addi-
tionally, the non-hybridized pz orbitals are overlapping to form a binding π (filled) and a
corresponding antibinding π∗ (empty) orbital. Usually, these two orbitals are less involved
in the binding of two atoms and energetically closer together than for example σ and σ∗

orbitals. As a consequence, they often make up the highest occupied molecular orbital
(HOMO, π orbital) and the lowest unoccupied molecular orbital (LUMO, π∗ orbital),
respectively.

When the conjugated system consists of more atoms than in ethen, as it is the case in
conjugated polymers, the π orbitals become delocalized over several atoms in the back-
bone, resulting in an outstretched electron system in which charge carriers are able to
move. In analogy to inorganic semiconductors, the HOMO and LUMO of conducting
polymers are often referred to as bands. The evolution of these bands upon increasing
conjugation length (i.e. number of monomers involved in one π system) can be explained
by a splitting of the energy levels due to interaction of the HOMOs and LUMOs of each
subunit in the chain. The energy gap between the resulting bands is referred to as band
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LUMO

HOMO
π π π

π* π* π*

HOMO HOMO HOMO

LUMO LUMO

LUMO

E
n

e
rg

y

Evac

Eg

Ea Ei

1 2 3 ∞

Number of monomers/molecules

Figure 3.3.: Formation of bands in conjugated polymers upon increasing number of monomers,
band structure obtained from linear combination of atomic orbitals (LCAO). HOMO and LUMO
of single molecules split due to interaction with neighboring orbitals, resulting in formation of
band-like structure with band gap Eg, ionization energy Ei, and electron affinity Ea with respect
to energy level of vacuum Evac.

gap Eg. The band gap of semiconducting polymers is usually in the range of 1.5 - 3.0 eV
and hence in the energetic range of visible light. [40–42] Therefore, such polymers are
very attractive for the application in optoelectronic devices such as organic solar cells or
organic light-emitting diodes. The formation of electronic bands by increasing number of
monomers/aggregates is schematically shown in figure 3.3.

Doping

Intrinsically, semiconducting polymers do not have a high conductivity, as the concentra-
tion of free charge carriers is low. A strong increase in the concentration is achieved by a
so-called chemical doping, such as performed with iodine in the first discovered conducting
polymer polyacetylene. [1] In chemical doping an oxidizing (p-doping) or reducing agent
(n-doping) is added to the polymer, resulting in the extraction or addition of electrons
from the backbone. [15] The electric charges are stabilized on the chain by dopant staying
incorporated in the polymer matrix due to electrostatic attraction.
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Figure 3.4.: Energetic disorder and resulting hopping transport in polymer systems. a) Statistic
variation of energy levels resulting in Gaussian distribution of density of states (DOS), with
mean value ε0 and width 2σ. b) Hopping transport of charge carriers between energy levels with
relaxation to energetically lower states at low temperature and thermally activated hopping to
higher states.

Charge transport

π systems in ideally outstretched conjugated polymer chains would be delocalized along
the complete backbone. However, chain torsions, bends, and chemical defects cause dis-
ruptions of the conjugation length. From the LCAO band scheme (figure 3.3) it is clear
that the gap between HOMO and LUMO increases when the number of monomer units
within the conjugation length is decreased. In real systems, the conjugated segments vary
in their length, resulting in a statistical disorder of the respective HOMO and LUMO
energy levels. The resulting density of states (DOS) can be described mathematically
by a Gaussian function accounting for energetic and spacial distribution of the states as
depicted in figure 3.4a. [15]

Charge carriers in such disordered polymer systems move between the neighboring
states of different energy by tunneling. This mechanism is also referred to as hopping
transport. [15,43] Figure 3.4b schematically shows the hopping transport in energetically
disorderd systems. A charge carrier moves from from one state to another, usually upon
relaxation to energetically lower states. If additional thermal energy kBT is provided,
however, it is possible for the charge carriers to hop to states of higher energetic level.
Hence, the conductivity in disordered polymers increases with temperature. Of course,
an increased structural order by crystallization has a strong impact on the width of the
DOS and therefore also increases the mobility of the charge carriers.
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Interaction with light

Next to doping, the absorption of light also induces charge carriers in organic semicon-
ductors. If the energy of an incoming photon exceeds the band gap Eg it can be absorbed,
resulting in an electronic excitation of the molecule. The absorption is quantified by the
Lambert-Beer law according to

I(λ) = I0(λ)e−α(λ)cd (3.4)

with I and I0 as intensity of transmitted and incident light, respectively, the wavelength-
dependent absorption coefficient α, the concentration of the absorbing species c, and the
path length of the light through the sample d.

Upon absorption of a photon, an electron is typically excited from the HOMO to the
corresponding LUMO level. The resulting electronic excitation of a molecule is described
by means of the Franck-Condon principle, which is schematically depicted in figure 3.5.
The graphic shows the excitation by absorption (b) as well as the subsequent relaxation
by emission (a), with the potential curves of the electronic ground and first excited state,
S0 and S1, respectively. For simplification, the shape of the potential curves is depicted as
symmetric wells. As the electronic transition is much faster than the following molecular
relaxation inducing a shift in the molecule’s geometry, the excitation is depicted by vertical
arrows at constant nuclear coordinates while the respective electronic states are shifted
with respect to each other.

The respective vibronic states are depicted as horizontal energy levels. Within the
approximation of an harmonic oscillator the energetic difference between the vibronic
energy levels is constant. When a photon is absorbed, the molecule gets excited from
the vibronic state ν = 0 in the electronic ground state S0 to a specific vibronic state
ν = i in S1. Here, the probability for an excitation to each of the respective vibrational
states depends on the overlap of their wave functions, depicted in gray in the figure. If
the molecule is excited to a vibronic state higher than 0, the excitation is followed by a
fast molecular rearrangement resulting in a relaxation to ν = 0 in S1. From there, the
molecule can relax to S0 via photoluminescence. Again, the emission probability varies
for the different vibronic states in the electronic ground state. The resulting absorption
and emission spectra are a superposition of the single vibronic transitions (figure 3.5c).

Naturally, the width of the single transitions is strongly dictated by the energetic disor-
der in the system. For polymer systems with varying conjugation lengths and amorphous
as well as crystalline sections, broad vibronic absorbance bands are typically observed
which rather appear to be shoulders of a broad spectrum than single transitions. The
emission spectra are usually better resolved, as excited electrons tend to diffuse to ener-
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Figure 3.5.: Illustration of Franck-Condon principle. a,b) Potential energy curves for electronic
ground state S0 and first excited state S1; sub-states within each curve represent vibronic states
ν with corresponding wave functions in grey. Emission (a) and excitation (b) are depicted by
vertical orange and blue arrows, respectively. Probability of the single electronic transitions
depends on overlap of the wave functions of initial and final vibronic state. c) Exemplary
symmetric emission (orange) and absorption spetrum (blue) with varying intensity of different
vibronic transitions.

getically lower states of molecule parts with longer conjugation lengths and higher order
before finally radiatively relaxing to the ground state.

Another factor that is important in semiconducting polymers is the interaction between
neighboring chromophore units. Here, aggregation results in a shift of the electronic states
and a coupling-induced splitting of the energy levels in the excited states. The strength
of the electronic transition to each of the resulting excited energy levels is dictated by
the transition dipole moment of the dimer. This transition dipole moment depends on
the relative orientation of the coupling chromophores to each other. Considering the



3.1. Basics of polymer physics 15

interaction between two chromophores forming an aggregated dimer, the molecules can
stack in two different geometries:
i) Aggregation in a coplanar and parallel fashion (relative transition dipole moment ori-
entation: ↑↓ or ↑↑) which is also referred to as H-aggregate. In H-aggregates (from Hyp-
sochrom) the excitation only happens to the higher energy level, resulting in an overall
hypsochromic shift of the spectra.
ii) Aggregation in a sequential and parallel fashion (relative transition dipole moment
orientation: →→ or →←) leads to the formation of a J-aggregate. Here, the transition
dipole moments of the higher energy level add up to 0, which makes an excitation to
that state forbidden. Hence, the transition to the lower energetic excited state results
in a bathochromic shift of the spectra with respect to the single molecule absorption.
The impact of the different coupling geometries in polymer semiconductors is described
in much detail by Frank Spano. [44–46]

Application: organic solar cells

Semiconducting polymers are highly investigated also due to their application in organic
electronic devices. Within this thesis, organic solar cells serve as an exemplary application
of the in situ polymerized polythiophene thin films. The general working principle and
resulting demands to single polymer layers are introduced here very briefly. [7, 21,47,48]

Organic or polymer solar cells are usually composed of a stack of several functional
thin film layers. A transparent substrate covered with an equally transmissive conducting
material serves as front electrode through which the light can enter the device. On top of
the transparent anode an electron blocking layer is often deposited to increase the charge
carrier selectivity at the anode. The heart of organic solar cells is their active layer, in
which the light is absorbed and the charge carriers are generated. Its architecture and
working principle are discussed in the next passage. On top of the active layer follows
the cathode, that is usually a thin metal film. Here again it is possible to increase the
charge carrier selectivity by insertion of a hole blocking layer between active layer and
back electrode.

The active layer in organic solar cells is most often composed of a material mixture
of an electron donor and an electron acceptor material. This is required due to the low
dielectric constant in organic materials, which results in a strongly increased Coulomb
attraction between opposite charges when compared to inorganic materials. When a
photon is absorbed in the active layer, typically in the polymeric donor molecules, an
exciton is created. [49] Usually, this bound electron-hole pair is too strongly bound to
dissociate just by means of thermal energy. Hence, a second material is employed in the
active layer. In this electron acceptor the energetic levels of HOMO and LUMO are lower
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Figure 3.6.: Organic solar cell layer stacks with different active layer architectures: a) bilayer,
b) interdigitated heterojunction, and c) bulk heterojunction. d) Energy offset between HOMO
and LUMO of donor and acceptor material enabling the splitting of an exciton.

as compared to the ones of the donor, enabling a splitting of the exciton by a transfer of
the electron (see figure 3.6d). However, the lifetime and resulting diffusion length of an
exciton are very limited (typically on the order of 10-30 nm [50]), which creates the need
of a nanostructured active layer with small structure sizes of the intermixed materials.
If an exciton does not reach the donor-acceptor interface within its lifetime, the electron
and hole recombine resulting in a decrease in the solar cell current.

Hence, the active layer architecture is usually designed in order to increase the interface
between the two materials and enable short travel distances for the charge carriers. Figure
3.6 schematically shows three different geometries. In a bilayer device (figure 3.6a) flat
layers of donor and acceptor are simply stacked on top of each other. Here, the interfacial
area is naturally small. Moreover, a trade-off in the layer thicknesses is necessary in order
to increase the amount of light absorbed (thick layers) and the charge carriers to reach the
respective interfaces despite the low mobility in the organic materials (thin layers). The
resulting efficiency in bilayer solar cells is therefore often limited in the current generated.
In an interdigitated heterojunction (figure 3.6b) pillars or lamellae of the donor material
are created by help of physical methods such as nano imprint lithography. Afterwards,
the empty channels are backfilled with the acceptor material. The radii or thicknesses of
these structures is desired to be of the order of the exciton diffusion length, in order to
maximize the current yield. However, a large scale production of such small structures is
complicated and expensive, creating the need for a more feasible approach to manufacture
a nanosized morphology. In a bulk heterojunction structure (figure 3.6c) the active layer
is a percolating network of interdigitated donor and acceptor domains. This structure
is obtained by a solution-based processing of the two materials from one blend solution.
During thin film fabrication a partial phase separation on the nanometer scale creates the
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random morphology. Due to the insolubility of polythiophene, however, only bilayer solar
cells are fabricated in the framework of this thesis.

3.2. Polymerization of semiconducting polymers

The in situ polymerization of unsubstituted polythiophene is the center of this work.
Therefore it is necessary to take a look at the chosen reaction mechanism as well as the
special requirements for enabling a successful synthesis during thin film fabrication.

The polymerization of five-membered heterocycles such as thiophene or pyrrole is usu-
ally performed employing an oxidative reaction mechanism. [27–29] The initiation step
of such reaction is the activation of the respective monomer molecules resulting in the
formation of a radical cationic species. The necessary removal of an electron from the
monomer is achieved by either electrochemical or chemical means. Electrochemical poly-
merizations are performed in three-electrode cells, in which the monomer is dissolved in
the electrolyte solution and subsequently oxidized at the anode surface. Here, the anodes
additionally serve as substrates for the film deposition, as the insoluble polymer films pre-
cipitate on the electrode surface. [29,30] Chemical oxidative polymerizations on the other
hand employ a second reactant, namely an oxidizing agent that activates the monomers
by chemical oxidation. Typically, metal ion salts are employed as oxidants. Nevertheless,
the general polymerization mechanism for both approaches remains the same.

Figure 3.7 exemplary depicts the mechanism of the bithiophene (BT) polymerization
using an Fe3+ salt as oxidant, as this is the educt combination employed within this work.
But, as already stated before, it is analogously true for the oxidative polymerization
of other five-membered heterocycles by either the electrochemical or chemical approach.
[30,32,51]

The polymerization is initialized by oxidation of the aromatic monomer molecule, here
BT, by a redox reaction with the oxidizing agent. When two of the formed chemically
highly active radical cations meet, they dimerize upon formation of a carbon-carbon bond.
Here, α-coupling is more probable than bond formation at the β-position due to a higher
unpaired electron density at that position. Nevertheless, β-coupling becomes more likely
when the chains get longer and the radical electron becomes more delocalized within
the molecule. [28, 52] The splitting-off of two protons leads to the neutralization of the
oligomer molecule, which hereby also obtains its aromaticity.

In the subsequent chain growth the just introduced steps are repeated for the addition
of every monomer unit to the polymer chain. Both, the already existing longer chain and
the monomer need to be oxidized by an Fe3+ ion before the formation of a new covalent
bond is possible. This results in a stoichiometric molar ratio of 1:2 between monomer
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Figure 3.7.: Reaction mechanism of oxidative polymerization of bithophene using Fe3+ as ox-
idizing agent. 1. Activation of bithiophene (BT) by Fe3+ to radical cation followed by 2.
dimerization through α-coupling and 3. deprotonation to aromatic oligomer. 4. The ongoing
polymerization follows the same basic principle of activation by oxidation, bond formation by
radical coupling, and finally deprotonation at each newly formed bond. 5. Finally, oxidation of
already existing chains by excess Fe3+ leads to chemical doping.

and oxidizing agent for the polymerization reaction alone. If the oxidant is employed in
excess, however, an additional oxidation of the already existing polymer chains can be
achieved. This results in the presence of unbound charge carriers in the polymer and is
therefore referred to as chemical doping, as discussed in section 3.1.

This doping reaction has a strong impact on the structure of the polythiophene chains,
which is shown in figure 3.8. Due to the removal of electrons from the aromatic system,
the charge distribution along the chain is significantly changed. [53, 54] The undoped,
semiconducting chain features carbon-carbon single bonds between the thiophene rings,
while a higher electron density is found within the rings. This is also referred to as ben-
zoid structure and results in a high flexibility of the polymer chain, as torsions around
the single bonds possess low energetic barriers. Upon oxidation, however, the electronic
structure is changed strongly with the bonds between the rings obtaining a double-bond
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Figure 3.8.: Structural impact of doping on polythiophene. Left: Undoped, semiconducting PT
chain in its flexible, benzoid form with torsion possible around the C-C single bonds between
the thiophene rings (red arrows). Right: Doped, conducting PT chain after further oxidation.
Rigid, quinoid structure prevents rotation due to existence of C=C double bonds between the
thiophene rings.

character. Hence, the chain stiffness is strongly increased with a decreased probability
of ring torsions. Additionally, the charges on the chain are stabilized by electrostatically
bound anions, typically the anions of the oxidizing agent. In the formation of a solid poly-
mer structure, these remain incorporated in the polymer matrix, thereby also changing
the polymer morphology. [55]

In situ polymerization: metastable reaction mixtures

For fabrication of insoluble polymer thin films, such as unsubstituted polythiphene, it
is necessary to perform the polymerization reaction directly on the substrate. This is
achievable by application of an electrochemical approach, in which the polymer is formed
directly on the anode. Depending on the application an upscaling of this method is
anyhow not easily possible, as the substrate is required to be conducting and stable upon
flow of electrical current. A chemical in situ polymerization on the other hand does not
require a special substrate. Here, the monomer and oxidant are deposited to the substrate
either subsequently or simultaneously by means of evaporation or solution.

A very convenient solution-based approach is the application of metastable reaction
mixtures. [32, 56] These are solutions containing both, the monomer and the oxidizing
agent, without an onset of the polymerization reaction as long as the concentration is
sufficiently low. The polymerization starts when the metastable mixture is deposited
to the substrate and the reactant concentrations are significantly increased upon solvent
evaporation. Moreover, a thin film fabrication with such approach is not linked to the
usage of a specific processing technique. Hence, lab-scale techniques such as spin coating
are just as feasible as for example large-scale printing.

The required metastability of the solution is obtained by choosing an oxidizing agent
whose oxidation potential is close to but still lower than that of the monomer. [32] The
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chemical equilibrium of the initial redox reaction is therefore thermodynamically con-
trolled and defined by the Nernst equation according to

E = E0 + RT

zF
ln

[Ox]
[Red] (3.5)

with E0 and E as the (standard) redox potential, R the ideal gas constant, F the Faraday
constant, and [Ox] and [Red] as the concentrations of oxidized and reduced species, respec-
tively. Due to the proximity of the redox potentials of the two reactants an equilibrium of
the redox reaction is already achieved when only a minor fraction of the monomers have
been oxidized. As a consequence, the following steps are strongly controlled by the overall
concentration of the solution. While it is still in a dilute regime, the probability of two
radical cations actually colliding and forming dimers is relatively low. Hence, no polymer-
ization is observed in the solution. Upon solvent evaporation after deposition, however,
the concentration increases rapidly, leading to a strong increase in the polymerization
rate. Of course, the uptake of monomer radical cations in the polymerization also leads
to a shift of the redox equilibrium and an ongoing activation of more molecules. More-
over, the oxidation potential of the formed oligothiophenes decreases with chain length,
additionally leading to increased polymerization rates during the course of the reaction.

3.3. X-ray scattering

As introduced in the previous sections, the morphology plays a crucial role in semiconduct-
ing polymer thin films. More precisely, two different length scales are of special interest
when it comes to the performance in final devices. First of all, the polymer aggregation
and crystallinity have a strong impact on the intermolecular interaction and the resulting
electronic characteristics such as charge carrier mobility. Additionally, also larger mor-
phological features such as the extension and spatial distribution of crystalline domains
or the phase separation between two different material types can play a significant role.

X-ray scattering is a tool that enables the investigation of the volume morphology in
polymer films on different length scale regimes. In this work, grazing incidence techniques
(section 3.3.2) are employed which are differentiated into wide-angle and small-angle scat-
tering. The general concept of X-ray scattering is briefly introduced in section 3.3.1.

3.3.1. Basic principle

X-ray scattering experiments exploit the interaction of electromagnetic waves with elec-
trons in the medium they are traveling through. The photons with wave vector k = |~ki| = 2π

λ



3.3. X-ray scattering 21

and wavelength λ are described by an electromagnetic wave with respective electric field
vector

~E(~r) = ~E0 · ei
~ki~r (3.6)

with ~r as position vector and ~E0 as amplitude and polarization of the electric field. The
propagation of the electric field through a medium is described in terms of the Helmholtz
equation [57]

∆ ~E(~r) + k2n2(~r) · ~E(~r) = 0. (3.7)

Here, n(~r) denotes the refractiv index of the medium, which for X-rays is typically slightly
less than unity and defined as

n(~r) = 1− δ(~r) + iβ(~r) (3.8)

with dispersion δ and absorption β. Both contributions are wavelength-dependent and
can be written as

δ(~r) = λ2

2πρ(~r) (3.9)

and
β(~r) = λ

4πµ(~r). (3.10)

ρ = reρe is the scattering lentgh density (SLD) of the medium, which depends on the
material’s electron density ρe and the electron radius re = 2.814·10−5 Å. µ denotes the
linear absorption. In the X-ray wavelength regime the dispersion is commonly several
orders of magnitude larger than the absorption. For that case, and in homogeneous
media, the critical angle αc can be approximated by

αc ≈
√

2δ. (3.11)

The respective difference in n between two phases 1 and 2 is referred to as contrast and
given by

∆δ2 + ∆β2 = (δ1 − δ2)2 + (β1 − β2)2. (3.12)

Hence, the contrast between two phases and therefore a scattering at their interface
strongly depends on their difference in SLD and respectively electron density.

Scattering from a plane sample is depicted in figure 3.9, with specular scattering in 3.9a
and diffuse scattering in 3.9b. In both cases, an incident beam ~ki hits the sample under
the incident angle αi. Under specular conditions the resulting reflected beam ~kf exits the
sample under a final angle αf which is equal to αi and does not leave the xz-plane of the
incoming beam. The momentum transfer of the scattered beam is given by the scattering
vector

~q = ~kf − ~ki. (3.13)

The magnitude of incoming and outgoing wave vector are k = 2π/λ. In diffuse scattering
the exiting beam additionally possesses an angle Ψf in the xy-plane.
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3.3.2. Grazing-incidence scattering

The diffuse scattering from thin films is usually measured in grazing-incidence to increase
the X-ray path length through the sample and thereby increase statistics as well as signal
intensity. In order to achieve that, a very shallow incident angle of αi < 1 is chosen
which results in a large illuminated footprint on the sample. The experimental geometry
is depicted in figure 3.9b. The incident beam hits the sample under a fixed angle, while
the diffuse scattering is recorded on an area detector. Each pixel on the detector can
be assigned a value of the scattering angles αf and Ψf , respectively. These can then be
transformed into scattering vectors according to

~q = 2π
λ


cos(Ψf )cos(αf )− cos(αi)

sin(Ψf )cos(αf )
sin(αi) + sin(αf )

 (3.14)

Depending on the sample-detector distance (SDD) a different range of scattering angles
and therefore q-range is accessible. Consequently, two different techniques are distin-
guished and to be introduced in the following: grazing-incidence wide-angle X-ray scat-
tering (GIWAXS, small SDD) and small-angle scattering (GISAXS, larger SDD).

GIWAXS

Wide-angle scattering under grazing incidence enables the analysis of crystalline structures
in thin films. For illustration, the scattering happening at the atoms is often depicted
as reflection at the crystal lattice planes, such as shown in figure 3.10a. The inter-plane
distance in one direction of the unit cell is referred to as dhkl, leading to a difference

αin0=1 αf=αi
αtn=1-δ+iβ
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Figure 3.9.: Geometry of specular (a) and diffuse (b) scattering. Under specular conditions
incoming beam is reflected with αf = αi, while diffuse scattering happens under additional
angle Ψf in xy-plane.



3.3. X-ray scattering 23

b)a)

θ θ

s/2

θ dhkl
ki

kf
q=Ghkl

kz ky

kx

Figure 3.10.: a) Bragg condition: X-ray diffraction from crystal lattice planes with distance dhkl.
Beam impinges and exits lattice under angle Θ. Constructive interference if path difference of
adjacent waves equals an integer multiple of the wavelength. b) Ewald sphere: Constructive
interference occurs where sphere of radius |~ki| intersects with reciprocal lattice points.

in beam path length of ∆s. Depending on the incident angle Θ, the interference of the
scattered X-rays is either constructive or destructive. Constructive interference takes
place, when the Bragg condition is fulfilled:

nλ = 2dhklsin(Θ). (3.15)

This principle, which is true for diffraction under specular conditions, can be further ex-
panded to diffraction from multiple crystallites in different orientations. For that purpose,
each scatterer in the system is considered as the origin of an elementary wave. This re-
sults in constructive interference when the scattering vector ~q matches a reciprocal lattice
vector ~Ghkl. Since only elastic scattering takes place, the momentum is conserved and
|~ki| = | ~kf |. This concept is conveniently visualized by the Ewald sphere shown in figure
3.10b. In this representation the reciprocal lattice points are superimposed by a circle
of radius |~ki|, that displays where momentum is conserved. A diffraction pattern is only
observed, where this Ewald sphere touches lattice points.

A closer look at the Ewald construction reveals that for a given incident wave vector
~ki, the scattered wave vector cannot contain a kz component without contributions in x

or y direction. This is always the case for GIWAXS measurements, where scattering in
the specular plane (at ky = 0) is necessarily a combination of kz and kx. Consequently, a
part of the q-range in vertical direction is inaccessible in GIWAXS. This is geometrically
accounted for by insertion of the so-called ’missing wedge’. Further corrections such as
accounting for radiation polarization and solid angles of the different pixels are discussed
in much detail in literature. [58,59]
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The diffraction peaks allow the extraction of different quantities characterizing the
crystalline domains in the sample. As already discussed above, the peak position in q-
space is inversely proportional to the distance dhkl in the crystal lattice. Moreover, the
peak amplitude is related to the amount of crystals. The Scherrer equation enables the
extraction of a lower limit of the crystallite size Dhkl from the full width at half-maximum
(FWHM) ∆(2Θhkl) according to

Dhkl = Kλ

∆(2Θhkl)cos(Θhkl)
(3.16)

with wavelength λ and Scherrer constant K ≈ 0.93. [60] A transformation of the equation
to reciprocal space finally gives

Dhkl = 2πK
∆qhkl

. (3.17)

While peak broadening due to instrumental settings or paracrystalline disorder especially
in organic systems are not accounted for in such an approach, the Scherrer relation gives
a good estimate of the lower limit of the average crystal size in the sample.

GISAXS

Grazing-incidence small-angle X-ray scattering enables the investigation of structures
larger than typical crystal lattices. With GISAXS it is possible to get an insight on
domain sizes of a few nanometers up to micrometers, which typically covers the relevant
structure sizes in for example organic solar cells. It is possible to investigate the struc-
tures and their distribution in vertical and lateral direction. Other than in GIWAXS, the
contributions of qx to ~q in vertical direction are neglected due to the very small scattering
angles. In the framework of this thesis, GISAXS is employed to investigate the porosity
and its origin in polythiophene thin films.

A very prominent feature in vertical direction is the Yoneda peak. [61] This enhanced
scattering intensity arises where the scattering angle αf matches the critical angle αc

of the material. As introduced in equation 3.11, the critical angle depends on the SLD
and accordingly the density of the film. By extracting the latter from the Yoneda peak
position, it is possible to calculate the film porosity φ as

φ = 1− ρm
ρt

(3.18)

with ρm and ρt as measured and theoretical densities of the densely packed bulk material.
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Figure 3.11.: Schematic representation of all contributions within DWBA framework: a) directly
scattered beam, b) first scattered then reflected beam, c) first reflected then scattered beam,
d) reflected-scattered-reflected beam.

Diffuse scattering originates from lateral structures in the thin films. These may be
domain sizes in a material composition or, as in this work, the distribution of pores in
a polymer matrix. Additionally, the measurement geometry results in reflections at the
sample or substrate surface that contribute to the scattering pattern. These effects can
be accounted for in the distorted wave Born approximation (DWBA). [62,63] Within this
framework, the incoming wave hitting on an object is approximated as a combination of
direct and previously reflected waves. The same holds for the exiting wave, which might be
directly scattered from the object, scattered and subsequently reflected, or reflected prior
and after the scattering event. Figure 3.11 schematically shows all the cases considered
in DWBA. The final scattering intensity is a superposition of all four cases.

In order to reduce the computing power it is possible to reduce the two-dimensional
GISAXS data to horizontal line cuts for analysis. These integrations are typically per-
formed at the Yoneda positions of the respective materials for an enhanced intensity and
an increased material sensitivity. The effective interface approximation is applied for
simplification, considering only lateral correlations in the system with qz as a constant.

The diffuse scattering signal in the horizontal cuts is modeled by assuming different
sets of objects distributed laterally in the film. Each object class is assigned a certain size
and shape, the form factor F (~q), which is the Fourier transform of the electron density of
the selected object. Additionally, the form factor is combined with a spatial arrangement
of the objects, the structure factor S(~q). In the case of N identical objects with given
size, arrangement, and random orientation, the diffuse scattering factor [64]

Pdiff (~q) ∝ NS(~q) |F (~q)|2 (3.19)

is a direct measure of the recorded scattering intensity. In the analyses performed in
this thesis, the form factor is of cylindrical shape and contains all the DWBA contribu-
tions introduced earlier on. The structure factor is approximated as a one-dimensional
paracrystalline lattice without orientation. In such, the objects are distributed periodi-
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cally but with only short range order. Upon increasing distance from the lattice origin
the positions become more disordered. If several form and structure factors are employed,
the different objects are combined in the local monodisperse approximation (LMA), in
which every object only scatters with other objects from the same class of structure and
form factor. The final intensity is the sum of all the contributing factors.



4. Characterization methods

The aim of this thesis is to investigate thin polythiophene films, with special focus on
the influence of synthetic parameters on morphology and (opto)electronic properties. For
that purpose, a combination of several characterization techniques is employed. These
methods are introduced in this chapter, giving an insight on data collection and analysis as
well as device specifications. The films are investigated by spectroscopic methods (section
4.1), regarding their electronic properties (section 4.2), and finally on a structural level
(section 4.3).

4.1. Spectroscopic characterization

The spectroscopic behavior of semiconducting polymer films gives an insight on the
molecular properties of the polymer chains. The intrinsic energetic landscape can be
investigated just as aggregation properties and polymer crystallization. Moreover, the
composition of a material mixture can be determined by the compound specific light-
interaction. Within this thesis, UV/Vis absorbance (section 4.1.1) and photolumines-
cence spectroscopy (section 4.1.2) are employed, which are introduced in the following
two sections.

4.1.1. UV/Vis spectroscopy

UV/Vis spectroscopy allows to study the wavelength-dependent absorption of light by for
example polymer films. Within this thesis, two different types of UV/Vis spectroscopic
investigations are performed, each with a different focus.

For analysis of polymer aggregation and band gap determination static measurements
are performed. These experiments are executed using a Lambda 650S from PerkinElmer,
which allows to detect the light transmitted through the sample or reflected by it inside
an integrating sphere (Spectralon R highly reflective 150 mm spherical chamber). This
way, scattered light is taken into account. A combination of a deuterium (UV range)
and a tungsten halogen lamp (visible and near-infrared) provides a wavelength range of
250 nm - 900 nm. The light source is switched at 320 nm. The measurements are performed
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at scanning rates of 267 nm·min−1 and with 1 nm slits. Prior to the sample measurements,
an autozero calibration is performed. The employed glass substrates are not measured
individually and subtracted from the spectra, as they do not exhibit an absorbance beyond
330 nm.

For transmission measurements, the sample is placed in front of the integrating sphere.
This way, only the transmitted light reaches the detector. If the sample is placed behind
the sphere, only scattered and reflected light are detected. The measured transmission
T (λ) and reflection R(λ), which are both defined as the fraction of respective detected to
initial light intensity, are combined for calculation of the absorbance A(λ) by

A(λ) = 2− log10

(
T (λ)

100−R(λ) · 100
)

(4.1)

with T (λ) and R(λ) given out by the instrument in percentage. According to the Lambert-
Beer law (equation 3.4) the absorption coefficient can be extracted form the absorbance
according to

α(λ) = A(λ)
d · log10(e) (4.2)

with the film thickness d. α(λ) can be exploited for determination of the band gap Eg of
the investigated material. This is done with regards to the Tauc equation

(αE)n = B(E − Eg) (4.3)

with exponent n = 1/2 for allowed indirect or n = 2 for direct transitions, constant B
for different transitions, and energy of the light E. [65,66] Plotting (αE)n against E and
linearly extrapolating the low energy flank gives the band gap as x-axis intercept.

Furthermore, the shape of the absorption spectra gives an insight on the inter- and
intramolecular interactions in the polymer thin films. Within this thesis, an interpretation
of the respective spectra with respect to polymer crystallinity and chromophore coupling
is done mostly in a qualitative way, due to a lack of information on the absorbance of
all-amorphous polythiophene.

Time-resolved transmission measurements are performed with a Nanocalc-XR-NIR pur-
chased from Ocean Optics with the software OceanView. Here, white light is guided to
the sample by flexible optical fibers incorporated into a printing setup, as presented in
more detail in chapter 8. The data are resolved to wavelength-specific transmission by
the software. Due to the chosen setup, reflection from the sample surface cannot be taken
into account and the absorbance is simply calculated by

A(λ) = 2− log10(T (λ)). (4.4)
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Here, a background calibration initially determines the light intensity of the environment,
as the measurement is not performed in a closed setup. The obtained spectra are employed
for determination of solution and film composition during in situ polymerization.

4.1.2. Photoluminescence spectroscopy

The photoluminescence (PL) response of a polymer film after electronic excitation gives
additional information on energetic landscape and type of chromophore interaction in
the polymer films. In PL measurements, the material is initially excited with photons
of energy slightly higher than the corresponding absorbance maximum. The resulting
emission arises from two different mechanisms: phosphorescence and fluorescence. The
prior is a slow relaxation process upon a change in spin multiplicity and is not of relevance
in this work. Fluorescence, however, is a rapid process from an excited singlet to the
electronic ground state of the molecules. This typically happens after the electrons have
already lost energy by diffusion to more crystalline parts of the polymer, as introduced in
chapter 3.1.1.

The emission spectra presented in this thesis are recorded in an LS55 fluorescence
spectrometer by PerkinElmer controlled with the corresponding software FL-Winlab. The
sample is illuminated for excitation by a Xenon discharge lamp with a pulse FWHM
shorter than 10 µs. The scan rate is 500 nm·min−1, the slit width 10 nm. Since the
measurements are performed in reflection and glass gives a broad luminescence response,
the thin films investigated in PL are prepared on silicon wafers as substrates.

4.2. Electronic characterization

An electronic characterization of the investigated polythiophene films is performed in
order to proof their applicability in the active layers of organic solar cells and measure
the impact of synthetic parameters on their conductivity and charge carrier mobility.
Polymer hole mobilities are determined by means of a technique called metal-insulator-
semiconductor-charge extraction by linearly increasing voltage (MIS-CELIV) which is in-
troduced in section 4.2.1. Electrical conductivities are measured by four-point probe
measrurements (section 4.2.2). Finally, the solar cell performance is analyzed by current-
voltage characterization as presented in section 4.2.3.
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4.2.1. MIS-CELIV

Metal-Insulator-Semiconductor-Charge Extraction by Linearly Increasing Voltage (MIS-
CELIV) is an experimental measurement technique for determination of vertical charge
carrier mobilities in semiconducting organic thin films. [67,68] Depending on the employed
device architecture it enables the separate quantification of electron and hole mobilities,
respectively. Within this thesis, however, only hole mobilities of polythiophene thin films
are determined and therefore only the corresponding functional layer stack is introduced.

The device architecture for determination of hole mobilities is depicted in figure 4.1.
The polythiophene layer is sandwiched between the conducting ITO covered glass sub-
strate and a thin insulating layer. On top, a metal electrode is deposited by evaporation.
For measuring the mobilities, the device is connected to a wave generator (LeCroy WaveS-
tation 3082: Waveform generator), an oscilloscope (Teledyne Lecroy Wavejet touch 354,
500 MHz Oscilloscope 2GS/s), and a current lock-in amplifier (FEMTO DHPCA-100) as
depicted in the schematic circuit diagram in the figure.

In the first step of the measurement routine, an offset voltage is applied that results in
the enrichment of positive charge carriers at the polymer-insulator interface. Afterwards,
the voltage is increased linearly allowing the holes to move away from the interface and
out of the layer stack. The time they take to travel through the semiconducting layer is
referred to as transit time ttr, with t = 0 being the start of the current increase. The
current increases beyond the displacement current j0, which is a product of the device
capacitance and the slope of the applied voltage, until it finally depletes. When the device

R

oscilloscope

wave 
generator

metal
insulator

semiconductor

ITO
glass substrate

+ + + + + + + + +

Figure 4.1.: Illustration of MIS-CELIV measurement setup. Device layer stack with insulating
layer sandwiched between semiconductor and metal, ITO-covered glass serves as conductive
substrate. Holes are initially accumulated at semiconductor-insulator interface and subsequently
extracted by linearly increasing the applied voltage.
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is depleted, the current density again decays to j0. The mobility µ can be calculated
according to

µ = 2d2
s

At2tr ·
(
1 + εsdi

εids

) (4.5)

with layer thicknesses ds and di of semiconductor and insulator, respectively, voltage slope
A = dU/dt, and dielectric constants of semiconductor εs and insulator εi. The transit time
corresponds to the time at which the current density j is the twofold displacement current
density j0 by

ttr = t2j0 ·
4
π
. (4.6)

For each sample, the mobility is determined for different offset voltages and finally av-
eraged. A detailed description on the measurement setup and protocol are given in the
Bachelor’s thesis of Salma Mansi. [69]

4.2.2. Four-point probe measurements

Four-point probe measurements allow to measure the sheet resistances of conducting thin
films, from which the lateral conductivities can be extracted.

The measurements presented in this thesis are performed with a measurement setup by
Cascade Microtech (C4S-54/5) that consists of four tungsten carbide probes with radii of
125 µm spaced at a distance of 1 mm. The penetration of the tips into the film is reduced
by springs in the setup. Upon sweeping the current through the outer two tips, the voltage
drop between the inner tips is recorded. The sheet resistance is extracted from the slope
of the linear current-voltage curve.

The electrical conductivity σ of samples with arbitrary shape is given by

σ = 1
ρ

= I

V
· 1

2πlF (4.7)

with ρ the resistivity, l the distance between the measurement tips, and F the correction
factor for finite sample thickness. In thin film geometry, the film thickness is much smaller
than the tip distance. Therefore, the sheet resistance can be expressed as

R� = 1
σd

= ρ

d
= I

V
· π

ln(2) . (4.8)

As a result, the sheet resistance is independent of film thickness. It is given in dimensions
of Ω/� or Ω/ 2 (’ohm per square’).
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Figure 4.2.: Exemplary current-voltage curve of organic solar cell with key parameters high-
lighted. Light (bottom black curve) and dark I-V curve (top black curve) obtained for the device
with and without AM1.5 illumination, respectively. Resulting power-voltage curve (blue) with its
absolute maximum value at maximum power point (MPP ). jSC and VOC as well as calculation
of resulting fill factor (FF) are indicated.

4.2.3. I-V characterization

Solar cells are typically characterized by measuring their current-voltage (I-V) curves. For
that purpose, the electric current density is measured as a function of applied voltage.
This is done under illumination of the solar cell as well as in dark.

The solar cells are illuminated by a solar simulator (LOT0108, LOT-QuantumDesign
GmbH) which emits the air mass 1.5 global solar spectrum (AM1.5, 100 mW·cm−2). The
solar simulator is equipped with an electrical shutter for switching between measurements
with (light curves) and without illumination (dark curves). The illuminated pixel area
is controlled by covering with an aluminum mask to 0.1 cm2. The current-voltage curves
are measured by connection of the solar cell with a Keithley 2400 source meter that is
controlled by a self-developed LabView program. The resulting current is recorded upon
sweeping the voltage from -1 V to 1 V in steps of 0.01 V with a delay of 1 ms. In order
to obtain the current density, the current is normalized by the active (illuminated) pixel
area.

Figure 4.2 shows exemplary I-V curves in light and dark with the extractable solar cell
parameters. From the light curve it is possible to extract the short circuit current density
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jSC at the intercept with the voltage axis (V = 0) and the open circuit voltage VOC at
zero current (j = 0). The point, at which the power density P = j ·V reaches its absolute
maximum is referred to as maximum power point (MPP). From these parameters, it is
possible to calculate the fill factor FF of the solar cell according to

FF = jMPP · VMPP

jSC · VOC
. (4.9)

The FF can nicely be illustrated as the ratio between the areas of the rectangles spanned
by the current density and voltage at the MPP (grey), and jSC and VOC (orange), respec-
tively. The power conversion efficiency η of the device is defined as the ratio of extracted
power Pout to incident power Pin (100 mW·cm−2), according to

η = Pout
Pin

= VOC · jSC · FF
Pin

. (4.10)

4.3. Structural characterization

The aim of this thesis is to investigate the impact of several synthetic parameters on
the properties of in situ polymerized PT thin films, and how the observed changes are
correlated to the film morphology. Hence, the film structure needs to be investigated on
different length scales, requiring the combination of complementary measurement tech-
niques.

Optical microscopy (section 4.3.1) and scanning electron microscopy (section 4.3.2) are
employed for investigations of sample surfaces, with respect to film quality and homo-
geneity. Polymer film thicknesses are obtained by performing profilometric measurements
(section 4.3.3). And finally, grazing-incidence X-ray scattering experiments (section 4.3.4)
give an insight on the inner structure of the polymer films, by investigating crystallinity
as well as morphology.

4.3.1. Optical microscopy

Optical microscopy is employed for the analysis of film surface structure and homogeneity
on microscopic length scales. A Leica DM2700 is combined with a charged coupled device
(CCD) camera (Leica MC170HD) in this work. The recorded images are processed by
means of the software ImageJ. [70] Real-space distances are calculated from the images
according to objective characteristics given in table 4.1.
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Table 4.1.: Pixel sizes of objectives with different magnification from Leica DM2700.

magnification pixel size [µm]

1.25x 11.7 ± 0.1
5x 2.9 ± 0.1
10x 1.5 ± 0.1
20x 0.7 ± 0.1
50x 0.3 ± 0.1
100x 0.2 ± 0.1

4.3.2. Scanning electron microscopy

Scanning electron microscopy (SEM) enables the investigation of solid-sample surfaces
with sub-nanometer resolution. Hence, the resolution is strongly increased when compared
to optical microscopy. This results from the application of electrons instead of optical
light, which can have much smaller wavelength. In this work, SEM images are recorded
of polythiophene film surfaces.

The electrons in an SEM are typically generated by either an electrostatic field or from
a hot filament. They are accelerated with a voltage of several kV and focused on the
sample surface by help of magnetic and electrostatic lenses. The resulting electron beam
is focused onto the sample surface, which emits secondary electrons. These are detected by
the detector. Usually, the sample surface is scanned with the beam in a line-wise fashion.
The intensity of the secondary electrons at every position depends on the material and
the sample-detector distance. Therefore, different materials and topographic changes are
detected, enabling the mapping of the sample surface.

Within this thesis, an NVision40 field emission SEM from CarlZeiss AG is employed for
measurements on the polymer thin film. To prevent an electric charging of the samples,
the films are prepared on conducting ITO coated glass substrates.

4.3.3. Profilometry

Profilometry enables a fast recording of height-profiles with a sub-micrometer resolution.
This is exploited for measuring polymer film thicknesses as explained in the following.
The films are scratched by help of a syringe needle and a height profile is measured across
the scratch by a profilometer. During the scanning procedure, the sample is placed on
a horizontal stage, which is equipped with an additional actuator to ensure a smooth
movement below the profilometer tip. The scanning direction is always perpendicular to
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the scratch direction. Initially, the diamond tip is lowered to the sample at constant force
controlled by an inductive tip actuator. Upon moving of the sample, a one-dimensional
height profile is recorded.

The profilometer employed in this thesis is a DektakXT by Bruker Nano Surfaces Di-
vision, with a diamond tip radius of 2 µm. The tip presses onto the sample surface with a
weight of 1 mg. For measurements of polythiophene film thicknesses, the in situ synthe-
sis is performed on ITO-covered glass substrates. This way, the prior application of an
adhesive polymer layer is not required. ITO, in comparison to polymers, is assumed not
to be affected by a careful removal of the PT during scratching.

4.3.4. Grazing-incidence X-ray scattering

Grazing-incidence X-ray scattering (GIXS) is a powerful technique enabling structural
investigations in organic thin films covering a large range of analyzable length scales.
Morphological studies with GIXS can provide information on crystallinity, crystal orien-
tation, and morphology without destruction. For crystallographic information, large scat-
tering angles (i.e. small real space distances) are detected by means of grazing-incidence
wide-angle X-ray scattering (GIWAXS). Scattering at small angles (GISAXS) arises from
larger structures. Figure 4.3 depicts the general setup for both measurement geometries.
A theoretical introduction to the physical background is given in section 3.3.

The scattering data discussed in this thesis are obtained in three different experimental
setups or configurations:
i) static GIWAXS for analysis of polythiophene (PT) crystal structure and orientation
(chapter 7), performed at beamline 7.3.3 at the Advanced Light Source (ALS) [71]
ii) time-resolved GIWAXS for tracking of the film formation during in situ polymerization
(chapter 8), performed at the SIRIUS beamline at Soleil Synchrotron [72]
iii) static GISAXS measurements for analysis of PT film porosity (chapter 9), likewise
measured at the SIRIUS beamline.

In all three experiments the scattering pattern is detected on a Pilatus 1M area detector,
which consists of two columns of five detector modules each. These are separated by the
detector gaps, that are visible as vertical and horizontal lines of no intensity in figure 4.3.
The overall area of the detector is 168.7 x 179.4 mm2 with 981 x 1043 pixels. To prevent
over-illumination, parts of the detector are shielded by a beamstop to cover areas of very
high intensity (such as the direct and specular beam).

Specifications on data recording and analysis are presented for each of the respective
experiments separately in the following.
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Figure 4.3.: Experimental setup for grazing-incidence scattering experiments. The incoming
beam ~ki impinges the sample under incident angle αi, scattered beam ~kf with scattering angles
αf and Ψ is detected on area detector. Depending in the sample-detector distance (SDD), either
wide (GIWAXS) or small scattering angles (GIWAXS) are detected.

Static GIWAXS

Static GIWAXS measurements on polythiophene thin films are performed at beamline
7.3.3 at the ALS, with an X-ray energy of 10 keV (wavelength λ = 1.24 Å). The incident
angle αi is set to 0.16°, which is between the critical angles of polymer and substrate,
respectively. This way, a penetration of the glass substrate is reduced to a minimum,
preventing additional scattering signals on the detector.

The data are corrected prior to analysis, as described in section 3.3. These corrections
and all further data reduction are performed applying the software GIXSGUI. [58] The
data are reduced to one dimensional intensity profiles. In order to analyze the Bragg peak
positions, intensities, and widths, the inensity is radially integrated in vertical direction
between azimuthal angles of 0°< χ <15°, to access the scattering profile close to qz.
Horizontal intensity profiles are obtained by radial integration at angles 75°< χ <85°. The
respective areas are illustrated by orange arcs in the corrected scattering pattern in figure
4.4a. For a detailed analysis of the crystal orientation, the peak intensity is azimuthally
integrated, as depicted by the green tube in figure 4.4a. All extracted intensity profiles
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Figure 4.4.: Data reduction for extraction of one-dimensional intensity profiles from scattering
pattern. a) GIWAXS data after geometrical correction, vertical and horizontal intensity profiles
are obtained by radial integration of within for azimuthal angles highlighted by orange arcs.
Orientation analysis is done by azimuthal integration as depicted by green ring. g) GISAXS data
are reduced by integrating the intensity in thin slices in either vertical or horizontal direction, as
illustrated by thin orange boxes.

are analyzed and fitted, taking into account adequate background functions, by means
of self-written Python scripts. Details on the chosen mathematical fitting functions are
given in chapter 7.
Time-resolved GIWAXS

Time-resolved GIWAXS measurements are performed at the SIRIUS beamline at Soleil
Synchrotron, with an X-ray energy of 10 keV (wavelength λ = 1.24 Å). Scattering pattern
are recorded during in situ polymerization in a custom slot-die coater, with an αi of 0.2°
at with a time resolution of 10 images per second. Analogously to the data treatment for
static GIWAXS measurements, the data are corrected and reduced to one-dimensional
intensity profiles. Due to the isotropy of the scattering signals, the intensity profile is not
created in vertical and horizontal direction separately, but the intensity is integrated over
a larger range of azimuthal angles 30°< χ < 70°. Angles close to 0° and 90° are left out in
order to avoid beamstop artifacts. This is described in more detail in chapter 8. Finally,
the data are fitted by self-written Python scripts to follow the crystal growth during film
formation.

Static GISAXS

Static GISAXS measurements are performed at the SIRIUS beamline at Soleil Syn-
chrotron, with an X-ray energy of 8 keV (wavelength λ = 1.55 Å). In comparison to
GIWAXS, the sample-detector distance is much larger, enabling the detection of struc-
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ture sizes between a few up to several hundreds of nm. A helium-filled flight tube is placed
between the detector and the sample, in order to reduce air scattering contributions on
the long path.

For analysis, line integrals are taken in vertical and horizontal direction, respectively,
as indicated by the thin orange boxes in figure 4.4b. The vertical integral is taken directly
next to the vertical detector gap at very low qy. Horizontal integrals are typically taken
at the Yoneda positions of the material of interest for increased scattering intensity and
material selectivity. However, within this thesis some integrations are performed at high
qz to increase the intensity of certain scattering features, as described in chapter 9. The
data reduction is performed with the software package DPDAK from DESY. [73] Custom
made macros are used to model the horizontal intensity profiles, assuming a combination
of up to three cylindrical form factors with Gaussian size distribution and 1d paracrystals
as corresponding structure factors. The modeling is performed in the framework of the
Distorted Wave Born Approximation (DWBA) and the local monodisperse approximation
(LMA), which assumes scattering only from objects of same size. More details on the
applied model are given in section 3.3.2.



5. Experimental section

Within this thesis, an in situ polymerization technique for polythiophene (PT) thin films
is developed. The investigated and discussed films are prepared with varying parameters,
in order to gain an insight on the film formation processes. Section 5.1 introduces all
employed basic chemicals and polymers involved in the sample preparation. The general
routine established for PT thin film fabrication and solar cells is introduced in section
5.2. Finally, the experimental specifications for each of the chapters 6-9 are summed up
in section 5.3.

5.1. Materials

In the following, the specifications of all employed basic chemicals and polymers are pre-
sented. Their chemical structures are given in figure 5.1.

2,2’-Bithiophene (BT)

2,2’-Bithiophene (α-bithiophene) is employed as monomer for the oxidative polymeriza-
tion of polythiophene. It is purchased from Alfa Aesar and processed without further
purification. Due to its low melting point (33 °C) it is stored at 4 °C. The molar mass of
BT is 166.26 g·mol−1, its oxidation potential is 1.31 V (SCE). [30, 74]

Phosphomolybdic acid (PMA)

Phopshomolybdic acid hydrate (12MoO3·H3PO4·xH2O, 1825.25 g·mol−1) has been intro-
duced as oxidizing agent for the in situ polymerization of PT by Bravo-Grimaldo et
al. [32] Its oxidation potential is 0.36 V (SCE) and therefore sufficiently low to oxidize
BT for polymerization. [75] The here employed PMA is obtained from Sigma Aldrich and
used without further purification.

39
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Iron p-toluenesulfonate (FeTos)

Iron(III) p-toluenesulfonate ((CH3C6H4SO3)3Fe·6H2O, 677.52 g·mol−1) has been intro-
duced by Bayer in 1988 for the in situ polymerization of poly(3,4-ethylenedioxythiophene)
(PEDOT) from solution. [76] The oxidation potential of the Fe2+/Fe3+ redox couple is
0.77 V. [77] In comparison to more common iron(III) salts, however, the tosylate is solu-
ble in organic solvents such as alcohols and therefore suitable for the in situ synthesis of
organic polymers. FeTos is purchased from Sigma Aldrich and employed without further
purification.

Phenyl-C61-butyric acid methyl ester (PCBM)

In the organic solar cells presented in this thesis phenyl-C61-butyric acid methyl ester is
employed as electron acceptor material. The soluble derivative of the C60 fullerene has its
HOMO and LUMO level at -6.0 V and -4.3 V, respectively. [78] PCBM is purchased from
1-Material and employed without further purification.

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)

PEDOT:PSS is a blend of the semiconducting PEDOT, a polythiophene derivative, and
the nonconducting counter ion PSS, which are combined to achieve a water soluble ma-
terial composition. Because of their high light transmission and hole conductivities,
PEDOT:PSS thin films are often employed as electron blocking layers in organic solar
cells. [47] The employed dispersion of PEDOT:PSS in water is obtained from Ossila (Al
4083, PEDOT:PSS ratio 1:6) and stored at 4 °C. Before processing, the dispersion is son-
icated for 10 min and subsequently filtered with a PVDF filter with pore size of 0.45 µm
to remove larger aggregates.

Adhesive layers

Since the in situ polymerized PT does not provide a sufficient adhesion to glass and
silicon, the respective substrates are coated with adhesion layers first. [79] For this pur-
pose, thin films of polypropylene (PP, chlorinated, Mw = 100000 g·mol−1, 26 wt% chlorine
loading, Sigma Aldrich) or polystyrene sulfonate (PSS, Mw = 18300 g·mol−1, PDI = 1.13,
counter ion: Li+, Polymer Standards Service GmbH Mainz) are deposited prior to the
actual in situ synthesis. Both polymers are electrically insulating and transparent and
should therefore not influence the performed analyses. The materials are employed as
purchased without purification.
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Figure 5.1.: Chemical structures of the basic chemicals and polymers employed in this work.

Solvents

Acetonitrile (HPLC grade, Sigma Aldrich) is employed as solvent for the polymerization
of PT with PMA as oxidizing agent and moreover for rinsing the films.
1-Propanol (≥ 99.5 %, Roth) serves as solvent for the polymerization of PT with FeTos
as oxidizing agent.
1-Propanol (anhydrous, Sigma Aldrich) is employed as solvent for the in situ polymerized
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PT films discussed in chapter 9. For additional drying, it is stored over molar sieve in
nitrogen atmosphere for at least 12 hours.
Ethanol (technical grade) is employed to rinse the PT films after fabrication and to dedope
them to obtain semiconducting PT.
Chlorobenzene (≥ 99.5 %, Roth) is employed for dissolving the adhesive polymers, PP and
PSS, as well as the electron acceptor PCBM.
The solvents are employed as purchased and without additional purification, unless spec-
ifications are given above.

Substrates

Glass slides from Carl Roth (76x26x1 mm3) are employed as standard transparent sub-
strates and cut into the desired size with a glass cutter.
Silicon wafers from Si-Mat (p-doped, (100)-orientation) are cut into the desired size with
a diamond cutter and serve as substrates for photoluminescence measurements.
ITO (indium tin oxide) coated glass purchased from Solems serves as standard transparent
electrode in the discussed organic solar cells. The 20x20x1 mm3 are coated with a 100 nm
layer of ITO with a sheet resistance of 25-35 W·sq−1.
All substrates are cleaned prior to their utilization. The details of the cleaning routines
are given in section 5.2.1.

5.2. General sample preparation

The sample preparation is divided into the subsections substrate pre-treatment, in situ
polymerization/thin film deposition, and solar cell fabrication.

5.2.1. Substrate pre-treatment

Prior to the thin film deposition the substrates are cleaned to remove residual dirt from
the fabrication or storage and to obtain reproducible surface properties. In the framework
of this thesis, three different cleaning routines or combinations thereof are applied:
Acid bath: The substrates are placed in a mixture of deionized water, hydrogen peroxide
solution (H2O2, 30 %), and concentrated sulfuric acid (H2SO4) (respective volume frac-
tions 1:1.6:3.7) at 80 °C for 15 min. Afterwards, they are rinsed in deionized water and
spin-dried in a spin coating setup.
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Organic cleaning: The substrates are subsequently immersed in baths of Alconox® in
deionized water (10 g·L−1, Sigma Aldrich), ethanol, acetone, and 2-propanol (all organic
solvents in technical grade). In each step, the bath is placed in an ultrasonic bath for
10 min at 40 °C. Finally, the samples are blown dry in a nitrogen flow.
Oxygen plasma: The samples are placed on a glass plate in between the electrodes of
a plasma oven (SmartPlasma from plasma technology GmbH). Inside the chamber the
pressure is reduced to 0.3 mbar and an oxygen plasma is generated for 3 min.
Additionally, glass and silicon substrates need to be pre-coated with an polymer layer to
enhance the adhesion of the in situ polymerized polythiophene films. The coating poly-
mers (PP or PSS) are dissolved in chlorobenzene (15 g·mol−1) and applied by spin coating
(3000 rpm, 60 s). Finally, the samples are placed on a heating plate at 150 °C for 10 min
to remove potential solvent residuals that could influence the adjacent polymerization
reaction.

5.2.2. In situ polymerization: PT thin film deposition

The in situ polymerization is performed from metastable reaction mixtures of monomer
BT and respective oxidizing agent (PMA or FeTos). For preparation of the precursor
solution, the two components are first dissolved separately in two stock solutions to enable
a complete dissolution. Afterwards, they are combined at the molar ratio desired for the
respective experiment. Thereafter, the metastable solution is processed within a few
minutes after the mixing to prevent an early reaction onset in the solution. The thin film
deposition is performed by either spin coating or slot-die printing, a short insight on the
two fabrication methods is given later on in this section.

The polymerization reaction takes place during the deposition, i.e. while the solvent of
the solution evaporates. While the reaction with PMA in acetonitrile starts already at
room temperature, the polymerization with FeTos is initiated by heating the substrate
holder (spin coater chuck or printing stage) to an elevated temperature. For 1-propanol
as solvent, the substrate needs to be heated to at least 85 °C. Especially for spin coating
it is necessary to ensure a complete drying of the film before the spinning is stopped
in order to obtain a smooth polymer film in the end. After the polymerization, the
films are immersed in rinsing baths of ethanol or acetonitrile to remove the residual educt
molecules and undesired byproducts and to receive pure polythiophene films in conducting
(acetonitrile bath) or semiconducting state (ethanol bath) for 30 min. Subsequently, the
samples are carefully blown dry in a nitrogen flow. Finally, the semiconducting PT films
are thermally annealed by placing the substrates on a heating plate for 10 min at ambient
atmosphere.
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In the following, the technical details regarding the deposition techniques spin coating
and slot-die coating are introduced.

Spin coating

Spin coating is a technique widely employed for the preparation of thin homogeneous films
on a laboratory scale. It is most convenient for the fabrication of films on small substrates
and from solutions with volatile solvents. The substrate is centrally fixed on the rotation
chuck by means of small pins. For application of the film, the solution is dispersed over the
whole sample surface followed by a fast rotational spinning at chosen speed in revolutions
per minute (rpm), acceleration rate and time period. Initially, the centrifugal forces spin
off excessive solution. Thereafter, the remaining solvent evaporates, leaving a thin, solid
film. In general, the obtained film thickness depends on the applied rotational speed as
well as the concentration and molar mass of the solute. In an in situ polymerization,
however, the achieved film thickness is additionally governed by the reaction kinetics and
the resulting strong change in the solution properties (e.g. viscosity) during the reaction
process.

In the framework of this thesis a conventional spin coater (E441 from Ossila) is adapted
by exchanging the original rotation chuck by one with a built-in heating plate. The chuck
is itself composed of Teflon in order to maintain the necessary solvent resistance. A
3 mm thick copper plate is screwed on top of the chuck to serve as heating plate. Un-
derneath lies a Peltier element (Quick-Cool QC-127-1.0-3.9) that electrically heats the
copper plate. The temperature is maintained during the actual spinning by application of
carbon brushes as sliding contacts. In order to control the temperature, an infrared tem-
perature sensor (IRC-PC21MT-0 from ASM GmbH) is placed above the chuck. In order
to reliably detect the temperature, the emissivity of the copper is increased by painting
it black regularly. The sensor is connected to a temperature control unit consisting of
a PID modulator (UR3274S1 from Wachendorff Prozesstechnik GmbH & Co. KG) and
a solid-state relay (A-senco SSR-500), which switch the Peltier element on/off after pro-
cessing the sensor signal. The current needed for the heating is provided by a connected
power supply.

The prototype of this heatable rotation chuck as well as the necessary temperature con-
trol unit have been designed and implemented by Leonhard Hofbauer within the frame-
work of his Bachelor’s thesis. [80]

The in situ polymerization is performed by spin coating the metastable reaction mix-
ture at 2500 rpm for 60 s. When FeTos is employed as oxidizing agent the chuck is heated
to 90 °C if no other information is given.
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Slot-die coating

A lab-scale printer with a slot-die head is employed for deposition of the reaction mixture
for the time-resolved scattering experiments presented in chapter 8. The printer has
been designed especially for implementation into synchrotron beamlines in order to follow
the morphology evolution during film fabrication. Detailed technical information on the
printer setup is found in the publication by Pröller et al. [81]

For printing the metastable reaction mixture the substrate is initially placed under the
print head on the motorized, heated sample stage. The height from substrate surface
to print head, the gap clearance, is an essential parameter for adjusting the amount of
solution deposited and is therefore controlled via a 10x-magnification optical objective
connected to a CMOS camera and additionally through a force sensor connected to the
vertical motor responsible for regulating the print head height. The solution is fed to
the print head by a syringe pump at a chosen pump rate. Upon pumping the solution
through the print head a meniscus is forming in the gap clearance. By moving the sample
stage with a horizontal motor underneath the print head, the meniscus is transferred
onto the sample. The resulting film thickness is governed by several parameters such
as the concentration of the solution, the height of the gap clearance and the resulting
meniscus volume, the pumping rate, and the printing speed at which the substrate moves
underneath the head.

The in situ polymerization discussed in chapter 8 is performed with a substrate to print
head distance of 0.3 mm, the solution is fed to the print head at 0.25 mL·min−1, and the
printing speed is set to 20 mm·s−1.

5.2.3. Solar cell fabrication

The solar cells presented and discussed in this thesis are prepared in several subsequent
steps. In the following, the optimized parameters of the fabrication routine are presented.
Figure 5.2 graphically summarizes the order of the sample preparation steps.

In a first stept, a 0.5 cm wide stripe of the ITO is chemically removed from the glass
substrates by etching with zinc powder and hydrochloric acid (figure 5.2b). This is nec-
essary in order to prevent short circuits through the thin films when the final solar cells
are characterized. After rinsing away potential residuals of the etching chemicals the sub-
strates are cleaned organically and by oxygen plasma treatment according to the routines
described in section 5.2.1.
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Figure 5.2.: Illustration of solar cell preparation steps: ITO covered glass substrates (a) are partly
etched and subsequently cleaned (b). Thereafter, an electron blocking layer of PEDOT:PSS is
spin coated onto the transparent back electrode (c). The active layer is deposited in a bilayer
geometry of in situ polymerized PT as electron donor (d) and PCBM as electron acceptor on
top (e). Finally, aluminum electrodes are thermally evaporated as back electrodes (f).

PEDOT:PSS serves as electron blocking layer in the chosen solar cell layer stack (figure
5.2c). It is deposited onto the substrates immediately after the oxygen plasma treatment
by spin coating at 3000 rpm for 60 s. Afterwards, the films are thermally annealed at
150 °C for 10 min at ambient atmosphere to remove all traces of water from the hygro-
scopic PEDOT:PSS layer. The active layer of the solar cells is deposited in two subsequent
steps, as the insolubility of the in situ polymerized PT requires a bilayer geometry. PT is
deposited by performing an in situ polymerization according to the description given in
section 5.2.2 (figure 5.2d). After rinsing the films in ethanol, they are thermally annealed
at 200 °C for 10 min. Thereafter, the electron acceptor layer PCBM is applied by spin
coating from a solution in chlorobenzene (13.5 g·mol−1) at 1000 rpm for 60 s (figure 5.2e).
As last layer, the aluminum (ChemPUR, 99.99 % purity) contacts are thermally evapo-
rated at pressures below 10−5 mbar using a CREAMET 301 V2 evaporation system from
Creative Vakuumbeschichtung GmbH. The thickness of the aluminum layer (100 nm) is
adjusted by a deposition controller (SQC-122c from Sigma Instruments). As a last step,
the whole stack is thermally annealed at 100 °C for 10 min in inert nitrogen atmosphere.

5.3. Measurement specifications

Within the framework of this thesis, four different projects are presented and discussed.
The respective specifications on sample preparation and characterization techniques are
given in the following sections.

Experimental details on chapter 6

The aim of this investigation is to establish an in situ polymerization for semiconduct-
ing PT thin films for application in organic solar cells by adapting a literature-known
synthesis. The polymerization of PT according to Bravo-Grimaldo et al. is performed
from metastable reaction mixtures of bithiophene (BT) and phosphomolybdic acid hy-
drate (PMA). [32] The glass substrates are acid-cleaned and coated with polystyrene
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sulfonate (PSS) as adhesive layer. The polymerization is performed by spin coating a
solution of 0.10 mol·L−1BT and 0.12 mol·L−1 PMA in acetonitrile. Afterwards, the films
dry for 30 minutes at ambient conditions and are subsequently rinsed in either ethanol
or acetonitrile. Thermal annealing is performed on a heat plate for 10 minutes in ambi-
ent atmosphere. For an optimization of the post-treatment the annealing temperature is
varied between 100 °C and 250 °C. Thereafter, all films are annealed at 200 °C.

The synthesis is later on adapted by exchanging the original oxidizing agent with
iron(III)p-toluenesulfonate hexahydrate (FeTos). The solution contains 0.10 mol·L−1 BT
and 0.2 mol·L−1 FeTos in 1-propanol, respectively. The in situ polymerization is per-
formed with a spin coater featuring a heatable substrate holder at 90 °C. Thereafter, the
films are rinsed in ethanol and annealed at 200 °C for 10 minutes in ambient atmosphere.
Organic solvent cleaned ITO substrates are employed to enable thickness measurements
without another polymer layer underneath the PT. The solar cells are fabricated and
characterized according to the routine given in chapter 5. For the thickness variation of
the PT layer, the molar concentration ratio between BT and FeTos is set to 1:2, while
the overall concentration is varied between 0.06 mol·L−1 and 0.15 mol·L−1.

Characterization: The absorbance of the film is determined by measuring the UV/Vis
transmission. Possible reflection and scattering contributions are neglected. The elec-
tronic state of the films is analyzed by means of four-point probe measurements. The
given current-voltage curves are measured by a current sweep from -0.01 to 0.01 mA. Op-
tical microscopy images are recorded at magnifications of 10x and 100x. Film thicknesses
are determined by profilometry.

Experimental details on chapter 7

The investigated polythiophene thin films are produced by spin coating from the metastable
reaction mixture of BT and FeTos as described in chapter 5. Afterwards, the films are
rinsed in either acetonitrile, to obtain PT in its doped and conductive state, or in ethanol,
to reduce it back to the uncharged, semiconducting state. The molar ratio between
monomer and oxidizing agent is varied between 3:1 and 1:3, to cover the conditions of
having the oxidizing agent both in deficiency and excess, respectively. The total con-
centration in the reaction mixture, meaning the sum of both reactant concentrations, is
adjusted according to the film thicknesses required for the specific measurement technique.

For four-point probe measurements, PT is spin coated onto PP coated glass substrates.
The total concentration for each ratio is 0.2 mol·L−1. The film thickness, which is neces-
sary for the calculation of the electrical conductivity, is obtained by profilometry. For this
purpose, the same reaction mixtures are spun onto ITO coated glass substrates and the



48 Chapter 5. Experimental section

height profile is measured across a scratch. Conductivity measurements are performed on
the doped PT films only.

The discussed GIWAXS measurements are performed at the beamline 7.3.3 at the Ad-
vanced Light Source (ALS). [71] The employed wavelength is λ = 1.24 Å, corresponding to
a photon energy of 10 keV. The measurements are performed at a sample-detector distance
of 299 mm, the incident angle is set to 0.16° and therefore above the critical angle of the
investigated polymer. The shown solid angle corrected 2d pattern and respective radially
and azimuthally integrated intensities are obtained using the GIXSGUI 1.6 software of
Argonne National Laboratory, taking into account the necessary corrections. [58, 59] For
GIWAXS PT is spin coated onto PP covered glass substrates from reaction mixtures with
total concentrations of 0.7 mol·L−1 (ratios 3:1, 2:1), 0.4 mol·L−1 (1:1) and 0.3 mol·L−1 (1:2,
1:3), respectively. GIWAXS measurements are performed on both doped and undoped
PT films.

For the transmission and reflection measurements, PT is spin coated on PP coated
glass (transmission and reflection) and silicon (luminescence), respectively. The total
concentration is kept at 0.2 mol·L−1 for all samples. The emission spectra, which are only
recorded for semiconducting PT films, are measured after excitation with a wavelength
of λ = 500 nm.

MIS-CELIV measurements are performed to measure the vertical hole mobilities of
the undoped PT films. For this purpose, PT is spun onto etched ITO substrates in three
iterations, to obtain film thicknesses of about 200 nm. The total concentration of the mix-
tures is set to 0.7 mol·L−1 (ratios 3:1, 2:1), 0.4 mol·L−1 (1:1) and 0.3 mol·L−1 (1:2, 1:3),
respectively. Finally, 50 nm MgF2 and 100 nm aluminum are evaporated on top. The
mobility measurements are performed using different offset voltages and the obtained
mobility values are averaged for each sample.

Experimental details on chapter 8

The film formation processes during the in situ polymerization of polythiophene are the
center of this investigation. For this purpose, the film fabrication is performed via depo-
sition of the metastable reaction mixture by slot-die coating to enable the examination
of the film formation in situ during drying. The employed reaction mixtures have bithio-
phene to FeTos molar ratios of 1:3 (excess) and 2:3 (deficiency), respectively. The overall
educt concentration in 1-propanol is 0.3 mol·L−1in both experiments. The substrates are
precleaned by acid cleaning and covered with PEDOT:PSS by spincoating prior to the
PT deposition to ensure the adhesion of the resulting PT layer. Afterwards, the films are
rinsed in ethanol for ten minutes and thermally annealed at 200 °C in ambient atmosphere
for another ten minutes.
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Figure 5.3: Schematic illustration of exper-
imental setup of simultaneous GIWAXS and
transmission measurements. Reaction mix-
ture is deposited onto preheated substrate
through slot-die print head by moving of the
sample stage. White light of initial intensity
I0 and transmitted intensity IT is guided by
optical fibers. Incoming X-ray beam (~ki) im-
pinges film, scattered and reflected intensity
( ~kf ) are detected on an area detector. In
the course of the reaction the solution turns
from orange to blue.

The slot-die printing of the metastable reaction mixture is performed with a customized
printing setup which was designed for simultaneous time-resolved measurements at syn-
chrotron X-ray beamlines. [81] The print head is located inside an atmospheric chamber
for environmental control. The substrate is placed on the sample stage that is heated
to 85 °C. The print head is adjusted at a height of 0.3 mm above the substrate and fed
with the solution via a syringe pump at a rate of 0.25 mL·min−1. After the formation of a
solution meniscus between print head and substrate, the sample stage is moved laterally
with a speed of 20 mm·s−1 for coating the substrate. Figure 5.3 schematically depicts the
process of the slot-die printing as well as the position of the simultaneous irradiation with
X-rays and white light for structural and composition analysis, respectively.

The in situ GIWAXS experiments are performed at the Sirius beamline at Soleil syn-
chrotron. [72] The X-ray energy is set to 10 keV corresponding to a wavelength of 0.124 nm.
The beam enters the printer chamber through a Kapton® entrance window and hits the
sample under an incident angle of 0.20°. The scattered X-rays exit the chamber through a
second window and are collected on a Pilatus 1M detector at a sample-to-detector distance
of 366 mm. The time-resolved data are recorded at a rate of ten measurements per second
at a counting time of 0.90 s per measurement. Subsequently to the time-resolved mea-
surements, static GIWAXS experiments are performed with a counting time of 60 s. The
intensities are later normalized to the respective irradiation times for comparison. The
raw data are converted into reciprocal space and reduced by application of the software
GIXSGUI. [58] The radial integration is peformed between polar angles of 20-85°. The
material characteristic scattering peaks are analyzed by fitting with self-written Python
scripts. The fitting procedure is introduced in detail in section 7.2.

The in situ transmission measurements are performed simultaneously at a rate of two
measurements per second, each measurement being the average of 30 scans with 0.016 ms
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counting time to reduce the noise. Prior to the data collection, the background spectrum
of the empty chamber is recorded to obtain the wavelength-dependent initial intensity I0

of the white light. The recorded transmission spectra are employed for calculation of the
absorbance without taking possible reflections into account. Finally, the absorbance of the
PEDOT-coated substrate is subtracted. The fitting of the resulting spectra is performed
with self-written Python scripts. The fitting functions are introduced in detail in section
7.1.

Finally, the results of the two simultaneously performed measurements are correlated.
The first measurement after the sample stage reaches its final position is set to be the
starting point at t = 0 s, since a recording of the transmission is only possible in that
position, which is roughly two seconds after the solution deposition.

Experimental details on chapter 9

The thin films discussed in this chapter are prepared by spin coating from metastable
reaction mixtures, such as described in detail in chapter 5. Initially, two individual stock
solutions of monomer bithiophene (0.2 mol·L−1) and FeTos (0.4 mol·L−1) are prepared in
propanol, respectively. The final metastable precursor solutions are obtained by mixing
these stock solutions with different amounts of water and additional propanol with the
volumes given in table 5.1.

Table 5.1.: Volumes of stock solutions of BT (0.2 mol·L−1 in propanol) and FeTos
(0.4 mol·L−1 in propanol), additional propanol, and water for preparation of metastable reaction
mixtures with varied water fractions.

water fraction VBT [mL] VFeTos [mL] Vpropanol [mL] Vwater [mL]

0 % 0.150 0.150 0.100 0
5 % 0.150 0.150 0.080 0.020
10 % 0.150 0.150 0.060 0.040
15 % 0.150 0.150 0.040 0.060
20 % 0.150 0.150 0.020 0.080
25 % 0.150 0.150 0 0.100

After the synthesis, the films discussed in section 9.1 are rinsed in ethanol for dedoping
and removal of precursor residuals and byproducts and finally thermally annealed. The
films investigated in section 9.2 are left as-prepared.
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For scanning electron microscopy the PT films are prepared on ITO coated glass for
increased sample conductivity. The measurements are performed with an accelerating
voltage of 5 keV and at a working distance of 3.0 mm.

The discussed GIWAXS and GISAXS measurements are performed at the Sirius beam-
line of Soleil synchrotron. [72] The employed wavelength is λ = 1.55 Å corresponding to a
photon energy of 8 keV. For GISAXS, the sample-detector distance (SDD) is set to 447 m.
An incident angle αi of about 0.3° is adjusted by help of an X-ray camera. Slight devi-
ations from that angle are determined and accounted for by help of the sample horizon
position in the detector image. The GISAXS data are reduced for analysis using DPDAK
version 1.2.0 from the Deutsches Elektronen-Synchrotron (DESY). [73] The resulting hor-
izontal cuts are modeled in the framework of the distorted wave Born approximation
(DWBA) and the local monodisperse approximation (LMA) using three cylindrical form
factors, each assigned with a structure factor representing a 1d paracrystal. More details
on the employed model are given in section 3.3. GIWAXS measurements are performed
at an SDD of 33 vm and with an incident angle of 0.18°. The shown solid-angle corrected
two dimensional pattern are obtained using the GIXSGUI 1.5 software of Argonne Na-
tional Laboratory, taking into account the necessary corrections. [58, 59] For scattering
experiments, the polythiophene films are fabricated on polypropylene coated glass slides.





6. Establishing an in situ
polymerization

The aim of this project is to establish a solution-based fabrication technique for thin films
of semiconducting native polythiophene (PT). The synthesis shall employ a chemical
oxidative polymerization mechanism which is based upon the monomer activation by
help of an oxidizing agent. In comparison to the electrochemical approach, such chemical
oxidation enables the film synthesis independently of the employed substrate type. Finally,
the fabrication routine is optimized with respect to the applicability of the resulting
semiconducting PT films in the active layer of organic solar cell devices.

Bravo-Grimaldo et al. have previously presented an oxidative in situ polymerization rou-
tine employing a metastable reaction mixture of a monomer and an oxidizing agent. [32]
In their approach, bithiophene (BT) and terthiophene are successfully polymerized upon
application of phosphomolybdic acid hydrate (PMA) as oxidizing agent. While they fabri-
cated conducting, doped PT films with their routine, they did not explore the possibilities
of dedoping the films to their fully semiconducting state. Moreover, the applicability in
organic electromic devices has not been the focus of their work. Nevertheless, the poly-
merization technique introduced by Bravo-Grimaldo et al. serves as starting point for the
development of an in situ synthesis in this thesis.

Section 6.1 discusses the adaption of the original routine to enable the fabrication of
semiconducting films. Thereafter, the oxidizing agent PMA is replaced by iron(III) p-
toulenesulfonate (FeTos) in order to increase the film homogeneity. This is discussed in
section 6.2. Finally, the films are employed in solar cell devices in section 6.2.

6.1. Oxidative polymerization with PMA

At first, polythiophene thin films are polymerized in situ by employing the literature-
known method of Bravo-Grimaldo et al. [32] In this approach, PMA serves as oxidizing
agent for the monomer BT. Both educts are dissolved in the same metastable solution,
whose stability arises from the similar redox potentials of the two reactants, as discussed

53
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in chapter 3. Nevertheless, the original procedure needs to be modified to obtain PT in
its semiconducting state for application in the active, light-absorbing layer of a solar cell.
This is done by firstly inducing in chemical dedoping by a change of the rinsing routine
that is necessary after the actual film fabrication, and secondly introducing a thermal
annealing step subsequently to the rinsing in order to increase the polymer interaction in
the film and potentially improve the film quality.

Dedoping to semiconducting state

It is known that rinsing doped polythiophene with alcoholic solvents can dedope the chains
to their neutral semiconducting state. [33] To ensure the applicability of this procedure
to the here investigated synthetic process, the films are rinsed in acetonitrile or ethanol,
respectively, after spin coating to compare the influence of a non-alcoholic to an alcoholic
rinsing solvent on the film properties. At first sight, the resulting films already vary in
color, with the acetonitrile-rinsed films being grayish-blue and the ethanol-rinsed ones
rather orange. A more detailed analysis of the solvents’ impact on the electronic state
of the resulting PT films is performed by means of UV/Vis spectroscopy and four-point
probe measurements. Figure 6.1 shows the resulting absorbance spectra (a) and I-V curves
(b).

The absorbance spectra of the two films feature absorption bands at different wave-
lengths. The acetonitrile-rinsed film, on the one hand, has two main bands with maxima
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Figure 6.1.: Comparison of PT polymerized in situ with PMA after rinsing with acetonitrile (blue
data) and ethanol (orange data), respectively. a) Absorbance of thin films, b) current-voltage
curves as determined by four-point probe measurements, the inset shows only the low-voltage
data points for clearer representation, orange line is guide to the eye.
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located at 460 nm and 730 nm, respectively. While they are of similar intensity, the low-
energy absorbance expands over a broader wavelength region. The ethanol-rinsed film, on
the other hand, has one major absorption band between approximately 330 and 640 nm.
Moreover, this band shows several shoulders in its lower-energy flank.

The two obtained spectra match very well the typical shape expected for the absorbance
of doped and undoped PT, respectively. [27,33,82] Undoped PT intrinsically absorbs blue
light while the charged thiophene chromophores absorb red and infrared light. [83] Hence,
rinsing the film with acetonitrile keeps it in its chemically doped state, with both neutral
(absorbance band at 460 nm) and charged species (730 nm) present in the film. By rinsing
with ethanol, these charged species are neutralized, resulting in a completely neutral PT
film.

The effect of this neutralization on the polymer electrical conductivity is investigated
by four-point probe measurements. Figure 6.1b shows the I-V curves measured for the
two different films. Again the data vary significantly for the respective samples. For the
ethanol-rinsed PT the detected voltage expands from approximately -60 to 60 V in the
presented current regime, showing a high electrical resistance of the film. The slope of
the voltage measured for the acetonitrile-rinsed film, on the other hand, only becomes
visible in the inset given in the lower right corner of the graph which shows only a very
small voltage regime. Hence, the resistance is much lower here. Putting the observations
of both measurements together it is concluded that the state of the resulting PT films
can indeed be adjusted to either charged and conducting by rinsing with acetonitrile or
neutral and semiconducting by rinsing with ethanol.

Thermal annealing

After adapting the original fabrication route to obtain semiconducting PT thin films by
exchange of the rinsing solvent, the post-treatment of the films is investigated further in
order to improve its electronic properties. The electronic behavior of polymers is known
to depend strongly on their crystallinity and film morphology. [16,17] Thermal annealing
is commonly employed to induce polymer crystallization by heating the polymers above
their glass transition temperature Tg to introduce sufficient mobility to allow the chains
to reorganize into their energetically more favorable (semi) crystalline structure. Different
values of 120 °C and 248 °C can be found in the literature for Tg of native PT. [84, 85]
Moreover, studies have shown the thermal stability of PT up to at least 300 °C. [86]

In order to find the optimal annealing temperature for the here in situ polymerized
PT films, it is varied between 100 °C and 250 °C to cover the range of the previously
reported glass transition temperatures. Thereafter, the increase in polymer crystallinity
is analyzed qualitatively by means of UV/vis absorption spectroscopy. A selection of the
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Figure 6.2: Normalized absorbance spectra
of in situ polymerized PT films annealed at
different temperatures. Each dataset is nor-
malized to its respective maximum. Arrow
indicates increase of shoulders suggesting
increasing polymer crystallinity.
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resulting spectra is displayed in figure 6.2. All samples show a broad absorption in the
visible range. Nevertheless, there are some distinct differences between the differently
post-treated films. The absorbance of the film obtained without thermal post-treatment
(black curve) is rather featureless without any pronounced band structure. Comparing
it to the sample annealed at 100 °C (dark blue curve) one finds an intensity gain beyond
450 nm accompanied by the evolution of several shoulders. Upon increasing the annealing
temperature even further to 200 °C (medium blue curve) the shoulders become much more
pronounced. Going to an even higher temperature of 250 °C (light blue curve) does not
result in further significant changes of the absorbance shape.

The absorbance shoulders that form and increase upon thermal annealing typically
form when semiconducting polymers aggregate in an ordered fashion and are attributed
to the single vibronic transitions according to the Franck-Condon principle. [46, 87, 88]
Hence, already a qualitative analysis of the UV/Vis spectra reveals an increased polymer
interaction upon increased thermal annealing temperature. A more detailed interpreta-
tion of the PT absorbance and the information they contain on the polymer crystallinity
is given in chapter 7. The thermal post-treatment is performed at 200 °C in all following
experiments, inducing a significant increase in the PT aggregation according to the ab-
sorbance spectra. Annealing at yet higher temperatures is avoided to reduce the potential
degradation of the other components of the respective samples.

Film quality

In order to serve as active layers in organic solar cells the thin films need to exhibit an
adjustable, homogeneous thickness as well as a smooth surface to ensure an optimized
interaction between the different functional layers of the device stack. The homogeneity
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Figure 6.3.: Optical micrographs of PT films synthesized in situ with PMA taken before (a,c)
and after (b,d) thermal annealing, taken at two different magnifications, respectively.

and surface quality are investigated by means of optical microscopy. Figure 6.3 shows
the respective micrographs at two different magnifications of a PT film before and after
thermal annealing.

At low magnification, the microscopy images (figures 6.3a and b) reveal that the em-
ployed in situ polymerization generates polymer films without the formation of any large
grains or crystallites. Moreover, no dewetting of the film is observed and the film appears
to be of a similar average thickness over a larger area. Comparing the films before and
after annealing reveals no differences. At larger magnification, however, the film exhibits
a strongly cracked surface prior to the thermal annealing (figure 6.2c). The cracks do not
feature any distinct order. After annealing (figure 6.2d) the film appears to be smoother
with a reduced depth of the cracks.

Application in solar cells

In a last step, the PT thin films obtained from the in situ synthesis with PMA are em-
ployed as donor layer in bilayer solar cells with PCBM as acceptor material. Specifications
on the employed functional layers are given in section 5.2.3. The fabricated devices, how-
ever, do not show the current-voltage behavior that is characteristic for diode devices but
only a linear slope. Hence, the device behaves like a resistor, most likely due to short
circuits created by cracks in the PT layer. Therefore it is concluded that the employed
polymerization is not suitable for the fabrication of semiconducting PT thin films that
can successfully be applied in bilayer solar cells. However, the knowledge gained about
the impact of different post-treatment steps can be transferred to the adapted synthesis
presented in the next section.

In summary it is possible to adapt the synthesis proposed by Bravo-Grimaldo et al.
to fabricate both conducting and semiconducting PT thin films by choosing the right
rinsing solvent after the fabrication. Moreover, the crystallinity of semiconducting PT



58 Chapter 6. Establishing an in situ polymerization

is increased by a subsequent thermal annealing at 200 °C, as suggested by the evolution
of vibronic shoulders in the UV/Vis absorbance spectra. Nevertheless, the films are not
suitable for application in solar cells as they feature cracks and inhomogeneities that cre-
ate short circuits in the bilayer device architecture. Hence, it is necessary to change the
synthetic approach in order to achieve a compact polymer layer.

6.2. Oxidative polymerization with FeTos

As revealed in the last section, the in situ synthesis of PT from metastable reaction mix-
tures of BT and PMA does not result in PT films with sufficient homogeneity for the
application in organic solar cells. Hence, the routine needs to be optimized further. This
is done by exchanging the oxidizing agent PMA for iron(III) p-toulenesulfonate (FeTos).
FeTos has been introduced by Bayer in 1988 for the in situ polymerization of poly(3,4-
ethylenedioxythiophene) (PEDOT) from solution. [76] Since then, it has been employed
as oxidant for the synthesis of high-quality PEDOT films with different fabrication tech-
niques and for various electronic applications. [55, 89–93] Moreover, Kolodziejczyk et al.
have employed FeTos in the vapor-phase in situ polymerization of PT. [36, 37] Although
this has not been done so far, FeTos appears to be a promising candidate for a novel
solution-based in situ synthesis of PT thin films. In the following, a routine is developed
by combining the findings of the previous section with knowledge on the in situ polymer-
ization of PEDOT with FeTos given in literature.

Synthetic routine

For a solution-based in situ polymerization of PEDOT with FeTos, a reaction mixture of
EDOT monomer and FeTos dissolved in an alcoholic solvent is employed. The alcoholic
solvent molecules interact with the formed polymer-oxidant complexes resulting in an
improved packing of the PEDOT chains in the final film. [94] The PEDOT polymerization
is performed by first coating the substrate with the two precursor molecules and heating
it for the actual polymerization reaction afterwards. [89,91,93]

In order to find the optimal reaction conditions for the in situ polymerization of PT
with FeTos, the reaction mixtures are prepared in ethanol, propanol, and butanol, re-
spectively. Other than in the PEDOT fabrication, however, spin coating the solution
at room temperature followed by a subsequent heating step does not result in homoge-
neous polymer films, although the polymerization reaction does take place. Therefore,
the synthesis is performed with a spin coater with heated substrate plate. By heating
the substrate prior to the solution deposition as well as during the actual spin coating
process allows the reaction to take place during the spinning. The required temperature
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depends strongly on the boiling temperature of the respective employed solvent, increas-
ing from about 60 °C for ethanol to 100 °C for butanol. However, the fabrication from
propanol at 90 °C results in the most homogeneous films. Hence, all following experi-
ments are performed by fabrication of PT from a reaction mixture of BT and FeTos in
propanol. The post-treatment steps already optimized in the previous chapter including
a rinsing-step in ethanol and thermal annealing at 200 ° are adopted for the new synthesis.

Film quality
The quality of the PT thin films after rinsing in ethanol for dedoping and annealing at
200 °C is checked by optical microscopy. Figure 6.4 shows optical micrographs at two
different magnifications. In both images the PT films appear to be very homogeneous,
without any large-scale aggregate formation or material dewetting. Moreover, the films
do not reveal the cracks that are obtained they feature when the synthesis is performed
with PMA (see figure 6.3). Their applicability in organic solar cells will be verified later
on in section 6.3.

Microscopy: hje517

a) b)500 µm 50 µm

annealed at 200 °Cannealed at 200 °C

Figure 6.4: Optical micrographs of PT films
synthesized in situ with FeTos taken after
thermal annealing.

Optical properties
The optical properties of the resulting material are analyzed by means of absorption spec-
troscopy. For this purpose, the absorption coefficient α is calculated from the measured
film absorbance and thickness. Subsequently, the optical band gap can be obtained from
the respective Tauc plot. Both plots are displayed in figure 6.5. The absorption coefficient
(figure 6.5a) shows the absorption over a broad wavelength range. The overall shape is
very similar to that of PT obtained from a synthesis with PMA (figure 6.2), with a fea-
tureless absorbance in the low-wavelength regime and vibronic shoulders at wavelengths
beyond the absorbance maximum. Hence, the polymer chains are also aggregated in an
ordered structure here. With a maximum of 2.8 · 105 cm−1 at 504 nm the absorption
coefficient is similar to that for PT synthesized for example by oCVD. [34] Moreover, α
is more than three times higher than that of crystalline P3HT films due to the missing
volume of the optically inactive side chains. [95]

The optical band gap Eg is related to α according to the Tauc equation 4.3. By plotting
(αE)1/2 against E and fitting the energy range between 1.97 and 2.03 eV with a linear
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Figure 6.5.: Optical properties of PT synthesized with FeTos, a) absorption coefficient α as
a function of wavelength, b) Tauc plot for determination of optical band gap by fitting low-
energy flank of the curve. The band gap is obtained by averaging the values of four films, error
corresponds to respective standard deviation.

function (displayed in figure 6.5b), Eg is determined as the x-axis intercept. This proce-
dure is performed for four PT films of thicknesses between 15 and 42 nm. The resulting
Eg is (1.91 ± 0.02) eV and therefore only slightly larger than that of P3HT which is
reported to be between 1.85 and 1.9 eV. [40,42]

Deposition technique

A major advantage of a solution-based thin film deposition is the flexibility with regards
to employed fabrication technique and the potential up-scaling to larger substrates by
for example roll-to-roll printing. [8] In order to investigate whether the here developed
synthesis is transferable from spin coating to other solution deposition processes, the
metastable reaction mixture is deposited to larger substrates by means of slot-die coating.
For this purpose, a custom made lab-scale printing setup is employed, which enables a
constant heating of the substrate plate. [81]

For in situ polymerization during printing, the synthetic routine previously optimized
for spin coating is maintained in terms of solvent, substrate temperature, and post-
treatment routine. The printing parameters are optimized with respect to resulting film
appearance. The best film qualities are obtained by setting the substrate to print head
distance to 0.3 mm, feeding the solution to the print head at 0.25 mL·min−1, and printing
at a speed of 20 mm·s−1. More details on the printing procedure are found in chapter
5. Figure 6.6 shows an image of the printed films (after rinsing and thermal annealing)
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Figure 6.6: Photograph of different sam-
ple types frabricated with here developed in
situ polymerization of polythiophene: slot-
die printed sample (left, 7.5 x 2.5 cm2), spin
coated pure PT film (top right, 2.5 x 2.5 cm2),
solar cell (bottom right, 2.0 x 2.0 cm2).

in comparison to the spin coated PT film on glass and a lab-scale PT:PCBM solar cell.
All of these sample types are fabricated from the here developed in situ polymerization
technique. As the picture shows, the absorption behavior of the films (semi-transparency,
color) is very similar for printed and spin coated films. Therefore it is concluded that the
established synthesis enables a film fabrication by different solution deposition techniques.

Overall, it is possible to obtain semiconducting PT thin films by employing FeTos as
oxidizing agent in a solution-based in situ polymerization. The resulting films are of high
homogeneity, as shown by optical microscopy, and feature a similar optical band gap as
P3HT. Moreover, the synthesis enables a PT thin film fabrication by different solution-
deposition techniques, as shown exemplary for slot-die coating. Finally, the applicability
of the semiconducting films in the active layer of organic bilayer solar cells is discussed in
the next section.

6.3. PT:PCBM bilayer solar cells

The two previous sections presented the development of an in situ polymerization tech-
nique for semiconducting PT thin films. Since these are desired to be applicable in organic
solar cells, this section deals with the fabrication and characterization of the respective
devices.

As introduced in chapter 3 the active layer is usually composed of two different materi-
als, the donor and the acceptor. These compounds need to exhibit an offset between their
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respective energy levels to support an efficient charge carrier separation. One of the most
frequently employed and investigated donor-acceptor couples is P3HT:PCBM. [20,21] As
the characterization of the films showed, the band gap of the synthesized PT is very sim-
ilar to that of its derivative P3HT. Moreover, the combination of PT:PCBM has already
been reported to result in functioning solar cells when PT is synthesized by different ap-
proaches. [26, 33] Hence, the PT films prepared here are likewise combined with PCBM
in a bilayer architecture.

The in situ polymerized PT films are employed in solar cells with a geometry of
(ITO/PEDOT:PSS/PT/PCBM/Al). As the PT film is insoluble, the active layer is pre-
pared in a bilayer geometry by subsequent spincoating of PT and PCBM. First, the
general fabrication process is optimized with regard to the different annealing steps to
improve the electronic properties of the individual layers as well as the contact between
them. An optimal performance of the solar cells is achieved by the following processing
routine:

1. etching and cleaning (organic solvents, oxygen plasma) of the ITO substrate
2. spincoating of PEDOT:PSS, thermal annealing at 150 °C
3. in situ polymerization of PT layer, rinsing in ethanol, thermal annealing at 200 °C
4. spincoating of PCBM layer
5. evaporation of aluminum electrodes, thermal annealing at 100 °C

For a more detailed description of the single relevant steps in the solar cell fabrication
refer to chapter 5.

Table 6.1.: Solar cell parameters obtained for PT:PCBM bilayer devices with varied PT layer
thickness set by variation of solution concentration, errors are standard deviations to given
mean values of four solar cell pixels each. Thickness is derived from profilometry, concentration
corresponds to sum of molar concentrations of BT and FeTos in metastable reaction mixture (at
molar ratio BT:FeTos = 1:2).

PT layer concentration jSC VOC [V] FF [%] PCE [%]
thickness [nm] [mol·L−1] [mA·cm−2]

15 ± 2 0.06 0.1 ± 0.1 0.38 ± 0.05 25 ± 1 0.01 ± 0.01
20 ± 3 0.09 1.7 ± 0.3 0.53 ± 0.03 53 ± 5 0.5 ± 0.2
31 ± 3 0.12 1.9 ± 0.3 0.60 ± 0.05 58 ± 3 0.7 ± 0.2
42 ± 4 0.15 1.7 ± 0.2 0.63 ± 0.01 60 ± 1 0.6 ± 0.1
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Figure 6.7.: Solar cell performance data of bilayer devices with varied PT layer thickness. a)
PCE and jSC of different thicknesses, error bars correspond to standard deviations of given mean
values. b) Current-voltage characteristic of champion cell with PCE of 0.8 %.

Finally, the PT layer thickness is optimized by variation of the concentrations of the
two components in the reaction mixture. In a bilayer solar cell, the optimal thickness
of the semiconducting layers is a trade-off between a high enough thickness for sufficient
light absorption, i.e. charge carrier generation, and the upper limitations of exciton
diffusion length and low carrier mobility. Here, the film thickness was varied between
(15 ± 2) and (42 ± 0.2 nm. The resulting solar cell parameters for the respective devices
are summarized in table 6.1. The values are obtained by averaging over four solar cells
each.

Upon increasing the PT thickness the performance of the solar cells is changing con-
stantly, with a change in jSC, VOC, fill factor, and PCE, respectively. So clearly, the
thickness has an impact on several of the involved processes. Most importantly, however,
the evolution of the jSC should be stressed here, as this factor is most strongly dominated
by the amount of absorbed light and the mobility of the charges in the device. [21] While it
is increasing from (0.1 ± 0.1) mA·cm−2 at 15 nm to (1.9 ± 0.3) mA·cm−2 at 31 nm, it sub-
sequently decreases again to (1.7 ± 0.2) mA·cm−2 at 42 nm. Although this current drop
is not significantly changing between these two thicknesses, the mean value is highest for
the solar cells with 31 nm of PT. Moreover, the single highest efficiency of one cell is found
to be 0.8 % for the solar cell with that thickness. Hence, it is assumed that the optimal
layer thickness is around that value. A similar result was found for bilayer solar cells with
oCVD prepared PT. [33]

The power conversion efficiency (PCE) and the short circuit current density (jSC) are
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graphically presented in figure 6.7a, the I-V curve of the solar cell pixel with highest
achieved efficiency is shown in figure 6.7b. The efficiency of the champion cell is the
same Borrelli et al. found for bilayer PT cells with C60 as acceptor. [33] Also, they found
the optimal layer thickness to be 25 nm and therefore in the same region as in the here
presented approach. Other fabrication routes and device geometries implementing native
PT in solar cells have resulted in similar performances. [26,35]

6.4. Summary

A solution-based in situ polymerization offers the possibility of producing thin films of
unsubstituted semiconducting polymers at low material and fabrication costs while at the
same time being tunable through a large number of parameters. Moreover, the fabrication
can easily be up-scaled to enable a production with industrial techniques such as printing.
In this chapter, an oxidative polymerization routine is established that is suitable for
synthesizing PT thin films which can be employed in the active layers of organic solar
cells.

Initially, a routine for the synthesis of conductive PT films is adapted to convert the
polymer into its semiconducting state. Moreover, the thermal annealing temperature
is optimized to improve the packing and intermolecular interactions of the chains in a
post-treatment step. However, the application of PMA as oxidizing agent does not result
in films of sufficient homogeneity for use in solar cell devices. Hence, PMA is replaced
with FeTos, an iron salt often employed for synthesizing the PT derivative PEDOT. After
determination of the electronic band gap of the polymer, the thin films are successfully
implemented in bilayer solar cells in combination with PCBM which serves as electron
acceptor. The highest power conversion efficiency achieved is 0.8 %, showing that the
developed solution-based fabrication can compete with the less variable fabrication tech-
niques known from literature. Moreover, this novel in situ synthesis can be performed by
application of different solution-deposition techniques, as established for slot-die printing.



7. Controlling polymer aggregation

While native PT offers the advantage of being more stable than most of the soluble
semiconducting polymers [26,96], it is not often considered for device application because
of its low degree of crystallinity and the aggregation in a herringbone (HB) motif, which
results in weak intermolecular interaction and therefore poor charge transport properties.
This HB motif of the neutral, uncharged chains originates from the electrostatic repulsion
of the π orbitals of neighboring polymer backbones.

A novel solution-based in situ polymerization for semiconducting polythiophene (PT)
thin films is established in the previous chapter. The polymerization technique is based
on an oxidative reaction mechanism which can be distinguished into two subsequent steps
as introduced in section 3.2. In a first step, the Fe3+ ions of FeTos oxidize the monomer
molecules to activate them for polymerization. Afterwards, potential excess iron ions can
further oxidize the already existing polymer chains. The resulting charged and therefore
doped PT backbones are stabilized by the tosylate anions, which are ionically bound to
the PT chains as counter ions. In an in situ synthesis this chemical doping process is
potentially taking place during the film formation.

This chapter investigates how this changed charge distribution along the polymers influ-
ences their aggregation during film formation. Furthermore, it is examined whether this
process-intrinsic chemical doping can be exploited for structural control. For this purpose,
the molar ratio between monomer and oxidizing agent within the metastable reaction mix-
ture is varied to potentially tune the level of doping during the synthesis. Subsequently
to the synthesis, the films are rinsed in order to remove residual molecules or byproducts
of the reaction. By choice of the solvent, it is possible to finally obtain doped, conducting
(acetonitrile-rinsing) or undoped, semiconducting PT films (ethanol-rinsing), as shown in
section 6.1. While acetonitrile solely rinses out the soluble compounds, ethanol addition-
ally induces a reduction of the PT chains to their neutral state, a process accompanied by
the removal of the tosylate ions. Hence, semiconducting and conducting PT are fabricated
from the same reaction mixtures.

The article Directing the aggregation of native polythiophene during in situ polymeriza-
tion is based on the work presented here. [97]

65
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The electronic conductivities and molecular structures of the doped PT films are dis-
cussed in section 7.1. The influence of the prior doping process on the final semicon-
ducting, undoped PT films on the other hand is presented in section 7.2. Finally, it is
possible to draw a model of the film formation process during in situ polymerization and
the involved polymer crystallization under the influence of doping in section 7.3.

7.1. Conducting polythiophene films

This section deals with the impact of the amount of FeTos in the reaction mixture on
the electronic and structural properties of PT in its doped state. These are obtained by
acetonitrile-rinsing after film fabrication, which leaves the polymer chains oxidized and
the tosylate ions are electrostatically attached to them. The ratio between monomer and
oxidizing agent in the employed reaction mixtures is varied between 3:1 and 1:3 to verify
that it is indeed possible to tune the level of doping during the synthesis. This is discussed
in section 7.1.1. Afterwards, the effect of the incorporated tosylate counter ions on the
packing structure of the doped PT chains is analyzed by means of grazing incidence X-ray
scattering in section 7.1.2.

7.1.1. Doping level

Four-point probe measurements are performed to obtain the electrical conductivities σ as
an estimate of the respective levels of doping. σ is calculated from the measured sheet
resistance according to equation 4.8. The origin of the electrical conductivities is inves-
tigated further by measurements of UV/Vis spectroscopy. Figure 7.1 shows the obtained
conductivity (a) and normalized absorbance spectra (b) for three selected monomer to
oxidant ratios.

The measured conductivities are in the range between 0.1 and 0.8 S·cm−1, which is
comparable to those of conducting PT films synthesized in situ with other oxidizing
agents and several orders of magnitude above the conductivities of semiconducting PT
(10−8 − 10−4 S·cm−1). [32, 34, 98] Moreover, there is a strong conductivity gain upon in-
creasing amount of FeTos in reaction mixture. A surplus of BT gives lower conductivities
of (0.08 ± 0.02) S·cm−1 (ratio 3:1) and (0.13 ± 0.04) S·cm−1 (2:1), respectively, which
jump to (0.8 ± 0.1) S·cm−1 (1:2) and (0.74 ± 0.08) S·cm−1 (1:3) for a surplus in FeTos.

The origin of the conductivity increase is visible in the absorbance spectra in figure 7.1b.
All spectra have two broad absorption bands at λ ≈ 470 nm and λ ≈ 700 nm. These cor-
respond to the uncharged (lower wavelength) and cationic (higher wavelength) thiophene
chromophores, respectively. [83] When normalized to the maximum of the absorption band
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Figure 7.1.: Properties of doped PT films polymerized in situ with different monomer to oxi-
dizing agent ratios in the reaction mixture. a) Electrical conductivities obtained from four-point
probe measurements, error bars correspond to standard deviations of given means values. b) Ab-
sorbance of thin films with absorption bands of neutral (λ ≈ 470 nm) and cationic chromophores
(λ ≈ 700 nm), respectively. Spectra normalized to maximum of neutral absorption band.

of the uncharged thiophene moieties, the intensity at lower wavelength steadily increases
upon increased FeTos fraction. Hence, the fraction of doped to undoped molecules in the
thin films increases when more FeTos is employed. Therefore the conductivity increase
can without a doubt be assigned to an increased doping level and not for example a
change in chain lengths or film quality. Thus, the degree of doping is easily tunable by
variation of the FeTos amount in the mixture. With reference to the sudden jump of
the conductivities, the BT to FeTos ratio is from here on referred to as FeTos deficiency
(ratios 3:1 and 2:1) and excess (ratios 1:2 and 1:3). Since the level of doping is defined
by the amount of cationic charges on the PT chain, the amount of attached tosylate ions
within the polymer network has to be increasing as well. The impact of these anions on
the packing structure of the polymer chains is therefore analyzed with GIWAXS in the
next section.

7.1.2. Structural impact of doping

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements are performed
to investigate the structural impact of the incorporated tosylate anions upon varying
doping level. Figure 7.2 shows the two dimensional scattering pattern of the doped films
obtained with molar ratios of 2:1 (oxidant deficiency, low level of doping), and 1:2 and
1:3 (oxidant excess, high level of doping), respectively. Due to a measurement artifact the
pattern are superimposed by signals of the detector subunits and therefore only described
and interpreted qualitatively.
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Figure 7.2.: Two dimensional GIWAXS pattern of in situ polymerized doped, conducting poly-
thiophene thin films, fabricated from reaction mixtures with varied monomer to oxidant ratio.
The amount of oxidizing agent and thereby the level of doping during the synthesis increases
from 2:1 (left) to 1:3 (right).

The GIWAXS pattern of the only slightly doped PT synthesized under FeTos deficiency
(ratio 2:1) shows two broad signals at approximately q = 1.4 Å-1 and 1.8 Å-1 (real space
distances d = 4.5 Å and 3.5 Å). These appear to feature a minor anisotropy with respect to
the polar angle. The ring at lower q is more intense in vertical direction, while the second
ring is enhanced in horizontal direction. However, the superimposed detector pattern
might have an influence on that intensity distribution. The doped film synthesized with
ratio 1:2 and therefore in tosylate excess exhibits a similar scattering pattern, but with
a strongly increased anisotropy of the rings. Going to an even higher degree of doping
(ratio 1:3), the GIWAXS pattern develops an additional signal at q = 0.77 Å-1(d = 8.2 Å),
with highest intensity in direction of qz.

The two rings appearing in all the pattern have previously been observed for doped PT
synthesized with different methods. [99–101] Nevertheless, the crystallographic data are
not sufficient to resolve the underlying crystal structure. The opposite evolution of the
anisotropy of the signals however suggests that the rings correspond to two perpendicu-
lar planes of the same crystal structure. The Bragg peak appearing for highest doping
level is known to appear in diffraction pattern of bulk PT beyond a critical doping level.
Yamamoto and coworkers have proposed a transition of the crystal structure upon incor-
poration of dopant into the polymer network. [101] According to them, the packing motif
changes from herringbone (HB) to a lamellar stacking, in which π-stacked polymer layers
are alternating with layers of electrostatically attached dopant molecules.

The reason behind this change in crystal structure is the tendency of charged oligo- and
polythiophenes to form π-stacked dimers. [102,103] These dimers arise from the formation
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of bonds between parallelly arranged backbones, leading to an enhanced stabilization
of the charges. π-stacked crystal structures have been observed for large numbers of
positively charged oligothiophenes. [102, 103] Chaalane et al. have performed density
functional theory (DFT) calculations of tosylate doped oligothiophenes, in order to predict
the relative orientation of the tosylate anion to the oligomer chain. [104] According to
them the tosylate is attached in a sidewise arrangement, with an intermolecular distance
of 3.5 Å between the sulfur atoms of thiophene and tosylate, respectively. These results
support the presence of a lamellar structure in the highly doped PT films, where the lattice
distance of 8.2 Å is in the range of the twofold calculated distance between thiophene chain
and tosylate. [104] The proposed lamellar structure with tosylate ions packed between the
backbones along with the lattice distance of 8.2 Å is illustrated schematically later-on in
figure 7.7a.

In summary, the characterization of in situ polymerized PT films showed that the
doping level of the films is easily tunable by variation of the ratio between BT and FeTos
in the employed reaction mixture. Moreover, an increased doping level results in the
evolution of π-stacked crystals in the film. The following section investigates the impact
of this change in doping level and crystal structure on the semiconducting films that are
obtained when the films are rinsed in a different solvent after synthesis.

7.2. Semiconducting polythiophene films

Undoped polythiophene thin films can be obtained from the same reaction mixtures as
the doped ones by simply rinsing them in ethanol subsequent to the synthesis. Hence,
it is understood that the here discussed semiconducting polymers show the same varied
level of doping directly after the synthesis. Whether the structural changes induced by
the doping are still maintained is discussed in section 7.2.1. Furthermore, a spectroscopic
analysis and measurements of charge carrier mobilities in section 7.2.2 show the resulting
changes in the intermolecular interaction.

7.2.1. Structural analysis

As seen in section 7.1, the amount of FeTos in the reaction mixture has a large impact on
the doping level of the conductive PT thin films. Moreover, beyond a certain threshold
of incorporated tosylate ions within the film, lamellar crystallites appear in the film.
Here, the structure of PT thin films after dedoping and removal of the tosylate ions is
investigated by GIWAXS. The two dimensional scattering pattern of the undoped films
obtained with molar ratios of 2:1, 1:2, and 1:3 are presented in figure 7.3.
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Figure 7.3.: Two dimensional GIWAXS pattern of in situ polymerized undoped, semiconducting
polythiophene thin films, fabricated from reaction mixtures with varied monomer to oxidant ratio.
The amount of oxidizing agent and thereby the level of doping during the synthesis increases
from 2:1 (left) to 1:3 (right).

All GIWAXS pattern clearly exhibit three sharp rings at scattering vectors q = 1.40 Å-1,
1.63 Å-1, and 1.98 Å-1 corresponding to real space distances of d = 4.5 Å, 3.8 Å, and 3.1 Å.
For PT obtained under FeTos deficiency (figure 7.3 on the left, ratio 2:1) the signals are
rather isotropic along the polar angle χ. The PT films synthesized under oxidant excess
on the other hand show an increasing anisotropy, with the intensity of all three rings being
higher in the direction of qz. The peak positions match the main Bragg reflections of the
HB structure that unsubstituted PT exhibits in its neutral state. The crystal structure of
polythiophene has only been resolved in two dimensions, but the visible signals are known
to be intermolecular distances between the thiophene rings. [105, 106] The HB packing
motif along with the direction of the unit cell axes a and b is depicted in figure 7.7b.

Orientation analysis

The rings show a strong gain in anisotropy with increased fraction of FeTos employed dur-
ing the synthesis. This anisotropy is most likely related to a preferred orientation of the
HB crystallites inside the films. The three HB Bragg peaks correspond to lattice planes
that lie in the ab-plane of the unit cell, while the axis of the polymer backbones is perpen-
dicular to that plane. [105, 106] Therefore, the observed change in intensity distribution
of the signals is interpreted as the unit cell’s ab-plane lying preferably perpendicular to
the substrate surface. This corresponds to the polymer backbone axis being parallel to
the sample plane. A similar orientation has so far only been observed for polythiophene
grafted from a sample surface. [107]

The fraction of HB crystallites with preferred orientation can be quantified by az-
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Figure 7.4.: Normalized azimuthal intensities of HB peak at 1.4 Å-1 plotted against polar angle
for orientation analysis of the HB crystallites in undoped PT thin films synthesized from reaction
mixtures with BT to FeTos molar ratios of 2:1 (left), 2:1 (middle), and 1:3 (right). Fraction
of crystallites with preferred (blue) as compared to isotropic orientation (gray). Each dataset is
normalized to intensity of isotropic contribution.

imuthally integrating the intensity of the first and most prominent HB ring at 1.4 Å-1 to
investigate the intensity distribution along the polar angle. The background and amor-
phous contribution of the scattering intensity are accounted for by integrating the intensity
at both edges of the ring and subtracting the average for each χ. The resulting intensities
for the differently synthesized PT thin films are displayed in figure 7.4.

The displayed peak intensity contains on the one hand isotropic contributions, that are
constant for all values of χ, and additionally an enhanced peak that is assumed to have its
maximum at χ = 0°. This peak intensity is increasing steadily from ratio 2:1 (figure 7.4a),
to the ratios 1:2 (figure 7.4b), and finally 1:3 (figure 7.4c). The fraction of crystallites with
preferred orientation can be estimated as the fraction of the area of this respective peak to
the overall integrated intensity. For this purpose, the intensity distribution for each sample
is fitted as the sum of a constant isotropic contribution (colored gray in the figure) and a
Gaussian function with center at χ = 0° (blue). In this approach, the sample symmetry
is not accounted for. This would require the combination of scattering data measured
with different sample orientations or a mathematical symmetry correction. However, the
latter is only possible for samples that act as in-plane powders [59, 108], which is not
necessarily true for the here investigated PT films. Hence, the simple calculation of peak
area to isotropic area does not yield factual amounts. However, they give an estimate on
the tendency of the crystallite orientation upon changing BT to FeTos ratio. The fraction
of the peak integral increases from 15 % (2:1), to 30 %, and finally 36 % for the highest
amount of FeTos in the synthesis (1:3).

It is possible to explain the influence of the doping process on the polymer orientation
by the induced changes in the chemical structure of the backbones. Upon oxidation,
the electrons along the chain rearrange in a way that PT goes from benzoid to quinoid
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configuration, as described in section 3.2. This rearrangement of the electrons results
in double bonds between the thiophene rings, which prohibit ring rotation around the
backbone axis. Hence, doped PT chains are much more rigid than the uncharged ones.
[53] It is assumed, that during the film formation process the polymer chains undergo
doping before precipitation to the substrate. When converted into their stiff, quinoid
configuration, a planar precipitation with the backbone parallel to the substrate appears
to be more likely than for the undoped and probably randomly coiled chains.

Summing this up, the induced backbone stiffening of the doping has a clear impact on
the resulting orientation of the HB crystallites in the undoped PT films. Due to a more
favorable planar precipitation of the stiffer molecules, the PT synthesized with the highest
level of doping has the highest fraction of crystallites oriented with backbones parallel to
the sample plane.

Crystal structure analysis

For a more detailed analysis on the crystal structures present in the PT films, the scat-
tering intensities are radially integrated to determine the respective peak characteristics.
Integrations are performed in the near out-of-plane (vertical cuts) direction between po-
lar angles 0° < χ < 15° and in horizontal direction (horizontal) between 75° < χ < 85°.
The resulting intensity profiles are corrected for different contributions to obtain only the
crystalline peaks. To begin with, the background scattering is fitted with an exponential
decay and subsequently subtracted. [109] Since the PT films are synthesized on top of
a polypropylene (PP) layer, the respective intensity profiles of a bare PP film are fitted
with two Gaussian functions. The PP peaks appear at smaller scattering vectors than the
PT signals and can therefore be scaled to the low-q flank of the cuts and likewise be sub-
tracted. The resulting intensities only hold scattering of amorphous and crystalline PT.
Finally, the amorphous contributions of native polythiophene can equally be described by
two broad Gaussian functions. [106]

After subtracting the scattering of background, polypropylene, and amorphous poly-
thiophene, the peaks of crystalline PT remain. The resulting vertical and horizontal cuts
for the undoped PT films synthesized with monomer to oxidant molar ratios 2:1, 1:2, and
1:3 are depicted in figure 7.5. All vertical cuts (figure 7.5a) show the three clearly resolved
HB Bragg peaks (q = 1.40 Å-1, 1.63 Å-1, and 1.98 Å-1), with highest peak intensities for
PT obtained with ratio 1:2, indicating the largest volume fraction of HB crystallites in
that thin film. Furthermore, an additional peak arises at q = 1.08 Å-1 (d = 5.8 Å). The
horizontal cuts (figure 7.5b), on the other hand, show a very drastic change when going
from the tosylate deficiency to the excess regime. Here, a new signal appears at approxi-
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Figure 7.5.: Radially integrated intensities of GIWAXS pattern of undoped PT thin films synthe-
sized with varied ratios of monomer to oxidizing agent. Intensity profiles obtained in (a) vertical
and (b) horizontal direction. Arrows indicate signals assigned to proposed new π-stacking struc-
ture.

mately q = 1.76 Å-1 (d = 3.6 Å), whose intensity is on the order of the second and third
HB peak in those cuts.

The structural analysis of highly doped PT synthesized with the same reaction mixture
leads to the proposal of a lamellar structure with π-stacked PT (section 7.2.1). Conse-
quentially, the newly arising peaks in the semiconducting PT cuts are assigned to π-stacks
that remain in the sample, even after dedoping and removal of the tosylate. The signal
arising in horizontal direction (d = 3.6 Å) matches the calculated intermolecular distance
for tosylate doped oligothiophenes (d = 3.7 Å) [104] and, moreover, is in the same range
as π-stacking distances of the well-investigated PT derivatives P3HT (d = 3.8 Å) [110]
and PEDOT (d = 3.4 Å) [111]. Therefore, the small feature appearing in the vertical
cuts at q = 1.08 Å-1 very likely corresponds to a backbone spacing distance between the
PT chains perpendicular to the π-stacking direction, that results from a shrinkage of the
lamellar distance upon removal of the attached tosylate ions. The anisotropy of these
signals indicates something like an edge-on orientation of these crystallites, with their
π-stacking direction along the sample plane. For illustration, the proposed structure is
depicted in figure 7.7 (c) along with the lamellar packing of highly doped PT (a), and the
typical HB packing (b).

Molecular dynamics simulations

The GIWAXS data suggest that the polymers remain frozen in a non-equilibrium π-
stacking after dedoping to their neutral state. This differs strongly from the reversible
rearrangements that have been observed for doping of bulk PT. [101] In order to analyze
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a) b)
3.6 Å

5.8 Å

Figure 7.6.: Side view of a PT 10-mer crystal calculated by means of MD simulations. a)
interchain distances are constrained to 5.8 Å in lamellar direction and 3.6 Å perpendicular to it,
resulting in an arrangement of parallel aligned PT chains; b) a removal of all distance constraints
yields the typical HB crystal structure.

whether such π-stacking is feasible for neutral PT under constrained conditions, molecular
dynamics (MD) simulations are performed. Technical specifications on the simulation are
given in the appendix.

The structure of a crystal of 100 PT 10-mers is simulated for two different cases. In
the first case, the PT chains are constrained in their lateral movement in such way that
the intermolecular crystal lattice distances observed in the GIWAXS data (5.8 Å and
3.6 Å) are kept constant. Rotations around the backbone axes, on the other hand, are not
restricted. In the second case all constraints are removed, allowing the chains to change
the distances between them. The calculated crystal structures are graphically depicted
in figure 7.6. With lateral constraints (figure 7.6a), the PT oligomers all tilt in the same
direction. As a result, the thiophene rings of neighboring chains are π-stacked. Without
constraints (figure 7.6b), on the other hand, the chains shift in their position and tilt in
an alternating fashion. Here, the calculation yields the typical polythiophene herringbone
structure. The HB unit cell parameters that are derived from the MD simulations (a =
7.10 Å, b = 5.71 Å) agree well with experimental and theoretical values from literature
(a = 7.10 Å, b = 5.71 Å). [105,106]

The MD simulations show that the HB structure represents the global energetic min-
imum for neutral polythiophene. Nevertheless, a π-stacking structure is indeed possible
when the distances between the chains are restrained. This is proposed to be the case
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in the presented in situ polymerization, when the process-intrinsic doping results in a
π-stacking of the charged polymers which are embedded in the bulk film during film
formation. As a consequence, the chains are constrained from significant movements
thereafter, leading to a maintained π-stacking structure even upon dedoping.

In summary, the structural investigation reveals two effects of the doping process dur-
ing synthesis on the crystallization of polythiophene. Firstly, an orientation analysis of
the HB peaks shows a strong increase in crystallites with horizontally aligned backbones.
This effect is explained by the stiffening of the PT chains upon doping and the subse-
quent planar precipitation and aggregation. Secondly, there is an irreversible effect on
the packing behavior of the chains. As a result of the dimerization that is typical for
oligothiophene cations the system arranges into a lamellar structure with tosylate anions
sandwiched between PT π-stacks at high doping level. But surprisingly, this change is not
reversible upon dedoping to semiconducting PT. Once the polymers have aggregated in a
π-stacked fashion and have been incorporated into the film structure, they are restrained
from going pack to HB structure. MD simulations additionally support that they rather
remain frozen in a non-equilibrium π-stacking.

A π-stacking is assumed to have a strong impact on the intermolecular interactions of
PT, as the orbital overlap between neighboring chains is increased significantly. This is
analyzed and discussed in the following section.

a
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5.8 Å

π-stacking
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b

herringbone

b) c)

tosylate anion

PT backbone

8.2 Å

lamellar structure

a)

view along
backbone axis

Figure 7.7.: Simplified illustration of proposed polythiophene crystal structures. a) Lamellar
arrangement of highly doped PT: π-stacked PT with tosylate anions sandwiched in-between; b)
typical herringbone structure of semiconducting PT with direction of unit cell axes a and b; c)
proposed π-stacking structure of semiconducting PT obtained after high doping during synthesis.
All depictions drawn in side view (along the polymer backbones), marked crystal lattice distances
as obtained from GIWAXS measurements.
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7.2.2. Polymer interaction

This section deals with the influence of the previously discussed structural changes on the
intermolecular interaction in semiconducting PT films. For this purpose, there will first
be a spectroscopic analysis researching the type of interaction between the backbones.
Afterwards, the resulting impact on the polythiophene’s electric properties, namely the
hole mobilities, will be presented.

Spectroscopic analysis

Measurements of the thin film UV/Vis absorbance and emission are performed to obtain
information on the aggregation and electronic interaction of the polythiophene backbones.
The respective normalized spectra are shown in figure 7.8. In the lower wavelength regime
one finds the absorbance spectra, which expand from the ultraviolet region to beyond
600 nm and look similar to those found for polythiophenes obtained with different kinds
of syntheses. [34,82] Evidently, the absorbance intensity decreases in the lower-wavelength
region when the amount of FeTos in the synthesis is increased. At the same time, the
shoulders at higher wavelength become more pronounced. Like the spectra of its deriva-
tives like P3HT, the spectra of PT can be divided into an amorphous contribution of the
disordered chains at higher energy and the vibronic transitions of the aggregated thio-
phene chromophores of elongated, ordered polymer chains at lower energies. [112] Hence,
the absorbance reveals an increasing fraction of ordered PT backbones when the films are
synthesized under FeTos excess.

The chromophore interaction is further investigated by measuring the photolumines-
cence (PL) of the films. PL measurements are only successfully possible for samples
synthesized with intermediate ratios of 2:1, 1:1, and 1:2. The ones obtained with high-
est deficiency (3:1) or excess of FeTos (1:3) appear to be too rough for reliable emission
measurements, as they give rise to spectra of very undefined shape that differ strongly
from the ones presented in figure 7.8. The emission spectra that are plotted on the high-
wavelength side of the graph in figure 7.8 all exhibit a strong emission band at around
620 nm and a second strong emission at 670 nm. When the BT:FeTos ratio during syn-
thesis is changed from 2:1 up to 1:2, the relative intensity of the first emission band is
strongly decreasing. Moreover, the position of the emission becomes slightly red-shifted.
Considering the emission spectra of P3HT, the two emission bands are assigned to the
0-0 and 0-1 emission of the polythiophene backbone. [112] A decreasing 0-0/0-1 ratio is a
strong indicator for increasing order in H-type aggregated thiophenes. [44,88] The redshift
additionally suggests an increasing interaction between the chromophores of neighboring
PT chains. Hence, a strong doping during the synthesis on the one hand strongly inceases
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Figure 7.8.: Normalized absorbance (solid lines) and emission spectra (dashed lines) of undoped
PT films synthesized in situ with varied molar ratios of monomer to oxidizing agent. Arrows
indicate increasing 0-0 absorbance and 0-1 emission bands. Each absorbance spectrum is nor-
malized to its respective maximum, photoluminescence spectra are normalized to height of 0-1
emission band.

the overall order in the films and, furthermore, results in an increased interaction between
the chains, probably due to the induced π-stacking.

The electronic properties that result from the altered morphology in the films are dis-
cussed in the following.

Hole mobilities

The degree of crystallinity as well as the type of crystal structure have a strong impact
on the final electronic properties of semiconducting polymer thin films. [16] Therefore,
the vertical hole mobilities of the undoped films are measured by means of MIS-CELIV
experiments. The results are given in figure 7.9.

The measured hole mobilities are on the order of 10−4-10−5 cm2V−1s−1, matching the
usually reported values of PT as well as P3HT. [113,114] Overall, the mobility decreases
with increasing amount of FeTos in the reaction mixture. There is an initial strong jump
from (7 ± 2)·10−5 cm2V−1s−1 (ratio 3:1) to (16 ± 5)·10−5 cm2V−1s−1 (2:1) in the regime of
FeTos deficiency. Thereafter, the mobility steadily decreases from (4 ± 1)·10−5 cm2V−1s−1

(1:1), (1.4 ± 0.1)·10−5 cm2V−1s−1 (1:2), and finally to (0.9 ± 0.3)·10−5 cm2V−1s−1 (1:3).
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Figure 7.9: Vertical hole mobilities of
undoped PT thin films polymerized in
situ with varied molar ratios of monomer
to oxidizing agent, as derived from MIS-
CELIV measurements. The error bars
correspond to standard deviations of
given mean values.
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The observed hole mobility decay can be explained by the difference in intra- versus
interchain charge carrier transport in conjugated polymers. Usually, the mobility along
an outstretched backbone is much faster than the hopping between different chains, even
if the crystal structure enables a good intermolecular orbital overlap. [15] With regards
to that, the decreasing vertical mobility upon increasing FeTos amount in the synthesis
can be explained in terms of the strongly changed orientation of the HB crystallites. As
discussed in the previous section, the chemical doping of the polythiophene chains during
film fabrication probably increases their tendency to precipitate with backbones parallel
to the substrate. As a result, the fraction of HB aggregates with horizontally oriented
backbones increases strongly, when more FeTos is employed. Thus, the vertical pathways
for hole transport are strongly reduced. Apparently, the effect of the π-stacked crystal
structure is negligible compared to that of the orientation. The comparably low mobility
obtained for ratio 3:1 is assumed to arise from a poorer film quality, since so little oxidizing
agent is provided for polymerization.

7.3. Model

Combining the results of the performed analyses, it is possible to draw a model of the film
forming process and the aggregation behavior of PT during the employed in situ polymer-
ization method. Figure 7.10 schematically shows the impact of chemical doping during
the synthesis on the resulting PT aggregation. Before application, the BT molecules and
FeTos ions are both dissolved in the metastable reaction mixture without any reaction oc-
curring. Upon spin coating, the monomers are oxidized by the Fe3+ ions and subsequently
polymerize. Although the resulting oligomers become insoluble beyond a certain chain
length, they apparently still possess enough mobility to undergo an additional oxidation
by excess oxidant. This doping leads to a structural change in the backbone caused by a
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transition from benzoid to quinoid configuration. In the quinoid structure, the C-C single
bond between the thiophene units becomes a rigid double bond that prevents a rotation of
the thiophene rings against each other. Therefore, the doped PT chains are much stiffer
than the neutral ones. These rod-like chains probably precipitate on the substrate surface
lying down.

Below a critical degree of doping the packing motif of the chains directly after fabrication
and prior to the dedoping is not resolved. Upon dedoping, however, these PT chains pack
in their typical HB structure. In this regime, the further oxidation by FeTos only induces
the already mentioned horizontal orientation of the backbones. Hence, with increasing
FeTos amount the fraction of horizontally oriented HB crystallites significantly increases.
At very high Fe3+ concentration the doping level of the chains is high enough to induce
a π-stacking of the charged chains. This process is typical for oligothiophene cations and
induces an additional stabilization of the positive charges in the molecules. As a result,
the strongly charged polymer is suggested to finally crystallize in a lamellar structure,
in which the tosylate counter ions are sandwiched in-between the PT π-stacks. Here,
dedoping and tosylate removal do not result in the formation of HB crystallites, but the
PT chains rather remain in their π-stacking. This non-equilibrium packing is probably
maintained due to the reduced mobility of the chains once they are incorporated inside
the film, as shown by means of MD simulations. This novel PT crystal structure results
in a strongly increased intermolecular interaction.

7.4. Summary

During the here investigated in situ polymerization of PT, the employed oxidizing agent
FeTos serves two purposes: while it activates the monomers for polymerization, it addi-
tionally serves as chemical dopant already during the process. This chapter investigated
the structural impact of that doping process on the resulting PT structure as well as the
arising (opto)electronic properties.

In order to tune the doping level, the ratio between monomer BT and oxidant FeTos is
varied in the employed reaction mixtures. The influence on the final doping level is ana-
lyzed by means of four-point probe measurements and UV/Vis spectroscopy, showing that
the fraction of doped thiophene moieties in the films is growing if more FeTos is employed.
This results in a strong increase in electrical conductivities. GIWAXS measurements on
these doped PT films show the formation of a lamellar structure with π-stacked PT chains
beyond a very high doping level.
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Figure 7.10.: Proposed process of in situ polymerization and resulting crystal structures: Two-
step process with polymerization of BT to PT, that typical aggregates in herringbone structure
if undoped. Excess of FeTos in the reaction mixture results in high degree of doping, which
eventually induces lamellar π-stacked packing. If lamellae are dedoped in post-treatment, the
π-stacking remains, resulting in a novel PT crystal structure.

If the doping is removed by ethanol-rinsing after the synthesis, the PT chains tend to
pack in their expected herringbone structure. However, the films synthesized under very
high doping show the presence of a second, additional crystal structure. As a spectroscopic
analysis proofs a strongly increased intermolecular interaction, it is assumed that the π-
stacking in the highly doped PT remains even after dedoping. This novel crystal structure
is assumed to be stable due to the reduced mobility of the chains in the thin films.



8. Reaction kinetics and film formation
dynamics

Solution-based in situ polymerization techniques are much complexer processes than the
coating of pure polymer solutions because chemical reaction and film formation are hap-
pening simultaneously. Consequently, more parameters play a role when it comes to
tuning the properties of the resulting thin films. Since process control and reproducibility
are of high interest for the fabrication there is an urgent need to understand the key
processes taking place at the molecular level during the in situ polymerization. So far,
there have only been few experimental approaches of tracking the film evolution with
time. The degree of polymerization in solution-based processes is typically monitored by
measuring the film absorbance at a characteristic wavelength of the polymer. [32,56,115]
In vapor phase polymerization the reaction can be tracked by micro gravimetry which
detects the increasing film mass with time. [92] The recording of time-resolved current-
voltage characteristics gives an insight on the polymer growth during an electrochemical
polymerization. [30] All of these approaches, however, only take into account the kinetics
of the polymerization reaction and do not include the mechanisms of the morphology
formation like polymer aggregation and film solidification.

In the scope of this project a novel approach of analyzing the reaction kinetics and film
formation dynamics is developed by combining simultaneous time-resolved grazing inci-
dence wide angle X-ray scattering (GIWAXS) and UV/Vis transmission measurements.
In contrast to the approaches already presented in literature, UV/Vis spectra of a large
wavelength range (300-900 nm) are recorded rather than the absorbance at a single pho-
ton energy. This enables not only the detection of growing polymeric species but also the
uptake of reaction educts. GIWAXS is supposed to complement the gained knowledge on
reaction kinetics by providing information on the film morphology at all times. For this
purpose, the in situ polymerization is performed by deposition of the metastable reaction
mixture with a slot-die printer. The printer setup at hand is designed for the purpose
of in situ X-ray scattering and UV/Vis transmission measurements, in order to perform
time-resolved experiments on the structure formation in solution-processed, organic thin
films. [81]

81
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As discussed in chapter 7, the molar ratio between monomer bithiophene (BT) and
oxidizing agent iron p-toluenesulfonate (FeTos) employed in the metastable reaction mix-
ture has a direct influence on the doping level that the polymer films obtain. Moreover,
the aggregation of the doped chains happens in a different geometry as compared to the
uncharged, neutral chains, resulting in a crystal structure with improved intermolecular
interaction. In order to gain further insight on the impact of the doping process on the
film formation, the time-resolved characterization of the in situ polymerization is per-
formed by employing two different molar ratios between BT and FeTos, respectively. The
first ratio of 1:3 is expected to result in a polymerization under oxidant excess as intro-
duced in chapter 7. The second, 2:3, presumably gives PT films of intermediate doping
level. In comparison to the theoretical stoichiometric ratio of the polymerization reaction
(1:2), however, the second ratio still contains a deficiency of FeTos. For a clear differen-
tiation between the two cases they will be referred to as deficiency (2:3) and excess (1:3)
conditions within this chapter, respectively.

The overall aim of this project is to establish an experimental routine to track the film
evolution with time and obtain an understanding of the relevant film formation phases.
The fit models for analyzing the transmission and GIWAXS measurements are established
in sections 8.1 and 8.2, respectively. Afterwards, the in situ polymerization under excess
of FeTos is discussed in section 8.3, followed by the formation under deficiency in section
8.4. Finally, section 8.5 combines the results obtained for the two processes in order to
formulate an overall model of the in situ polymerization of polythiophene thin films.

8.1. Tracking reaction kinetics with UV/Vis transmission

Time-resolved transmission measurements are performed to track the progress of the
in situ polymerization reaction. All involved compounds, the educts bithiophene and
Fe(III)Tos, and the resulting neutral and doped polythiophene, have characteristic ab-
sorbances which allow a quantitative analysis of the composition in solution and film
throughout the whole process. The absorbance A of a chemical depends on its amount n
in a medium as described by the Lambert-Beer law (equation 3.4). The proportionality
factor connecting the two quantities is the absorption coefficient α(λ). In order to gain
the wavelength-dependent absorbance of each of the involved species, transmission spectra
of the single components are measured. Figure 8.1 displays the normalized absorbance
spectra of all involved chemical compounds.

The absorbance spectrum of the monomer bithiophene in solution is shown in figure
8.1a. The maximum absorbance is at 302 nm, which is in agreement with literature
values. [116] The absorbance spectrum is fitted with a sum of three Gaussian functions
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Figure 8.1.: Normalized absorbance spectra of single compounds of the polymerization reaction:
a) solution of bithiophene in 1-propanol and corresponding fit function, b) thin film of doped
polythiophene, c) solution of p-toluenesulfonic acid in 1-propanol, d) solutions of Fe(II)Tos (light
grey) and Fe(III)Tos (dark grey) in 1-propapnol and corresponding fit functions.

to account for the different vibronic transitions of the respective band to obtain the
absorption coefficient αBT(λ).

The oxidizing agent Fe(III)Tos consists of several absorbing species. In solution, the
tosylate anions and the iron cations exist separated from each other, therefore giving rise
to independent absorption bands. To investigate the decoupled tosylate absorbance p-
toluenesulfonic acid is dissolved in 1-propanol. The main absorbing molecular component
of the tosylate anion is its benzene ring, which absorbs in the UV region only up to a
wavelength of about 280 nm (see figure 8.1c). Therefore, the tosylate absorbance is outside
the energy range investigated here and will not be considered in the final model.

Fe3+ and Fe2+ ions on the other hand tend to form solvent complexes in solution which
give rise to different types of electronic transitions. [77] The absorbance of the Fe3+ ions
is determined by measuring the transmission of Fe(III)Tos dissolved in 1-propanol. After-
wards, the iron ions are reduced to Fe2+ by addition of zinc powder to obtain the respective
spectrum of the iron complexes after their reaction with bithiophene. Both spectra are
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displayed in figure 8.1d. The Fe(III)Tos spectrum shows two major absorbance bands, an
intense one in the UV region and one at around 360 nm. The former is a charge-transfer-
band associated to an electronic transition between the iron ion and a solvent ligand
molecule, which is assumed to be constant for both oxidation states of the iron. [77]
The latter corresponds to a d-d transition in the Fe3+ ion which vanishes upon reduc-
tion to Fe2+and is therefore employed as a measure for the Fe3+ amount. [77] Overall,
αFe3+(λ) is fitted as a sum of two Gaussian functions corresponding to the two differ-
ent electronic transitions, with the charge-transfer-band Gaussian kept constant for both
oxidation states.

The absorbance of the organic reaction products is discussed in the following. Figure
8.1b shows the absorbance spectrum of a thin film of doped polythiophene. The two
broad absorption bands correspond to two differently charged species of polythiophene.
The lower wavelength absorbance around 480 nm is related to the excitation across the
bandgap from HOMO to LUMO and is therefore attributed to the neutral, uncharged
polythiophene chain. The doped, cationic polymer parts on the other hand show the
absorption band of oxidized thiophene units at higher wavelength around 700 nm. [27]
The intensity ratio between the two bands can be employed as a measure for the level of
oxidation, i.e. doping level, of the polythiophene. [83] Therefore, αdopedPT(λ) is described
by a single Gaussian function.

Nevertheless, it is not possible to segregate the neutral PT absorbance in the time-
resolved absorbance spectra because the polymerization reaction is divided into several
steps resulting in different (intermediate) products. At first, the bithiophene dimerizes
to form a quaterthiophene molecule, which subsequently grows to oligothiophene chains
of six, eight, and more thiophene units. Alongside the increase in conjugation length the
bandgap of the molecule continuously decreases. Table 8.1 summarizes the absorbance
maxima of oligothiophenes of two, four, and six units as well as of polythiophene in both
solution and thin film. [116,117]

Since the absorbance of all potentially present oligothiophenes expands from below
300 nm to beyond 500 nm, it is not possible to resolve the amount of actual polymer
chains just by measuring absorbance spectra. Therefore, the sum of all of these species is
considered as neutral oligothiophenes (in the following abbreviated as XT) with undefined
conjugation length. Since the absorption strength of these is assumed to vary significantly,
their absorption coefficient is simply accounted for as αXT(λ) = 1.

The amounts that are determined in the following are not directly transferable to con-
centrations, since the single absorption coefficients do not contain information on the
overall absorption strength of the molecules but simply describe the shape of their re-
spective absorbances. This restriction arises mostly from the impossibility to resolve
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Table 8.1.: Absorbance maxima of oligothiophenes of different chain length in solution (chlo-
roform) and thin film. [116, 117]

absorbance absorbance
solution film

bithiophene (2T) 302 nm -
quaterthiophene (4T) 390 nm 448 nm
sexithiophene (6T) 432 nm 513 nm
polythiophene (PT) - 486 nm

the different undoped oligothiophene species. Hence, all amounts derived are measured
in arbitrary units. Nevertheless, the routine allows to track the evolution of the single
chemicals throughout the polymerization.

The amounts are determined by the following procedure. For each measurement, the
absorbance A is a sum of the all absorbances of the components in the film, i.e. the
respective products of their amounts ni and absorption coefficients αi(λ).

A(λ) =
∑

ni · αi(λ) (8.1)

Hence, it is possible quantify the single chemicals by fitting the respective parts of the
spectrum.

undoped oligothiophenes
The sum of all undoped oligothiophene species nXT is tracked by averaging the absorbance
between 480 nm and 490 nm according to

A(480 nm− 490 nm) = nXT · αXT. (8.2)

doped polythiophene
The doped polythiophene chains are quantified by fitting the polaronic absorbance band
between 600 nm and 900 nm with a Gaussian distribution function giving rise to αdopedPT(λ).

A(600 nm− 900 nm) = ndoped PT · αdopedPT(λ) (8.3)

BT and Fe3+

The amounts of the reaction educts nBT and nFe3+ are gained by fitting the absorbance
between 285 nm and 384 nm. However, the absorption in that part of the spectrum is a
superpositions of the Fe3+, BT, and other uncharged oligothiophenes, whose absorbances
are accounted for as well.

A(285 nm− 384 nm) = nBT · αBT(λ) + nFe3+ · αFe3+(λ) + nXT · αXT(λ) . (8.4)
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Figure 8.2: Exemplary absorbance spec-
trum of solution during polymerization re-
action. The absorbance between 480 and
490 nm (orange) is averaged to calculate
the amount of neutral oligothiophenes. The
amounts of BT and Fe3+ are obtained by
fitting the absorbance between 285 and
384 nm (green). Doped PT is quantified
by fitting the polaronic absorbance between
600 and 900 nm (blue).
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Figure 8.2 shows an exemplary absorbance spectrum taken from the in situ series to
illustrate the parts of the spectra that are analyzed to quantify the amounts of the re-
spective educts and products with time. Again, it should be noted, that due to the
experimental procedure it is not possible to account for reflection, when the absorbance
is calculated. Because of the measurement geometry the transmitted light can only be
detected when the printing stage is in its final position. This is the case roughly two
seconds after the solution deposition. The first dataset recorded in that position is set to
be the starting point at t = 0 s, the simultaneously recorded GIWAXS are correlated by
identification of specific setup features appearing on the detector while the printer stage
is still moving.

While the absorbance is used to determine the composition of the thin film at all times,
time-resolved GIWAXS measurements are performed simultaneously to additionally ob-
tain an insight on the morphology formation. The analysis of the resulting scattering
data is outlined in the following section.

8.2. Following morphology formation with GIWAXS

Time-resolved GIWAXS measurements are performed simultaneously to the transmission
measurements to gain an insight on the structure formation during the in situ poly-
merization of polythiophene thin films. In this section, the collected data are discussed
with respect to the contained Bragg peaks as well as their origin. Figure 8.3 exem-
plary shows the results of static GIWAXS measurements recorded after the time-resolved
measurements. Figure 8.3a shows a two-dimensional GIWAXS pattern of a thin film of
polythiophene after the film formation is finished. First, this representation is utilized for
a general overview of the present signals. Afterwards, the signals are analyzed in more
detail by means of the radial intensity profiles presented in figure 8.3b.
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Figure 8.3.: Exemplary GIWAXS data of thin films obtained from in situ polymerization: a)
two-dimensional GIWAXS pattern of as-prepared thin film b) radially integrated intensities of thin
films as-prepared (blue), after ethanol-rinsing (green), after additional annealing step (orange),
and PEDOT-coated substrate (black). Data shifted with respect to each other for a clearer
presentation.

The measured raw data are converted into q-space for analysis, which gives rise to the
missing wedge that is visible in figure 8.3a. After the conversion, the two dimensional
data are displayed in a coordinate system of qxy and qz, respectively. The intensity of
direct and specular beam are blocked by the rod-like beam stop, that is located at the
origin of the coordinate system. The scattering pattern displayed here features several
anisotropic Bragg rings of different intensity. The most intense one is found at q = 0.3 Å-1.
Moreover, two intensity artifacts have to be taken into account for the necessary data
reduction. Firstly, the intensity in z-direction directly above the beam stop is decreased,
presumably due to a shading invoked by the shape of the beam stop. Secondly, the
intensity is increased on the right of the beamstop. This effect is assumed to be an artifact
of the beamline, as it is observed without insertion of a beam stop as well. Therefore,
the scattering intensities in the different directions (i.e. horizontal and vertical) are not
examined separately, but the radial integrations are performed between polar angles of
χ = 20°-85°. For this reason, a detailed orientation analysis of the seemingly isotropic
signals is not performed.

As aforementioned, the data are reduced by a radial integration for a more detailed
analysis. The resulting intensity profiles are displayed in figure 8.3b. In order to assign
the visible peaks to a material in the thin films, the cuts of films at different stages of
preparation are compared. The graph shows the scattering intensities obtained from static
GIWAXS measurements on a PT film directly after preparation (blue, obtained from the
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2d pattern in figure 8.3a), after rinsing with ethanol (green), and after a final annealing
step (orange). Moreover, the cut of the purely PEDOT-coated substrate is plotted as well
(black). Comparing the cuts, there are two peaks that are present for all samples. The
peaks located at q-positions of 0.35 and 0.44 Å-1 are attributed to the Kapton® entrance
and exit windows of the printer setup. Hence, they are not part of the scattering pattern
of the thin films. Other than these, there are no additional peaks in the cuts of the
substrate, the rinsed, and the annealed PT film. Strangely, the cuts do not feature the
typical PT peaks which are observed in the static GIWAXS measurements discussed in
chapter 7 at q = 1.40 Å-1, 1.63 Å-1, and 1.98 Å-1. While these might too weak and therefore
be covered by other signals in the as-prepared sample, it is not clear why they are not
present in the rinsed and annealed films. As a consequence, it is not possible to track the
time-resolved aggregation of the polymer chains within the films.

In the as-prepared film several peaks can be observed that correspond to the isotropic
rings found in the 2d data. The peaks are found at scattering vectors of q = 0.29,
0.58, 1.14, and 1.48 Å-1. As they do not show up in any of the post-treated films, the
respective crystalline material is rinsed out in the washing step. Since the insoluble
polythiophene remains on the substrate, the only soluble parts in the as-prepared films
are the residuals of the educts, BT and FeTos in its two different oxidation states. Since
the measurement is performed right after the film preparation, the substrate is still kept
at a temperature of 85 °C. Due to the melting temperature of bithiophene (33 °C) it is
expected to remain liquid or at least without any long-range order within the films. Hence,
the signals are assigned to the FeTos crystals forming during the film formation, when
the solvent evaporates. Since an in-depth analysis of the respective crystal structure is
not of interested in the scope of this project, only the most intense peak is employed for
tracking the crystal growth of the oxidizing agent during the film formation in order to
indirectly observe the transformation of the solution to solid film. The peak position of
q = 0.29 Å-1, corresponds to a real space lattice distance of 2.17 Å and is therefore on
the order of magnitude of metal-metal distances in metal ion tosylate complexes. [118]

For analyzing the FeTos crystal growth with time, the cuts are corrected by subtraction
of a local background around the peak. For this purpose, a linear regression is performed
between the intensities at q = 0.20 Å-1 and q = 0.40 Å-1, and the resulting function
is subtracted from the original data. This local background is supposed to take into
account all the scattering contributions that are present in that q-region, such as the
exponentially decaying GISAXS signal, potential scattering of amorphous material in
the film, and background scattering from the substrate or the setup. Afterwards, only
the crystalline FeTos peak remains. This peak is subsequently fitted with a Gaussian
distribution to obtain its center, intensity, and full width at half maximum (FWHM).
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In summary, the time-resolved GIWAXS measurements allow to indirectly track the
evolution of the thin film morphology during in situ polymerization by visualizing the
crystal growth of FeTos. In combination with the transmission measurements, the analysis
of the GIWAXS data is employed to gain an insight on the reaction and film formation
kinetics.

8.3. Film formation under oxidant excess conditions

This section investigates reaction dynamics and film formation of an in situ polymerization
under excess of oxidizing agent. As shown in chapter 7, a molar ratio of BT to FeTos of 1:3
yields to polythiophene films with high doping level. For an optimization of the processing
parameters and the resulting film properties, it is of high importance to gain an insight
on the different phases during the fabrication. While section 8.3.1 deals with the kinetics
of the chemical reaction as tracked by transmission spectroscopy, the film formation is
analyzed by GIWAXS in section 8.3.2. Finally, a model of the in situ polymerization
process under FeTos excess is drawn in section 8.3.3.

8.3.1. Reaction rates of polymerization and doping

Time-resolved transmission measurements are performed to track the progress of the
polymerization reaction. Figure 8.4 shows the resulting transmission (a) and absorbance
(b) spectra recorded during a time of 200 seconds. As discussed in the previous chapter,
the educts of the polymerization reaction (BT and Fe3+) absorb only in the low wavelength
regime of the visible spectrum as well as in the ultraviolet, while both the doped as the
undoped oligo- and thiophenes can be tracked by analyzing the absorbance at wavelengths
above 450 nm.

The absorbance spectrum at t = 0 s already features the contributions of all compounds,
both educts and products. Hence, the reaction has started prior to the data collection.
In the first few seconds the contributions of BT and Fe3+ still decrease rapidly, until they
seem to stay at an almost constant amount after about half of the investigated reaction
time (bright green curves). The intensity around 480-490 nm is already close to its final
value at the beginning, and only increases further in the first few seconds, indicating the
formation of neutral oligothiophenes. Moreover, the polaronic band of the doped PT is
already clearly visible in the beginning. Furthermore, it does not only show the expected
increase in the first few seconds (dark blue curves) but seems to drop again in the end
(from bright blue to yellow curves). In the following, the evolution of the amounts of the
different compounds will be discussed in detail.
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Figure 8.4.: Time-resolved UV/Vis spectroscopy data measured during in situ polymerization
under FeTos excess; a) transmission spectra, b) absorbance spectra obtained from transmission
after background correction.

Figure 8.5 contains the fit results obtained for the absorbance spectra of the first 200 s
after the beginning of the data collection. Figure 8.5a shows absorbance spectra mea-
sured every ten seconds shifted with respect to each other for a clearer presentation.
Additionally, the black curves represent the obtained fit functions derived in the respec-
tive considered parts of the spectra as introduced in the previous section. Clearly, the
black curves sufficiently match the original datasets. Therefore, we can assume that the
established fit model can adequately describe the composition of solution and forming
film throughout the whole investigated time frame. Additionally, the amounts of the
compounds that are obtained from the fits are given for the educts (subfigures a and b)
and the products (subfigures d and e). As discussed in section 8.1, these values are not
factual amounts but prefactors to the absorbances, that are approximately proportional
to the real amounts. Therefore, the absolute values of the different components cannot
be compared directly.

The development of the educt amounts (figures 8.5b and c) will be discussed first. Both
compounds show a similar evolution throughout the polymerization and film formation.
As expected, both amounts constantly decay throughout the course of the reaction, with
fast uptake rates in the first few seconds, followed by intermediate decays until the end
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Figure 8.5.: Fit results of time-resolved absorbance spectra recorded during in situ polymeriza-
tion under FeTos excess; a) selection of absorbance spectra of every 10 s and resulting fit curves
(black) shifted along the y-axis, b-e) evolution of amounts of bithiophene (b), Fe3+(c), oligoth-
iophenes (c), and doped polythiophene (d) as determined by fit function. Error bars correspond
to time resolution in horizontal and fitting inaccuracies in vertical direction, respectively.

of the first half minute, and a very slow rate converging to the final values in the end.
At t = 0 s, the amounts of BT and Fe3+ are (0.255 ± 0.002) a.u. and (0.178 ± 0.002) a.u.,
respectively. The errors result from fitting inaccuracies. As discussed before, these are not
the inital values of the metastable reaction mixture, since the polymerization reaction has
already started prior to the data collection. Hence, it is not possible to determine the educt
uptake before the first measurement. Within the first ten seconds of data collection, how-
ever, the educt amounts are reduced to (0.085 ± 0.001) a.u. (BT) and (0.067 ± 0.002) a.u.
(Fe3+). Therefore, both BT and Fe3+ decrease to about one third of their initial amounts
in only ten seconds. In the phase of intermediate uptake rate (until t = 40 s) the amounts
further decay to (0.042 ± 0.001) a.u. and (0.043 ± 0.002) a.u.. Finally, at around t = 100 s,
the educts reach their final amounts without any further significant decay. Both BT and
Fe3+are not taken up completely, but remain in small amounts within the film. The
monomer bithiophene is reduced to an amount of (0.029 ± 0.001) a.u., i.e. about 11 % of
the initially measured amount. The Fe3+ ions finally remain at (0.031 ± 0.002) a.u. and
are therefore reduced to 17 %.
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Figures 8.5d and e illustrate the evolution of the reaction products with time. While
subfigure d displays the amount of the undoped oligothiophenes, the amount of doped
PT is shown in subfigure e. Both products are already present at t = 0 s, but still show
a strong increase in the first few seconds. After this expected growth of the polymeric
species, both already reach a maximum. Afterwards, they decay until they reach their
final value after about 100 seconds. At the beginning of the data collection, the amount of
the undoped oligothiophenes is (0.134 ± 0.002) a.u. They increase to (0.162 ± 0.002) a.u.
within the first ten seconds, reaching their absolute maximum throughout the whole
process. Afterwards, they first decay with a slow and steadily decreasing rate to their
final value of (0.153 ± 0.002) a.u. Hence, the maximum amount is reduced again by about
5.6 %.

The doped polythiophene chains (figure 8.5e) behave in a very similar way, with a start-
ing amount of (0.200 ± 0.001) a.u.. They show a rapid increase to (0.232 ± 0.001) a.u. at
t = 10 s, which is the maximum amount present during the film formation process. After-
wards, they are decreased again with an intermediate rate until t = 50 s and a very slow
decay thereafter, reaching their final amount of (0.203 ± 0.001) a.u. after approximately
150 s. The amount of doped PT is therefore decreased by 12.5 % after its maximum.

Putting these observations together, it is possible to follow the progress of the different
steps of the polymerization and doping reactions under FeTos excess. As the starting val-
ues of the products suggest, the reaction already starts before the data collection begins
at t = 0 s. At the selected starting time, both doped and undoped oligo- or polythio-
phenes are already at more than 80 % of their detected maximum during the observed
time. Obviously, the educts are already decreased by a large amount. Nevertheless, the
fit results give an important insight on the reaction dynamics under FeTos excess. In the
first ten seconds, the rate of the polymerization and doping reaction are very high, as
indicated by the drastic decrease of the educts as well as the corresponding fast increase
of the polymeric products. Afterwards, however, all the considered chemical compounds
of the reaction show a slow decay. The reduction of the educts, BT and Fe3+, indicate
a further proceeding of the polymerization reaction at a strongly reduced speed. Never-
theless, this cannot be confirmed by the results obtained for the polymers, since neither
contribution shows an increase. The reduction of the doped PT contribution can be ex-
plained by an initial overoxidation to a high doping level within the first seconds. This
overoxidation could be the result of a faster oxidation or doping step as compared to the
formation of a new covalent bond between the resulting radical oligo- or polythiophene
radicals. Therefore, the polymerization reaction is supposed to continue even after there
is no further significant decay in the educts, since there are enough ”activated” polymer
chains already present in the film. This ongoing formation of polymer bonds, however,
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cannot be confirmed by the results obtained for the undoped oligothiophenes. In principle,
these are expected to show an increase upon the conversion from two charged thiophene
units to the uncharged, bonded molecule. However, the absorbance between 480 and
490 nm decreases further as well. It is assumed, that this decrease in absorbance and
therefore seemingly amount of undoped oligothiophenes originates in the structure of the
molecules. It is known, that the order and type of aggregation as well as the chain and
conjugation lengths have a significant impact on both absorbance shape and absorption
coefficient of semiconducting polymers. [88, 119, 120] Due to the superposition of the dif-
ferent absorbances in the spectra, however, it is not possible to resolve the character of
the undoped oligothiophene absorbance.

The final amounts of the uncharged oligothiophenes and the doped PT can be employed,
to make an assumption on the doping level of the eventual films. For this purpose, the
ratio of doped to undoped is calculated to be 1.33. While this value does not represent a
real physical quantity, it can be used as an estimate of the doping level, when the in situ
polymerization under FeTos excess and deficiency are discussed in section 8.5.

In summary, the time-resolved transmission measurements give an insight on the dif-
ferent reaction rates of doping and polymerization during the in situ polymerization of
polythiophene thin films under excess of the employed oxidizing agent FeTos. For a more
detailed insight on the different phases of the film formation, the morphology evolution is
tracked and analyzed by means of GIWAXS. The results of the corresponding measure-
ments are discussed in the following section.

8.3.2. Evolution of morphology: crystallization of FeTos

In this section, the dynamics of the film formation during in situ polymerization under
excess of FeTos are investigated by means of time-resolved GIWAXS measurements. For
this purpose, the measured two-dimensional data are reduced by radial integration and
corrected with a local background as described in section 8.2. Figure 8.6 displays the
resulting cuts over a large q-range (a) and the background-corrected peak of the crystalline
FeTos (b). Other than in the transmission measurements, only the first 25 s of the reaction
are tracked by GIWAXS.

In the cuts it is clearly visible that all appearing signals are already present at the
beginning of the data collection. Hence, FeTos starts to crystallize immediately in the
first moments after the deposition of the metastable reaction mixture. Since FeTos is
completely soluble at the employed concentration, no crystals are expected to be present
in the metastable reaction mixture. Therefore it is concluded that parts of the solvent
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have already evaporated before the data collection. This leads to an increased FeTos
concentration beyond the solubility limit already at t = 0 s.

A closer look at the peak after background correction (figure 8.6b) already reveals that
its center is shifting to smaller q-values in the first few seconds (blue to bright green
curves) while it still gains intensity. The fitting results presented in figure 8.7 give a
more detailed insight on the evolution of the FeTos crystals with time. The gaussian fits
give rise to information on the amount of crystals or crystalline material in the thin film
(figure 8.7a), the center of the peak in q-space (figure 8.7b) is inversely proportional to
the real space crystal lattice distance that corresponds to the peak, and the FWHM of
the gaussian can be employed to extract a lower limit of the present average crystal size
by application of the Scherrer equation (equation 3.16). The fit results of the final static
measurement (black curve in figure 8.6) are not displayed in the plots, as they cannot be
attributed to a distinct point in time. Nevertheless, it will be taken into account in the
discussion in this section as well as for the formulation of the final model in section 8.3.3.

The evolution of each parameter will be discussed individually, before a complete in-
terpretation is proposed. The intensity of the FeTos peak under investigation is already
at (157 ± 5) counts at t = 0 s. In the first three seconds the intensity increases rapidly to
(187 ± 6) counts. Thereafter, the increase in intensity is reduced to an intermediate level,
until it reaches (211 ± 6) counts at t = 10 s. In the last phase of the time-resolved measure-
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Figure 8.6.: Time-resolved GIWAXS measurements of in situ polymerization under FeTos ex-
cess. a) Radially integrated intensities of 2d data, b) FeTos peak after subtraction of local
background. In both plots the time-resolved measurements are displayed in colors, while the
static measurement after the film deposition is plotted in black.



8.3. Film formation under oxidant excess conditions 95

100
120
140
160
180
200
220
240
260

In
te
n
si
ty
 [
co
u
n
ts
]

0.27
0.28
0.28
0.29
0.29
0.30
0.30
0.31
0.31

q
 [
Å−

1
]

0 5 10 15 20 25

Time [s]

13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

C
ry
ts
a
l 
si
ze
 [
n
m
]

a)

b)

c)

Figure 8.7: Evolution of the parameters ex-
tracted from the Gaussian fits of the FeTos peak:
a) peak intensity as a measure of the amount of
crystalline material in the film; b) peak position,
which is inversely proportional to the real space
distance between the iron ions in the FeTos crys-
tals; c) crystal size calculated from the FWHM
by the Scherrer equation. Error bars correspond
to time resolution in horizontal and fitting inac-
curacies in vertical direction, respectively.

ments the intensity only increases very slowly to (223 ± 7) counts. Finally, the peak only
gains a final intensity of (237 ± 7) counts as determined in the subsequent static measure-
ment. Hence, most of the crystalline material is formed between the solution deposition
and the first few seconds of the data collection.

The position of the peak and therefore the corresponding distance between the iron ions
only changes slightly within the investigated time frame. At t = 0 s, the peak is centered
at a scattering vector of q = (0.297 ± 0.001) Å-1. Within the first few seconds, the peak
shifts to (0.294 ± 0.001) Å-1 and stays at that value until the final static measurement.
The change happening at the beginning of the reaction, however, only corresponds to an
increase in real space distances from 2.12 Å to 2.14 Å and is therefore not considered to
be significant.

The average crystal size of the FeTos crystals in the film shows a rapid increase in
the first three seconds. The crystals quickly grow from (14.3 ± 0.5) nm (t = 0 s) to
(16.5 ± 0.6) nm (3.0 s). After that period, however, the crystal growth is abruptly de-
creased to a slower speed, resulting in a crystal size of (17.1 ± 0.6) nm after ten seconds of
measurement. Finally, the crystal size only very slowly increases further to (17.2 ± 0.6) nm
at 25 s and (17.6 ± 0.6) nm in the final state.

Overall, the growth rates of the FeTos crystals enable to draw a picture of the structure
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formation from reaction mixture to polymer thin film. In the first phase after the depo-
sition a certain fraction of the solvent quickly evaporates, resulting in the crystallization
of FeTos due to an increased concentration. Therefore, there are already crystals present
at t = 0 s. In the first three seconds, the size as well the the amount of crystals still
increases rapidly. Thereafter, the speed of the crystal growth decreases very abruptly.
Hence, it is assumed that most of the solvent has evaporated after that time, limiting the
further crystal growth to a minimum. However, the results of the time-resolved GIWAXS
measurements need to be put in context with the corresponding transmission data to
derive an overall model of the film formation under FeTos excess. This will be done in
the following section.

8.3.3. Reaction and film formation dynamics

In the two previous sections, the results of the time-resolved transmission and GIWAXS
measurements have been discussed separately. Now, these results will be combined to
formulate a model of the film formation process during the in situ polymerization of
polythiophene under excess of oxidizing agent FeTos. For this purpose, some of the
parameters obtained from the analyses are normalized to their respective initial (educt
amounts) or final values (product amounts, FeTos crystal parameters) and put together
in figure 8.8. Each parameter is plotted in two separate graphs with different time scales
to account for the fast changes in the beginning of the film formation (figures 8.8 a, c, e,
and g) as well as the slower changes happening in the first minutes (figures 8.8 b, d, f,
and h). Since the changes in the amounts as discussed in section 8.3.1 do not show any
significant changes after about 170 s, the results are not plotted beyond that, assuming
that the film formation process is at its end. Therefore, the results of the static GIWAXS
measurements are appended to the plots at 170 s to account for the final structure of the
film.

The chemical conversion of bithiophene to polythiophene is tracked by analyzing the
evolution of the amounts of the educts BT and Fe3+(figures 8.8a and b), each normalized
to its respective initial value, and the amount of doped PT (figures 8.8c and d), normalized
to its final value. The transition from solution to solid film is taken into account by means
of the crystallization of FeTos. Here, the scattering peak intensity (figures 8.8e and f) and
the crystal size (figures 8.8g and e), each normalized to its respective final value, are of
special interest. The process is divided into four different stages Ie - IVe (e: FeTos excess
conditions). These will be explained in further detail in the following by discussing the
behavior of the single parameters with time.
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Figure 8.8.: Evolution of the normalized parameters of the in situ polymerization under FeTos
excess, extracted from the respective fits of the time-resolved absorbance and GIWAXS data.
Each parameter is plotted with high time resolution for the first 20 seconds (left) and lower time
resolution for 175 seconds (right). a,b) Amounts of educts bithiophene (black) and Fe3+(blue)
from absorbance, c,d) amount of doped polythiophene from absorbance, e,f) scattering intensity
of FeTos peak from GIWAXS, g,h) crystal size of FeTos crystals from GIWAXS. The process
is divided into four different stages, that are separated by dashed vertical lines and labeled
accordingly. Error bars correspond to time resolution in horizontal and fitting inaccuracies in
vertical direction, respectively.

Ie: Fast polymerization and solvent evaporation
In the first phase, from the beginning of the data collection to t = 3 s, all the parameters

show the fastest change. Both educts have a steep decrease, while the amount of doped
PT strongly increases. At the same time, the crystallization of FeTos is still very fast,
with a gain of peak intensity and crystal size. These observations suggest the presence
of sufficient solvent to enable high molecular mobilities for either chemical reactions or
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crystal growth. Nevertheless, this phase must have started before the data collection,
since FeTos crystals and doped PT are already present at t = 0 s.

IIe: Decreased reaction rates and solidification
In the subsequent second phase all the changes are reduced to an intermediate speed.

The change is most clearly visible in the FeTos crystal size and in the amount of doped
PT. The amount of both educts further decreases, accompanied by a further gain of the
doped polymer. Hence, both chemical processes of polymerization and doping are still
taking place, but at a decreased rate. The abrupt change in the crystallization behavior
of FeTos at the beginning of the phase indicates a significant change in the dynamics of
the system. While an inhibited crystallization could be the result of a depletion of the
respective ions in the solution, the ongoing uptake of Fe3+ established by its absorbance
contradicts this. Hence it is assumed that the decreased crystallization rate is caused
by the evaporation of most solvent molecules. The transition from phase Ie to phase IIe
is therefore also the transition from solution to a mostly solid film, in which only the
leftovers of the liquid monomer BT provide the remaining molecular mobility for ongoing
polymerization and crystallization processes at reduced rates. The second phase ends at
about t = 10 s, when the amount of doped PT reaches its maximum.

IIIe: Polymerization of overoxidized chains
In the third phase of the film formation the amount of crystalline FeTos still steadily

increases, although the average crystal size does not show any further significant growth.
The time-resolved data expire during this phase, but it is assumed that the peak intensity
keeps increasing at a continuously decaying rate until it reaches its final value. Inter-
estingly, however, the amount of doped PT decreases in the third phase. Therefore it is
concluded that while the oxidation process itself is still comparably fast in the previous
phase IIe, the dimerization of ”activated” cationic chains is already reduced by their low
mobility, resulting in an overoxidation of the polymers. Nevertheless, the steady decrease
in the amount of doped PT suggests a slow ongoing bond formation between spatially
close charged chains in the system. This phase lasts from t = 10 s to approximately
t = 100 s.

IVe: Final film formation and reaching of equilibrium doping level
The transition between the stages IIIe and IVe is evident in the decreasing rate of the

reduction of doped PT. The educts are already at their final amounts at the beginning
of the phase. Therefore, no formation of new polymer chains from BT is happening after
100 seconds. There is a minor gain in FeTos scattering intensity from the end of the
time-resolved data to the final static measurement which is assumed to happen in the
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phases IIIe and IVe. Apparently, this phase is a final relaxation to the equilibrium doping
level that is obtained under the employed monomer to oxidant ratio of 1:3.

In summary, the combination of the time-resolved GIWAXS and transmission measure-
ments allows to reveal the dynamics of an in situ polymerization of polythiophene under
excess of oxidizing agent FeTos. A four-stage film formation model is proposed, in which
the rapid reactions in the solution and a decrease in the rates upon drying of the film is
evident. Also, the excess of Fe3+ ions in the reaction mixture results in an overoxidation
of the polymer chains, which later relaxes to the finally stable doping level. The results
of the film formation under excess will be revisited in section 8.5, when the two film
formation processes are brought together to formulate one model.

8.4. Film formation under oxidant deficiency conditions

This section investigates the reaction dynamics and film formation of an in situ poly-
merization under deficiency of oxidizing agent. The results of chapter 7 suggest that the
molar ratio 2:3 of BT to FeTos should result in an intermediate doping level, as com-
pared to the ratio employed in section 8.3. Again, the reaction rates are investigated by
means of time-resolved transmission measurements in section 8.4.1, while the film for-
mation dynamics are analyzed by GIWAXS in section 8.4.2. The overall model of the
polymerization and film formation is proposed in section 8.4.3, bringing the observations
of the two measurement techniques together.

8.4.1. Reaction rates of polymerization and doping

Time-resolved transmission measurements are performed during the in situ polymeriza-
tion to track the progress of both the reaction as well as the doping. Figure 8.9 shows the
transmission (a) and resulting absorbance spectra (b) during the first 200 s of the process.
Employing the fit model set up in section 8.1, the amounts of the educts are determined
by tracking the absorbance in the low wavelength regime of the visible spectrum and in
the ultraviolet, while the amounts of doped and undoped PT are obtained at wavelengths
beyond 450 nm.

A qualitative analysis of the absorbance spectra already provides some information
on the progress of the reaction at different times. The first spectrum features only the
absorption bands of the two educts, showing no sign of any polymer absorbance at higher
wavelengths. Hence, in this experiment the chemical reactions have not yet started at the
beginning of the data collection. Within the first few seconds (dark blue spectra), however,
the absorption band of the doped PT rapidly increases. At the same time, the monomer
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Figure 8.9.: Time-resolved UV/Vis spectroscopy data measured during in situ polymerization
under FeTos deficiency; a) transmission spectra, b) absorbance spectra obtained from transmis-
sion after background correction.

absorbance around 300 nm decreases. At first sight, the absorption of the Fe3+ ions seems
to increase at first, before it finally drops again. However, the contribution of the undoped
oligothiophenes has to be considered in this wavelength regime as well. Therefore, the
proposed fit model is applied for a quantitative analysis of the compounds. The results
are presented in figure 8.10 and discussed in the following.

Figure 8.10a shows the absorbance spectra for every ten seconds, shifted with respect to
each other for a clearer presentation. Additionally, the black curves represent the resulting
fits for the respective parts of each spectrum. Again, the applied fit model sufficiently
describes the original data throughout the whole analyzed time frame, verifying its validity
for the investigated process. The resulting amounts for the educts BT and Fe3+ are given
in figures 8.10b and c, while the evolution of the product compounds is given in 8.10d
and e.

The course of the educt amounts will be discussed first. As the qualitative interpreta-
tion of the spectra already showed, the reaction mixture is mainly composed of the educts
in the beginning. In the course of the process BT and Fe3+ follow a similar evolution.
They are consumed in the chemical reactions at an initially fast rate in the first few sec-
onds. Thereafter, their decay drops to an intermediate rate for about half a minute and
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Figure 8.10.: Fit results of time-resolved absorbance spectra recorded during in situ polymer-
ization under FeTos deficiency; a) selection of absorbance spectra of every 10 s and resulting fit
curves (black) shifted along the y-axis, b-e) evolution of amounts of bithiophene (b), Fe3+(c),
oligothiophenes (c), and doped polythiophene (d) as determined by fit function. Error bars cor-
respond to time resolution in horizontal and fitting inaccuracies in vertical direction, respectively.

finally to a very slow ongoing reduction until the end of the investigated time. At t = 0 s,
(0.498 ± 0.005) a.u. of BT are present in the solution. For the monomer, the very fast up-
take lasts for approximately seven seconds, resulting in an amount of (0.136 ± 0.003) a.u.
(t = 7.0 s). The oxidant ions Fe3+ decay from (0.567 ± 0.008) a.u. to (0.223 ± 0.005) a.u.
in the same time frame. In the phase of intermediate uptake which lasts to about t = 30 s,
they both further decay to (0.100 ± 0.003) a.u. (BT) and (0.161 ± 0.004) a.u. (Fe3+), cor-
responding to fractions of 20 % and 28 % of their initial values, respectively. Finally,
the speed of the educt decays is continuously reducing to a minimum, with the respec-
tive amounts reaching their final values after about two minutes of measurement time.
Eventually, the residual amounts of BT and Fe3+ which stay in the formed films are
(0.069 ± 0.003) a.u. and (0.116 ± 0.004) a.u.

The development of the product amounts with time is illustrated in the plots in figures
8.10d and e. For both, the data is displayed in graphs with broken y-axes to make the
smaller changes visible which take place after the strong increases in the first few seconds.
Overall, the product amounts evolve as expected, with general increase from beginning
to end. Nevertheless, there are some differences in the behaviour of the undoped (figure



102 Chapter 8. Reaction kinetics and film formation dynamics

8.10d) and doped species (figure 8.10e). While they both show a large gain in the first
few seconds, the continuous increase of the undoped oligothiophenes is only reduced in its
speed. The doped PT, however, reaches a maximum amount after seven seconds, which
is followed by a subsequent slow and steady decay.

At the beginning of the data collection, the undoped oligothiophenes have already
been formed to an amount of (0.034 ± 0.001) a.u.. Thereafter, they increase with a very
fast rate to (0.412 ± 0.004) a.u. (t = 7.0 s), followed up by an intermediate growth to
(0.421 ± 0.004) a.u. (t = 30.0 s), and in the end reach a final amount of (0.442 ± 0.004) a.u.
after 200 s. At t = 0 s there is no evidence of any doped oligothiophene species in the
solution. Thereafter, however, doped PT is formed at a very high rate in the first phase
to (0.434 ± 0.003) a.u. at t = 7.0 s. Moreover, this is also the maximum amount that
is reached throughout the whole investigated time. Thereafter, the doped PT is slowly
decreasing, to finally reach an amount of (0.421 ± 0.003) a.u. at the end of the process.

In the following, these observations are brought together to follow the chemical reactions
taking place in the process of the investigated in situ polymerization under deficiency of
FeTos. At the beginning of the data collection, the solution is composed in the largest
fraction of the two reaction educts. There are no traces of doped polythiophene and only
a small amount of uncharged oligothiophenes present. Hence, the polymerization reaction
has started just immediately before t = 0 s or in the moment of the first measurement.
The doping process, on the other hand, has not yet started at that point, supporting the
stepwise reaction mechanism proposed in section 3.2. In the first phase of the process,
both polymerization and doping take place at a very high rate. Therefore, both educts
decay rapidly, while the absorbance of all polymeric species is drastically increased. This
phase, however, ends after only seven seconds, when the uptake of the BT and Fe3+ is
slowed down to an intermediate speed. This is accompanied by an abrupt interruption of
the product generation as well, with the oligothiophene formation slowing down and the
amount of doped PT actually decreasing. Apparently, the previously oxidized polymer
chains now further polymerize to neutral molecules. Finally, the last phase of the process
begins at approximately t = 30 s. Here, all the rates continuously decay until the com-
pounds reach their final amounts after about two minutes of measurement time. While
the data suggests an ongoing formation of undoped oligothiophenes even at the end of the
investigated 200 s, the increase from t = 120 s ((0.434 ± 0.004) a.u.) to the final value is
below 2 % and therefore considered to be negligible in comparison to the increase in the
prior phases.

The ratio between doped and undoped polymeric species is 0.95 at the and of the
process. Again, this is not a physically significant quantity. However, it can be applied
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as a measure of the relative doping level, when the influence of the FeTos concentration
is discussed in section 8.5.

In summary, the time-resolved transmission measurements allow to draw an image of
the reaction rates in the different phases of an in situ polymerization under deficiency
of employed oxidizing agent FeTos. It is possible to track the evolution of the chemical
compounds from deposition of reaction mixture to final film formation. In the following
section, the time-resolved GIWAXS measurements are analyzed and interpreted to extend
the already derived preliminary model with information on the morphology evolution
during the process.

8.4.2. Evolution of morphology: crystallization of FeTos

In this section, the dynamics of the film formation dynamics during the in situ polymer-
ization under deficiency of FeTos are investigated by means of time-resolved GIWAXS
measurements. The two-dimensional data detected on the area detector in the course of
the experiment are transformed into q-space, subsequently reduced by radial integration,
and finally corrected with a local background around the most prominent FeTos peak such
as described in section 8.2. Figure 8.11 displays the resulting intensity profiles over a large
q-range (a) and the background-corrected peak of the crystalline FeTos (b). Other than
in the transmission measurements, only the first 25 seconds of the reaction are tracked by
GIWAXS.

First, the changes in the intensity profiles are going to be discussed qualitatively. The
background corrected data clearly show that the FeTos peak is already present at the
beginning of the data collection. Thereafter, there is a rapid increase in the intensity, that
is accompanied by a shift of the peak center to lower q. At the same time, the scattering
background around that peak escalates within a few measurements (i.e. a few 100 ms).
This, obviously, is only visible in the cuts presented in figure 8.11a, as the background
is already subtracted in 8.11b. The gain in peak intensity is happening mostly in the
approximately first five seconds (blue lines). Afterwards, the increase is slowed down
significantly. The final static measurement indicates an ongoing increase in crystallinity
after the end of the time-resolved data collection. These observations already verify a
starting of the crystallization of FeTos, probably induced by an immediate evaporation of
the solvent right after deposition, prior to the data collection. Nevertheless, the largest
fraction of the scattering intensity is gained within the measurement time. A more detailed
analysis of the FeTos crystallization can be performed by fitting the most intense peak
with a gaussian function. The fitting results are presented in figure 8.12. The peak
intensity (figure 8.12a) gives rise to information on the amount of crystalline material
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Figure 8.11.: Time-resolved GIWAXS measurements of in situ polymerization under FeTos
deficiency. a) Radially integrated intensities of 2d data, b) FeTos peak after subtraction of local
background. In both plots the time-resolved measurements are displayed in colors, while the
static measurement after the film deposition is plotted in black.

in the thin film, the center in q-space is inversely proportional to the real space crystal
lattice distance that corresponds to the peak, and the FWHM of the gaussian can be
employed to extract the lower limit of the present average crystal size (c) by application
of the Scherrer equation (equation 3.16). The fit results of the final static measurements
are going to be included in the discussion of the final model in section 8.4.3.

The evolution of the parameters extracted from the fits will be discussed individually
first. Afterwards, the observations will be brought together to formulate an overall inter-
pretation of the FeTos crystallization process upon deficiency conditions. At t = 0 s, the
intensity of the investigated FeTos peak is (99 ± 3) counts. In the first short phase, the
intensity increases strongly until it reaches an almost constant value of (430 ± 10) counts
at t = 2.5 s. For a period of two seconds, the intensity does not increase nor decrease, until
it rises again at a decreased speed to reach an intensity of (560 ± 20) counts at the end of
the investigated 25 s. Eventually, it reaches a final film peak intensity of (670 ± 20) counts.

As already observable from the background corrected cuts, the position of the peak
shifts to lower q-values in the course of the reaction. In the beginning, the peak ap-
pears at (0.298 ± 0.001) Å-1, which corresponds to a lattice distance of (21.06 ± 0.03) Å.
With time, the q-value of the peak center decreases, until it stays at its final position
of (0.286 ± 0.001) Å-1(21.95 ± 0.003 Å). Within the error bars, there is no further shift
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Figure 8.12: Evolution of the parameters ex-
tracted from the Gaussian fits of the FeTos peak:
a) peak intensity as a measure of the amount of
crystalline material in the film; b) peak position,
which is inversely proportional to the real space
distance between the iron ions in the FeTos crys-
tals; c) crystal size calculated from the FWHM
by the Scherrer equation. Error bars correspond
to time resolution in horizontal and fitting inac-
curacies in vertical direction, respectively.

occurring after the end of the time-resolved measurement, as determined by the static
measurement. Hence, the crystal lattice distance under investigation here increases by
0.9 Å in the course of the measurement.

The average crystal size of the FeTos crystals shows a very interesting behavior. In
the beginning of the data collection it is calculated to be (19.9 ± 0.6) nm from the peak
FWHM. Similar to the peak intensity, the crystal size features a very rapid increase in the
first 2.5 s to reach a maximum value of (22.9 ± 0.6) nm. However, this increase is followed
by an equally steep decrease until t = 4.5 s, when the size is reduced to (20.8 ± 0.6) nm.
Thereafter, the size does not significantly increase again within the investigated time
frame. In the final film, the average FeTos crystal size is (23.6 ± 0.8) nm.

The crystallization dynamics of the FeTos crystals enable to track the transformation
from solution to solid film by comparing the crystal growth rates in the different phases
of the process. It is assumed that FeTos is fully dissolved in the reaction mixture before
deposition. Hence, the crystallization only starts upon evaporation of the solvent, when
the concentration is increased beyond the solubility limit. The evolution of the peak
intensity suggests that the crystallization process starts just before the beginning of the
data collection, as it is still small compared to the final value and increasing at a rapid
speed. In addition to that, the crystal size is still growing quickly. Therefore, the reaction
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mixture is supposed to still be liquid with the solvent evaporation inducing the rapid
crystallization. After a short time, however, the crystallinity reaches a constant value and
the average crystal size actually decreases again. This reduction of the average size is
interpreted to rather be a partial dissolution of the already existing crystals as compared
to the formation of new, smaller crystallites, because the overall degree of crystallinity
is not increased. In the third phase of the process, the amount of crystallinity is again
increasing, but at a significantly reduced rate, until it reaches its final value.

In summary, the GIWAXS measurements give an insight on the transformation from
solution to solid film, as observed by the crystallization of FeTos. Nevertheless, these
observations have to be put in context with the process of the chemical reactions to
gain an understanding of the process of the in situ polymyerization under deficiency of
oxidizing agent. This will be done in the following section.

8.4.3. Reaction and film formation dynamics

The two previous sections presented the results of the time-resolved transmission and
GIWAXS measurements, respectively. Now, these observations are combined to formulate
a model of the film formation process during the in situ polymerization of polythiophene
under deficiency of oxidizing agent FeTos. Analogously to the proceedings in section
8.3.3 for the reaction under excess conditions, several of the obtained parameters are
normalized and put together, to follow the evolution of the chemical reactions as well as
the solidification of the film. The normalized data are displayed in figure 8.13. Again,
each parameter is plotted in two separate graphs to account for the rapid processes taking
place in the first few seconds as well as the slower final film formation. The results of the
static GIWAXS measurement performed on the final film are appended to the plots at
t = 170 s when the film formation is assumed to be completed.

The polymerization and doping reaction are tracked by analyzing the evolution of the
amounts of the educts BT and Fe3+(figures 8.13a and b), each normalized to its respective
initial value, and the amount of doped PT (figures 8.13c and d), normalized to its final
value. The crystallization of FeTos is taken into account by means of interpreting the
scattering peak intensity (figures 8.13e and f) and the average crystal size (figures 8.13g
and h), both normalized to their respective final value. The process is divided into four
different stages Id - IVd (d: FeTos deficiency conditions). These will be explained in
further detail in the following by discussing the evolution of the parameters with time.
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Figure 8.13.: Evolution of the normalized paramaters of the in situ polymerization under Fe-
Tos deficiency, extracted from the respective fits of the time-resolved absorbance and GIWAXS
data. Each paramameter is plotted with high time resolution for the first 20 seconds (left)
and lower time resolution for 175 seconds (right). a,b) Amounts of educts bithiophene (black)
and Fe3+(blue) from absorbance, c,d) amount of doped polythiophene from absorbance, e,f)
scattering intensity of FeTos peak from GIWAXS, g,h) crystal size of FeTos crystals from GI-
WAXS. The process is divided into four different stages, that are separated by dashed vertical
lines and labelled accordingly. Error bars correspond to time resolution in horizontal and fitting
inaccuracies in vertical direction, respectively.

Id: Fast polymerization leading to depletion of Fe3+ ions in solution
In the beginning of the data collection, the educts decay at a very high rate. Moreover,

there is no evidence of doped PT at t = 0 s. Hence, it is assumed that the polymerization
and doping reaction start around the time of the first measurement. The initial value
of the intensity of the FeTos crystal peak also suggests a beginning of the crystallization
directly prior to the data collection. Therefore, while solvent evaporation is assumed



108 Chapter 8. Reaction kinetics and film formation dynamics

to take place already before the start of the time-resolved measurements, the chemical
reactions and salt crystallization are proposed to start around t = 0 s. During the first
2.5 s, the rates of the involved processes are very high.

However, the deficiency of employed FeTos results in a competition between the chemi-
cal uptake of the Fe3+ ions in the polymerization/doping processes and the crystallization.
At some point, the solution depletes, which results in two things: (i) a drop in the poly-
merization rate, and (ii) a stop in the FeTos crystal growth. Therefore, the first phase of
rapid polymerization ends at t = 2.5 s.

IId: Partial dissolution of FeTos crystals and decreased reaction rates
In the second phase, the effects of the Fe3+ depletion in the remaining solution become

visible in the different parameters. While the rate of the educt uptake and PT formation
are slowed down, the average FeTos crystal size decreases again. The ongoing evaporation
of the solvent is assumed to have an additional impact on the reaction rates. However,
the reduced reaction rates cannot be explained solely by a reduced mobility due to the
solidification of the thin films, since this would not result in a decreasing FeTos crystal
size. Apparently, this phase ends when the decrease in crystal size is stopped and the
reaction rates decay even further.

IIId: Slow polymerization and doping
In the following, the crystallization of FeTos happens at continuously decaying speed.

Within the error bars, there is no further in- or decrease in crystal size in this phase.
Similarly, the intensity gain of the FeTos peak is decreased strongly. This is accompanied
by a sudden drop of the polymerization rate, as seen by the decrease in the educt amounts
and the almost unchanged amount of doped PT chains. These observations suggest the
solidification of the film resulting in the end of the chemical conversions, although there
are still educt molecules available in the system. The residual solvent molecules as well
as the liquid monomer might provide the minor molecular mobility that is required for
the very slow ongoing processes.

IVd: Final film formation
In this experiment, there is no clear separation between the third phase of drastically

reduced polymerization rates and the final film. The reaction rates constantly decay, until
the final film properties are achieved. As the GIWAXS data indicate, the FeTos crystal-
lization is not fully complete after the 25 s of time-resolved measurements. Most likely,
the crystallization continues at a constantly decaying rate, until the final crystallinity and
crystal size are reached
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In summary, the combination of the time-resolved GIWAXS and transmission measure-
ments reveal the dynamics of an in situ polymerization of polythiophene under deficiency
of oxidizing agent FeTos. A four-stage model is proposed, that divides the process into
phases of rapid polymerization in solution, followed by a depletion of the Fe3+ ions within
the solution. Nevertheless, the polymerization continues upon partial dissolution of the
already formed FeTos crystallites, until most of the solvent is evaporated and the film is
formed.

8.5. Process of in situ polymerization

Finally, the results discussed in the previous sections are combined to gain an overall
understanding of the processes involved in the in situ polymerization of PT thin films. For
this purpose, the four respective phases proposed for the film formation under FeTos excess
as well as deficiency are combined in one scheme in figure 8.14. The chosen representation
illustrates the evolution of several of the obtained parameters with progression of the
process. Since the phases of the two experiments differ in length, the progress axis is not
equivalent to time but simply depicts the succession of the processes. The progress of the
polymerization reaction is tracked as sum of doped and undoped PT, respectively, with
the ratio between the two species visualized as the background color in different shades of
blue. The uptake of the monomer BT can be followed by the decreasing number of green
dots. The displayed FeTos crystals (orange) represent the evolution of crystal size as well
as crystalline material.

In the following, the two investigated processes are compared phase by phase to deter-
mine general processes in the in situ polymerization as well as steps that are specific for
the different monomer to oxidant ratios.

In the beginning of the experiment, the metastable reaction mixture is deposited to the
preheated substrate. In both cases, the solution is assumed to be free of FeTos crystals and
stable against early polymerization reactions. Hence, it only contains dissolved monomer
molecules and the FeTos ions. At t = 0 s (figure 8.14, top row), however, the solutions have
already undergone some changes from their initial states. In both cases, a fraction of the
solvent has probably already evaporated because the presence of FeTos crystals indicate
a concentration beyond its solubility. Naturally, the amount of crystalline FeTos is higher
in the excess case, as the initial concentration is already higher here as well. A higher
concentration of Fe3+ ions also results in an earlier onset of the oxidative polymerization.
As the redox reaction on hand is controlled by the oxidation potentials of the two reactants,
an increased Fe3+ concentration also increases the reaction probability according to Nernst
equation (equation 3.5). Hence, there is already a high amount of doped and undoped
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Figure 8.14.: Schematic illustration of the in situ polymerization and film formation processes
under FeTos excess (left) and deficiency (right). The transformation from solution to polymer
film is represented by means of the states at the end of the respective phases. The ratios
between the different components, however, is not representative. The amount of polythiophene
is obtained by summing up the amounts of neutral oligothiophenes and doped PT. The ratio
between doped and undoped species is depicted in the color of the background. The vertical
process coordinate is not proportional to time, but depicts the progression of the different phases
for the two investigated systems.

PT present if an excess of FeTos is employed, while the chemical reactions have not
significantly started under FeTos deficiency.

In the first phase the rates of the chemical reactions are high and FeTos crystallizes
rapidly. Therefore it is assumed that the films are still liquid but that the solvent is
quickly evaporating. The degree of oxidation of the formed polymeric species strongly
depends on the employed monomer to oxidant ratio. With more Fe3+ in the solution,
more thiophene units are in their oxidized state. Under deficiency conditions the amount
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of iron ions available in the solution is not enough to provide an additional oxidation of
the polymer chains already present in the films.

The reaction kinetics of the first phases have a strong impact on the following behavior
of the systems. The high doping level of the excess sample results in a high fraction of
”activated” cationic polymers in the film. If two of these are spatially close to each other
they can form a polymeric carbon-carbon bond even after the mobility in the system
is already reduced upon evaporation of the solvent. Hence, the doping level reaches a
maximum after the second phase and subsequently decreases again. In the deficiency case,
on the other hand, the fast polymerization results in a depletion of dissolved Fe3+ ions
in the mixture. As a result, parts of the already formed FeTos crystals dissolve again to
ensure a continuation of the polymerization reaction.

After a solidification of both films in the respective third phases, the reaction rates are
decreased to a minimum for both cases. In the end, the differing final doping levels are
consistent with the expectations for the different ratios between monomer and oxidizing
agent. As already indicated by the conductivity measurements in chapter 7 the doping
level is tunable with the employed ratio of BT to FeTos in the reaction mixture.

Overall, the kinetics of the polymerization and doping reaction are dominated by two
main factors. In the beginning, the start of the reaction is controlled by the redox poten-
tials of the components that are strongly concentration dependent. Thus, the processes
start earlier upon excess of Fe3+ ions. Thereafter, the availability of the components in
the drying mixture dictates the kinetics as well as the film formation process. The FeTos
excess results in a strong overoxidation of the polymer chains leading to an ongoing signif-
icant polymerization even after evaporation of the solvent. Under deficiency, the iron ions
rapidly deplete in the solution, resulting in a partial dissolution of the FeTos crystals to
keep the polymerization going. The doping rate, on the other hand, is reduced strongly
here. Other than introduced in section 3.2 the oxidative in situ polymerization is not
a two-step reaction with clearly distinguishable subsequent processes of polymerization
and doping. The nature of the chemical oxidation resulting in finally doped PT chains is
the same as that of the oxidation which activates the chains for polymerization. Hence,
chain growth and doping happen simultaneously throughout the whole process. This is
clearly visible in the ratio between doped and undoped PT which in both experiments is
already set in the early stages of the film formation. Hence, the doping level is probably
not significantly adjustable by prolonging or shortening of a certain phase in the process,
as the fraction of oxidized chains is simply determined by the amount of available oxidant
ions in the system.
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8.6. Summary

This chapter presents a novel approach of simultaneously tracking reaction kinetics and
film formation dynamics of a solution-based oxidative in situ polymerization of polythio-
phene thin films. Time-resolved GIWAXS and UV/Vis transmission measurements are
combined to investigate the evolution of the polymer film that is fabricated by deposition
of the metastable reaction mixture by slot-die coating.

The reaction rates can successfully be tracked by fitting the absorbance spectra with a
combination of the specific educt and product absorbances, respectively. The GIWAXS
data complement these findings by means of detecting the FeTos crystallization. While
this allows to indirectly follow the solidification of the films it is not possible to gain
an insight on the polymer aggregation, as there are not PT signals observable in the
scattering pattern. Presumably, this is only an artifact of the here shown measurements
and not a drawback of the experimental approach itself, as PT is generally known to
crystallize and give rise to distinct scattering peaks as shown in the previous chapter.

The impact of the employed monomer to oxidizing agent ratio on the reaction process is
investigated by performing two polymerization reactions, one under FeTos excess and one
under FeTos deficiency, respectively. A four-step model of the reaction and film formation
is proposed for both processes, whereby the dynamics of each are strongly dominated by
the amount of Fe3+ ions in the reaction mixture. In the early stages, the iron to BT ratio
mainly dominates the onset and kinetics of the polymerization, as the initiating redox
reaction is controlled by the concentrations of the species. Moreover, the probability of a
subsequent doping of the formed chains increases with more Fe3+ in the solution, resulting
in a higher doping level under the excess conditions. Later on in the process, the different
amounts of iron ions result in (i) an ongoing polymerization of previously oxidized chains
even after solidification of the film, or (ii) an early depletion of the solution leading to a
drop in the reaction rates and a partial dissolution of the already present FeTos crystals
in the film. The level of doping of the chains is only dictated by the BT:FeTos ratio
from the very beginning of the chemical reactions and differs strongly between excess and
deficiency conditions also in the final films.
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In most organic electronic devices the interplay between different functional materials is
of utmost importance. For an optimization of device performance, properties such as wet-
tability and adhesion between stacked layers, their electronic structure and interaction,
and the interface morphology need to be understood and controlled in the material choice
and fabrication. [121] A famous example for the impact of interface area and energy level
matching is the active layer of organic solar cells, especially in the bulk heterojunction
(BHJ) morphology (introduced in section 3.1). A randomly interdigitated network of
electron donor and electron acceptor material is employed to maximize both, the charge
carrier generation upon light absorption and their separation at the donor-acceptor inter-
face. This morphology is achieved by processing the active layer from a solution containing
both materials. [47, 50]

When polythiophene (PT) thin films are synthesized in situ as presented here, the
possibilities to blend the polymer with a second material are very limited. This is mostly
due to the fact that the polymerization reaction is very sensitive to the addition of other
chemicals to the reaction mixture. Hence, in situ polymerization techniques typically give
insoluble films of polythiophene only. The solar cells presented in chapter 6 are therefore
prepared in a bilayer geometry with the electron acceptor material PCBM deposited on
top of the PT layer. As a consequence, the interfacial area between the two materials
is strongly reduced in comparison to BHJ solar cells. So far, BHJ solar cells of native
polythiophene have only been prepared by processing a blend of a soluble substituted
PT derivate and PCBM, followed by a high-temperature post-treatment resulting in the
thermal cleavage of the solubilizing side chains. [26]

In general, several other routes are established that enable the tuning of nanomorphol-
ogy and interface in functional layer stacks. A common approach in organic solar cell
research is the fabrication of a nanostructured layer followed by a backfilling with the
second material. This way it is possible to obtain an interdigitated morphology despite
the subsequent deposition of the two respective layers. Nanoimprint lithography (NIL)
is often employed for the structuring of polymer layers for application in organic solar
cells. [122–124] NIL uses fine-structured molds whose pattern are transfered to the poly-
mer films by imprinting under pressure and typically produces vertical and ordered struc-
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tures in the films. While physical structuring methods such as NIL are usually employed
in post-treatment routines after the film fabrication, it is possible to directly fabricate
porous polymers by means of synthetic chemistry. Porosity in polymers can be created
by exploiting self-assembling processes taking place for example in block copolymers, or
via dissolution of embedded templates (e.g. nanoparticles) from inside the polymer ma-
trix. [125] Porous polymers are a material class that is strongly investigated in research
fields such as catalysis and gas storage. [126,127] Gu et al. have developed an electropoly-
merization method for porous films of certain fused thiophene derivatives that form helical
structures upon polymerization. [128] They were able to backfill the pores of these polymer
helices with C60 as electron donor giving rise to solar cell devices with power conversion
efficiencies of up to 5 %.

Previously, it has been observed that the presence of humidity influences the film forma-
tion during oxidative polymerization reactions with iron(III) p-toluenesulfonate (FeTos)
as oxidizing agent. As a result, thin films of varied, for example porous, morphology are
synthesized. [129–131] Therefore, this chapter explores the possibilities of adapting the
established in situ polymerization technique for fabrication of semiconducting PT films
with tunable porosity. For this purpose, water is employed as solvent additive in the
reaction mixture in varied volume fractions between 0 % and 25 %. The morphology of
the final PT films is investigated by means of scanning electron microscopy (SEM) and
grazing-incidence small-angle X-ray scattering (GISAXS) in section 9.1. The origin of
the water impact is investigated by a combined structural analysis of the as-prepared
films prior to any post-treatment with GISAXS and grazing-incidence wide-angle X-ray
scattering (GIWAXS) in section 9.2. Finally, the obtained results are discussed (section
9.3) and summarized (section 9.4).

9.1. Morphology of pure polymer films

Initially, the morphology of the semiconducting polythiophene thin films is investigated
to verify whether the added water has an impact on the resulting film porosity. This is
done by combining SEM to examine the surface structure and GISAXS for studying the
inner film morphology.

Surface morphology

First, the surface morphology is discussed in terms of the recorded SEM images given
in figure 9.1. The images are displayed with water content increasing from 0 % in figure
9.1a to 25 % in figure 9.1f. At first sight the polymer surfaces of the six films appear to
be of very different nature. However, there are a few characteristics that are visible in
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Figure 9.1.: Surface morphology SEM images of polythiophene thin films synthesized in situ
with different volume fractions of water in the reaction mixture.

all the images and should be stressed here. First of all, the replacement of a significant
fraction of propanol by water does not seem to inhibit a successful in situ synthesis of
PT. Moreover, no signs of quality losses due to dewetting or demixing of the different
solvents are observed. However, the films are of varying roughness, with structures of
different dimensions visible in the images. Since the contrast in SEM images derives from
differences in conductivity, and the films are composed of polythiophene only after the
rinsing, the dark structures in the images are assumed to be pores or dents. Overall,
three classes of these pore-like inhomogeneities are present whose amounts are different
for every film. They can roughly be categorized into small (5-10 nm), intermediate (10-
20 nm) and large pores (30-40 nm). Nevertheless, from the SEM images alone it is not
possible to resolve their elongation in vertical direction. The surface morphology of each
of the investigated films is described in more detail in the following.

The PT film synthesized without addition of water (figure 9.1a) makes a smooth im-
pression, with pores mostly of the intermediate size regime. Upon addition of 5 % of
water (figure 9.1b), the surface structure is dominated by large pores, with the number
of intermediate pores decreasing compared to the previous film. The overall amount of
pores, however, appears to stay of the same order. The PT film obtained with 10 % wa-
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ter in the reaction mixture (figure 9.1c) again has a very similar appearance as the one
obtained without water, with only intermediate sized pores and a decreased roughness
as compared to the 5 % film. Increasing the water content further to 15 % leads to the
formation of a PT film with pores almost exclusively in the small size regime, which are
not observed for lower water fractions (figure 9.1d). The film corresponding to the 20 %
sample (figure 9.1e) has by far the most inhomogeneous appearance with a large number
of pores of all size regimes from 5 to beyond 40 nm. Here, the SEM image indicates an
almost foam-like surface morphology. Finally, the highest employed water fraction leads
to an again decreased number of surface pores (figure 9.1f).

Overall, the evolution of the surface morphology as investigated by SEM does not show
a clear dependence on employed water content. So far, it is not possible to resolve whether
it has an impact on the final film morphology, since the surface structure appears to be
changing randomly. However, SEM can only provide an insight to a very limited small
surface area, without giving information on the state of the film volume. Hence, it is
necessary to employ a complementary method to gain a more complete picture of the film
morphology.

Inner film morphology

GISAXS measurements are performed for researching the morphology inside PT thin
films. The collected 2D scattering data for all samples are presented in figure 9.2.

The diffuse scattering pattern of the differently prepared polythiophene thin films have
an overall similar appearance, with no pronounced features from highly ordered structures.
Moreover, all samples feature a strongly increased horizontal scattering at the Yoneda
peak. Although a vertical beam stop shields the scattering at very low qy, an intensity
change can still be observed close to the resolution limit there. Upon increasing water
content in the synthesis the intensity of the diffuse scattering at low qy shows a general
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Figure 9.2.: Two dimensional GISAXS pattern of semiconducting polythiophene thin films syn-
thesized in situ with different volume fractions of water in the reaction mixture; red and orange
arrow in 0 % image represent prosition of vertical and horizontal line cut, respectively. The
low-qy region including direct and specular beam is shielded with a vertical beam stop.
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Figure 9.3.: Analysis of vertical line cuts of GISAXS measurements on semiconducting PT thin
films synthesized with different volume fractions of water in the reaction mixture. a) Vertical line
cuts, shifted with respect to each other for clearer presentation, orange arrow indicates Yoneda
peak; b) critical angle obtained from position of Yoneda peak plotted against employed water
fraction; c) Porosity of thin films realitve to density of film obtained without addition of water.
Error bars correspond to resolution of GISAXS data.

increase. For a more detailed analysis of the film morphologies, vertical and horizontal
line cuts are taken by integrating the intensity in the respective directions in slices with
widths of three pixels each at the positions indicated by the arrows in figure 9.2.

The information gained from the vertical line cuts is discussed first. The vertical cuts
of all samples as well as the respective parameters gained from the Yoneda peak position
(critical angle and porosity) are displayed in figure 9.3.

In figure 9.3a the vertical intensity at constant qy is plotted against the exit angle αf for
each of the PT films. The data are shifted along the y-axis for a clearer representation.
The most important feature to be highlighted here is the Yoneda peak, a material specific
peak of high intensity where the exit angle αf matches exactly the critical angle αc of
the material. [61] The Yoneda peak positions in the displayed cuts are marked with two
orange arrows for the films prepared without and with highest fraction of water. A qual-
itative analysis already shows that the peak is shifting towards smaller exit angles with
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increasing amounts of water in the synthesis. The resulting critical angles obtained from
the maxima of each peak are plotted in figure 9.3b. According to the presented GISAXS
measurements, the αc of the polythiophene films steadily decrease from 0.178° ± 0.003°
(0 % water) to 0.158° ± 0.003° (25 % water). As the critical angle depends on the scatter-
ing length density (SLD) of the material, it is possible to extract the mass density of the
different polythiophene films from the critical angles. In general, a decreasing αc is an
indication of a decrease in density. As the films are composed purely of polythiophene,
the decrease in density must derive from embedded air within the film. Hence, the films
show an increasing porosity with increasing amount of water added to the reaction mix-
ture. As introduced before, equation 3.18 can be used to calculate the porosity as the
ratio between the density of the respective film to the mass density of the densely packed,
non-porous material. However, the density of dense PT is not known, as it depends
strongly on the employed synthetic method. Therefore, the relative porosity in relation
to the film fabricated without addition of water is calculated for each sample. The mass
density at zero water is calculated to be 1.46 g·cm−3, which is in the range of experimen-
tal and theoretical values for PT found in literature (1.35 g·cm−3 [107], 1.4 g·cm−3 [98],
1.55 g·cm−3 [106]). The resulting relative porosities are shown in figure 9.3c. According
to the performed analysis, the porosity can be increased by (21 ± 5) % upon addition of
the maximum amount of 25 % of water to the reaction mixture.

In summary, the vertical cuts give rise to an impact of the added water on the porosity of
the in situ polymerized polythiophene thin films. However, for an information on the sizes
of the pores and their lateral distribution within the films it is necessary to additionally
analyze the horizontal line cuts. These are obtained by integrating the intensity at the
Yoneda position of each of the respective samples and therefore at increasing qz position
for higher fractions of water.

The horizontal line cuts presented in figure 9.4a are modeled with three form and
respective structure factors. The smallest object class is kept constant as background.
The structure factor of the largest objects is set to 300 nm for all datasets and therefore
lies outside the resolution limit due to shielding by the beam stop at low qyand is therefore
not discussed. The structure radii (form factor) and distances (structure factor) plotted
in figures 9.4b and 9.4c are extracted directly from the model. With increasing water
content, the large structures steadily grow with radii increasing from (44 ± 1) nm for PT
synthesized with 0 % up to (65 ± 2) nm at 25 %, and therefore by almost 50 %. The
size of the intermediate structures, on the other hand, does not show an equally clear
dependence on the employed water content. When going from 0 % to 10 % the radius
is increased from (14 ± 1) nm to (19 ± 1) nm. Beyond that water content, however, the
structure size decreases to (15 ± 1) nm at 20%, and finally grows again to (19 ± 1) nm at
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Figure 9.4.: Analysis of horizontal line cuts of GISAXS measurements on semiconducting PT thin
films synthesized with different volume fractions of water in the reaction mixture. a) Horizontal
line cuts, shifted with respect to each other for clearer presentation, orange lines represent the
modeled data for each of the scattering curves; b,c) parameters applied for modeling the cuts:
structure radii (b) and distances (c). Error bars correspond to uncertainties of the modeling,
dashed lines are guides to the eye.

25%. The domain distance extracted from the structure factor is almost constantly on
the order of (100 ± 10) nm for all samples that have been prepared with addition of water.
Without water, the distance is only (84 ± 10) nm. Within the error bars, however, the
difference to the other values is not significant.
Overall, the GISAXS data of in situ polymerized polythiophene thin films can be sum-
marized in the following:

- a shift of the Yoneda peak and the corresponding decrease in the critical angle of
the polymer thin films strongly suggests an increasing porosity upon addition of
water to the reaction mixture

- the analysis of the horizontal cuts shows the presence of two differently sized struc-
tures that are changing with employed water content, with the large domains
growing by 50 % when comparing the films obtained from dry synthesis to the one
with highest water content
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These two observations strongly indicate that the large domains are actually the pores
within the film. However, this cannot be resolved definitely, since their interdomain
distance and hence their density in the thin films cannot be determined. Due to the fact
that the films contain only PT, the intermediate structures are interpreted as PT domains
of higher density arising during the polymerization.

In order to determine the mechanism that induces the observed change in morphology,
the PT films are additionally analyzed directly after the preparation and before all the
soluble products and educt residuals are rinsed out. The properties of these unrinsed films
are the center of the next section.

9.2. Crystallization of reaction components

As discussed in the previous section, the porosity of in situ polymerized PT thin films
increases upon addition of water to the reaction mixture. Moreover, it is assumed that the
porosity derives from an increase in the present pore sizes. In this section, the underlying
mechanism of this change in morphology is analyzed by structural investigations on PT
films directly after the fabrication and therefore before rinsing out the byproducts of the
polymerization reaction.

Film morphology

Initially, the morphology of the respective films is investigated by means of GISAXS mea-
surements. The collected 2D scattering pattern are depicted in figure 9.5. The GISAXS
pattern obtained for all six samples exhibit a very broad diffuse scattering, which is espe-
cially enhanced in comparison to that for the rinsed PT films (figure 9.2). In some of the
pattern, two rod-like vertical features appear at rather low qy. These seem to be most
pronounced in the sample synthesized without addition of water. Furthermore, there is
more than one Yoneda region visible. A more detailed analysis of the data is performed
by taking vertical and horizontal line cuts. Again, these are obtained by integrating the
intensities in the respective directions in slices with widths of three pixels each. The
positions of the cuts are indicated by the arrows in figure 9.5.

The vertical cuts are discussed first. Figure 9.6 gives the intensity profiles obtained at
constant qy plotted against exit angle αf . As already mentioned for the two-dimensional
scattering pattern, all cuts show two regions of enhanced intensity. These are interpreted
to be the Yoneda peaks belonging to two materials of different electron density. The
peaks appear at exit angles of approximately 0.16° (marked as Y1 in the figure) and 0.22°
(Y2), respectively. Other than in the vertical cuts of the rinsed PT films (figure 9.3),
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Figure 9.5.: Two dimensional GISAXS pattern of unrinsed polythiophene thin films after in situ
polymerization with different volume fractions of water in the reaction mixture; red and orange
arrow in 0 % image represent prosition of vertical and horizontal line cut, respectively. The
low-qy region including direct and specular beam is shielded with a vertical beam stop.

the scattered intensity in the Yoneda region is very broad and featureless, which makes a
more precise determination of the critical angles difficult.

In order to assign the peaks to a type of material, it is useful to consider all the
materials that are potentially present in the unrinsed films. These are polythiophene,
Fe3+ and Fe3+ cations, tosylate anions, and even-numbered oligothiophenes of short degree
of polymerization. It is possible to estimate the critical angles of all organic compounds
in the system. Table 9.1 shows the chemical formulas, mass densities, and corresponding
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critical angles at the respective energy of the 2-, 4-, 6-, and 8-mers of thiophene as well
as polythiophene. The critical angles are determined by means of equations 3.9 and 3.11,
which link the critical angle to a material’s dispersion and hence electron density. The
values for polythiophene are derived from the GISAXS measurements on pure PT films
presented and discussed in section 9.1.

The critical angles of the organic materials that are possibly present in the unrinsed
films range from 0.171° to 0.179°. Hence, they are by far closer to Yoneda Y1 in the
vertical cuts than to Y2. The densities of Fe(II)Tos and Fe(III)Tos, however, are not
reported in literature. Therefore it is not possible to calculate the respective critical
angles. But since iron has a much higher electron density than all organic materials, it
is reasonable to assume that the iron tosylates or at least the iron ions are incorporated
inside the material that exhibits the critical angle matching Y2.

The lateral distribution of the different materials is investigated by taking horizontal
line cuts. As indicated in the 2D pattern (figure 9.5), these are taken at a qz position
beyond the two Yoneda peaks. This is done because the shoulder arising from the vertical
intensity rods mentioned before is most pronounced here. Figure 9.7 depicts the horizontal
line cuts (a) and the form and structure factors derived from the modeling (b).

From their general shape, the horizontal cuts can roughly be divided into two subgroups.
They all feature a shoulder that is very well pronounced in the samples from 0 % to 10 %
and becomes more broad and unresolved in the cuts with higher water content (15 %-
25 %). Moreover, the shoulder shifts towards larger qy in the beginning, while it remains
at a lower, yet almost constant, q-position in the second group. In order to quantify the
structural changes, the data are modeled with three cylindrical form and structure factors.
The structure radii (form factor) and distances (structure factor) that are extracted from

Table 9.1.: Mass density, chemical formula, and corresponding critical angle αc (at E = 8 keV)
of even-numbered oligothiophenes and polythiophene. Densities of oligothiophenes are literature
values of respective crystalline materials. [38] PT density and critical angle are derived from
GISAXS measurements.

density [g·cm−3] chemical formula αc [deg]

bithiophene (2T) 1.44 C8H6S2 0.171
quaterthiophene (4T) 1.50 C16H10S4 0.174
sexithiophene (6T) 1.55 C24H14S6 0.177
octithiophene (8T) 1.58 C32H18S8 0.179
polythiophene (PT) 1.46 n C4H2S 0.178
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Figure 9.7.: Analysis of horizontal line cuts of GISAXS measurements on unrinsed PT thin
films synthesized with different volume fractions of water in the reaction mixture. a) Horizontal
line cuts, shifted with respect to each other for clearer presentation, orange lines represent the
modeled data for each of the scattering curves; b,c) parameters applied for modeling the cuts:
structure radii (b) and distances (c). Error bars correspond to uncertainties of the modeling,
dashed lines are guides to the eye.

the applied model are plotted in figure 9.7b. The smallest object class is kept constant as
background. The structure factor of the largest objects is set to 300 nm for all datasets
and therefore lies outside the resolution limit due to shielding by the beam stop at low
qy and is therefore not discussed.

While the larger objects exhibit radii of 40-50 nm, the intermediate form factor is on
the order of about 10 nm. The large object radius steadily grows upon increasing water
fraction from (40 ± 4) nm (0 %) to (51 ± 3) nm (25 %). The intermediate structure on the
other hand corresponds to the already mentioned shoulder in the horizontal cuts. This
shoulder does not show a continuous shift in the same direction with increasing water
content. In the three samples with lower water content, the related object radius decreases
from (14 ± 1) nm (0 %), to (10 ± 1) nm (5 %), and finally (7 ± 1) nm (10 %). The inter-
domain distance (structure factor) that corresponds to these objects is almost constant
on the order of 60 nm (62 ± 6) nm (0 %); (63 ± 7) nm (5 %); (62 ± 9) nm (10 %). When
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the water content is increased further, the appearance of the horizontal cuts drastically
changes. The shoulder appears less pronounced, which is interpreted as a sudden increase
in the structure factor. Moreover, the form factor is again shifted towards larger radii.
The object radius stays almost constant with (10 ± 1) nm (15 %), and (11 ± 1) nm (20 %,
25 %). The respective structure factor for these three samples is modeled to be on average
(100 ± 20) nm.

The evolution of the larger objects as well as the range of their radii is similar to the
large structures in the rinsed films presented in figure 9.4. Therefore it is assumed that
these structures are correlated to the formation of the growing pores. The intermediate
structures, on the other hand, give rise to a very well pronounced scattering feature.

Identification of crystalline compounds

In order to identify which compounds in the thin film give rise to the different structures,
GIWAXS measurements are performed. Figure 9.8 shows the GIWAXS pattern of the
six film prior to rinsing that are discussed in this section (two top rows), as well as three
exemplary datasets of the films after rinsing for comparison (bottom row).

The GIWAXS pattern of the unrinsed films show several signals of strong intensity
appearing in the whole investigated q-range. While these Bragg peaks seem to appear
at similar scattering vectors (and hence crystal lattice distances) for all samples, they
do indeed vary in intensity as well as orientation. Some of the most distinct scattering
features arise between q = 0.8 - 1.7 Å-1and are highlighted in top left pattern in figure 9.8.
These appear to have the strongest orientation anisotropy in the films prepared with 0 %
and 15 % of water, while they are smeared out to broad rings most intensely in the 20 %
sample.

In the rinsed PT films, on the other hand, all of the previously observed signals vanish.
The only signal is a ring of very low intensity corresponding to the herringbone crystal
structure of undoped PT which is highlighted in the scattering pattern of the 10 % sample
(q ≈ 1.37 Å-1; more information on PT crystal structure is given in chapter 7). Therefore,
all the features appearing in the GIWAXS data of unrinsed PT films must derive from
soluble compounds which are removed in the subsequent rinsing step. These are FeTos in
both oxidation states, and short-chain oligothiophenes, because PT is the only material
remaining in the films after the rinsing step. In chapter 8 the most prominent Bragg
peaks of FeTos are identified at q = 0.28 Å-1 and 0.56 Å-1, respectively. While the q-range
of the first one is partly blocked by the beam stop in the here discussed pattern, the latter
one should be visible in case FeTos strongly crystallized in the films. However, no peak
or ring is found in any of the GIWAXS measurements at that position.

Hence, the crystalline material giving rise to the intense features are attributed to
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Figure 9.8.: Two dimensional GIWAXS pattern of polythiophene thin film synthesized in situ
with varied fraction of water in the reaction mixture. First and second row: films directly after
fabrication and prior to rinsing, still containing soluble byproducts of reaction. Oligothiophene
signals are highlighted in 0 % image. Bottom row: selection of three samples after rinsing, which
contain semiconducting PT only. Position of herringbone ring is indicated in 10 % image.

clusters of oligothiophenes. Thin films of for example sexithiophene give rise to very
similar GIWAXS pattern. [132] Especially the signal appearing in horizontal direction at
q ≈ 1.3 Å-1 strongly indicates the presence of sexithiophene crystals in the films. Moreover,
it is known that several oligothiophenes aggregate in different layered crystal phases,
depending among others on deposition method, substrate surface, and temperature. [133–
135] These show varying Bragg peaks in a similar range as they are observed here.

Therefore, it is concluded that the in situ polymerization does not only yield long,
entangled polythiophene chains, but additionally short oligothiophenes that have a strong
tendency to crystallize. These do not seem to participate in any further chemical reactions,
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but rather form stable crystallites of probably varying crystal phase and orientation that
can be rinsed out after the synthesis. The absence of FeTos crystal signals suggests
that iron as well as tosylate ions are incorporated and distributed in the polymer matrix.
Overall, the GIWAXS data differ strongly from the time-resolved measurements presented
in chapter 8. There, only FeTos crystal signals are detected and there is no indication of
oligothiophene crystal formation. The oligothiophene crystallization might be prohibited
by the elevated substrate temperature during the time-resolved measurement. The origin
of the varying behavior of FeTos, however, is not resolved so far.

With this, the two Yoneda peaks in the vertical GISAXS cuts (figure 9.3) are interpreted
as follows. The αf of Y1 as well as its width strongly suggest that is corresponds to a
mixture of the purely organic compounds in the film, i.e. oligothiophenes and PT. Y2,
on the other hand, arises at an angle too large to be explained by organics only. Since
FeTos does not crystallize, it is proposed to be distributed in the film, the second critical
angle is attributed to the matrix of polymer plus iron salt. This way, it is possible to
attribute the intermediate structures to the oligothiophene crystals. As they appear to
have a strong tendency to crystallize, they probably push out the iron ions along the
crystallization front.

The proposed crystallization of the single compounds in the unrinsed films is put into
context with the water content and resulting PT film morphology in the following section.

9.3. Discussion

The two previous sections discussed the morphology of in situ polymerized PT thin films
(9.1) as well the crystallization of the reaction compounds (section 9.2) depending on the
amount of water present in the reaction mixture. Finally, all of the observations from the
single experiments are brought together here. Several studies have already shown that
water has an impact on different aspects of the oxidative polymerization of polythiophene
derivative thin films. These are shortly introduced and explained in the following.

The influence of water during in situ polymerization has been investigated by several
research groups who focused on various aspects during the reaction and film formation.
First of all, water has been shown to serve as so-called proton scavenger in the reaction
mechanism. [130,136,137] An important step in the polymerization reaction is the depro-
tonation of the molecules after bond formation (see section 3.2). This way, the polymer
backbone regains its aromaticity and is potentially available again for oxidation and ad-
dition of another monomer. As a result, the polymerization yield is increased by the
presence of some water in the system. Aside from that, water molecules also influence the
aggregation of the resulting polymer chains, as it serves as solubilizing agent for some of



9.3. Discussion 127

the reaction byproducts. This has been shown to strongly influence the resulting electri-
cal conductivities of the conducting thin films. [129] In vapor-phase polymerization, the
oxidizing agent is typically applied to the substrate as a thin layer prior to the monomer
evaporation. If FeTos is employed as oxidant, water vapor leads to the formation of salt
crystallites in the otherwise amorphous material. These crystalline regions do not take
part in the reaction and result in pinholes in the polymer film after rinsing out the oxi-
dant in the end. [130,131] Finally, water has been added to metastable reaction mixtures
in order to influence the solution viscosity and thereby alter its reactivity and resulting
lifetime. [115]

The investigated PT films definitely exhibit a change in morphology upon the addition
of water ot the reaction mixture. On the one hand, the SEM surface images reveal the
presence of pores. However, the evolution of the different surface pore sizes does not show
a clear trend with the water fraction. Nevertheless, the GISAXS measurements strongly
indicate an increase in film porosity by more than 20 %. This is quantified by the strong
shift of the effective critical angle and hence mass density of the films, as observed in the
Yoneda peak. The origin of this porosity is further looked into in terms of the lateral
distribution of different structure sizes. The modeling of the horizontal cuts shows the
presence of two different structure sizes present in the films. The intermediate structures
(about 15 nm) do not show a clear dependence on the water content. The large structures,
on the other hand, steadily grow if more water is employed and are interpreted to be pores
explaining the increasing porosity already mentioned. This proposed pore size evolution
in the film bulk does not reflect the random changes in the surface morphology. Hence, the
pore formation might be more favorable in the bulk film or maybe even at the substrate
surface.

The origin of the porosity might lie in the aggregation of reaction byproducts. As these
are rinsed out subsequently to the film fabrication, they are potentially able to leave air-
filled pores in the insoluble PT matrix. A combined morphological analysis by means of
GISAXS and GIWAXS suggests a strong crystallization of oligothiophenes in a film ma-
trix, that is composed of PT as well as iron and tosylate ions. In GISAXS, an intermediate
form factor is identified that does not steadily grow with water content. A second, larger
object class, on the other hand, actually does show a similar size evolution as the pores
in the rinsed films. Due to the signals present in the GIWAXS data, both structures are
interpreted as oligothiophene crystals inside an iron-filled polymer matrix. The difference
in the cluster sizes might derive from crystals of molecules with different chain length.
The superposition of the Bragg peaks of potentially differently sized oligothiophene crys-
tal phases makes the estimation of average crystal sizes from the GIWAXS data difficult.
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Nevertheless, other complementary measurements are required for a definite assignment
of the form factors to one specific material class.

Finally, it is not possible to fully explain the effect of water in the in situ polymerization
on the final film morphology. While the films are assumed to become more porous due
to constantly growing pore sizes, the reason for their formation is not resolvable with the
experimental data at hand. Presumably, the addition of water enhances the crystallization
of oligothiophenes of short chain length. This might happen either due to i) a changed
solubility of the oligothiophenes in the solvent mixture (alcohol and water), or ii) due to
a change in polymerization rates by the addition of water as a proton scavenger, that
maybe leads to an increased number of reaction sites in the sample with equally more
byproducts synthesized. Moreover, it is possible that iii) the effect of water is not of
chemical nature, but maybe results in a changed substrate-solution interaction, leading
for example to partial dewetting during the fabrication. This could also explain the
different morphological properties of the surface when compared to the bulk film.

9.4. Summary

The influence of water on the film morphology of in situ polymerized PT thin films
is investigated. For this purpose, varying fractions of water are added directly to the
reaction mixtures. The morphology of the semiconducting films obtained after rinsing is
investigated by means of SEM and GISAXS. It is concluded, that with increasing amounts
of water the films become more porous, probably due to a growing pore size inside the
film. The surface structure, on the other hand, does not exhibit a clear dependence.

Furthermore, the origin of this porosity is analyzed by GISAXS and GIWAXS measure-
ments on the films prior to rinsing. As the GIWAXS data indicate, short oligothiophenes
are formed as byproducts in the reaction and tend to strongly crystallize inside the poly-
mer matrix. The crystal sizes and whether they match the growing pore sizes, however,
cannot definitely be determined from wide-angle scattering. Nevertheless, as there are two
distinct structure sizes found in the small-angle scattering pattern, these are attributed
to the respective clusters. Hence, this effect is proposed to be the origin of the increased
pore size in the films after rinsing out these soluble byproducts.



10. Conclusion and outlook

The objective of the presented work is to provide an insight into the structure formation
during in situ polymerization of polythiophene (PT) thin films. Moreover, it addresses
the possibilities of manipulating the morphology by exploiting intrinsic processes of the
polymer synthesis. For this purpose, a solution-based in situ polymerization technique is
developed that enables the fabrication of PT in its conducting and semiconducting state,
respectively. The main focus of the thesis is set on morphological investigations by means
of grazing-incidence X-ray scattering experiments as well as thin film characterization by
spectroscopic and electronic analyses.

Initially, a novel solution-based polymerization routine is developed applying the con-
cept of metastable reaction mixtures. The synthesis is established by combining key
aspects of different literature-known in situ syntheses. So far, polythiophene films man-
ufactured from metastable reaction mixtures have only been investigated in their doped,
conductive state. Upon application of the same synthetic recipe and adaption of the
post-treatment routine with respect to rinsing solvent and thermal annealing semicon-
ducting PT films are obtained. Nevertheless, the resulting film quality is not sufficient
for application in bilayer solar cells. Therefore, the oxidizing agent is exchanged for iron
p-toluenesulfonate (FeTos), which is known to have an impact on film homogeneity in
thin film polymerization techniques. With FeTos as oxidizing agent and modification of
the processing parameters it is possible to fabricate very homogeneous PT thin films.
Finally, these are employed as electron donor layers in bilayer organic solar cells with
PCBM as acceptor material. The highest achieved power conversion efficiency is 0.8 %
and therefore as high as those of differently prepared PT bilayer cells reported in literature.

In oxidative polymerization mechanisms an additional polymer doping is taking place
during the synthesis. This is due to the fact that the employed oxidant molecules are
able to further oxidize the polymer backbones. Within this work, the resulting morpho-
logical impact of this process-intrinsic doping is studied and whether it can be exploited
for structural control. For this purpose, the ratio between monomer and oxidizing agent
in the reaction mixture is varied. After fabrication, it is possible to keep the films in the

129
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doped, conducting state or the undoped, semiconducting state, depending on the kind of
solvent employed in the post-fabrication rinsing step. Hence, for both electronic states,
the PT film states are proposed to undergo the same film formation process with the
intrinsic doping taking place during the fabrication. Conductivity measurements and a
spectroscopic analysis on the conducting films show that the doping level obtained during
the synthesis is tunable by the employed monomer to oxidant ratio. A structural inves-
tigation by means of grazing-incidence wide-angle X-ray scattering (GIWAXS) indicates
the rearrangement of the polythiophene chains at high doping level. A lamellar structure
is obtained, in which π-stacks of charged polymers alternate with layers of electrostatically
attached oxidant anions. Upon dedoping and removal of these counter ions a fraction of
the π-stacked polymers remains in that geometry. This is a novel crystal structure for
semiconducting PT which usually packs in a herringbone structure due to the repulsion
of the π-orbitals of neighboring chains. However, if the aggregates are incorporated in
the insoluble films the new packing stays intact even upon dedoping. The experimental
observations are additionally supported by molecular dynamics simulations which verify
the feasibility of the proposed π-stacked crystal structure. As a result of the altered ag-
gregation geometry the intermolecular interaction is strongly increased, as revealed by
measurements of UV/Vis absorbance and emission.

The doping happening during the synthesis is found to play a crucial role in the ag-
gregation behavior of the resulting films. Hence, it is of high relevance to investigate the
kinetics of polymerization and doping reaction as well as the film formation dynamics.
In order to adress this, an experimental approach is presented that employs simultane-
ous time-resolved UV/Vis transmission spectroscopy and GIWAXS measurements. For
this purpose, the metastable reaction mixture is deposited by slot-die coating with a cus-
tomized printer setup allowing the implementation into synchrotron beamlines. Again,
two different ratios between the reaction components are employed. Two four-step models
are proposed, that vary significantly for the two different cases. Two major findings shall
be stressed here. Firstly, the polymerization onset is dictated by the thermodynamics of
the reaction. If a monomer surplus is present in the reaction mixture, the equilibrium
of the activating redox reaction is reached after conversion of relatively few monomer
molecules. With higher amounts of oxidant, however, the amount of activated monomers
in the solution is much higher, resulting in an earlier reaction onset. Secondly, an ex-
cess of oxidizing agent leads to a high fraction of charged to neutral thiophene moieties
throughout the whole process. As a consequence, the doping step of the reaction is taking
place throughout the whole process rather than subsequently to the polymerization. The
resulting level of doping of the chains is only dictated by the BT:FeTos ratio from the
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very beginning of the chemical reactions and differs strongly between excess and deficiency
conditions also in the final films.

Finally, the nanoscale morphology of the films and its manipulation by application of
water as additive is studied. Other than the crystal structure, the morphology on that
length scale is not assumed to affect the properties of the PT itself. However, film sur-
face area and constitution are of high relevance for the interaction with other functional
materials in device applications. In order to analyze the impact of water, it is added to
the reaction mixture in varying fractions. Grazing-incidence small-angle X-ray scattering
(GISAXS) strongly suggest an increasing film porosity upon higher water contents, as
the critical angle and hence the density is significantly shifted. Upon addition of 25 %
water to the reaction mixture the porosity is increased by 21 % as compared to the dry
synthesis. The GISAXS data further indicate the presence of structures in the range of
45-55 nm which steadily grow in size and are therefore assigned to pores in the films. The
origin of these pores is proposed to be the formation of reaction byproducts which form
clusters during the film formation and are rinsed out later in the post-treatment. This
hypothesis is tested by performing GISAXS and GIWAXS measurements on films prior
to the rinsing step. The GIWAXS data show strong scattering features that indicate the
presence of crystalline oligothiophenes such as sexithiophene and quarterthiophene. Other
reaction components, such as the oxidizing agent FeTos, do not show crystallinity in the
investigated films. The GISAXS pattern again show an increasing structure of a similar
size regime than the pores in the rinsed films. Additionally, a very pronounced interme-
diate structure size of about 10 nm radius is visible. In summary, both structure sizes in
the unrinsed films are assigned to strongly crystallized oligothiophene crystals. However,
complementary measurements are required to finally confirm that interpretation. As a
result of their water-dependent crystallization the oligothiophenes are proposed to leave
pores of increasing size in the PT thin films.

The different aspects addressed in the framework of this thesis clearly demonstrate
that the morphology of PT thin films can be tuned by exploiting the impact of process
parameters involved in the film formation during in situ polymerization. By presenting in-
vestigations on polymer aggregation and crystal structure, a time-resolved analysis during
film formation characterization, and finally a morphological study on tunable film poros-
ity, this work proves that there is indeed a major optimization potential in the processing
of insoluble (semi)conducting polymer thin films once the processes are fully understood.
Nevertheless, this thesis revealed that despite of the various possibilities for influencing
the film formation the fabrication process parameters need to be very precisely controlled.
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A comparison of the scattering data presented in chapters 7 to 7 reveals significant dif-
ferences with respect to the crystallization of the polymer as well as reaction byproducts.
Whether these differences are measurement artifacts caused by changed experimental se-
tups or are actually an indication of different underlying film evolution mechanisms is not
fully resolved at this point. Therefore, future experiments should include additional com-
plementary analytic methods which can further support the findings obtained by X-ray
scattering. Moreover, the gained knowledge should be exploited for application-specific
tuning of the PT thin films in order to investigate its ability to compete with other organic
semiconducting materials.



A. Appendix

Details on molecular dynamics simulations

The molecular dynamics (MD) simulations presented in chapter 7 were performed in the
framework of a cooperation with the research group of Prof. Dr. Stephan Geckle from
University of Bayreuth. The results are published alongside the experimental data in the
article Directing the aggregation of native polythiophene during in situ polymerization. [97]

The simulations are done with Gromacs using the Gromos 53a6 force field. [138, 139]
United-atom force field topologies are used, the visual analysis of the molecular structures
and trajectories is carried out with VMD. [140] The crystals containing 10 rows and 10
columns are generated with the desired lattice spacings extracted from X-ray scattering
experiments. The box size is chosen, so that the crystal continues through its own mirror
imaged via the periodic boundary conditions. Spring potentials with spring constants of
10000 kJ·mol−1nm−2 are employed to restrict the positions of the atoms in yz direction,
while their movement is not constrained along the backbone (x direction). A short NVT
simulation of 400 ps is performed locally without a thermostat until the molecules are
aligned in a stable configuration. The resulting π-stacked crystal structure is depicted
in figure 7.6a. Upon removal of the position restraints the PT oligomers arrange in a
herringbone structure (figure 7.6b).

Building the model
The structure file of the PT 10-mer is generated with JME. [141] From that, a force field
file is created using the Automated Force Field Topology Builder and Repository. [142]
The model is enhanced by calculating the partial charge distribution and potential energy
surface (PES) of the dihedrals between individual thiophene rings with Gaussian09, Rev.
E.01. [143] B3LYP/6-31g(d,p) level is employed in all quantum chemical calculations.
Tight convergence criteria are requested in geometry optimization.The symmetry of the
molecule is exploited so that the PES for the first dihedral is also used for the last and
so on. The model is adjusted for MD simulations to replicate the PES calculated by the
quantum chemical calculations by rotating the molecule around the angle in question with
enforced rotation. The potential energy of this process was determined with the Gromacs
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tool gmx energy. The new dihedrals are implemented with Ryckaert-Bellemans potentials.
[144] Simulations are performed locally and on the Jureca Supercomputer. [145]
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René Richarz, Marko Cigler, Susanne Mayer, Marie-Kristin von Wrisberg, Maximilian
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Güneri, and Inga Hermann. Thank you for being a reliable constant in my life and being
the wonderful and inspirational women you are. Also, I am more than blessed to have
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