
TECHNISCHE UNIVERSITÄT MÜNCHEN
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Abstract

In the present thesis, novel routines for structuring titania films on various length scales
are investigated with regard to photovoltaic applications. In combination with organic
hole-conducting materials these titania films are used either in hybrid solar cells or solid-
state dye-sensitized solar cells. The main focus of the investigations performed in this
work, lies on the custom-tailoring of the morphologies of the titania films. For this, sol-gel
chemistry in combination with block copolymer templates is used. This fabrication routine
allows for the synthesis of various structures such as nanosized granules or bicontinuous
foam-like networks. The latter is of special interest for many applications due to its high
porosity and the resulting large effective surface area. Various techniques are applied to
further customize the final structure of the titania film such as iterative spin-coatings
and imprinting techniques. Furthermore, also a low-temperature routine for the direct
synthesis of functional hybrid films is established, and the growth of gold as electrode
material on top of an organic hole-conductor is investigated.

In der Dissertation werden neue Methoden zur Strukturierung von Titandioxid Filmen
auf mehreren Längenskalen im Hinblick auf Anwendungen in der Photovoltaik unter-
sucht. In Kombination mit organischen Lochleitermaterialien werden diese Titandioxid-
filme entweder in Hybridsolarzellen oder in Feststoff-Farbstoffsolarzellen genutzt. Das
Hauptaugenmerk der Untersuchungen in dieser Arbeit liegt auf dem Maßschneidern der
Morphologie der Titandioxidfilme. Dafür wird Sol-Gel-Chemie in Kombination mit Block-
copolymertemplaten genutzt. Dieser Herstellungsvorgang ermöglicht die Synthese einer
Vielzahl von Strukturen wie zum Beispiel nanoskalige Körner oder bikontinuierliche,
schaumartige Netzwerke. Letztere sind wegen ihrer hohen Porosität und der daraus re-
sultierenden großen effektiven Oberfläche für eine Vielzahl von Anwendungen von beson-
derem Interesse. Um die finale Struktur der Titandioxidfilme weiter zu individualisieren,
werden verschiedene Techniken angewandt. Dies umfasst beispielsweise wiederholtes
Rotationsschleuderbeschichten und Drucktechniken. Des Weiteren wird eine Niedrigtem-
peraturroute für die direkte Synthese von funktionellen Hybridfilmen vorgestellt und das
Wachstum von Gold als Elektrodenmaterial auf einem organischen Lochleiter untersucht.
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1. Introduction

Energy makes the world go round. Every day, large quantities of energy are consumed not
only for the purpose of maintaining life but also for making life more comfortable. With
rising living standards and further technological advances, mankind’s energy demand will
increase in the future. To tackle the growing demand, new sources of energy are becoming
increasingly attractive especially with focus on sustainability. Following nature’s example
of using the sun as the most abundantly available source of energy, different techniques
have been established to harvest and store solar energy such as thermal power or biomass.
Besides the indirect use, also photovoltaics, the way of directly converting light into
electricity is a promising approach [1]. Consequently, the research on photovoltaic devices
has received increased attention ever since the first practical solar cell was fabricated at
the Bell laboratories in 1953 yielding an efficiency of 4.5% [2].

Photovoltaic devices are based on semiconducting materials, the most common repre-
sentative being silicon which constitutes the most frequently used material for solar cells.
However, these type of solar cells also face several disadvantages which are found on the
one hand in their highly cost- and energy consuming fabrication processes and on the
other hand in their mechanical inflexibility. These disadvantages lead to expensive solar
panels which have rather long energetic amortization times in the order of a few years and
furthermore pose limitations in terms of possible applications [3, 4]. Those problems are
difficult to overcome since they are inherited from the production and properties of the
base material silicon. However, next to the inorganic solar cells also novel photovoltaic
devices based on the use of organic semiconducting materials have been established in
the more recent years. The research on organic semiconductors was mainly triggered by
the Nobel prize in chemistry in the year 2000 awarded for the discovery of high electrical
conductivity of polyacethlyene via oxidative doping back in the 1970s [5]. The extensive
study and research of this new class of organic materials has quickly led to the fabrica-
tion of all-organic solar cells which are rapidly rising to rival their inorganic counterparts.
Already in 2001, the efficiency of an organic solar cell reached 2.5% [6]. Within 10 years,
this efficiency has been quadrupled and meanwhile, more than 10% are being reached for
lab scale organic solar cells [7]. While still needing to gain upon the inorganic solar cells
in terms of efficiency, the organic solar cells feature different advantages making them

1



2 Chapter 1. Introduction

attractive alternatives. Compared to silicon based solar cells, organic semiconductors of-
fer an intrinsic mechanical flexibility and have the possibility to be produced in various
colors which opens a whole new area of possible designs, architectures, and consequently
new possible fields of application for the final devices such as photovoltaic clothes or sun-
shades which can be used for example to charge mobile electrical devices. In addition,
the required organic materials are potentially cheap in production, only small amounts
of material are needed for the fabrication of the device, and the ability to process them
from solution allows for cost- and energy-efficient fabrication routines such as printing
techniques. Meanwhile, another new class of photovoltaic devices has established itself
which combines the advantages of both organic and inorganic materials such as a higher
stability versus photo-degradation. This class of solar cells, which is investigated in this
thesis, comprises the so-called hybrid solar cells and solid-state dye-sensitized solar cells
(ssDSSCs). These cells are based on an inorganic electron conducting material - in the
case of ssDSSCs with the addition of a dye for light absorption - in combination with an
organic hole-conducting material. The inorganic part of these cells is typically made up
of metal oxides such as titanium dioxide (TiO2) or short titania. Titania can be produced
at low costs and in large quantities which are mandatory requirements in order not to
contradict the described advantages of the organic materials.

The basic working principle of solar cells can be split into three main processes: first, the
incoming light is absorbed leading to the excitation of bound charge carrier pairs, second,
these pairs are separated into free charge carriers, and third, the free charge carriers
are transported to their respective electrodes. In classic inorganic solar cells made from
silicon, all these process happen in the same material. The built in pn-junction is sufficient
to split the charges and transport them to their respective electrodes. However, for all-
organic as well as hybrid solar cells and ssDSSCs, these processes are distributed onto
different materials as already mentioned above. The separation of the excited charges
occurs at the interface between the used materials and afterwards the free charge carriers
are conducted inside their respective materials. Consequently, the nanoscale architecture
of these materials is of crucial importance, as they define the available interface and
suitable conducting paths to the corresponding electrodes. In case of all-organic solar
cells the most efficient architecture is found in a so-called bulk-heterojunction (BHJ)
which comprises an intermixed state of the two components into a blend [8, 9]. Likewise,
for hybrid solar cells and ssDSSCs the morphology of the titania nanostructure is of
utmost importance. A high porosity of the titania structure is mandatory to provide
a high effective surface area and thus, enough available interface for charge separation.
Commercially, the most common approach for the fabrication of nanoporous titania films
is found in the sintering of a paste made up of presynthesized nanoparticles with typical
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sizes of a few tens of nanometers. While the advantages of this approach are found in
decent cost efficiency and a high sample output, the downsides are clearly found in the
lack of control over the morphology. Solar cells and also other optoelectronic applications,
such as organic light emitting diodes, benefit strongly from hierarchical structures which
for example offer light scattering in order to increase the effective path length through
the device [10]. Consequently, gaining more control over the final morphology is highly
desirable, while at the same time the aspects of time-, energy-, and cost-efficiency of the
fabrication procedure should not be neglected with regards to large scale production of
solar cells. A very promising approach for the fabrication of nanostructures is found in
the micro phase separation of block copolymers which can be utilized as scaffolds for
inorganic materials. This micro phase separation is a self-assembling process which takes
place in order to minimize the systems overall energy and happens also in macroscopically
large samples making them ideal candidates for large scale fabrication of nanostructured
films [11]. In combination with sol-gel chemistry, which is used in the present work, a
powerful tool is found for the synthesis of nanostructured titania films. This approach
has already been successfully used for applications in energy conversion and storage [12].

In the present thesis, the morphology of the inorganic/organic hybrid films is investi-
gated. The general focus lies on the customization of the morphology while taking into
account the overall aim of keeping the established routines cost- and energy-efficient. Fig-
ure 1.1 gives an overview of the different aspects covered in this work. In the center
part of this figure, an exemplary hybrid solar cell is schematically shown with the active
layer composed of the inorganic titania network filled with an organic hole-conducting
material which is sandwiched between a transparent bottom and a metallic top electrode.
Regarding the active layer of these titania based solar cells, mainly three aspects are of
importance. A very high control over the morphology, the possibility to easily fabricate
hierarchical structures, and a precise adjustability of the total thickness of the titania
film. Out of these main aspects, different questions arise which will be detailed below.
Dealing with those questions are the motivation and driving force which lead to the four
topics which are addressed and investigated in the present thesis. The four topics are
graphically illustrated in figure 1.1(a)–(d) and correspond each to one of the main results
chapters. In detail, the relevant issues are as follows.

Different morphologies are already accessible using sol-gel chemistry with structure-
directing block copolymer templates and have been used for solar cells successfully. How-
ever, so far only films with one type of morphology on similar length scales could be
produced. Therefore, the question arises to what extent the classic sol-gel chemistry ap-
proach is extendable in order to be able to custom tailor the morphology of the titania
film to the specific needs of the respective application, which is dealt with in chapter 5.
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Figure 1.1.: In the center a schematic representation of a hybrid solar cell or ssDSSC is shown
along with the different research topics addressed in the present work. These aspects comprise
(a) the tuning of titania films utilizing sol-gel chemistry in combination with diblock copolymer
templating, (b) the implementation of superstructures on nanoporous titania films, (c) the low-
temperature synthesis of a functional hybrid film, and (d) a fundamental investigation of the
metal top electrode growth on an organic hole conductor. Each of these aspects are tackled in
the four main chapters of this work which are detailed in the text below.

The idea of applying artificial superstructures via imprinting techniques on all-organic
solar cells has been demonstrated to yield increased efficiencies compared to the non-
structured device. Intuitively this idea is highly attractive also for titania based solar cells
like hybrid solar cells and ssDSSCs. However, compared to all-organic solar cells, titania
exhibits the intrinsic disadvantages of an inorganic material which are its high stiffness as
well as its limited plasticity compared to soft organic materials, such as polymers. Up to
now, these drawbacks aggravated successful superstructuring of titania films. The obvious
question how to overcome these limitations is answered in chapter 6.

As pointed out above, one key advantages of organic materials is their intrinsic me-
chanical flexibility. Due to the fact that hybrid solar cells and ssDSSCs are thin film
technologies, also these hybrid active layers are elastic which in principle allows for solar
cell fabrication on flexible substrates, such as PET foils. However, this is approach is rarely
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realized since the fabrication of titania films virtually always involves high temperatures to
ensure sufficient crystallinity. However, these high temperatures will destroy most flexible
substrates. Meanwhile, already some routes have been proposed for the low-temperature
fabrication of nanostructured titania films relying on similar sol-gel approaches which
use sacrificial diblock copolymers as structure-directing templates. However, due to the
low temperatures, the polymer does not have to be removed. So the question is, if the
temperatures are low enough for organic material to withstand them, is it possible to
use organic semiconducting materials to structure titania films at low-temperatures and
thereby directly fabricate a functional hybrid film (chapter 7).

Regarding the efficiency of any solar cell, not only the active layer, which absorbs the
incoming light and creates the free charge carriers, is of high importance. The generated
charges need to be extracted from the device via the electrodes. An inadequate active
layer/electrode interface can easily ruin the performance of any otherwise fully functional
photovoltaic device. Since the field of solar cells using organic semiconducting materials is
rather new, fundamental understanding is still sparsely available on the various interfaces
between the different electrode materials and the organic materials. The question of how
the growth of such a top electrode is proceeding yields valuable insights into the formation
of the interface through which the generated charges have to pass in order to be extracted
from the device, which is addressed in chapter 8.

In order to adequately address all the posed questions, this thesis is structured as fol-
lows. In the next chapter (chapter 2), a background covering the theoretical basics of
polymer theory, titania and sol-gel theory, and solar cell theory is provided. In addition,
also the fundamental aspects of scattering as main characterization techniques in this the-
sis are discussed. Afterwards, chapter 3 briefly covers the methods for characterization of
the structure and functionality of the investigated systems. Then, the sample preparation
including the different materials is presented in chapter 4. The main part of this thesis,
the experimental results are presented in the chapters 5 to 8 in which the relevant sys-
tems are described and discussed in detail. Finally, a conclusion and an outlook is given
in chapter 9 which summarizes the obtained results and gives answers to the questions
and issues raised above as they are obtained within the scope of this thesis.





2. Theoretical aspects

Before the experimental results of this thesis are presented, this chapter aims to pro-
vide a theoretical background for the studies and corresponding interpretations. First of
all, the basics on polymer physics are given in section 2.1 with a special focus on diblock
copolymers and conductive polymers, since these two types of polymers are predominantly
used in the present thesis. Afterwards, the primary material titanium dioxide, also called
titania, is presented in section 2.2 along with introducing the concepts of sol-gel synthe-
sis. Since the main application of the investigated systems are photovoltaic devices, an
overview about two representative types of titania based solar cells, namely hybrid solar
cells and dye-sensitized solar cells is given in section 2.3. Finally, section 2.4 addresses the
basic principles of x-ray scattering and several corresponding methods which are used for
crystallinity and structural investigation of the synthesized titania films in this thesis.

2.1. Polymer basics

This chapter covers fundamental aspects of polymer physics. In the following, first general
properties and definitions are given, followed by polymer crystallization behavior. In
section 2.1.1, a more detailed discussion about diblock copolymers is presented, and then,
section 2.1.2 introduces the basic concepts of electrical conductivity of polymers.

General properties and definitions

Polymers are a type of macromolecules which are built up of a sequence of one or more
types of repeating units, the so-called monomers. The monomers are covalently bound to
each other and the degree of polymerization n or N is defined as the number of monomer
units in one macromolecule. For example, by repeatedly linking the monomer A together,
the polymer A-A-A-...-A-A-A is created which is called polyA or short PA, according to
the monomer-based nomenclature. However, in order to be called polymer the molecular
weight Mω of those macromolecules needs to be larger than 10000 g mol-1. If the molecular
mass is less than 10000 g mol-1, it is referred to as oligomer. Oligomers typically show
different properties and behaviors than polymers.

7
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Three different ways of depicting a polymer are shown in figure 2.1 for the case of the
polymer polystyrene or short PS. Polystyrene has the molecular formula (C8H8)n, with a
degree of polymerization n which describes the average number of monomer units in one
polymer chain. The easiest way to schematically represent a polymeric macromolecule

Figure 2.1.: Polymer representation: (a) most simple representation of a polymer molecule by
a curled line, (b) a curled line with “blobbs” representing the monomers or segments of the
polymer chain, and (c) an abbreviated skeletal formula for one monomer with the degree of
polymerization n.

is a curled line or a curled chain of “blobbs” which represent the monomers or larger
segments of the polymer chain. The skeletal formula with its angular zig-zag shapes is
a typical way to abbreviate structure formulas of organic molecules. In short it reads in
the following way: at every intersect and ending of the lines a carbon atom is residing.
The remaining bonds of the carbon atoms are saturated with hydrogen atoms if not
specified graphically otherwise. One line represents a single bond and two parallel lines
represent double bonds. The skeletal formula is also used for depicting an abbreviated
representation of a polymer where the skeletal formula of the monomer unit is drawn
in brackets together with a subscript of the degree of polymerization n. In the case of
PS (figure 2.1(c)), this reads as a phenyl side group that is periodically attached to a
long hydrocarbon chain, which is commonly referred to as the polymer backbone. In the
present thesis, mostly the representations of figure 2.1(a) and (c) are used.

Polymers are obtained by a synthesis process which covalently links monomer units
together. This process is also called polymerization. Only some polymers found in na-
ture like proteins are completely monodisperse i.e., all molecules are of the exact same
length with a well-defined degree of polymerization. In contrast, synthetic polymerization
processes never yield polymer chains of only one defined chain length. Rather, statistical
mean values are obtained which are used to describe the polymers. The so-called number
average molar mass Mn is defined as the first central moment of the statistical distribution
of the molar masses

Mn =
∑
i niMi∑
i ni

, (2.1)
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where Mi is the molar mass of component i and ni is the number of chains of component
i. With these definitions, the total mass of macromolecules of the ith component is
ωi = niMi. The so-called weight average molar mass Mω is defined as the ratio of the
second central moment to the first central moment as

Mω =
∑
i ωiMi∑
i ωi

. (2.2)

The width of the distribution of the molar masses is described by the polydispersity index
P as

P = Mω

Mn

= U + 1, (2.3)

where U is the so-called inconsistency. For the case of P = 1, a polymer is called monodis-
perse. However, as noted above only polymers found in nature fulfill this condition. All
synthetically synthesized polymers have a statistically distributed degree of polymeriza-
tion and thus, P > 1 always applies for them. In general, two different types of molar
mass distributions are obtained, depending on the synthesis process. The first is the
Schulz-Zimm-distribution, for which the molar mass distribution is typically very broad,
resulting in a large polydispersity index. This type of distribution is obtained by synthe-
sis methods like step polymerization or poly-condensation, where random monomers and
polymer fragments can react with each other. These are usually employed in industrial
applications due to cost reasons. The second distribution is the Poisson-distribution which
displays a very narrow distribution and thus, a small polydispersity index close to 1. This
type of distribution is obtained by chain polymerization or anionic polymerization, which
are typically used for scientific applications.

Depending on the structure of the monomers and also the synthesis procedure, many
different polymer architectures can be obtained. The most simple case is a linear chain of
carbon atoms, which are saturated with hydrogen atoms. More complex polymer struc-
tures can be tailored, for example by substitution of the hydrogen atoms with different
side groups, as already shown in figure 2.1(c) at the example of polystyrene. Addition-
ally, the main chain of a polymer is not limited to be constructed from only one type of
monomer. Instead, several different types of monomers are also possible. In that case, a
polymer is also called a copolymer and it is defined via its constitution which describes the
arrangement of the different monomers, as exemplarily shown in figure 2.2. The simplest
case is the homopolymer which is only built up of one type of monomer. If two, or more,
different monomers are connected without a specific order, it is referred to as random
copolymer. If there is a order in the monomer sequences the polymer’s name reflects the
type of order. For example, the special case of two blocks of polymers which are covalently
bound to each other is called diblock copolymer which is explained in more detail below in
section 2.1.1. An overview about the different terms used for the description and naming
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Figure 2.2.: Various polymer constitutions of two different polymers A and B: (a) as homopoly-
mers, (b) as diblock copolymer, and (c) as graft copolymer.

of polymers can be found in the glossary of the IUPAC (International Union of Pure and
Applied Chemistry) [13].

The overall shape of a complete polymer chain is described via the polymer conforma-
tion. The conformation arises from rotation of molecules or chain segments around single
bonds within the polymer. The final shape of a polymer chain is strongly dependent on
its environment. For example, if a polymer is dissolved in a so-called good solvent, the
chain is more stretched, which is referred to as open chain conformation. In case of a
so-called bad solvent, the chain coils up in Gaussian coils, which is referred to as tightly
coiled conformation. A solvent is called good solvent if the Gibb’s free energy favors the
mixing of the polymer and the solvent. If instead two phases are favored, it is called bad
solvent.

Considering the different states of conformation, polymers can be described by various
characteristic length scales. For example, the contour length describes the maximum
possible length of a fully stretched polymer chain, which in reality is never observed and
thus only rarely used. Taking into account that in reality polymer chains are always
observed in a coiled conformation, the simplest measure of the chain extension is the
so-called end-to-end distance Re [14]. It is calculated via Re = | # –rN − #–r1|, where # –rN and
#–r1 are the positions of the first and last position of a polymer chain having a degree of
polymerization of N , respectively. The disadvantage of describing a polymer chain solely
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via Re is that only the end to end distance of the chain is considered but no information
about the chain’s volume is given. An improved, more commonly used length is the so-
called radius of gyration Rg which describes the complete polymer chain with a Gaussian
coil conformation. Rg is the average distance of the polymer chain atoms to the center of
mass positioned at #–rc.

R2
g = 1

M

∑
i

mi| #–ri − #–rc|2, (2.4)

where M is the mass of the complete polymer chain and mi and ri are the mass and the
position of the i-th component of the chain, respectively [14]. So, rather than covering
each part of the polymer chain, the full chain is described as a sphere around its center
of mass with the average radius Rg. Typical values for Rg in most polymeric systems are
of the order of several nanometers.

Crystallization

For each polymer system there are some characteristic temperatures. One of the most
important temperatures is the so-called glass transition temperature Tg. Upon exceeding
Tg the polymer switches from a solid, glassy state to a more soft, rubber-like state. This
behavior can be understood as a melting of degrees of freedom in the polymer, so that the
chains can rearrange themselves when the system is heated up above Tg [14]. Some poly-
mers are able to crystallize and in those systems two more characteristic temperatures are
observed: the melting temperature Tm and the crystallization temperature Tc. Generally,
Tc lies between Tg and Tm. The crystallinity plays a crucial role for many conductive poly-
mers, as the high ordering due to the crystallization enables the charge transport in these
systems. For example, in the case of regioregular poly(3-hexyl-thiophene) (rr-P3HT) a
high crystallinity is observed [15]. The topic of conductivity in polymers is discussed in
more detail in section 2.1.2. In contrast to other crystalline systems, such as metallic crys-
tals, a polymer always exhibits only semi-crystalline behavior meaning that only parts of
the chains are built into crystals which are embedded in an amorphous matrix. This is
related to the fact that polymers are polydisperse and show lots of entanglements. A full
crystallization of the polymeric system out of an initially disordered state would require
a complete disentanglement of the chains, which is entropically not favorable. The crys-
tallization of polymer chains is best described by a multi-stage model of crystallization,
which is schematically shown in figure 2.3(a) [14]. First, a transient phase establishes
where a mesomorphic layer is formed with a structural intermediate between crystal and
melt. In this phase a first slight alignment of the polymer chains already takes place. In
general, not only one single polymer chain folds back and forth to establish this aligned
state, but several neighboring chains are establishing the mesomorphic layer. This model
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Figure 2.3.: (a) Schematic illustration of the multistage model of a crystal growth, covering the
three different phases: formation of a mesomorphic layer, solidification by core crystallization,
and stabilization via surface ordering. Dc indicates the vertical crystal size. (b) Schematic
illustration of a spherulite crystal structure as obtained in the case of branching and splaying
during the crystal growth.

of folded chains with statistical reentry points into the layer is also called switchboard
model. The mesomorphic phase then solidifies via core crystallization which results in a
spontaneous thickening of the layer. Finally, the crystal structure stabilizes by increasing
the order of the surface region. The crystallization starts at a nucleation point and always
grows only in lateral direction. A spherulite structure, as shown in figure2.3(b), results
from branching and splaying during the crystal growth. One representative of this kind
of crystal growth is poly(ethylene oxide) (PEO). Also, in the case of a diblock copolymer
consisting of PS and PEO, the same spherulite crystallization can be observed [16]. Re-
garding the measurement of the PEO crystal structure, table 2.3 lists the corresponding
Bragg reflexes in section 2.4.1.

2.1.1. Diblock copolymers

As described in the previous section, a diblock copolymer is one special type of constitution
of a polymer, where two blocks of different homopolymers A and B are covalently linked
together. The resulting polymer is either named poly(A-block-B) or short P(A-b-B). In
general, these two blocks have different degrees of polymerization NA and NB. From these
degrees of polymerization the so-called block ratio fA or fB is calculated as

fA = NA

NA +NB

(2.5)

fB = NB

NA +NB

= 1− fA (2.6)

In general, different polymers are not well miscible and consequently a phase separation
occurs. The chains of the respective homopolymers agglomerate and domains are formed.
This process is called macro phase separation as the mixture of homopolymers separates
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into pure phases of each homopolymer and the size of those domains is of the order of
several micrometer [14]. However, in the case of diblock copolymers both components are
covalently bound to each other and therefore a separation on large length scales cannot
take place. The dimension of the domains is of the order of a chain length, so typically
less than a micrometer. Thus, for diblock copolymers this process is referred to as micro
phase separation.

The phase behavior is described by three parameters: the total degree of polymerization
NAB = NA + NB, the block ratio f , and the interaction parameter χ also known as the
Flory-Huggins interaction parameter [17, 18]. The latter describes the interaction of the
two homopolymers with each other. It can be written as

χ = χS + χH
kBT

, (2.7)

where kB is the Boltzmann constant, T the temperature, and χS and χH are the entropic
and enthalpic part of the Flory-Huggins parameter, respectively. The entropic component
χS takes into account contributions from chain-end effects, chain conformation, excess free
volume, and monomer structure. In general, the smaller the value of χ, the more likely
it is that the two polymers like each other and therefore establish a mixed phase. This
also explains that heating is good for the solubility of polymers since χH decreases with
increasing temperature. In the case of very short chain lengths or a weak interaction
of the monomers, the diblock copolymer is a homogeneous melt without any ordered
structure. As general rule, this state is present for χNAB � 10.5. Upon increasing χNAB

the two blocks start to repel each other which leads to local fluctuations of the volume
concentration in the system. In the case of symmetric blocks, f = 0.5 , this so-called
weak segregation limit (WSL) is reached for χNAB ≈ 10.5. The previously homogeneous
melt transitions from a disordered to an ordered state with a lamellar structure. With a
continued increase of χNAB, the incompatibility of the two blocks further increases and
highly pure domains of each block are formed. This so-called strong segregation limit
(SSL) is reached for χNAB � 10.5 [11].

For non-symmetric block ratios, f 6= 0.5, additional morphologies next to the lamellar
structure are possible. These different possible morphologies are described via phase
diagrams, depending on the block ratio and χNAB, as exemplarily shown in figure 2.4. In
reality, most phase diagrams don’t show such a highly symmetrical behavior. Differences
in the monomer structure and properties of the two blocks can have a strong influence on
the development of the structures which form during the phase separation, such as the
previously explained crystallization behavior of some polymers. Thus, real phase diagrams
are typically asymmetric. Also, when going from bulk samples to thin films, changes in
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Figure 2.4.: Sketch of an exemplary phase diagram of a conformationally symmetric diblock
copolymer melt of the form P(A-b-B). With increasing block ratio fA of block A (shown as or-
ange), the structure of the A-domains inside the matrix of block B (shown as green) is changing
from (I) spheres via (II) hexagonal cylinders to (III) a bicontinuous gyroid network. For ap-
proximately equal fractions of the two blocks, (IV) a lamellar structure is formed. With further
increase of fA, the structure inverts to structures of the B-block embedded in a matrix of A
changing from (V) a bicontinuous gyroid network via (VI) hexagonal cylinders to (VII) spheres.
The red line indicates the order-disorder transition (ODT) below which the polymeric system is
in a mixed phase without ordered structures.

the phase behavior occur due to the confinement of the material between surface and
substrate, which can lead to different structures than those sketched in figure 2.4.

2.1.2. Conductive polymers

The main fields of application for polymers evolve around their mechanical properties,
light weight, and the fact that they typically are excellent electrical insulators. However,
since the Nobel Prize in Chemistry in the year 2000 was awarded to Shirakawa, MacDi-
armid and Heeger for the discovery of electrical conductivity in polymers, the research
on conducting polymers has increased significantly [19]. Today, polymers can cover a
range of 15 orders of magnitude in conductivity. In order to be able to transport charges,
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the polymer needs to have delocalized π-electrons, as from a spatial point of view, the
π-orbitals overlap and merge together so one large orbital is formed in which the electrons
can freely move. From an energetic point of view, the overlap of those π-orbitals leads
to the formation of bonding π- and anti-bonding π∗-bands. The latter is also called con-
duction band (CB), while the former is referred to as valence band (VB). Also, the terms
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital) are used when talking about VB and CB in conductive polymers, respectively,.
Most conducting polymers have alternating single and double bonds along the backbone,
so-called conjugated double bonds. However, charge transport via side chains is also
observed. Polyacetylene (PA), was the first polymer where electrical conductivity was ob-
served upon accidental doping in 1997 [5]. It consists of a carbon chain with conjugated
double bonds and serves as a model system for conductivity in polymers.

Electrical conductivity in polymers requires the transport of electrical charges along
and across the polymer chains. In the following, first an overview of the band structure in
polymers is given along with a discussion of the various charge carriers which can appear
on a polymer chain. Afterwards, the doping mechanism of polymers is described, and
finally hopping is introduced as the main charge transport mechanism.

Band structure and charge carriers

A general explanation of the band structure in polymers having a backbone with con-
jugated double bonds is given by the Peierl’s theorem, which is depicted schematically
in figure 2.5 [20]. The Peierl’s theorem assumes a one-dimensional chain of N atoms all
having a periodic distance of a to each other. In this case the band is half-filled up to the
Fermi level EF , as shown in figure 2.5(a), which would correspond to a metallic system.
However, if the position of the atoms is flexible the system gets distorted and a dimer-
ization occurs. This distortion, as depicted in figure 2.5(b), changes the one dimensional
chain of atoms into a linear array of N/2 atoms with a superstructural lattice having a
periodic distance of 2a. Via the formation of this new lattice the Brioullin zone is bi-
sected and an energy gap is formed. The total energy of the system is now lowered and
therefore favored over the previous state of equidistant distribution of the atoms. Since
the position of the Fermi level remains unchanged, it now resides inside the energy gap,
hence the system changed from a metallic to an insulating state. This transition is also
called metal-insulator-transition and is generally known as the Peierl’s instability. Since
polymers, like PA, are linear chains of atoms and in general more flexible compared to
metals, the Peierl’s theorem is commonly applied to illustrate the formation of a band
gap and, thereby, to explain the general insulating nature of polymers. Depending on
factors like structure, degree of polymerization, or doping of the polymer, the size of the
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Figure 2.5.: Schematic illustration of the band structure in polymers derived via the Peierl’s
theorem: (a) band structure of a one-dimensional metal chain and (b) band structure after dimer-
ization and the formation of a superstructure. Corresponding sketches of the one-dimensional
chain of atoms with periodicities of a and 2a are depicted underneath, respectively.

band gap can greatly vary. However, for many common semiconducting polymers, the
band gap lies in the range of 1.5 up to 3 eV [14].

In contrast to common inorganic systems where charges are transported either via
electrons or holes, charge carriers in polymer consist of quasiparticles which combine
charges and lattice distortions. At this point it is important to mention that for polymers,
lattice distortions cannot be treated similar to inorganic lattices. In inorganic lattices,
atoms are quite strongly bound locally and can only move slightly around their lattice
position. But for polymeric systems, the chains are able to change their conformation and
thereby move quite freely which can lead to much stronger polarization effects. Even in
the case of crystalline polymers, amorphous regions are always present, as discussed above.
In systems with an energetically degenerated ground state, three types of quasiparticles
exist: solitons, polarons and bipolarons. In systems without an energetically degenerated
ground state, solitons are not observed [20]. Figure 2.6 gives an overview of the energetic
states of the three quasiparticles along with their schematic representations in the case
of PA. Although the representation of the quasiparticle is done via symbols at fixed
positions, it is important to note that in reality they are not that strongly located on
the polymer chain. Rather, the structural relaxation of the chain extends over several
atoms. For example, in the case of PA a soliton is extended over 14 carbon atoms and
has an effective mass of six times the mass of an electron. Since PA has two degenerated
ground states, neutral solitons are always present. Charged solitons are either created
via doping or via the excitation with light. The latter leads to photoconductivity in
polymers. Contrary to common charge carriers like electrons or holes, solitons with a
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Figure 2.6.: Illustration of the energetic states of the three quasiparticles along with a schematic
representation of each state for the example of PA. In the schematic representation, the black
dots depict electrons which are not part of a π-bond, and the ©+ and ©– signs indicate the net
charge of the quasiparticle. (a) Solitons are shown in their neutral state S0, positively charged
S+, and negatively charged S-. (b) Polarons are only observed with either a positive P+ or
negative charge P-.(c) Bipolarons are observed with either two positive B+ or two negative
charges B-.

charge are spin-less, while neutral solitons have spin ½. This changes for polarons, which
are charged and have spin ½. Finally, bipolarons are charged and spin-less. Bipolarons
are stable also in the case of like charges despite the Coulomb repulsion, which is due
to the shielding caused by the strong polarization capabilities of the polymeric system.
The combination of quasiparticles either leads to annihilation or the formation of new
quasiparticles. Two neutral solitons will annihilate each other, whereas the combination
of for example a neutral and a charged soliton will lead to the formation of a polaron.

Doping

Doping of polymeric semiconductors is different from doping of its inorganic counterparts.
While inorganic semiconductors are doped via replacements of lattice atoms with dopants,
in polymers doping is achieved via reduction or oxidation. For example, the conductive
polymers PA and P3HT are doped by the addition of iodine which has a strong oxidation
potential [21, 22]. A schematic illustration of the doping process is shown in figure 2.7,
with doping of PA in figure 2.7(a) and (b) as example for solitons and polarons and (c)
P3HT for bipolarons. Charged solitons are created in the case of a neutral soliton being
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Figure 2.7.: Illustration of the doping process in polymeric systems shown for the examples
of PA and P3HT using iodine as dopant. (a) An iodine molecule approaches a PA chain with
a neutral soliton, which leads to the formation of a positively charged soliton. (b) An iodine
molecule approaches a PA chain with no soliton present, which directly leads to the formation
of a positively charged polaron. In both cases, the iodine molecule gets reduced to an I3- ion
and in return oxidizes the chain. The counter ion I3- is bound to the charged quasiparticle via
Coulomb interaction and thereby acts as stabilizing agent. (c) In the case of P3HT bipolarons
constitute the most prominent charge carriers which is formed after a twofold oxidation.

already present when the oxidation occurs. In the case of a chain without a soliton being
present, a polaron is directly created. If the doping concentration is increased meaning
that many polarons are already present on the polymer chain, an additional oxidation
takes place which leads to the creation of bipolarons.

Charge transport

The charge transport along a single polymer chain is possible without any hindrance
since the quasiparticles are able to freely move in the delocalized π-bands. Thus, the
inter-chain-transport is not the limiting factor in the electrical conductivity of polymeric
semiconductors. However, since polymer chains are finite and in any practical case not
reaching from one electrode to the other, the charge carriers need to transfer to neigh-
boring chains. This crossing can be achieved via various processes like band transport,
polaronic transport, hopping transport, or a combination of band and hopping transport.
In the following, the hopping transport is introduced in more detail, as it constitutes the
main transport mechanism in conducting polymers. The Gaussian disorder model is a
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good simplified way to illustrate the hopping mechanism in disordered semiconducting
polymers, although it neglects polaronic effects. Energetically spoken, the charges are
sitting on localized states which are not sharp but smeared out with a Gaussian shape
to account for the spatial and energetic disorder in the system. Charges are able to hop
from their state to a neighboring state via tunneling. This requires that the energies of
the two states overlap at least weakly. Figure 2.8 illustrates the hopping transport in a

Figure 2.8.: Illustration of hopping transport in a disordered polymeric semiconductor system.
A charge moves across various localized states via hopping transport, as depicted by the red
arrows, following an external electrical field #–

E. For this, an overlap of the states, which are
smeared out with a Gaussian shape is necessary. In the inset, a zoom in of two neighboring
states is shown. The two states overlap slightly, which is indicated by the green area between
the dashed Gaussian profiles which are projection of the two states. If external energy is available
to the system (kBT > 0), the hopping also works towards energetically higher states. However,
if no external energy is available (kBT = 0), charge carriers relax into the energetically lowest
accessible state, as depicted by the dashed blue arrows.

disordered system. A charge moves in space and time along an external electrical field. If
the system can obtain additional energy, for example thermal energy kBT , hopping is also
possible towards energetically higher states. However, if no external energy is available to
the system, the hopping processes will only occur towards lower energies until the charge
carrier reaches the lowest accessible state where it finally gets trapped. This explains
that the conductivity increases with increasing temperature, which is highly beneficial
for certain applications like photovoltaics since the operation temperatures of solar cells
are usually well above room temperature. As additional note, charge carriers have a sig-
nificantly higher mobility in crystalline regions of the polymer compared to amorphous
regions. But in general, the charge carrier mobility µ in polymers is typically much lower
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(µp ≥ 10−2 (Vs)-1) as compared to metals (µm ≥ 102 (Vs)-1) for example, where band
transport is the dominating mechanism.

2.2. Titania and sol-gel synthesis

There are manifold scientific applications using titania as material due to its photoelec-
tronic properties. The main use of titania in this thesis is the field of photovoltaics, where
titania mainly is used as support and electron accepting material. In the following (sec-
tion 2.2.1), the basic properties of the inorganic semiconductor titania are presented. The
sol-gel synthesis, which is mainly used in the present work to synthesize titania is intro-
duced in section 2.2.2. A possibility for structuring titania on the nano-scale lies in the
use of templates made up from so-called structure-directing polymers. The combination
of these templates with sol-gel synthesis is presented in section 2.2.3.

In titania based photovoltaics, having a high surface to volume ration is very important.
Therefore, porous nanostructures are of high interest. On the nanoscale, different pore
sizes have to be distinguished since their size affects the transport phenomena in the mate-
rials. In this thesis, the definition are based on the IUPAC definitions for adsorbent/fluid
interface, describing the different transport phenomena, page 585 of reference [23]. Pore
sizes larger than 50 nm are called macropores. Pores ranging from 50 down to 2 nm are
labeled mesopores. Finally, for pore sizes below 2 nm, the term micropores is used.

2.2.1. Titania properties

Titanium dioxide with the chemical formula TiO2, which is also commonly referred to
as titania has several modification. Next to the amorphous phase, there are three main
different crystalline phases: rutile, anatase, and brookite. Also, a mixture of those three
is possible. All three phases have a high theoretical density, a high refractive index, and
large band gap values in common, as summarized in table 2.1. Next to those three,
other structures exist as well. For example, cotunnite TiO2 has been synthesized at high
pressures and is the hardest known oxide and also one of the hardest polymorphs known
[24]. However, out of these three crystalline modifications, only rutile, which constitutes
the thermodynamically most stable phase, and anatase, the second thermodynamically
stable phase, are of interest for most applications and research. Brookite, being the least
stable phase and also the least occurring modification in nature, will thus not be discussed
more detailed in the following.
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refractive index density [ g/cm3] band gap [ eV]

rutile 2.947 4.24 3.0
anatase 2.569 3.83 3.2
brookite 2.809 4.17 3.1-3.4

Table 2.1.: Properties of bulk titanium dioxide: the refractive indices, the theoretical densities,
and the band gap values for titania in the rutile, anatase, and in the brookite phase are given,
following references [25–28].

The crystalline structures of rutile and anatase titania are depicted in figure 2.9. In both
cases, slightly distorted octahedra are the basic building units. In the rutile polymorph,
each titania atom connects octahedrally to six oxygen atoms and the distorted octahedra
connect at opposing edges to each other. Thereby, linear chains are formed which are
connected at corners. In the case of the anatase crystal phase, the distorted octahedra
connect only at edges, resulting in zig-zag chains which are again connected via the edges.
This difference in arrangement leaves the rutile polymorph more compact compared to the
anatase phase, although the Ti-O bond lengths have similar values of about 1.95 Å [29].
Therefore, the surface per unit volume is bigger for the anatase polymorph. Regarding
the measurement of the titania crystal structures, table 2.2 lists the corresponding Bragg
reflexes in section 2.4.1.

Figure 2.9.: Unit cell of (a) rutile and (b) anatase titania. The larger titania atoms are depicted
in blue and the smaller oxygen atoms are depicted in red (figure adapted from [30]).

Crystallinity is a crucial aspect for titania in terms of conductivity and photoactivity
[31–33]. While titania in its amorphous state is an insulating material, it turns into
a semiconductor when being in one of its crystalline phases. In both phases, rutile and
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anatase, titania is an indirect semiconductor with band gaps of 3.0 and 3.2 eV, respectively
[26, 27]. These rather large band gaps make titania a very good absorbing material for
ultraviolet light, starting from 413 nm for the rutile and from 388 nm for the anatase phase,
as photons with higher energies than the band gap energy are able to excite electrons from
the valence band into the conduction band. This is the reason why titania is still used in
sun screens to protect the human skin from UV radiation. But also for solar cells which
use organic materials, titania acts as a protective material which hinders the UV light
from penetrating into the sensitive active layer of an organic solar cell. However, there
are some additional energetic states located within the band gap, such as surface defects,
self-trapped exciton states on TiO6 octahedra, and oxygen vacancies, which are probed
for example with photoluminescence [34].

An important aspect to be considered is the size of the titania particles. As already
mentioned above, nanoporous films having high surface to volume ratios are of interest
in many fields of application, such as photovoltaics or photocatalysis. Upon lowering the
size of the titania particles down to the nano-scale, different behaviors compared to bulk
titania are observed. As the size of the titania particles gets smaller than the exciton
radius, quantum mechanical effects start to occur and the charge confinement leads to a
series of discrete electronic states [35]. In the case of titania, the radius of an exciton is
ranging between 7.5 and 19 Å due to the high effective mass of the electrons in titania [36].
Indeed, a blue shift of the band gap energy (< 0.1 – 0.2 eV) was observed for spherical
titania nanoparticles with diameters down to 2 nm [37,38].

Electrons get transported in titania via band transport in the conduction band, with
a diffusion coefficient D0 of about 0.5 cm-2s-1 and a lifetime τ0 of 10-5 s. However, in
the case of nanoparticles the movement of the electrons is slowed down due to domain
borders of the nanocrystals which act like traps where electron continuously get trapped
and detrapped during their transport. Therefore, the effective diffusion coefficient Dn is
as low as 10-8 to 10-4 cm-2s-1. Although the diffusion coefficient rises upon illumination, it
still remains below the bulk-value of transport in the conduction band. On the other hand,
the lifetime τn of the electrons increases with decreasing structure sizes down to the nano-
scale to 10-3 s. In fact, the resulting diffusion length L =

√
Dτ remains constant, leaving

the electron transport effective despite the many domain borders in case of nanoparticles.
More detailed information about titania nanomaterials, their synthesis, properties,

modifications, and applications, extensive reviews in can be found in references [25,39].
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2.2.2. Basic principles of sol-gel synthesis

There are many different preparation routes to obtain structured titania films, such as
simple chemical colloidal synthesis, physiochemical or physical techniques [40]. A good
control over the morphology is crucial for the synthesis of titania thin films with a well-
defined structure. One possible route for the fabrication of structured titania films is
the so-called sol-gel process, which has been used extensively for many years [41, 42].
The sol-gel process is a wet-chemical process which uses chemical precursors to prepare
metal-oxide, ceramic, and/or ceramic-organic materials. The precursors are typically
metal alkoxides and react in solution to form small inorganic particles with sizes in the
nanometer range, the so-called sol. These small particles subsequently start to cross-
link and form the so-called gels, which are interconnected, three-dimensional network
structures with pore sizes of sub-micrometer dimension. The sol-gel process is a so-
called bottom-up approach, as the structures are synthesized from smaller building blocks
to larger structures. One of the strengths of the sol-gel process is the large variety of
materials which can be synthesized, such as SiO2, ZnO, TiO2, ZrO2, Fe2O3, or Al2O3, by
only changing to different precursors [43]. Figure 2.10 gives a schematic illustration of
the sol-gel process for the case of a titania synthesis.

Figure 2.10.: Schematic illustration of the three phases of the sol-gel process. In (a) the
precursor solution, (b) titania colloids form via hydrolysis and form the sol. (c) Through water
and alcohol condensation, the colloids cross-link to form interconnected network structures, the
so-called gel.

The synthesis consists of three main chemical processes: the hydrolysis, water conden-
sation, and alcohol condensation. Using a titania precursor of the form Ti(RO)4 with
coordination IV of Ti, the three processes can be exemplarily shown by the following
equations:

(RO)3Ti-OR + H2O
hydrol.−−−−⇀↽−−−− (RO)3Ti-OH + ROH (2.8)

(RO)3Ti-OH + HO-Ti(OR)3
cond. 1−−−−⇀↽−−−− (RO)3Ti-O-Ti(RO)3 + H2O (2.9)

(RO)3Ti-OH + RO-Ti(OR)3
cond. 2−−−−⇀↽−−−− (RO)3Ti-O-Ti(OR)3 + ROH (2.10)
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It is important to note that all three processes, the hydrolysis reaction (equation (2.8)),
the water condensation (cond. 1 in equation (2.9)), and the alcohol condensation (cond.
2 in equation (2.10)) happen in equilibrium. By tuning the reaction parameters, like
temperature, water content, and also the pH-value, the final structure can be controlled.
A strong acidic environment influences the reaction kinetics in a way, so that the cross-
linking happens preferably at the end of chains and not in the center. Therefore, adding
catalysts like HCl, helps in obtaining long species, as shown in figure 2.10, instead of
tightly packed agglomerates. This changes if the sol-gel reactions happen in a basic
environment, which in contrast favors the condensation not at the chain ends, but rather
in the center of the chains leading to more compact structures with preferably short
segments. A detailed review about the study of alkoxide sol-gel synthesis of titania is
provided in reference [44].

In the case of the precursor titanium tetra isopropoxide (TTIP), which is very com-
monly used for the synthesis of titania, amorphous titania is produced during the sol-gel
process. So, in order to transfer it into a crystalline phase, a heat treatment is neces-
sary. Besides the transfer from amorphous to crystalline phase, this heat treatment also
removes residual water, remaining alcohol, and unreacted alcoxyl and precursor species
already at temperatures below 400 °C and thereby purifies the material. However, despite
the purification, the heat treatment poses disadvantages in some ways, like for example
the high energy consumption and the lack of possible workarounds. This means, that
for titania structures synthesized from TTIP the heat treatment, which is also called
calcination, is mandatory and cannot be substituted. So, for low-temperature synthesis
routes, different precursors have to be used. One of them is the so-called ethylene glycol
modified titanate (EGMT) for which the crystallinity is controlled via the pH-value of
the sol-gel [45]. Using precursors with high reactivity, like TTIP, results in short reaction
times and fast kinetics, but also challenging kinetic reproducability [46]. An extensive
review about the synthesis of crystalline titania nanostructures by various routes can be
found in reference [47].

2.2.3. Structure direction with block copolymer templates

Pure sol-gel processes offer only limited possibilities for tuning the morphologies and
structure sizes of the obtained metal oxide structure. To add more control, the use
of amphiphilic molecules, which consist of a hydrophobic and a hydrophilic part, is a
promising approach. These molecules, also referred to as tensides or surfactants, will
form micelles in selective solvents in order to minimize the interface of the insoluble part
of the molecule and the solvent. A similar behavior is observed for amphiphilic diblock
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copolymers, which also consist of a hydrophobic block which is covalently linked to a
hydrophilic block. As already explained in section 2.1.1, diblock copolymers tend to phase
separate if the degree of polymerization N and the interaction parameter of the two blocks
χ are large enough (χN > 10.5). Via this micro phase separation, several different types
of morphologies are accessible in bulk, such as spherical, cylindrical, gyroid, and lamellar
structures, as shown in figure 2.4. In solution, the polymer chains can form various
types of micellar morphologies, which are more complex compared to typical tensides
which only form simple spherically shaped micelles [48]. The size and shape of those
micelles depends on various parameters such as block lengths of the two polymer blocks,
their weight ratio, the monomer size and shape, the used solvent and their respective
solubility, possible additives like salts or acids, and of course external parameters like
temperature and humidity [49]. In addition, there is one more prerequisite necessary
for the successful synthesis of structured titania films: the diblock copolymer has to be
designed to selectively incorporate the precursor into one of the blocks. In the case of
titania, one suitable diblock copolymer to selectively incorporate the precursor molecules
is poly(styrene-block-ethylene oxide), in short P(S-b-EO). Here, the titania selectively
coordinates to the PEO.

The combination of selective incorporation into a diblock copolymer template with sol-
gel chemistry can be utilized to tailor the morphology of titania films. The principle of
this process is schematically shown in figure 2.11. Two conditions need to be fulfilled
to successfully use polymer templating for structuring inorganic materials. First, the

Figure 2.11.: Schematic illustration of structuring with the aid of a diblock copolymer template
coupled with sol-gel processing. The nanoparticles which are formed during the sol-gel process get
selectively incorporated into the diblock copolymer micelles, while the cross-linking is happening
simultaneously. Coating a substrate with this micellar sol-gel solution yields a hybrid material.
After removing the polymer template, the final structured titania film is obtained.
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block copolymer needs to be able to form domain structures in solution. Second, the
precursor needs to be selectively incorporated into one of the blocks. During the process,
there are several important interactions taking place which greatly influence the final
structured film: the interaction of the two blocks with each other and with the used
solvents (formation of micelles), the interaction of the polymer with the inorganic particles
(selective incorporation), and the interaction of the inorganic particles with each other
(cross-linking). The resulting structure is therefore controlled by the thermodynamic and
kinetic equilibrium between those processes.

Upon mixing all components in solution, various processes take place. An enhanced
interface energy between the polymer blocks and the solution influences the formation of
the polymer micelles, as described above. This leads to a dynamic equilibrium of fusion
and separation of the micelles. Simultaneously, the synthesis of the inorganic nanoparticles
and the cross-linking starts and also the selective incorporation of those particles into one
of the polymer blocks begins. The incorporation requires covalent bonds between the
polymer and the inorganic material. Zhao et al. explained the bonding of the inorganic
nanoparticles to ethylene oxide chains with the formation of hydrogen bridge bonds in
combination with electrostatic and van-der-Waals-interactions [50]. Hereby, an acidic
environment and the presence of chloride ions act as catalysts for these reactions, which
explains the importance of HCl as an additional parameter for the tuning of the sol-gel
dynamics. The incorporated nanoparticles also influence the fusion and separation of the
polymer micelles, since simultaneously the cross-linking of the inorganic material occurs.
The network formation of the inorganic gel also leads to a chemical linking of the polymer
micelles. The linking consequently results in the formation of more complex morphologies
in solution. In this process, water plays a special role, as it enhances the hydrolysis
reaction of the precursor molecule and thereby also the interaction with the hydrophilic
block of the polymer [51]. Additionally, water also enhances the micelle formation since
it acts as selective solvent for the hydrophilic part of the block copolymer. Therefore,
the atmospheric humidity is an important parameter during the sol-gel synthesis which
influences the final film morphology. As a result of this complex interplay of the various
parameters, different morphologies are created in the sol-gel solution which constitute the
basis of the final film structure. Upon deposition on a substrate, the micellar solution
is transferred into a solid film. Since the sol-gel process is a wet chemical technique,
many different deposition methods are available such as spin-coating, solution casting,
blade coating, spraying, or printing methods. Upon drying, a self-assembly process of
the micelles begins, where two opposing processes compete [52]. On the one hand, the
arrangement of the block copolymer into a thermodynamically favored phase separation
structure, and on the other hand the cross-linking of the nanoparticles which hinders the
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mobility of the micelles. If the cross-linking dominates, the resulting structure will be
of low or no ordering, whereas well-defined morphologies are obtained in case the self-
assembly of the micelles prevails. Additionally, also the deposition method influences the
morphology, since different methods result in different drying speeds, either freezing in
the current morphology or allowing for ongoing rearrangement during the drying process.
Finally, the obtained hybrid film is either kept as prepared, or the polymer matrix is
removed or altered to obtain a purely inorganic structured film. Again several methods
are possible for the removal of the organic polymeric material, such as UV irradiation,
plasma etching, solvent removal, or heat treatment. In the case of heat treatment, which
is most commonly chosen, next to the removal of the organic parts, the nanostructure
is changed again, by further condensation reactions and by the collapse of the structure
upon the removal of the surrounding matrix. Additionally, also the crystalline structure
and the surface properties are affected. The temperatures at which the heat treatment
takes place depend on several criteria, like the crystalline phase which is aimed for and
also the used polymer, the size of the nanoparticles, and the chemical surroundings.
Typically, 400 °C are chosen to obtain anatase titania films, but also lower and higher
temperatures have been reported [53–55]. However, the simple removal of the matrix is
not the only option. The matrix can be altered and used to provide further functionality
to the film. For example, incorporating siloxane components in the block copolymer, can
be used to create a silicon oxy carbide (SiOC) type matrix by heat treatment in an inert
gas atmosphere, which can be used for example as blocking layer in dye-sensitized solar
cells [56].

Depending on the composition of the employed materials, a large variety of structures
can be obtained. This is a key feature of the combined polymer templated sol-gel process,
as here a multitude of morphologies is accessible by simply varying the weight fractions of
the respective materials but not changing them. Usually different morphologies require the
synthesis of different polymers with varying block lengths, which poses quite an effort time
and material wise. The resulting morphologies can be summarized in a phase diagram.
Such a phase diagram is for example found in reference [57], where a combination of the
diblock copolymer poly(styrene-block-ethylene oxide) with TTIP as titania precursor was
used to obtain various morphologies such as nanogranules, nanodoughnuts, worm-like,
and also foam-like structures.

2.3. Solar cells

In general, solar cells are photovoltaic devices which convert electromagnetic radiation into
electrical energy. Typically, solar cells are designed to be sensitive towards photon energies
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matching the maximum of solar radiation i.e., visible light, but also special devices are
constructed to be more sensitive towards infrared (IR) or ultra-violet (UV) light. Although
there are meanwhile various different types of solar cells, they all are based on the same
main principles: the absorption of light, creation of free charge carriers, and the transport
of the generated charges to the respective electrodes [58]. The part in the solar cell which
is involved in these three processes is called active layer. The main difference between
hybrid, dye-sensitized as well as all-organic solar cells compared to classic silicon based
solar cells lies in the fact that the three main processes are not all happening within one
semiconducting material. Rather, the processes are spread onto different materials and
only the successful combination leads to working photovoltaic systems.

The solar cells focused on in this thesis are based on titania, namely the hybrid so-
lar cells and the so-called solid-state dye-sensitized solar cells (ssDSSC). The former is a
combination of titania with a solid organic hole-conducting material, such as conductive
polymers. The latter is using an additional dye layer as sensitizer which is embedded
in between the titania and the hole transport material. In the following, first the basic
principles of titania based solar cells are introduced. Then, an overview about loss mech-
anisms, which are applying to both kind of solar cells, is presented along with a discussion
about their consequences on the design and fabrication of solar cells. Afterwards, a more
detailed description of hybrid solar cells is given and finally, the concept of dye-sensitized
solar cells is introduced and the differences to hybrid solar cells are explained.

Basic principles

The basic setup of a titania based solar cell is schematically shown in figure 2.12. It con-
sists of a multiple layer stack of different materials with different functions. The incoming
light, depicted by the yellow, wavy arrows in the bottom, enters the system through a
transparent substrate which traditionally is made up of glass, but more recently also flex-
ible substrates like PET-foils are used [59,60]. The substrate is covered by a transparent
electrode. Typically, transparent conductive oxides (TCO) like fluorine or indium doped
tin oxide (FTO and ITO) are used for this purpose, but organic materials like graphene,
carbon nanotubes or also conductive polymers like poly(3,4-ethylenedioxythiophene) (PE-
DOT) are usable. The next layer in the hybrid solar cell architecture is the so-called active
layer, where light absorption, charge generation, and charge transport take place. In the
case of hybrid solar cells this layer is made up of titania and a solid hole-conducting
material, such as conductive polymers like P3HT. On top of the active layer the counter
electrode, which is usually a metallic material, is deposited. As mentioned above, the three
crucial processes are happening inside the active layer. Therefore, a more detailed discus-
sion of this part of the hybrid solar cell is necessary to illustrate the relevant processes
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Figure 2.12.: Schematic setup of a titania based solar cell. An intermixed film of titania and
a solid hole conductor is deposited on a transparent substrate with a transparent electrode.
Incoming light is entering the solar cell from the bottom glass substrate and gets absorbed in
the active layer. In case of a hybrid solar cell, the absorption takes place in the solid hole-
conducting material and in the case of ssDSSC, the absorption is done by the dye, which is
covering the titania. The generated charges are transported to the transparent electrode and
top electrodes, typically made of metal, where they finally can be extracted.

occurring during the photo-electric conversion. Figure 2.13 gives a step-wise overview
over the different key processes which happen inside the active layer. The first process is
the absorption of light. Since titania is a high band gap material, only light in the UV
range is absorbed. However, as the solar spectrum has its maximum in the visible range,
another material is required for capturing the incoming light. This is typically done by
the solid hole conductor. Upon absorption, an exciton is created. An exciton is a bound
state of an electron and a hole. Since the exciton is created at a random position inside
the absorbing material, the next important process is the movement of the electron-hole
pair to an interface. For the case of ssDSSCs, the absorption takes place in the dye layer
which is covering the titania, so directly at the interface and therefore no exciton diffusion
occurs. At this interface, the charge separation takes place and the exciton is split up into
it components. The electron now gets injected into the titania, where it subsequently gets
transported to the anode, and the hole stays in the organic material where it is trans-
ported to the cathode, which is typically made of metal. At this point, it is important to
mention that the two materials are usually only good conductors for exclusively one type
of charge carrier. This means that the hole-conducting material is a good hole conductor,
as the name implies, but at the same time also a very bad electron conductor, whereas
the situation is reversed for titania which is a good electron and poor hole conductor.
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Figure 2.13.: Principle processes occurring in hybrid and dye-sensitized solar cells. The active
layer is comprised of a mixture of an electron (blue) and a hole-conducting material (red) which
is sandwiched between the two electrodes, the anode (gold) in the top and the cathode (grey)
in the bottom. (a) First light with the energy hν is absorbed and a bound electron-hole pair is
created, the exciton. For hybrid solar cells, this happens typically in the hole-conducting material
and for DSSCs this happens in the dye layer which is covering the electron-conducting material.
(b) The exciton diffuses to an interface, where (c) it gets separated into free charge carriers. (d)
The free charge carriers can now be transported to their respective electrodes. (e) There, they
can be extracted and finally recombine through an external load.

The details of absorption and charge separation are discussed in the respective sections
for the hybrid solar cells and ssDSSCs (section 2.3.1 and 2.3.2). The charge transport
depends on the different materials and is explained in more detail in section 2.2.1 for
titania and in section 2.1.2 for polymeric semiconductors.

Loss mechanisms

Despite choosing material combinations with suitable properties and matching work func-
tions, loss mechanisms need to be minimized as much as possible, in order to obtain solar
cells with high power conversion efficiencies. Herein lies one of the biggest challenges in
production of a photovoltaic device and thus, an understanding of those loss mechanisms
is necessary. There are two main processes which contribute to charges being lost after
the initial absorption process, namely the recombination of free charge carriers and the
recombination of excitons.

The recombination of separated charges can be subdivided into two different processes
depending on where inside the device the recombination is taking place. The first place
for recombination to happen is at any interface between titania and the hole-conducting
material. An electron inside the electron-conducting material has a certain probability to
recombine with a hole which is moving inside the organic semiconductor. A good measure
for this is the so-called diffusion length L, which is explained at the example of titania in
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section 2.2.1. In short, the diffusion length is a measure for how far a free charge carrier
can travel inside its respective transporting material before it will be lost e.g. via trapping
or recombination. Intuitively, this material property poses a limit for the thickness of the
solar cell, since any charge carriers which are created at distances further away from the
electrode than the diffusion length will not be extracted and thus, do not contribute to
the current output of the photovoltaic device. In the case of hybrid solar cells and also
ssDSSCs, the limiting material is typically the organic semiconductor.

Another special case, which needs to be addressed during the fabrication of the solar
cells is the recombination at isolated islands, which is depicted by (I) in figure 2.14. These
islands have no connection to the surrounding material and thus, the charge carriers can-
not be transported to the respective electrodes. Therefore, they will eventually recombine
with charge carriers of the opposite type making them essentially dead areas within the
active layer. This consequently leads to the requirement of having interconnected path-
ways for both materials in the active layer, the solid hole conductor as well as the titania
network. Due to the fabrication process, this is usually more challenging for the organic
material, since typically, the titania matrix with suitable percolation paths is fabricated
first and backfilled with the organic semiconductor in a subsequent step [61, 62]. The
second place, where the recombination of already separated charge carriers can occur is
at the respective electrodes. As mentioned above, the two semiconducting materials are
only good conductors for one type of charge carrier. However, this is not the case for
the electrode materials. So, if for example the hole conductor is directly connected to
the bottom electrode, which is exemplarily depicted by (II) in figure 2.14, the holes can
recombine with electrons from the bottom electrode and thus, basically a short circuit is
created which in the worst case will destroy the complete solar cell. Therefore, it is clear
that a strict separation of the bottom electrode and the solid hole-conducting material is
mandatory, as well as the same strict separation is required for the titania and the top
electrode. Typically, this is achieved by blocking layers before each electrode. Summariz-
ing, recombination of charge carriers is best prevented by a well-defined layer thickness
together with interpercolated pathways and blocking layers.

The recombination of excitons happens in general if the exciton cannot find an interface
within a certain distance, the so-called exciton diffusion length, which is discussed in more
detail in the following section about hybrid solar cells. After the creation of the exciton, it
starts to move inside the material in a random way, characteristic for the diffuse nature. If
no interface is found within its lifetime, the exciton will recombine and thus, the potential
charge carriers are lost. This gives a strong requirement for the morphology of the active
layer, as for an optimized solar cell morphology every exciton has to find an interface in
time in order to be separated into free charge carriers. In reality this distance is very
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Figure 2.14: Schematic illustration of three main problems en-
countered in hybrid and dye-sensitized solar cells. The active
layer is comprised of a mixture of an electron (blue) and a hole-
conducting material (red) which is sandwiched between the two
electrodes, the anode (gold) in the top and the cathode (grey)
in the bottom. (I) Isolated islands with no connection to sur-
rounding material, (II) a short circuit established by the hole-
conducting material with the bottom electrode, and (III) incom-
plete backfilling of the electron-conducting material.

small, ranging from roughly 10 to 20 nm [63, 64]. As an example, in the case of P3HT
the lifetime is in the order of nanoseconds and thus, typical exciton diffusion lengths are
close to 10 nm [63, 65]. This poses an upper limit to the structure size of an optimized
morphology. While in principle structures with sizes well below 10 nm can be synthesized
today with relative ease, one has to keep in mind that there are more aspects to be
considered, such as the interpercolated pathways, as discussed above. Additionally, there
is one special aspect of incomplete charge separation when it comes to hybrid and dye-
sensitized solar cells. As mentioned previously, the typical approach for producing hybrid
solar cells and ssDSSCs is a two step process, where firstly a titania matrix is fabricated
which is secondly, backfilled with the organic material. Problems that arise with the
backfilling are for example an air layer in the bottom which acts as a cushion blocking
incoming material. Also, too narrow structure sizes which cannot be penetrated by the
large molecules of the organic material in case of a conductive polymer are a possible
problem, which is depicted by (III) in figure 2.14. In fact, in reality this scenario is
more likely than a perfectly backfilled matrix, since up to now, this backfilling step is
very challenging. When considering that the diffusion length poses an upper limit to the
structure size on the one hand, it is easily understood that the necessity of penetrating
the structures with large molecules poses a lower limit to the structure size on the other
hand. Therefore, the field of backfilling presynthesized matrices is still heavily under
investigation and is believed to be one key component in mastering hybrid solar cells and
ssDSSCs [61, 66–68]. Also the theory of wetting of nanostructures with liquids, such as
polymer or dye solutions is not yet fully understood [69,70].

In total, an optimized morphology demands for interpercolated pathways, structure
sizes in the order of the exciton diffusion length of the solid hole-conducting material,
and complete backfilling i.e., full penetration by the organic semiconductor. This makes
it quite clear that the morphology of the active layer needs to be carefully tailored in
order to meet all requirements. Finding a good balance between all those limiting criteria
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is quite arguably one of the biggest challenges in the successful design of highly efficient
hybrid and dye-sensitized solar cells.

2.3.1. Hybrid solar cells

In hybrid solar cells, an inorganic semiconductor, for example titania, is combined with
an organic solid hole-conducting material, such as conductive polymers. Typically, the
absorption of light happens in the hole-conducting material, similar to all-organic solar
cells, where the combination of solid hole conductors and C60- or C70-based molecules
acting as electron conductors is used quite successfully, reaching efficiencies of more than
10% [7, 71]. After the absorption of light and the concomitant creation of an exciton,
the electron-hole pair needs to reach an interface with the electron-conducting material
in order to be separated. The full process is illustrated in figure 2.15 by an energy level

Figure 2.15.: Principle processes in a hybrid solar cell shown in an energy level diagram (in
short circuit conditions). (I) Absorption of a photon, with an energy hν ≥ ∆Egap, in the
polymer whereby a charge gets excited from the HOMO to the LUMO which leads to a bound
electron-hole pair, the exciton. (II) Diffusion of the exciton to an interface between the polymer
and titania. (III) Dissociation of the exciton into free charge carriers with the electron being
transferred into the electron-conducting material. (IV) Transport of the free charge carriers to
the electrodes. The electrons are conducted in the conduction band (CB) of titania and the
holes are conducted in HOMO of the polymer, respectively. The valence band (VB) of titania
indicated as well. (V) Charge extraction into the respective electrodes.
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diagram with the example of titania as electron-conducting and a conductive polymer as
hole-conducting material.

Absorption

The absorption of photons by the conductive polymer leads to the excitation of an electron
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). The excited electron leaves a hole behind which is coupled to the electron
via Coulomb interaction. This coupled electron-hole pair is called exciton. The absorption
process can only happen if the energy of the incoming light is equal to, or higher than
the band gap energy ∆Egap of the absorbing polymer:

Eph = hν = hc0

λ
≥ ∆Egap, (2.11)

with h being the Planck’s constant, c0 the speed of light in vacuum or air, and ν and
λ the frequency and wavelength of the photon, respectively. The absorption spectrum
of a polymer as a function of wavelength depends mainly on the type of monomer. In
the case of organic molecules, the absorption spectra don’t consist of sharp peaks but
rather broad bands of absorption are observed which are due to vibronic excitations
leading to an energetic fine structure. Figure 2.16 shows two different electronic states,

Figure 2.16: Energy profiles for ground and ex-
cited states, including harmonic molecule vibra-
tions according to the Franck-Condon principle.
An incoming photon (E = hν) is transferring its
energy to an electron from the ground state S0,0

to the excited state depicted by S1,3. The elec-
tron first dissipates energy via vibrations down to
the lowest vibronic state of the excited level S1,0.
This type of non-radiant transition is depicted via
the short wavy arrows. The transition from S1,0

to the ground state happens via the emission of
a photon (E = hν∗). The radiant transition is
depicted via straight arrows. Finally, the electron
again dissipates energy via vibrations.

including vibrational excitations, indicated by the horizontal lines inside the electronic
states. An incoming photon with the energy hν is absorbed and excites an electron
from its electronic and vibrational ground state, indicated by S0,0 into an excited one,
here S1,3. The excitation follows the Franck-Condon principle which assumes that the
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electronic transitions are significantly faster than the motion of the molecular skeleton
they belong to. For the time of the excitation, the atoms are assumed to be constant in
space and only the electrons can move within the system. After excitation, the electron
first transitions down within the excited electronic states via vibration to S1,0. These kind
of vibrant transitions are indicated by the short wavy arrows. From the lowest vibronic
state, the electron now transitions back to its electronic ground state under the emission
of a photon of energy hν∗ (indicated by the straight arrow). Again, the electron is not
directly transitioning back to the vibronic ground state but into a higher vibronic state,
here S0,3. From there on, it can relax via vibration to its initial state S0,0. The energy
of the emitted photon is in general always lower than the energy of the absorbed photon
(hν ≥ hν∗) with the difference in energy being transferred into vibrations i.e., thermal
energy. As further note, the excitation depicted in figure 2.16 is a singlet transition, thus
the notation Sx,x. Also triplet states are possible, which are not detailed here.

Additionally, a fine structure is observed in polymeric absorption spectra which is arising
from the inner structure of the polymer and possible polymer crystals, since excitations
can not only occur within one molecule but also from one molecule to the next [72].
For example, the semi-crystalline polymer P3HT shows additional absorption lines in
addition to the 0-0 vibronic intrachain excitation [73]. In the case of P3HT, the weakly
coupled H-aggregate model can be used to calculate the absorption lines arising from this
intermolecular excitation [74]. The relation between the 0-0 and the 0-1 absorption line
is given by

A0−0

A0,1
= n0−0

nn0,1

(
1− 0.24W/Ep
1 + 0.073W/Ep

)
, (2.12)

where n0,0/n0,1 ≈ 0.97 is the ratio of the refractive indices, Ep = 0.18 eV is the phonon
energy of the main oscillator coupled to the electronic transitions, and W is the exciton
band width [74]. From the observed relation, the ratio between non-aggregated and ag-
gregated i.e., crystallized P3HT molecules can be obtained [74–76]. To determine this
ratio, the absorption spectra calculated from the weakly coupled H aggregate model is
subtracted from the measured spectra. The difference is attributed to the absorption of
non-aggregated polymer chains, so the amorphous part, which was confirmed by measur-
ing the absorption of a dilute P3HT solution [75].

The absorption spectra of a conductive polymer is a crucial aspect for the design of
highly efficient solar cells. In general, a high overlap of the absorption spectra with the
solar spectrum is aimed for, since as much solar light as possible needs to be absorbed for
a high electrical power output. Typically, film thicknesses ranging from 100 to 300 nm are
enough to absorb almost all incoming light, which makes hybrid solar cells very material
efficient.
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As mentioned in the beginning of this section, the excited electron is bound to the hole
which was created in the HOMO of the polymer. The coupling is due to the Coulomb
interaction between the two opposing charges and can quantum mechanically be treated
just like a simple hydrogen atom with an adjusted coupling force, due to the surrounding
atoms. Excitons are generally classified via their binding energies. The binding energy
of an exciton depends on the dielectric constant εr. While for most inorganic materials
εr ≥ 10, organic materials have comparably low dielectric constants of ≈ 3− 4 [77]. For
example, rutile titania has a dielectric constant of εr(TiO2) = 86, whereas P3HT only
shows εr(P3HT) = 3 [25, 78]. This results in stronger exciton binding energies in case of
P3HT and thus, also higher energies are necessary for separating them into free charge
carriers. This dissociation energy lies in the order of 1 eV for organic semiconductors [77].
In contrast to for example silicon based solar cells, thermal energy is not sufficient to split
the exciton, since this only provides energy in the order of some meV. In general, weakly
coupled excitons are referred to as Wannier-Mott excitons. The have accordingly a large
size ranging stretching out over several atomic distances in the respective material. In
contrast, the so-called Frenckel excitons are strongly bound excitons which are only very
small in size and thus typically located at one atom [79]. Figure 2.17 shows a schematic
representation of the two different types of excitons. In reality, excitons between these
two extreme cases do also exist. Due to the small dielectric constants present in organic
materials, excitons created in polymers are usually of the Frenckel type and Wannier-Mott
excitons are more typically found in inorganic semiconductors like silicon or titania.

Figure 2.17: Classification of excitons via their sizes i.e., binding
energies. (a) Wannier-Mott exciton which is only weakly bound
and therefore stretched out over several atoms. (b) Frenckel
exciton which is tightly bound and therefore strongly located at
one atomic position. The bright red circles depict the atoms of
the material in which the excitons are located in.

Exciton diffusion

An exciton is a bound quasi-particle with no net charge. As such, it cannot contribute
to charge transport but needs to be split up into its components. As mentioned in the
previous section, thermal energy is not sufficient to separate an exciton into two free
charge carriers. Therefore, the exciton needs to find an interface between the hole- and



2.3. Solar cells 37

electron-conducting material. Inside the polymer, the transport of the exciton takes place
via several energy transfer processes. In short, there are two main processes for the energy
transfer. The first is called trivial transfer process, also sometimes referred to as photon
reabsorption. The exciton recombines in a fluorescent process under emission of a photon
which gets reabsorbed by a neighboring molecule, thereby generating a new exciton. The
second process is called Förster transfer and is also known as fluorescent resonance energy
transfer (FRET). It is a non-radiant energy transfer from a donor to an acceptor site of
the polymer via dipole-dipole coupling [80, 81]. The Förster transfer is the dominant
process for short ranged energy transfer with distances below 10 nm. For larger distances,
the trivial transfer is the main occurring process. The exciton movement via one of the
just mentioned processes can more generally be understood as a random hopping process
between neighboring polymer sites as there is initially no preferential direction or driving
force for the energy transfer processes. Due to this random nature, the exciton shows a
diffusion like movement. Therefore, the overall diffusion length geometrically describes
the radius of a sphere in which the exciton will move. This radius is also called exciton
diffusion length Le and is much smaller than the totally covered distance.

Le =
√

2dDeτe, (2.13)

where d is the dimensionality of the system, De the diffusion coefficient, and τe the lifetime
of the exciton. For many organic semiconductors, such as P3HT, the lifetime is only of the
order of nanoseconds which results in small diffusion lengths of only 10 to 20 nm [63,64].

Charge separation

As mentioned above, the exciton needs an interface between the hole- and the electron-
conducting material to be separated into its respective charge carriers. If an exciton has
reached the interface of polymer and titania, as depicted in figure 2.13(b), it experiences
a change in surroundings compared to a bulk exciton inside the polymer. This change in
surroundings affects the exciton in some ways. For example, the lifetime of the exciton
is increased when located at the interface as it is stabilized by the interface. Also, the
change in surroundings affects the binding energy of the exciton due to the change in
dielectric constant. For these reasons, an exciton residing on a molecule which is sitting
at the interface gets a specific name, namely exciplex. Two ways of separating an exciton
at an interface are depicted in figure 2.18. In both cases, the exciton is assumed to be
generated in the polymer, which is generally the case for titania based hybrid solar cells.
The first one is a simple charge transfer(see figure 2.18(a)), where the electron hops into
the conduction band of the more electronegative material, here titania. The second way
is basically a two step process (indicated by (I) and (II) in figure 2.18(b)), where first the
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Figure 2.18.: Two ways of charge separation in hybrid solar cells. The HOMO and LUMO of the
polymer, acting as hole conductor, and the VB and CB of titania, acting as electron conductor,
are depicted. The bound exciton is indicated by the dashed oval line. (a) Direct charge transfer
taking place at the interface between the hole- and electron-conducting material where the
electron is transferred into the more electronegative material. (b) Two step process: (I) the
complete exciton is transferred via a Förster transfer into the electron-conduction material. (II)
Charge separation and transfer of the hole back into the hole-conducting material.

complete exciton is transferred via a Förster transfer (see previous section) from the hole-
to the electron-conducting material and subsequently, the hole is transferred back into
the organic semiconductor. The prerequisite for both processes to be efficient enough is
that they happen on a very fast timescale which is much faster than any recombination
process. Experimentally, this is typically verified by photoluminescence spectroscopy
where a sufficiently fast charge separation leads to a quenching of the fluorescent signal
originating from the radiant recombination of excitons.

2.3.2. Dye sensitized solar cells

The key difference between all other types of solar cells and the dye-sensitized solar cell
is the application of a sensitizer, typically a dye, which takes over the task of light-
absorption in the photovoltaic system. This name-giving feature of DSSCs has been first
successfully utilized by Michael Graetzel in 1991, where he combined a titania matrix with
a ruthenium based dye and a liquid electrolyte to reach efficiencies of more than 7% [82].
Although huge efforts have been made to use this concept for commercial applications
and also some first products have been made ready for the market, the big economic
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success never happened. The main reason for this is believed to be found in the use
of the liquid electrolyte which is mostly a highly corrosive and hazardous liquid which
poses sealing and consequently health and environmental issues. Therefore, the idea of
replacing this liquid electrolyte by a solid hole-conducting material is highly interesting
and has been a popular topic of research for many years already [10,67,83]. The principle
energy diagram for a ssDSSC is depicted in figure 2.19 with the example of titania acting
as electron-conducting material and a conductive polymer as the hole-transport material.
The diagram is the same for DSSCs with a liquid electrolyte and a solid hole conductor.

Figure 2.19.: Principle processes in an ssDSSC shown in an energy level diagram (omitting band
bending). (I) Absorption of a photon with an energy hν by the sensitizer, typically a dye whereby
a exciton is created directly in the dye molecule. (II) Dissociation of the exciton. The electron is
transferred via tunneling into the electron-conducting material, here titania. (II) The hole gets
transferred into the polymer, which thereby regenerated by the dye molecule. (IV) Transport of
the free charge carriers to the electrodes. The electrons are conducted in the conduction band
(CB) of titania and the holes are conducted in HOMO of the polymer, respectively. (V) Charge
extraction into the respective electrodes.

Absorption

As mentioned in the beginning, the absorption in ssDSSCs is typically taking place ex-
clusively in the sensitizer i.e., the dye and not, like in the case of hybrid solar cells, in
the solid hole conductor. The dye is covering the titania matrix only with a monolayer.
Therefore, a high effective surface area of the titania matrix is necessary to ensure suffi-
cient absorption of the incoming light. Initially also multiple layers of dye were thought
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to improve the absorption. However, due to a very poor charge transfer through multiple
dye layers, this idea is not feasible [84]. Most dyes employed in DSSCs nowadays are
ruthenium-based [85]. Since ruthenium is rather expensive, the search for replacements,
such as all-organic dyes is still ongoing [86]. Similar to the case of hybrid solar cells,
only photons exceeding a certain energy, here the optical band gap energy of the dye, are
absorbed, see equation (2.11). After absorption, an electron in the dye is energetically
moved from the ground state S to the excited state S∗ of the dye molecule. The ab-
sorption also follows the Franck-Condon principle, see figure 2.16. The created Frenckel
exciton resides within the dye molecule and therefore, is always directly created at the
interface and no diffusion is required. Although the absence of exciton diffusion is a
highly beneficial aspect which strongly recommends employment of a dye, there is also a
downside regarding the dye, the so-called bleaching. Bleaching in principle describes the
fact that a dye has only a limited amount of excitation and regeneration cycles, which in
addition is strongly affected by UV radiation. This poses a lifetime problem to the full
solar cell, as the absorption efficiency of the photovoltaic device is heavily relying on the
dye in contrast to hybrid solar cells, where the absorption can take place anywhere in the
solid hole conductor.

Charge separation

In an ssDSSCs, the charge separation happens via an electron transfer from the dye
molecule into the electron-conducting material, titania [83]. This transfer can be un-
derstood as a tunneling process from the excited state of the dye molecule S∗ into the
conduction band of titania and was first described by Gerischer for the case of liquid elec-
trolyte based DSSCs [84]. Figure 2.20 depicts the model of simple electron transfer and
Gerischer’s model of distributed energy states of the electron donating dye. In principle,
tunneling between the donor and acceptor can happen if two conditions are met: firstly,
the energy levels of donor and acceptor need to overlap and secondly, the acceptor needs
to have vacant states while the donor levels are occupied. In a DSSC the latter condition
is fulfilled automatically, since the conduction band of titania, constituting the electron
acceptor, is typically depleted of electrons and the excited dye state S∗, representing the
electron donor, is occupied upon the absorption of a photon. Regarding the first condi-
tion, Gerischer’s model assumes a correction of the sharp Franck-Condon energy levels
due to thermal fluctuations. This leads to a Gaussian distribution of the energy levels,
as depicted in figure 2.20(b). The distribution function Wdon of the energy levels for the
dye molecule can be written as

Wdon(E) = 1√
4πkBTLdon

exp
(
−(E − Edon)2

4kBTLdon

)
, (2.14)
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Figure 2.20.: Charge transfer and Gerischer’s model in ssDSSCs. The valence band (VB) and
the conduction band (CB) of titania are depicted together with the ground and excited states
of the dye S and S∗, respectively. Edon is the energy at the center of the Gaussian distribution
i.e., the most probable energy. The bound exciton is indicated by the dashed oval line. (a) The
electron moves from the excited dye state into the CB of titania via a simple charge transfer
process. (b) Gerischer’s model assumes a Gaussian distribution of the energy levels of the ground
and excited states of the dye due to thermal fluctuations. A maximized overlap of the occupied,
excited dye state S∗ (indicated by the dark red color) with the empty CB (indicated by the bright
blue color) of titania allows for optimum charge transfer.

with the reorganization energy Ldon and the most probable electron transfer energy Edon.
The thermal energy fluctuations are given by the Boltzmann constant kB and the tem-
perature T . As mentioned above, a high overlap of the energy states of the excited dye
and the conduction band of titania is required. This scenario is depicted in figure 2.20(b)
with a vacant conduction band (CB) and a filled excited state of the dye. The electron
transfer rate from the dye to titania can be described as

jdon = Bdoncdon

∫ ∞
−∞

χdon(E)Wdon(E)Dvac(E)dE, (2.15)

where Bdon are all energy independent factors, cdon is the electron concentration, χdon the
transfer probability, and Dvac the vacant electron states in titania [84]. In principle, the
reverse transfer of an electron from the VB of titania into the ground state of the dye is
also possible. However, this reaction is most unwanted since it would reduce the amount
of extracted charges of the solar cell and thereby lowering its efficiency. This demonstrates
the importance of having suitable combinations of electron-conducting materials and dyes
since on the one hand, the overlap of the dye’s excited state S∗ with the CB of titania
has to be maximized while on the other hand, the overlap of the dye’s ground state S
with the valence band has to be minimized. In the case of titania, the latter case is



42 Chapter 2. Theoretical aspects

fulfilled automatically, since the band gap of titania is significantly larger than the band
gap of most dyes. Regarding the first case, a good overlap of the dye’s excited state
an the conduction band of titania requires the mean energy level Edon to be positioned
somewhat above the conduction band of titania. This difference in energy is referred to
as overpotential and is lowering the open circuit voltage of a DSSC. This in turn limits
the maximum theoretical overall efficiency of DSSCs to about 23%, depending on the
necessary overpotential [10].

2.4. X-ray scattering methods

In addition to real space techniques like various kinds of microscopy techniques, scattering
methods using x-rays are employed to investigate the structure of the samples. The biggest
difference compared to most real space techniques is that the full film volume is probed
with high statistical relevance instead of only fractions of the samples’ surfaces. For
structural investigation, elastic x-ray scattering is used. This means that the energy of
the incoming x-rays, Ei, is equal to the energy of the scattered x-rays, Ef .

In the following, the basic principles for scattering of x-rays are presented. This is
then followed by a discussion about diffraction in section 2.4.1, and afterwards by the
explanation of x-ray reflectivity in section 2.4.2. For probing thin films, x-ray scattering
is applied in the grazing incidence geometry, which is discussed in section 2.4.3 in more
detail.

Scattering contrast

For scattering to occur at all, a change in refractive index n is necessary. The electric field
#–

E of an electromagnetic wave traveling through a medium with refractive index n( #–r ) is
described via the Helmholtz equation [87],

∆ #–

E( #–r ) + k2n2( #–r ) #–

E( #–r ) = 0, (2.16)

depending on the position #–r and the modulus k of the wave vector #–

k of the electro-
magnetic wave. The refractive index for x-rays is only slightly deviating from 1 and can
therefore be expressed as

n = 1− δ + iβ, (2.17)
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with δ representing the dispersive part and β representing the absorbing part. Both δ

and β are depending on the wavelength λ and, for the case of a homogeneous medium far
away from absorption edges, can be written as

δ = λ2

2πρ, (2.18)

β = λ

4πµ, (2.19)

with the scattering length density (SLD) ρ = reρe and the absorption coefficient µ. The
scattering length density depends on the classical electron radius re = 2.814 · 10−5 Å and
on the electron density of the material under investigation. Typically, for x-rays δ =
O(10−6) and β = O(10−7). Scattering experiments with x-rays depend on the difference
in scattering length density i.e., the difference in electron density of the investigated
materials. This difference is also referred to as scattering contrast.

General definitions

The geometries for the two different cases of scattering, the specular and the diffuse
scattering, are schematically illustrated in figure 2.21 along with the basic definition of
angles and directions. The incident x-ray beam #–

ki impinges on the sample surface under

Figure 2.21.: Definitions of directions and angles for (a) specular scattering within the scattering
plane and (b) diffuse scattering out of the scattering plane.

an incident angle αi.1 The final, reflected beam is called #–

kf and, in the case of specularly
reflected x-rays, is reflected under the final angle αf equal to the incident angle αi. Also,
the beam stays within xz-plane, which is referred to as scattering plane. The momentum
transfer of the scattered beam is described by the scattering vector #–q which is defined as

#–q = #–

kf −
#–

ki. (2.20)
1Generally, in x-ray literature the angles are measured towards the sample surface and not with respect

to the surface normal, which is typically done in optics literature.
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Since only elastic scattering is considered here, as mentioned above, the scattering vector
only describes a change of direction of the x-ray beam whereas its modulus remains
unchanged. For a beam with wavelength λ, the modulus of the wavevector is k = 2π/λ.
For diffuse scattering, the scattered beam does not remain solely in the scattering plane
anymore, and an additional scattering angle ψ is observed which lies in the xy-plane.
Snell’s law, also known as the law of refraction, describes the relation of the incident and
final beam upon crossing into a new medium of different refractive index n. With respect
to the angles being measured against the surface, Snell’s law is

cos(αi) = n cos(αt), (2.21)

with the transmitted beam #–

kt at the angle αt. Since for x-rays δ > 0, the refractive
index is smaller than 1, n < 1, and thus, for x-rays air constitutes the medium of higher
refractive index. Therefore, a total reflection occurs, with αt = 0, if the beam passes from
air to another material as long as the incident angle αi stays below a certain critical angle
αc. In the small angle approximation, the critical angle of total external reflection αc is
given by

αc = αi ≈
√

2δ = λ

√
ρ

π
. (2.22)

Since total reflection occurs for αi < αc, the evanescent x-ray waves are only able to
penetrate the sample to a certain small depth. The depth at which intensity of the x-ray
beam is reduced to 1/e of its original intensity (≈ 37%), is called penetration depth.
However, if a beam gets scattered inside the material, as second dampening has to be
considered for the way out of the material, the so-called escape depth. Therefore, the
scattering depth Λ is a more appropriate length and can be estimated to be approximately
half of the penetration depth for most materials [88, 89]. For very small incident angles,
αi < αc, the scattering depth is of the order of 50 Å. When the incident angle approaches
the critical angle, αi = αc, the scattering depth Λ increases significantly. As soon as
αi > αc, the penetration of the material by the x-rays is merely limited by the absorption,
which is rather low with β = O(10−7) and thus, the scattering length can easily exceed
several hundreds of nanometers.

2.4.1. Diffraction

Ever since the evidence of diffraction by M. von Laue, W. Friedrich, and P. Knipping
in 1912, x-ray diffraction (XRD) has become a standard method for the investigation of
materials with crystalline structures [90]. In principle, the lattice structure of crystals
acts as a periodic grating for the diffraction of x-rays, since the dimension of the lattice
is of similar order as the wavelength of the x-rays. Each crystal structure results in a



2.4. X-ray scattering methods 45

Figure 2.22: Graphical illustration of the Bragg
equation. The incoming x-ray beam #–

ki is scat-
tered at the electron clouds (orange) of the
atoms, which are located on the lattice planes of
the crystal structure with a characteristic spacing
of dhkl. X-rays which are scattered on lower lat-
tice planes have to travel increased path lengths,
as indicated by the red lines s, which depends on
the angle θ.

specific and fairly unique scattering pattern which can be used to identify the material
and its respective crystalline phases, such as anatase or rutile titania, see section 2.2.1.

The scattered intensity is mainly depending on two factors. As mentioned above, x-rays
are scattered at the electrons of the material. The two relevant factors to consider are
how the electrons are located around the single atoms and where inside the, presumably
crystalline, material those atoms are located. Addressing the former, the atomic form
factor describes how the electron cloud of a single atom scatters the x-rays, based on
atomic theory [91]. The atomic form factor fa is defined as the Fourier transform of the
electron density distribution ρe,

fa( #–q ) =
∫
V
ρe( #–r )e2πi( #–q #–r )dV. (2.23)

The structure factor F describes the local arrangement of the N atoms in one elementary
cell of the crystal structure and is therefore also depending on the individual atomic form
factors fi,

F ( #–q ) =
N∑
j=1

fje2πi(hxj+kyj+lzj), (2.24)

with the scattering vector #–q written as (h, k, l) and the position vector #–r written as
(xj, yj, zj). In general, F ( #–q ) is 0 unless #–q is matching the reciprocal lattice vector #–

G

which is defined via the Miller indices (h, k, l). The maxima in scattered intensity are
described via the Laue equations. If only the modulus of #–q is considered, the condition
for obtaining a maximum in scattered intensity can be described by the famous Bragg
equation [90]:

2dhkl sin(θ) = nλ, (2.25)

where dhkl is the lattice spacing of the crystal structure and λ the x-ray wavelength. Figure
2.22 gives a graphical illustration of the Bragg-equation. X-rays which get scattered at
different lattice planes have to travel different path lengths. Depending on the angle 2θ
between the incoming and the final x-ray beam, the difference in path length can lead
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crystal order 2θ (λCu) q [nm−1] rel. intensity

rutile (110) 27.45◦ 19.35 100
(101) 36.09◦ 25.26 50
(200) 39.19◦ 27.35 8
(111) 41.23◦ 28.72 25
(210) 44.05◦ 30.59 10
(211) 54.32◦ 37.24 60
(220) 56.64◦ 38.70 20

anatase (101) 25.28◦ 17.85 100
(103) 36.95◦ 25.85 10
(004) 37.80◦ 26.42 20
(112) 38.58◦ 26.94 10
(200) 48.05◦ 33.21 35
(105) 53.89◦ 36.96 20
(211) 55.06◦ 37.70 20

Table 2.2.: Bragg reflexes of titania up to the seventh reflex which are observed, both for the
rutile and the anatase phase along with their respective relative intensities [92].

to constructive and destructive interference for the investigated crystal lattice distance
dhkl. However, not all reflexes from every lattice plane in a crystal can be observed due
to destructive interference depending on the crystal symmetry which leads to so-called
extinction rules. As mentioned above, each crystal structure shows a specific scattering
pattern [90]. The first seven scattering reflexes of the rutile and anatase titania crystal
structure, along with their relative intensities are listed in table 2.2 and table 2.3 shows
the Bragg reflexes of PEO up to q = 29.50 nm−1. The so-called powder diffraction occurs
if the crystals have a random orientation in space, such as in powders. Polycrystalline
samples, like the nanostructured titania films presented in this thesis, show the same
behavior, as the crystals inside the materials have all kind of orientations. The powder-
diffraction pattern shows rings of scattered intensity for each Bragg reflex, named Debye-
Scherrer rings. The width of a Bragg reflex depends on the size of the crystallites in the
polycrystalline material. This can be utilized to calculate the crystallite sizes Dhkl by
using the Scherrer equation,

Dhkl = Kλ

∆(2θ) cos(θ0) , (2.26)

where K ≈ 0.9 is the Scherrer form factor, λ the wavelength, and ∆(2θ) the full width
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crystal order 2θ (λCu) q [nm−1] crystal order 2θ (λCu) q [nm−1]

(120) 19.15◦ 13.57 (004) 22.38◦ 15.83
(-124) 22.78◦ 16.11 (112) 23.02◦ 16.28
(-204) 23.08◦ 16.32 (032) 23.33◦ 16.49
(-132) 23.45◦ 16.58 (-212) 23.52◦ 16.62
(-224) 26.27◦ 18.53 (024) 26.83◦ 18.93
(124) 35.31◦ 24.74 (044) 35.60◦ 24.93
(-244) 36.04◦ 25.23 (-324) 36.10◦ 25.34
(-108) 38.96◦ 27.20 (-308) 39.86◦ 27.80
(-128) 41.58◦ 28.95 (-328) 42.40◦ 29.50

Table 2.3.: Bragg reflexes of polyethyleneoxide (PEO) up to q = 29.50 nm−1 [16].

half maximum (FWHM) of the Bragg peak found at angle 2θ [93]. Upon transformation
from angles into scattering vectors #–q , the Scherrer equation can be written as

Dhlk = 2π
∆qhkl

, (2.27)

where ∆qhkl is the integral line width and is calculated by the area of the Bragg peak of
reflex (hkl) divided by its amplitude [15, 94]. This equation is valid for crystallite sizes
ranging from 5 nm up to about 100-200 nm. For sizes outside of this range, other effects
are more significant [95].

2.4.2. Reflectivity

X-ray reflectivity (XRR) measurements are an excellent tool to investigate the vertical film
composition. In these experiments, only the specular scattering is recorded i.e., αi = αf

and ψ = 0. Thus, only the z-component of the scattering vector #–q is different from 0 [87]

qz = 4π
λ

sin(αi). (2.28)

Therefore, the electron density distribution perpendicular to the sample surface is probed.
At any interface between two materials with different refractive index n, the incident beam
is in general partly reflected and partly transmitted. The angle of the transmitted beam
αt is given by Snell’s law (see equation 2.21) and the amplitudes of the reflected and
transmitted beams are described by the Fresnel reflection coefficient rF and the Fresnel
transmission coefficient tF . The reflectivity and transmission are given by the square of
the modulus of the respective Fresnel coefficients: RF = |rF |2 and T F = |tF |2 [87].
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However, a single interface is most often not enough to describe the measured reflectivity
curve. Typically, real systems, such as polymer or titania films on solid substrates reveal
an inner layering, for example a more dense layer close to the supporting substrate or a
more porous structure at the sample-air interface. In order to describe these systems, a
model with N layers is assumed, where each has its own respective refractive index nj(z)
and a corresponding thickness dj. This stack is confined by two layers of infinite thickness
and defined refractive index, which in the present case were air and silicon, respectively.
For each interface between the layers j and j+ 1 the ratio of reflectivity and transmission
Xj = Rj/Tj is calculated according to the corresponding Fresnel coefficients. The final
reflectivity R is at the sample-air interface is calculated by a recursive algorithm which
was developed and introduced by Parrat [96].

Up to this point, all interfaces were assumed to be perfectly flat which of course is never
the case in real systems. The deviations from these flat interfaces are typically expressed
by the root mean square roughness σrms which is defined as

σrms =

√√√√ 1
Nσ

Nσ∑
i=1

∆z2
i , (2.29)

where Nσ is the number of measured points along the interface and ∆zi is the deviation
from the mean interface at sampling point i. To correct for the roughness, an exponential
function is applied to the Fresnel coefficients [97]. This function is known as the Névot-
Croce factor and is based on the assumption of having a Gaussian height distribution.
The limit of the correction using the Névot-Croce factor is reached if the roughness values
reach the order of the layer thickness. In that case, several sub-layers are assumed to
approximate the interface [98].

Figure 2.23(a) shows the calculated reflectivity curve as a plot of normalized intensity
versus qz of a 40 nm thick polystyrene (PS) film on a silicon (Si) substrate once with no
surface roughness and once with a surface roughness of 2 nm. The intensity values are
normalized, so that at low incident angles below the critical angle the intensity of the total
reflection is equal to 1. A small decrease in the reflectivity for αi = αc(PS) and a steep
decrease for αi > αc(Si) is observed. For larger angles (αi > 3αc) the reflectivity decays
with α−4

i [87]. Both exemplary curves show prominent oscillations with a periodicity ∆qz,
which are known as Kiessig-fringes. They represent the film thickness via d ≈ 2π/∆qz [99].
It is important to note, that increased roughness values cause the fringes to decay very
rapidly. For fitting these curves, a layer stack is assumed as described above. From the
fitting model, a vertical scattering length density profile of the sample can be extracted,
which is exemplarily shown in figure 2.23(b).
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Figure 2.23.: (a) Exemplary reflectivity curves of a PS film on a silicon substrate and (b) the
respective scattering length density profiles. The red curve corresponds to a PS film with no
surface roughness and the blue curve represents the case for a surface roughness of 2 nm. The
dotted vertical lines in (a) indicate the critical angles of the two materials PS and silicon.

2.4.3. Grazing incidence scattering

One problem with measuring thin films, is the very limited amount of material available
for investigation. To compensate for this, a very shallow angle of typically αi < 1 is chosen.
The very small angle results in a large footprint on the sample and thereby makes up for
the small amount of material available. As an example, in case of an incident angle of
0.4° and a x-ray beam size of 20× 30 µm2, an area of 2865× 30 µm2 is illuminated, which
is an increase by more than 2 orders of magnitudes.

The basic geometry for grazing incidence scattering (GIS) is shown in figure 2.21(b). For
these experiments, αi is fixed and the scattered intensity is detected with two-dimensional
(2d) detector. For a given distance between the sample and this detector, the so-called
sample-detector distance (SDD), every pixel can be assigned to certain values of the exit
angle αf and out-of-plane angle ψ. The scattering vector #–q is generally given by [100]

#–q = 2π
λ


cos(αf ) cos(ψf )− cos(αi) cos(ψi)
cos(αf ) sin(ψf )− cos(αi) sin(ψi)

sin(αf ) + sin(αi)

 = 2π
λ


cos(αf ) cos(ψ)− cos(αi)

cos(αf ) sin(ψ)
sin(αf ) + sin(αi)

 (2.30)

in dependence of the incident angle αi, the exit angle αf in the xz-plane and the out-
of-plane angle ψf = ψ in the xy-plane, and the incident angle ψi in the xy-plane which
is typically set to ψi = 0. In the next section, first grazing incidence small angle x-ray
scattering (GISAXS) is discussed regarding involved processes and data analysis. This
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is followed by a more detailed discussion of GISAXS on artificially created line gratings.
Second, grazing incidence wide angle x-ray scattering (GIWAXS) is introduced, which is
also known as grazing incidence diffraction (GID). More detailed discussions about the
basics of GISAXS and GIWAXS can be found in literature [100–104].

GISAXS

For the morphology investigation of thin film samples not only in vertical direction but
also with regard to their lateral structure in the xy-plane, grazing incidence small angle
x-ray scattering is chosen. Lateral structures, just like surface roughness contribute to dif-
fuse scattering, which is not detected by measuring only specular scattering. The diffuse
scattering is commonly treated in the framework of the distorted wave Born approxi-
mation (DWBA), where scattering of a structured system is considered as a first-order
perturbation of an ideal system. Therefore, an ideal system would consist of a homo-
geneous layer with a perfectly flat interface and then, lateral structures as well as the
surface roughness are considered as perturbations. The differential cross section of diffuse
scattering, which describes the scattered intensity under a given solid angle dΩ, is given
by

dσ

dΩ

∣∣∣∣∣
diff

= Cπ2

λ4 (1− n2)2|T Fi |2|T Ff |2Pdiff ( #–q ) ∝ Pdiff ( #–q ), (2.31)

with C being the illuminated area, T Fi,f the respective Fresnel transmission coefficients,
and Pdiff ( #–q ) the diffuse scattering factor which is a direct measure for the scattered
intensity [101]. The Fresnel transmission coefficients have a maximum for αi = αf = αc,
which gives rise to a characteristic signal in the scattered intensity, the so-called Yoneda
peak [105]. Since the critical angle is depending on the scattering length density, this peak
in intensity is sensitive to the investigated material. Therefore, the material characteristic
Yoneda peak yields information about the scattering length density ρ and thus, also about
the mass density, since both are directly proportional to each other. Using this correlation,
the Yoneda peak can be used to determine the porosity Φ of a material with

Φ = 1− ρm
ρt
, (2.32)

where ρm and ρt are the measured and the theoretical SLD of the investigated material.
The diffuse scattering of a material is also most sensitive at the Yoneda peak position as
the Fresnel transmission coefficient acts as scaling factor, meaning that the out-of-plane
scattering intensity is highest at αi = αf = αc.
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For the modeling of a GISAXS pattern, objects of a certain size are assumed together
with a corresponding spatial distribution. The former is described by a form factor which
is the Fourier transform of the electron density distribution of the object, analogous
to the description of diffraction patterns. The spatial distribution function is referred
to as structure factor and is simply put an interference function describing the spatial
arrangement of those objects. The difference to the form and structure factor discussed
in section 2.4.1, is that now not only single atoms are considered but objects on larger
length scale in the size of several nanometers up to micrometers, like molecules or even
larger clusters inside the sample. Assuming N identical, centrosymmetrical objects with
a given distribution and random orientation, the the diffuse scattering factor can be
approximated by

Pdiff ( #–q ) ∝ NS( #–q )F ( #–q ), (2.33)

where S( #–q ) is the structure factor and F ( #–q ) is the form factor. As mentioned above,
the diffuse scattering is described by the DWBA. In more detail, the DWBA includes
four terms which allow for a combination of reflection and scattering, namely (I) only
scattering, (II) reflection on the substrate followed by scattering, (III) scattering followed
by a reflection on the substrate, and (IV) first a reflection on the substrate, then scattering,
followed by another reflection on the substrate. All these four terms in the DWBA
are included in the form factor. Most commonly, cylindrical form factors are assumed
to account for the rotational symmetry of the investigated objects, together with a so-
called paracrystalline lattice as structure factor to describe their spatial distribution. In
a paracrystalline lattice, the objects are arranged periodically, but a loss of long range
order is introduced in a cumulative way where the deviation of the theoretical position
is increasing with rising distance from the origin of this lattice. This introduces a local
short-range order but no long-range order. In a one-dimensional paracrystalline lattice
(1DDL), the arrangement is independent of the orientation of the system, which means
that the system is invariant towards rotation.

To investigate only the lateral structures, meaning using only qy-information of the
scattered intensity, the effective interface approximation can be used [102]. In this ap-
proximation, it is assumed that scattering occurs at only one specific surface, which allows
for the decoupling of the height and the radii of the scattering objects [101]. Along this
route, up to three cylindrical form factors are assumed along with three independent
1DDL distributions, all following a Gaussian distribution, in the so-called local monodis-
perse approximation (LMA). In the LMA, each object is considered to only scatter with
each other but not with objects of different form and structure factor, meaning that the
respective objects and structures are independent of each other.
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Scattering of line gratings

Highly periodic structures such as imprinted line gratings show a special scattering pat-
tern in GISAXS experiments. The periodic gratings studied in this thesis were in the
micrometer range and thus, too large for quantitative analysis of the scattering data.
However, GISAXS measurements still allow for an investigation of the quality of the line
grating and therefore, a brief introduction of the theory behind the scattering of periodic
gratings is presented in the following.

In reciprocal space, a line grating results in a series of truncation rods oriented per-
pendicular to the line grating, the so-called grating truncation rods (GTR) [106]. These
GTR intersect with the Ewald sphere and thereby create an additional pattern in the 2d
GISAXS pattern [107]. The Ewald sphere is a geometric construct which is commonly
used in x-ray scattering. It shows the relation between the wave vector of the incident
and refracted beams, the diffraction angle, and the reciprocal lattice constant of the in-
vestigated material. In short, it gives an illustration for all #–q vectors for which elastic
scattering can occur. Figure 2.24 shows a schematic illustration of the Ewald sphere for

Figure 2.24: Schematic representation of the
GISAXS scattering pattern of a periodical line
grating (with periodicity P and grating height
H as depicted in the inset) oriented parallel to
the incoming beam (green dashed line). The co-
ordinate system is defined as before by the sam-
ple plane. The reciprocal representation of the
line grating are so-called grating truncation rods
(GTR). The GTR are located at qx = 0 and
are spread out in the yz plane (vertical red solid
lines). Their intersection with the Ewald sphere
(radius 2π/λ) results in point-like intensity max-
ima which are arranged in a semicircle around
the sample horizon at αf = 0.

x-rays scattered on a periodic line grating oriented parallel to the x-ray beam with peri-
odicity P and line height H, as shown in the inset. For a specific wavelength λ the Ewald
sphere is given by (

qx + 2π
λ

)2
+ q2

y + q2
z =

(2π
λ

)2
, (2.34)
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with respect to the origin of the reciprocal space. The thin red solid lines, which are
located at qx = 0 and oriented in the yz-plane, represent the GTR. The adjacent distance
is given by ∆qy = 2π/P depending on the periodicity of the grating. Upon the intersection
of those GTR with the Ewald sphere, several maxima in intensity are observed, which
leads to a series of point-like features aligned on a semicircle when using a 2d detector for
recording the scattered signal, as represented by the semi-transparent red square. Since
the sample, and therefore also the grating in reciprocal space, is tilted by αi with respect
to the incoming beam, the center of this semicircle is located at qy = 0 and the sample
horizon at αf = 0. The intensity is also modulated in qz-direction by vertical features
like the line height of the periodical grating H with a periodic length ∆qz = 2π/H.
As mentioned in the beginning, the investigated line gratings in this thesis were in the
micrometer range and thereby the ∆qy was too small in order to be resolved individually.
Therefore, the individual point-like maxima are not seen, but a continuous circular line
around the specular beamstop is observed. As a side note, in case of the line grating
being aligned perpendicular to the beam, the GTR are located at qy = 0 and aligned
along the qx-direction which results in point-like maxima along the qz-direction of the
recorded signal. More detailed information and discussion about x-ray scattering of line
gratings can be found in literature [106,108–110].

GIWAXS

Grazing incidence wide angle x-ray scattering is used for measuring the crystallinity of
thin film samples. Just as in the case of XRD (see section 2.4.1), the crystalline structure
gives rise to maximum in scattering if a set of hkl-lattice planes fulfill Bragg’s law at a
given angle. And again, the same information about lattice type and constants, and also
the degree of crystallinity and crystallite sizes are accessible from the scattering data. The
setup is in principle equal to GISAXS with the only change being a much shorter sample
to detector distance (SDD), so that scattering from much larger angles are detected. More
specifically concerning the investigations in this work, the SDD is chosen in a way so that
two conditions are met: on the one hand polymeric crystals, which usually have larger
stacking distances compared to inorganic crystals and thus scatter under smaller angles
compared to inorganic materials are probed. And on the other hand, at least the first
characteristic peak of inorganic crystals, such as titania is still detectable as well. Since
the area detectors are flat and not spherically shaped, an additional geometric correction
is necessary due to the short SDD [104].

Compared to XRD, one advantage of measuring the scattered signal with a 2d detector
is that also the orientation of the crystals inside the film with respect to the sample
surface is accessible. For most crystalline polymers, preferred orientations are observed
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Figure 2.25.: (a) Exemplary 2d GIWAXS data as recorded by a 2d detector. The insets show a
schematic illustration of the orientation of the scattering planes relative to the sample surface.
(b) The same 2d GIWAXS data as a function of q‖ and q⊥. The inaccessible q-range is highlighted
by the red shaded area. For comparison, the green dashed line represents the q-range which is
measured in XRD measurements.

[111]. In figure 2.25(a) an exemplary 2d GIWAXS data of a semi-crystalline polymer is
shown as recorded by a 2d detector. The insets schematically illustrate the relation of
the resulting scattering signal to the orientation of the scattering planes relative to the
sample surface. If the scattering planes are orientated parallel to the sample surface,
the resulting Bragg reflections are found in direction of αf , perpendicular to the surface.
Conversely, for scattering planes oriented perpendicular to the sample surface, the Bragg
reflections are found in direction of Ψ, parallel to the surface. Information about the
crystal orientation with respect to the sample surface is of high importance for example
in the case of conductive polymers like P3HT. A certain crystal orientation relative to
the sample surface is more beneficial for charge transport than other orientations. In the
case of polycrystalline samples, such as the nanostructured titania films investigated in
this thesis, ring-like features are detected as in powder diffraction. In the 2d GIWAXS
data, the Bragg reflections are detected as a function of q‖ = qxy =

√
q2
x + q2

y and q⊥ = qz,
with the definitions of the q-components as given in equation 2.30. Due to the fact,
that the incident angle αi is kept constant for the GIWAXS measurement, not the full
q-range is accessible. Figure 2.25(b) shows the 2d GIWAXS data as a function of q‖ and
q⊥. The red shaded area represents the inaccessible q-range. For comparison, also the
q-range accessible by XRD measurements is indicated by the dashed green line. This line
represents the condition that q‖ = 0 which is fulfilled in XRD measurements as Ψ = 0
and αi = αf . Thus, XRD measurements scan one line of the reciprocal space with the
only non-zero component of #–q being qz. In GIWAXS experiments the 2d detector scans a
larger section of the Ewald sphere, which is defined by αi. However, since αi is constant,



2.4. X-ray scattering methods 55

the condition q‖ = 0 is only fulfilled at the direct and specular beam position which are
both commonly not visible in the GIWAXS data due to experimental constraints. For
increasing q⊥ i.e., increasing αf , also q‖ increases explaining the wedge-like shape of the
inaccessible area. However, all systems investigated in this thesis are of poly- or semi-
crystalline nature i.e., they consist of small, finite crystal sizes without a perfect order
with respect to the sample surface. Therefore, in reciprocal space, those crystallites in
reciprocal space are not point like, but rather smeared out objects which still are accessible
by the GIWAXS experiments.





3. Characterization methods

In the present thesis, nano- and microstructured titania and polymer/titania composite
films prepared by various techniques are characterized towards their structure and their
functionality. The following chapter will introduce the methods which are used for the
characterization. This includes a description of the basic setup, the necessary instruments,
and the principles of the corresponding data analysis.

The structure is investigated with several different real space and reciprocal space tech-
niques, which are introduced in the first part of this chapter, in section 3.1. In short, op-
tical microscopy (section 3.1.1), scanning electron microscopy (section 3.1.2), and atomic
force microscopy (section 3.1.3) are used to obtain real space information about the sam-
ples’ surfaces. In addition, x-ray diffraction (section 3.1.4) is employed to investigate the
crystallinity. With x-ray reflectivity (section 3.1.5) and white light interferometry (sec-
tion 3.1.6) the film thickness and the vertical film composition are probed, respectively.
Furthermore, grazing incidence wide and small angle x-ray scattering (section 3.1.7 are
used to investigate the crystallinity and nanomorphology of the prepared samples. The
functionality is probed by different spectroscopic and electronic characterizations of the
prepared samples, which are presented in the second part of this chapter, in section 3.2).
For transmission and reflectance measurements, UV/Vis spectroscopy (section 3.2.1) is
performed. With photoluminescence spectroscopy (section 3.2.2) information about the
optoelectronic properties of the prepared samples are obtained. Finally, I/V characteriza-
tion (section 3.2.3) is used to probe the photovoltaic performance of the fabricated solar
cells.

3.1. Structural characterization

From the characterization of the morphology important conclusions about applicabilities
are obtained about the investigated systems. For example, the porosity of mesoporous
titania films is a crucial aspect for photovoltaic or photocatalytic applications since it
defines for example the active surface area. Real space investigations are performed on
surfaces and cross-sections of the investigated samples on different length scales. With
reciprocal space investigations using x-rays, structural information not only about the
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surface but also about the full volume of the investigated samples are obtained averaged
over large areas. All the graphs of the 1d data are plotted with the software Genplot
v.2.11, a plotting and data analysis package by Computer Graphic Service Ltd.

3.1.1. Optical microscopy

Optical microscopy allows for probing large scale homogeneity, a quick first check of quality
of the prepared films, measuring the electrode size of solar cells, and also characterizing
structures in the micrometer range. For optical microscopy measurements, an Axiolab A
microscope (Carl Zeiss), equipped with five different objectives from 1.25× to 100×, is
used in combination with a PixeLink USB Capture BE 2.6 charge coupled device (CCD)
camera, providing images with a resolution of 1280×1024 pixels. The corresponding
resolutions per pixel are given in table 3.1. For the highest magnification, the resolution
is 570 nm for a wavelength of λ = 700 nm, although one pixel corresponds to only 80 nm
in the final image. The software ImageJ v1.43u is used to analyze the images.

magnification resolution [ µm/px]
1.25× 6.26
2.5× 3.11
10× 0.82
50× 0.17
100× 0.082

Table 3.1.: Resolution of the optical microscope for the different magnifications.

3.1.2. Scanning electron microscopy

Scanning electron microscopy (SEM) is used to probe titania and titania/polymer films
with a much higher resolution compared to optical microscopy. This higher resolution
is gained via the fact that instead of optical light, electrons are used, which can have a
much smaller wavelength. The electrons are either generated by a hot cathode or a field
emission electrode. In the latter case, the electrons are emitted due to a strong electrical
field enabling the electrons to tunnel out of the cathode material. The electron beam is
subsequently accelerated by a voltage of typically several kV and focused via magnetic
and electrostatic lenses. The sample surface is scanned line-wise by the electron beam
and secondary electrons which are emitted by the sample’s material are detected at small
distances between the detector and the sample surface. Besides those secondary electrons,
also backscattering of the electrons and cathodoluminescence occurs which, however, are
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mostly not used to generate the image. The intensity of the secondary electrons is recorded
for each scanned position of the sample surface and is dependent on the material and the
sample-detector distance. This way, a grey scaled image with different brightness values is
obtained, depending on different materials and topographic changes of the sample surface
with possible lateral resolutions below 10 nm [112]. Although, vertical changes of the
sample surface result in a higher secondary electron intensity and thus, in a brighter spot
in the final SEM image, the topographic information are only of qualitative nature.

All SEM measurements presented in this work are performed on a FESEM Gemini
NVision 401 controlled by the software SmartSEM, both by Carl Zeiss. Acceleration
voltages ranging from 0.4 to 5 kV are used in combination with working distances between
the focussing point and the detector between 0.5 and 3.5 mm in order to obtain images
with sufficiently high resolutions while avoiding too strong charging of the sample. The
appertures are varied between 7.5 and 15 µm. The secondary electrons are detected by
an InLens detector which is positioned ring-like around the primary electron beam. The
obtained SEM images are post-treated and analyzed by the image processing software
ImageJ v1.43u.

Insulating materials such as non-conductive polymers are charging up over time due
their poor electrical conductivity. This prevents proper focusing, making them more
difficult to be measured. With adapted working parameters, such as very low voltages
well below 1 kV and small working distances of less than 1 mm, SEM measurements of
these insulating materials is still possible although typically only at lower magnifications.
The substrate also needs to have a sufficiently high conductivity to transport accumulated
charge away from the sample into the ground. Therefore, silicon was employed as substrate
material whenever possible. In case of measuring solar cells, which are built on TCO/glass
substrates, a small stripe of conducting graphite tape is attached to the sample surface
close to the investigated area to improve the removal of accumulated charge. Other than
that, no additional sample preparation was necessary.

To measure cross-sectional images with SEM, the samples are broken over a metal edge
after being scratched on the backside with a diamond cutter. In the case of samples
containing soft materials, like polymers, the samples are frozen in liquid nitrogen before
breaking. The sample stage is able to tilt up to 63°. All cross-sectional SEM images were
measured either at a tilt angle of 53 or 60° which is corrected for by the software for
correct representation of the cross-section.

1FESEM NVision 40 by Carl Zeiss at chair of Prof. Alexander Holleitner, Walter Schottky Institut,
TUM.
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3.1.3. Atomic force microscopy

A major constraint of optical and also electron microscopy is the fact that both are only
able to produce two-dimensional images and therefore, are hardly able to access height
information about the sample surfaces. Using atomic force microscopy (AFM), a three-
dimensional map of the sample surface is attainable with full quantitative preservation of
the height information.

The basic working principle of AFM is based on the interaction of a very small tip,
having a radius of typically only a few nanometers and the surface atoms of the sample.
Therefore, the tip has to be brought to very close proximity to the sample surface so
that an interatomic force is detectable. A simple Lennard-Jones potential with a short-
range repulsive and a long-range interactive part is assumed. Three different modes of
operation are commonly used: the non-contact, contact, and tapping mode. The AFM
measurements conducted in the present thesis are all performed in tapping mode in order
to avoid damaging the soft matter surfaces of the investigated samples. Figure 3.1 shows

Figure 3.1.: Schematic AFM setup. The sample is placed on a moveable stage which is con-
trolled via piezo elements. The cantilever with the tip is positioned above the sample, and its
displacement is detected via a laser, which is reflected from the cantilever onto a multi-segmented
photodiode. An electronic feedback system is responsible for readjusting the sample position
underneath the tip and data processing.

a schematic AFM setup and its functional principle. The tip is mounted on a cantilever
with a defined spring constant. For the tapping mode, the cantilever is excited close to
its resonance frequency ω and the sample is moved horizontally below the tip at a small
sample-tip distance of less than 100 nm. However, since the AFM is used in tapping mode,
the tip is still repeatedly touching the sample surface. The sample which is positioned
underneath the tip is moved in the xy-plane beneath the tip via a piezo controlled stage.
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A change in height of the sample’s surface results in a change of the cantilever’s amplitude.
This change is detected via a change in the deflected signal of a laser, which is focused on
the front end of the cantilever, on a multi-segmented photodiode. Feedback electronics
account for that change and reposition the sample in z-direction so that the original
sample-tip distance is restored. By scanning the sample line-wise and simultaneously
recording of the vertical change of position, a full height map is attained.

The AFM measurements in this thesis were performed with two different AFM instru-
ments with identical functional principles:

AFM-1: The first instrument used was a Autoprobe CP Research (Veeco Metrology
Group). The tips, with a curvature radius of 10 nm, were mounted onto conically shaped
cantilevers (Ultralever OLNC-B), which had resonance frequencies between 70 and 80 kHz
and a spring constant of 2.1 N/m.

AFM-2: The second AFM instrument used for this thesis is a JSPM-5200 AFM
(Joel). The applied tips had a curvature radius of less than 15 nm and were mounted
onto cantilevers (ULTRASHARP NSC35/ALBS, MikroMasch), having a spring constant
of 7.5 N/m and a resonance frequency of 210 kHz.

For both instruments the radii of the employed tips were small compared to the structure
size of the sample surfaces. The recorded AFM data consisted of 256×256 data points.
The software Gwyddion v2.20 was used to post-treat and analyse the obtained AFM data,
e.g. polynomial background correction to compensate for the drift of the piezo motors or
extracting height profiles from topography images.

3.1.4. X-ray diffraction

Information about the crystallinity is accessed by x-ray diffraction (XRD). In addition
to the crystal phase, also crystallite sizes in the case of polycrystals and the degree of
crystallinity can be determined. The discussion on the theoretical basics of reflectivity is
provided in section 2.4.1.

A D50002 (Siemens) and a D8 (Bruker) are used for the XRD measurements. The
machines are controlled by the software XRRcommander, Diffrac.commander and XRD-
wizard to program measurement routines and protocols. The principle setup of XRD
measurements is similar to the one being used for x-ray reflectivity (XRR) measurements,
which is illustrated in figure 3.2, but with no knife-edge being used. The x-rays are gen-
erated by an x-ray tube with a copper anode operated at 40 kV and 30 mA. The copper
the Kα emission line is used, having a wavelength of λCu = 0.1541 nm. The x-ray beam

2D5000 by Siemens at chair of Prof. Peter Böni, Lehrstuhl für Neutronenstreuung, TUM
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impinges on the samples of sizes larger than 2.0 × 2.0 cm2 under an angle θ. Simultane-
ously, the angle between the point detector and the incoming x-ray beam is always kept
at 2θ. Typical angular spans range from 20 to 60° with a step size of 0.05°. Prior to every
measurement, the silicon (400) peak at 2θ = 69.17° (for λCu) is measured for alignment,
by scanning from 2θ = 68.5 to 70° with a step size of 0.01° and a counting time of 0.1 s
per step. The width of the silicon (400) peak is also a measure for the resolution of the
instrument as only single-crystalline (100) silicon substrates were used for XRD measure-
ments. Due to the small scattering volume of the thin films investigated in the present
thesis, long counting times of 100 s per step are used for all measurements.

The software PeakFit v4.12 by SeaSolve Software Inc. is used for evaluation of the XRD
data, and the crystallite sizes are calculated from the fit results via the Scherrer-Equation
2.26. The reference peaks for anatase and rutile TiO2 are taken from The International
Centre for Diffraction Data (ICDD).

3.1.5. X-ray reflectivity

With x-ray reflectivity (XRR) information about the vertical film composition is accessi-
ble, including film thickness and roughness. The discussion about the theoretical basics
of reflectivity is provided in section 2.4.2. A D50002 by Siemens is used for the XRR mea-
surements. The machine is controlled by the software XRRcommander and XRDwizard
to programm measurement routines and protocols. Figure 3.2 shows the principle setup
for XRR measurements. It consists of the x-ray source (λCu = 0.1541 nm), several slit
systems, an absorber, and a point detector. The angle θ between the x-ray beam and
the sample is varied stepwise, while the angle between the incoming x-ray beam and the
point detector is simultaneously varied by 2θ. Depending on the sample, 2θ is typically
scanned from 0 to about 7°. The knife-edge is positioned just above the sample at a very
close distance to cut of part of the x-ray beam. Its function is to narrow the illuminated
area on the sample and allows for a sufficiently high angular resolution while using larger
slits. Narrow slits behind the x-ray source and before the detector would also provide a
high resolution, but would in return result in a drastic decrease in intensity. The sam-
ples, which can be both on silicon or glass substrates, are larger than 2× 2 cm2, in order
to allow for large enough slits and thereby for high enough intensity. Other than this,
no special requirement or treatment is necessary before the measurement. The probed
intensity during a XRR measurement typically ranges over 6 orders of magnitude. This
requires to divide the probed angular range into three overlapping regions. In the first
region until around 0.5°, an absorber is used to shield the detector from the high intensity
of the totally reflected x-ray beam. Also, short counting times of less than 10 s per step
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Figure 3.2.: Schematic setup of XRR and XRD measurements. The beam from the x-ray source
is collimated by slits and is hitting the sample surface under an angle θ. The knife edge is used
in XRR measurements for further collimating the beam and reducing the diffuse scattering. For
XRD measurements, the knife egde is moved completely out of the beam. Behind the sample,
the scattered x-rays are passing through another slit system and are then detected by a point
detector under 2θ with respect to the incoming beam. Depending on the angle, a variable
absorber can be put in front of the detector to protect it from beam damage.

are sufficient. For the second region, typically ranging from 0.4° to 1.1°, similar short
counting times are used but without employing an absorber. For the remaining angular
range, which exhibits only low reflected intensities, long counting times of up to 120 s
per step are necessary to obtain data with enough statistics. After the measurements,
the three different regions are combined to one final reflectivity curve with the software
Diffrac.EVA.

The XRR data are fitted with the Parratt32 software, Version 1.6.03, which is using
the Parratt algorithm [96, 113]. In short, for fitting a layer stack a scattering length
density (SLD) profile for a layer stack is assumed and its corresponding reflectivity curve
is calculated and compared with the measured reflectivity curve. Iteratively, via altering
the SLD profile a fit to the data is obtained.

3.1.6. White light interferometry

White light interferometry (WLI) is used to measure the thickness of the investigated
titania films. WLI is based on the principle of interfering light at the interfaces of thin

3software Parratt32 by Christian Braun, 1997-2002, HMI Berlin
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films. Incoming light will be partially reflected on the top and bottom interface of the
film, respectively [114, 115]. Resulting from these reflections the two reflected waves can
interfere with each other either in a constructive or destructive way. The phase relation of
the two waves is defined by their difference in optical path length. The optical path length
depends on the film thickness d, the optical constants of the film n(λ) and k(λ). Two
reflected waves are in phase with each other and consequently interfere in a constructive
way, if the optical path length is an even multiple of λ/2. Conversely, the two waves
are opposite in phase with each other and therefore interfere in a destructive way, if the
difference in optical path length is an odd multiple of λ/2. From this qualitative point of
view, it can be deduced that the intensity of the reflected light R varies periodically with
λ−1. The shape of the reflectivity curve R(λ) i.e., the amplitude and periodicity depends
on the film thickness, the optical constants, and other properties such as roughness of the
interfaces.

The measurements are performed with a F20-UV thin-film analyzer (Filmetrics Inc.)
with a custom made measurement chamber which allows for well defined control of the
temperature and humidity. The software for analyzing the data is provided with the
device. The beam of white light is produced by a regulated deuterium and tungsten
halogen light source and is impinging perpendicularly on the film surface. This way the
optical path length is parallel to the film thickness. Light is reflected at the film’s interfaces
and the characteristic oscillations in reflected intensity are detected by a wavelength-
sensitive detector over a range from 400 to 1100 nm. At this point it is important to note
that the investigated sample has to be optically transparent in the investigated wavelength
range as otherwise light will be absorbed which influence the detected intensity leading to
errors in the measurement. For titania films, this puts a lower limit to the wavelength as
below 400 nm the wide band gap semiconductor starts to absorb strongly. Additionally,
this means that no optically active materials such as dye-sensitized titania films or hybrid
films containing for example P3HT can be investigated with this method. With the
available setup, film thicknesses between 15 nm and 70 µm are measurable. For WLI,
all samples are prepared on silicon substrates as they provide a high reflectivity and
very smooth surface. After each measurement, a model system consisting of the silicon
substrate and one layer of titania or polymer/titania composite with variable thickness,
and optical parameters is assumed and a corresponding reflectivity curve is calculated. A
fitting algorithm of the software alters the parameters of the layer to match the calculated
curve with the measured reflectivity data until a satisfying fit is obtained and the desired
parameters are extracted.
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3.1.7. Grazing incidence x-ray scattering

Grazing incidence scattering (GIS) is chosen to obtain information about crystallinity
and inner morphology of thin film samples. The basic theoretical background is provided
in section 2.4.3 and a sketch of the setup is shown in figure 3.3. Due to the limited
area of the detector, the sample-detector distance (SDD) defines the detectable scattering
angles and therefore the resolvable length scales. In the case of short SDDs (≈ 10 cm),
large angles can be detected corresponding to small distances below 1 nm within the
investigated samples. This way, information about the molecular arrangement, i.e., the
crystallinity, is obtained by grazing incidence wide angle x-ray scattering (GIWAXS).
In the case of longer SDDs (≈ 200-400 cm), smaller angles of typically less than 5° are
detected, corresponding to distances ranging from approximately 1 nm up to 1 µm. Thus,
information about the inner structuring of the investigated samples, such as pore sizes and
domain distances is obtained by grazing incidence small angle x-ray scattering (GISAXS).
In principle, the SDD can be increased even further to probe even smaller angles and hence
larger distances within the thin films. Then, the method is typically referred to as grazing
incidence ultra small angle x-ray scattering (GIUSAXS) which can for example be used
to probe superstructures of imprinted samples [116].

The signal of the scattered x-rays is detected on a two-dimensional detector. Depending
on the beamline and the kind of measurement, two different types of detectors are em-
ployed. The first is a MarCCD 165 area detector (Marresearch GmbH) with 2048× 2048
pixels of a pixel size of 79.1×79.1 µm2. The detector is made from one big segment and has
a round active area of 165 mm diameter. The MarCCD detector has a read-out noise of
roughly 10 counts/pixel which consequently requires sufficiently high scattering intensities
i.e., long counting times to adequately distinguish the desired signal from the background
noise. Therefore, the MarCCD is mainly used for static measurements with long counting
times. The second type of detector is the Pilatus 300K or 1M (Dectris). It is built up from
several segments, each consisting of 487 × 195 pixels with a pixel size of 172 × 172 µm2.
At the connections of the segments, the detector exhibits blind areas. The Pilatus 300K
consists of three segments with a total active area of 83.8 × 106.5 mm2 resulting in 2d
scattering data of 487× 619 pixels. The Pilatus 1M consists of ten segments with a total
area of 168.7×179.4 mm2 divided into 981× 1043 pixels. The Pilatus detectors exhibit no
background noise which make them very sensitive also for low scattering intensities. The
missing background noise and a very fast readout time of 7 ms makes them highly suitable
for experiments with short counting times i.e., very high time resolutions. The measured
intensity is presented by a false color code with logarithmic scaling starting from black,
via blue to green and yellow to pink and finally white, as shown in figure 3.4.
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Figure 3.3.: Schematic setup of grazing incidence x-ray scattering measurements. The x-ray
beam #–

ki (depicted in green) is impinging the sample surface under a shallow angle αi. The
scattered beam # –

kf is defined by the two angles αf (relative to the incident beam within the
xz-plane, also called scattering plane) and ψ (relative to the incident beam within the xy-plane).
The scattered signal is detected on a 2d detector at short sample-detector distances in the case
of GIWAXS and at longer sample-detector distances in the case of GISAXS, as indicated by
the two double-headed arrows. The signal of the direct and the specularly reflected beams are
blocked by rod-like or round beamstops to avoid oversaturation of the detectors. Depending on
the sample-detector distance, different length scales of the samples are probed. Exemplary 2d
scattering data is shown for GIWAXS and GISAXS.

The GIWAXS and GISAXS measurements are performed at the BW44 and the P035.
The most significant difference between the two beamlines is the increase in scattering
intensity by a factor of 750 for the P03 at the third generation synchrotron ring PETRA
III. A detailed comparison between the two beamlines can be found in literature [117].
For measurements at the BW4, a wavelength of λBW4 = 1.381 Å is chosen and the x-ray
beam is focused by beryllium compound refractive lenses (Be CRLs) to a size of typically
23 × 36 µm2 in vertical×horizontal direction. At the P03, two different wavelengths are
used for the GISAXS investigation of this thesis: λP03,1 = 0.951 Å and λP03,2 = 1.088 Å.
The beamsize is similar to the one set at the BW4 with typical values of 22 × 31 µm2.

4beamline BW4 at the synchrotron ring DORIS III, DESY, Hamburg
5beamline P03 at the synchrotron ring PETRA III, DESY, Hamburg
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The lower wavelength of the x-rays at the P03 results in lowered values of the material
specific critical angles and consequently to lower incident angles (see equation 2.22). For
example, if in the case of BW4, an incident angle of 0.4° is used, an incident angle of 0.3°
needs to be chosen at the P03 to gain approximately the same information.

GIWAXS

The basic setup of GIWAXS measurements is shown in figure 3.3. An x-ray beam im-
pinges the sample under a shallow angle of about 0.2° relative to the sample surface and is
detected on a 2d detector which is placed at short distances of roughly 10 cm behind the
sample. To shield the detector from the high intensities of the direct and the specularly
reflected beam a short rod-like beamstop is employed. Due to the short distance between
the sample and the detector, no additional flight tube is installed and the x-rays travel
through air. A detailed description of the principle alignment procedure is given in refer-
ence [118]. The analysis of the 2d GIWAXS data is performed with the program Fit2D6.
Unlike for x-ray diffraction measurements, where typically only the specularly reflected
beam is measured (see section 3.1.4), the GIWAXS data contains information about the
orientation of the crystals relative to the sample surface. For quantitative information
about the respective crystal parameters like lattice constants or stacking distances in the
case of crystalline polymers like P3HT sector integrals, also referred to as cake-integrals,
are taken from the 2d scattering data as depicted in figure 3.4(a). They are obtained by
azimuthal integration of slices of the GIWAXS 2d data. If the investigated materials ex-
hibit different scattering signals in αf and ψ, these cake integrals are typically performed
horizontally from 0° to 10° and vertically from 85° to 95°. The integrals in horizontal
and vertical direction yield information on the crystal orientation parallel and vertical to
the sample surface, respectively. Additionally, also so-called tube integrals are performed.
They are obtained by selected radial integrations of the 2d GIWAXS data and result in a
plot of the crystal orientation relative to the substrate χ versus the scattering intensity.
All samples investigated with GIWAXS in this thesis are prepared either on glass or sil-
icon substrates. The background signal arising from the sample substrate is subtracted
by measurements of the pure silicon or glass substrates. The remaining peaks of the cor-
rected sector integrals exhibit the typical peaks of the corresponding crystal structures.
The peaks are fitted with the software PeakFit (SeaSolve Software Inc., v4.12). From this,
conclusions about the crystallinity, the crystal size, and in case of titania also about the
crystal phase can be derived. The crystallite size is calculated by the Scherrer equation
(2.27).

6software Fit2D by Andy Hammersley, 1987–2005, ESRF, Grenoble
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Figure 3.4.: GIWAXS integrals and GISAXS cuts: (a) exemplary GIWAXS and (b) GISAXS
data along with the integrals which are typically performed for analysis. In the case of GIWAXS,
so-called cake (green, red) and tube (yellow) integrals are performed and in the case of GISAXS
line cuts are taken, each typically in vertical (green) as well as in horizontal (red) direction.

GISAXS

The setup of GISAXS measurement is in principle the same as for GIWAXS measurements
(see figure 3.3 with the difference of a significantly larger sample to detector distance. Due
to the longer distance, an evacuated flight tube is installed between the sample and the
detector to minimize scattering from air. In case of GISAXS measurements at the BW4
beamline, the SDD is roughly 2 m. At the P03, a variable flight tube is installed which
allows for quick changes in the SDD between approximately 1 and 4 m. In the present
thesis an SDD of typically 3 m is used for GISAXS measurements at the P03. The grazing
incidence geometry results in a relatively large footprint of the x-ray beam in the millime-
ter range. Together with incident angles chosen above the critical angles of the respective
materials, a considerable large volume fraction of the investigated samples is probed, as
described in chapter 2.4.3 [102]. Due to the larger SDD, structures with sizes between
5 nm and 1.5 µm are accessible. To protect the detector from oversaturation, both the
direct beam and the specular reflected beam are shielded with beamstops. In the case of
using the MarCCD detector, a rod-like beamstop which is shielding the complete signal
at qy = 0 is employed occasionally to obtain better statistics at higher qy-regions. The
scattering data in the vertical direction contains information about the film composition
perpendicular to the substrate, whereas the data in the horizontal direction reveals infor-
mation about structures arranged parallel to the substrate. For a detailed analysis, line
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integrals in horizontal and vertical direction are taken as depicted in figure 3.4(b). The
cuts are either extracted by the software Fit2D, or by the program DPDAK7.

The software DPDAK allows for batch processing and thus is especially useful for the
analysis of large amount of data such as in-situ measurements with high time resolutions.
However, so far it only allows for a basic analysis by simply fitting peaks into the char-
acteristic scattering features of the line integrals. To obtain more accurate information
about the lateral structure, custom-made macros are used to fit the horizontal line cuts.
Depending on the investigated systems, the fitting models assume either one, two, or
three cylindrical form factors with a Gaussian distribution of their radii, together with
equally as many 1d paracrystals as structure factors in the so-called local monodisperse
approximation (LMA). In the LMA, each object is considered to only scatter with other
object of the same form factor, meaning that the respective objects and structures are
independent of each other. All parameters are distributed with a Gaussian function to
account for polydispersity. From this fitting, information about lateral structure sizes
along with their corresponding distributions are obtained. For a more complete analysis,
the software IsGISAXS8 is used [100]. With this software not only the lateral (qy) but also
vertical (qz) information is fitted. It offers the possibility to assume more complex models
like objects embedded in a layer on a supporting substrate. From the fitted parameters,
IsGISAXS fully simulates the 2d GISAXS scattering image and which is compared to the
measured data and thereby allows for a more complete description of the investigated
systems.

3.2. Spectroscopic and electronic characterization

Inner material properties, such as band gap and sub-band states as well as absorption
or charge carrier recombination are detected via spectroscopic and electronic methods.
From these, conclusions about the applicability of the investigated material systems are
drawn. Again, all the graphs of the 1d data are plotted with the software Genplot v.2.11,
a plotting and data analysis package by Computer Graphic Service Ltd.

3.2.1. UV/Vis spectroscopy

The transmittance and the reflectivity from the ultraviolet to the near infrared is probed
with UV/Vis spectroscopy (UV/Vis). Two different UV/Vis spectrometer are used in

7Directly Programmable Data Analysis Kit (DPDAK) by Gunthard Benecke, DESY Hamburg &
MPIKG Potsdam

8software IsGISAXS v2.6 by Rémi Lazzari, ESRF, Grenoble



70 Chapter 3. Characterization methods

this thesis. The first is the Lambda 35 (PerkinElmer) and the second is a Lambda 650 S.
Both instruments have two lamps installed, a halogen lamp for providing light in the
near infrared and the visible range and a deuterium lamp which is used for the UV
region. In case of the Lambda 35, the available wavelength region stretches from 190 to
1100 nm and the switch between the light sources happens at 326 nm. A scan speed of
120 nm/min and a spectral slit size of 1 nm is used to measure the samples. The Lambda
650 S is equipped with an integrating sphere (Spectralon R, highly reflective, 150 mm).
The available wavelength spectra ranges from 190 to 900 nm and the switch between the
lamps occurs at 320 nm. The slits are set to 1 nm and a scan speed of 256 nm/min is used
to measure the samples.

During the measurements, the incoming beam of light is split into to single beams of
which one functions as reference beam and the other one is probing the sample. Both
beams are detected individually by photo diodes. Before every transmission measurement,
the two beams are calibrated by the so-called autozero measurement. In case of transmis-
sion measurements, the bare substrate is either put into the reference beam (Lambda 35)
or is put into the sample beam during the autozero calibration measurement (Lambda
650 S) to only detect the influence of the titania and polymer films. The ratio of the
beams going through the reference and going through the sample is saved. From this
intensity ratio, the absorbance A(λ) is calculated using the Beer-Lambert’s law

A(λ) = − log10

(
It(λ)
I0(λ)

)
= α(λ)d log10 e, (3.1)

with the initial and the transmitted intensities I0(λ) and It(λ), the material specific
absorption coefficient α(λ), the layer thickness d, and Euler’s number e. The linear de-
pendence of the absorbance to the layer thickness possibly allows for the determination
of the thickness of the investigated layer, given that the absorption coefficient is known
for the specific material. Since the glass substrates, on which the samples are prepared to
investigate the absorption behavior, absorb strongly below 290 nm transmission measure-
ments are not performed at smaller wavelength. The absorbance measurements allow for
an extraction of the band gap energy Egap of the investigated films. For this, (αE)n is
plotted versus the energy of light E = hc0/λ, with the Planck’s constant h and the speed
of light c0. Then the band gap energy can be extracted using the so-called Tauc equation

(αE)n = B(E − Egap) (3.2)

by a linear extrapolation and the resulting intersection with the x-axis [119]. The exponent
n depends on the type of band gap of the investigated material. In the case of a direct
band gap n = 2 and in the case of an indirect band gap n = 1/2 [120]. At this point
it is important to note that the type of band gap has to be known beforehand because
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the equation needs to be adapted accordingly. For titania, both crystalline phases, rutile
and anatase, exhibit an indirect band gap [26, 27]. Therefore, the exponent is fixed to
n = 1/2 which allows for a quick determination of the crystalline phase via the resulting
band gap energy. Furthermore, in the case of P3HT the absorbance spectrum can be
used to estimate the exciton band width and the degree of crystallinity in the frame of
the weakly coupled H-aggregate model, as described in section 2.3.1.

To measure the reflectivity with UV/Vis, the autozero calibration is performed by mea-
suring the reflectance of a reference mirror before the actual measurement. For reflectance
measurements, the samples are prepared on silicon substrates. The bare substrate is also
measured for comparison.

3.2.2. Photoluminescence spectroscopy

With photoluminescence spectroscopy (PL), radiative electron transmissions across the
band gap and from sub-bands to the top of the valence band can be probed. For this,
the sample is irradiated and thereby excited with light of one wavelength. The radia-
tive response of the sample is detected, whereby the wavelength of the emitted light is
always longer than the excitation wavelength. PL is measured with a LS55 fluorescence
spectrometer from PerkinElmer, which is controlled by the software FLWinlab, also by
PerkinElmer. A Xenon discharge lamp acts as the light source generating short pulses
with a half-life of less than 10 µs, and wavelengths ranging from 200 to 800 nm. Typically,
the excitation wavelength is chosen to be well above the band gap energies of the investi-
gated materials, e.g. 350 nm (3.5 eV) in the case of titania. The emitted signal is detected
under an angle of 90° in dependence of the wavelength with a red-sensitive Hamamatsu
R928 photomultiplier. The spectrometer has several cut-off filters installed in front of
the detector, which act as high-pass filters, so that only longer wavelengths can reach the
detector. A suitable cut-off filter was always chosen to block the primary excitation signal
from reaching the detector and thus, superimposing the PL signal. Typical scan speeds
ranging from 500 to 800 nm/min were used for the measurements presented in this thesis.

In case of a optically active polymers, such as P3HT, visible light is absorbed and the
photon energy is used to excite and electron which subsequently forms an exciton. After a
short time of typically less then a nanosecond, the exciton recombines under the radiation
of light of longer wavelength which is detectable in the PL spectrometer. However, once an
interface with an electron accepting material is present in close vicinity of the exciton, the
electron-hole pair can dissociate into free charge carriers which then are separated spatially
that far so that they cannot recombine directly. Thus, the radiative emission is prohibited
and no fluorescence signal is detectable. This effect is called quenching. Therefore, by



72 Chapter 3. Characterization methods

measuring the photoluminescence of the pure polymer and a hybrid film with titania as
electron acceptor, conclusions about the interface between organic and inorganic material
are obtainable. As known for example for P3HT:PCBM solar cells, the PL spectra of
P3HT is almost completely quenched in case of the bulk heterojunction which indicates
that virtually all generated excitons are separated by the two materials [121].

At this point a brief discussion about measuring opaque films is given. In the photo-
luminescence spectrometer used in this thesis, the sample is tilted towards the incident
beam so that the specular reflection is not reaching the photomultiplier. However, in the
case of opaque film, light is diffusely scattered into all directions which is consequently
able to reach the detector despite the tilted sample surface. Even though cut-off filters
are installed, the elastically scattered light is typically of that much higher intensity, so
that it is able to pass the filter and reach the detector. This results in a measured in-
tensity which is not arising due to fluorescent processes inside the investigated materials
but from diffusely scattered light dominating the detected signal. This intensity is in
general independent of the chemical composition of the sample but only caused by elastic
scattering due to a high surface roughness or large particles inside the sample. This can
be verified by changing the wavelength of the excitation source and re-measure the pho-
toluminescence spectra. If a shift in the detected signal occurs this is a strong indication
for elastically scattered light which overlaps with the fluorescent signal of the investi-
gated films. This effect is especially disadvantageous when probing quenching effects as
these experiments aim for low intensities. In general two possible ways of overcoming
this problem of diffusely scattered light are suggested: one way is to probe thick enough
samples which result in a very high florescence signal so that the interference radiation
of elastically scattered light is comparably low and therefore can be neglected. The other
way is to change the sample preparation procedure so that less opaque films are obtained.
This could for example be achieved by a change in the film deposition such as using
spin-coating instead of solution casting.

3.2.3. I/V characterization

The performance of solar cells is investigated by probing the current-voltage characteristics
(I/V). For that, a voltage is applied by a Keithley 2400 sourcemeter and the current
response of the solar cell is measured. A custom made software based on Testpoint V6 is
used to control the sourcemeter. The applied voltage is varied from -1 to 0.3 V in steps
of 0.01 V and a delay time of 0.01 s per step. The solar cells are always measured in the
dark and under illumination with a solar simulator (SolarConstant, K. H. Steuernagel
Lichttechnik GmbH). The solar spectrum is provided by a special halide lamp with rare



3.2. Spectroscopic and electronic characterization 73

earth metals. Using a silicon-based calibration solar cell (WPVS Reference Solar Cell
Type RS-ID-3k Fraunhofer ISE), the light intensity of the lamp is set to 1000 W/cm2.
This corresponds to AM1.5, the standardized air mass coefficient which takes into account
the attenuation of sun light by the earth’s atmosphere. To ensure homogeneous sample
illumination, the solar simulator is equipped with a reflector system in combination with
a borosilicate filter with an integrated diffusor. While measuring the solar cells, the single
pixels are measured and illuminated individually using a shadow mask. After measuring,
the current is normalized to the active area of the solar cell pixels and the resulting current
density j is plotted versus the applied voltage. An exemplary I/V curve of a DSSC is
shown in figure 3.5 along with the basic definitions.

Figure 3.5.: Exemplary I/V curve of a DSSC along with the basic definitions. The dark curve
(black solid circles), the curve under illumination (black open circles), and the power-voltage
curve (red open squares) are shown. The short-circuit current jSC , the open-circuit voltage
UOC , and the maximum power point MPP are indicated at the corresponding positions. The
fill factor FF is calculated by the ratio of the areas of blue and green rectangles at the MPP

and at jSC ·UOC . In the example, jSC = 12.3 mA/cm2, UOC = 0.77 V, FF = 59.9%, resulting
in an efficiency of η = 5.66%.

From the spectra, the typical parameters which are used to characterize the solar cell’s
performance are extractable, namely the open-circuit voltage UOC for j = 0, the short-
circuit current jSC for U = 0, and the maximum power point MPP where the power
density P = j · U is at the maximum. The fill factor FF of a solar cell is defined as the
ratio between the power at the MPP and the maximum possible power Pmax set by the
product of UOC and jSC :

FF = PMPP

Pmax
= jMPPUMPP

jSCUOC
. (3.3)
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A visual representation of the FF is given in figure 3.5, where the FF constitutes the
ratio of the areas of the blue rectangle to the green rectangle. In the case of an ideal solar
cell, the I/V curve should have an almost rectangular shape. Two additional parameters
which are used to describe the properties of a solar cell are the so-called series resistance
and the shunt resistance. The former is determined by the slope of the I/V curve at
UOC and should be as low as possible, which would result in a steep slope. The latter
is determined by the slope of the I/V curve at jSC . It is a measure for leakage currents
within the solar cells and consequently should be as high as possible which would result
in a flat slope. The power conversion efficiency (PCE) η of the solar cell is defined by
the ratio of extracted power density Pout = PMPP to the incident power density Pin from
illumination (Pin(AM1.5) = 1000 W/cm2). Using the extracted parameters, the PCE of
the solar cell can be calculated by

η = Pout

Pin
= jSCUOCFF

Pin
. (3.4)



4. Sample preparation

In this chapter the basic materials and processing steps which were involved in the prepa-
ration of the samples investigated in this thesis are presented. More detailed information
about the parameters used for the respective investigations are provided in the beginning
of the corresponding chapters 5 to 7.

Section 4.1 provides information on the materials used throughout the work related
with the thesis, along with their most important characteristics. The different ways and
steps of processing the samples are introduced in section 4.2. The sol-gel synthesis is
detailed in section 4.2.1 for two different precursors, which were used for the high and low
temperature approach, respectively. In section 4.2.2, various deposition techniques are
explained, such as different variations of spin-coating, and solution casting. For hybrid
solar cells, the backfilling of the previously synthesized titania matrix is of high importance
and is therefore detailed in section 4.2.3. Afterwards, the full assembly of a solar cell is
explained stepwise in section 4.2.4, starting from substrate preparation, over blocking and
active layer fabrication to backfilling and top electrode deposition. Finally, the fabrication
of the imprint masters is introduced in section 4.2.5.

4.1. Materials

The materials used in this thesis can be divided into two groups: materials involved in the
fabrication of the titania nanostructures and corresponding solar cells, and materials used
for imprinting. The former comprises structure-directing polymers, titania precursors,
solid hole-conducting materials, and dye in the case of solid-state dye-sensitized solar
cells (ssDSSC). The latter group includes all materials which were used for fabrication
and preparation of the imprinting masters.

4.1.1. Sol-gel synthesis

The standard sol-gel synthesis, as adapted from reference [57], aims for the fabrication of
titania nanostructures with the help of a structure-directing polymer. The polymer acts
as sacrificial template which is combusted in the final calcination step. For photovoltaic
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devices built with titania films produced by this route, the titania matrix is backfilled
with a solid hole conductor after an optional sensitizing with a dye. The alternative route
of directly fabricating a hybrid film requires a change in materials, since for that case, the
polymer takes over both parts, the templating and the charge transport.

Titania precursors

Two different types of precursor materials were used to synthesize the titania nanostruc-
tures: titanium tetra isopropoxide (TTIP) and ethylene glycol modified titanate (EGMT),
also known as titanium glycolate. The TTIP is used as obtained by Carl Roth GmbH
and the EGMT is synthesized by Thomas Fröschl1, as described in reference [45]. The
chemical structures of the two titania precursors are shown in figure 4.1. TTIP is a col-

Figure 4.1.: Sketches of the chemical structures of the two precursor molecules (a) TTIP and
(b) EGMT. The titanium atoms are given in blue and the oxygen atoms in red. The carbon
atoms saturated with hydrogen are sitting at the crossovers or at the empty ends of the black
lines.

orless, transparent liquid and reacts with water directly to titanium dioxide. Its chemical
formula is C12H28O4Ti where the titanium atom is surrounded by four OCH(CH3)2 lig-
ands via an oxygen bridge, as shown by the sketch in figure 4.1(a). EGMT is a solid,
crystalline material and is obtained as a white powder. For further processing with sol-
gel chemistry, it is typically first dissolved in strong acidic solutions. The stoichiometric
formula of EGMT is C4H8O4Ti, which is sketched in figure 4.1(b). Each titanium atom
is connected to two (C2H6O2) ligands via the oxygen atoms. However, the sketch is not
describing the unit cell of an EGMT crystal. The unit cell is build up of TiO6 octahedrons
which are connected via the edges along one axis to form long chains. The powder re-
flexes of EGMT crystals can be found in reference [122]. Since the octahedral orientation

1Thomas Fröschl, group of Prof. Nicola Hüsing, Paris-Lodron University Salzburg, Hellbrunner Str. 34,
5020 Salzburg, Austria
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is already present inside the EGMT, crystallinity of titania (see section 2.2.1) is already
achievable at room temperature and can be tuned from anatase to rutile by adjusting the
pH-value from above 2 to below 0 [122,123].

Structure-directing and functional polymers

For structuring the titania films, three different polymers were applied: poly(styrene-
block-ethylene oxide) (P(S-b-EO)), poly(3-ethylene oxide thiophene) (P3EOT), and poly(3-
hexyl thiophene-block-ethylene oxide) (P(3HT-b-EO)). The latter two also served as func-
tional i.e., hole-conducting materials. Figure 4.2 shows the chemical structures of the
three polymers. P(S-b-EO) is used as obtained from Polymer Source Inc., Canada. The

Figure 4.2.: Sketches of the chemical structures of the three structure-directing polymers (a)
P(S-b-EO), (b) P3EOT, and (c) P(3HT-b-EO). The oxygen atoms are shown in bright red, the
polystyrene block in orange, the ethylene oxide block in green, and the sulfur atoms and the
thiophene blocks are depicted in dark red. Carbon atoms saturated with hydrogen are residing
at every junction and empty line ending.

P3EOT and P(3HT-b-EO) were both synthesized by Philipp Lellig2, as described in ref-
erences [124, 125]. More details about the three polymers, like molar masses and poly-
dispersity, are summarized in table 4.1. The commercially available diblock copolymer
P(S-b-EO) can be used together with TTIP as precursor for the fabrication of many dif-
ferent nanostructured titania thin films [57,126]. P3EOT was synthesized with the idea of
modifying P3HT in a way, so it can directly be used for structuring. For that, the hexyl
side chain is substituted with an ethylene oxide side chain for selective incorporation of
the titania precursor (see section 2.2.3). Changing the side chains of thiophene polymers
is long known in literature to tune the properties to the desired application [127]. Since
the mass of P3EOT is only 5000 g mol-1, it should more correctly be called an oligomer.

2Philipp Lellig, group of Prof. Jochen S. Gutmann, Max Planck Institute for Polymer Research, Ack-
ermannweg 10, 55128 Mainz, Germany
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polymer Mn [kg/mol] PI polymer block Mn [kg/mol] Tg [°C]

P(S-b-EO) 21.0 1.04 PS 16.0 75
PEO 5.0 -63

P3EOT 5.0 1.64 – – n.a.

P(3HT-b-EO) 10.0 1.33 P3HT 8.0 n.a.
PEO 2.0 n.a.

Table 4.1.: Properties of the structure-directing polymers: number average molecular mass
Mn, polydispersity index PI, and glass transition temperatures of the different polymer blocks,
if available, are given. The abbreviation n.a. stands for not available.

In the case of P(3HT-b-EO), the idea is to use a diblock copolymer where one block selec-
tively incorporates the titania precursor and the other block works also as functional block
instead of only as a structure-directing placeholder. Another prerequisite for a structure-
directing polymer is, that it is amphiphilic which in the present case of P(3HT-b-EO) is
given, since the P3HT part is hydrophobic, similar to PS.

Hole-conducting materials

Both, hybrid solar cells and ssDSSCs use a solid hole-conducting material to transport
the holes after charge separation to the anode, as explained in section 2.3. In the case of
hybrid solar cells, the hole-conducting materials are the polymers P3EOT and P(3HT-b-
EO), which are introduced in the previous section. Their chemical formulas are shown in
figure 4.2 and details about molecular weight and polydispersity are listed in table 4.1. For
ssDSSCs, the small molecule hole conductor 2,2’,7,7’-tetrakis(N,N di-p-methoxyphenyl-
amine)9,9’-spiro-bi-fluorene (spiro-OMeTAD) was employed. This material was used al-
ready in the late 1990s to build the first successful ssDSSCs and remains up to today
among the best performing hole conductors for ssDSSCs [128,129]. Its chemical structure
is shown in figure 4.3(a). It is a disk-like molecule built up of several benzene rings which
form a conjugated system of double-bonds and shows charge mobilities of the order of
10-4 cm(Vs)-1 [66]. Spiro-OMeTAD was purchased from Merck and used as obtained.

Dye

In ssDSSCs, the task of absorbing the light is performed by a dye, acting as sensitizer,
which is covering the titania matrix, as explained in section 2.3.2. In this thesis, the dye
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Figure 4.3.: Sketches of the chemical structures of (a) the small molecule hole conductor spiro-
OMeTAD and (b) the ruthenium based dye N719. The spiro-OMeTAD is shown in bright green,
the oxygen atoms are depicted in bright red, the ruthenium in dark red, and the nitrogen and
carbon atoms are depicted black. Carbon atoms saturated with hydrogen are residing at every
junction and empty line ending. The label TBA indicates that the dye exists in its protonated
form as tetra-butylammonium salt.

di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ru-
thenium(II) (N719) is used. It is a standard sensitizer for liquid electrolyte as well as
solid-state DSSC [130,131]. Its chemical structure is shown in 4.3(b). It is an octahedral
complex with two bipyridine ligands, which contain substitutions with two carboxylic
acid groups. Two of the carboxylic groups are in the form of tetra-butylammonium
salt (TBA) [132]. This type of dye anchors to the titania via its four carboxylic acid
groups, which was verified via Fourier transform infrared spectroscopy (FTIR) [133]. For
the experiments presented in this thesis, the dye N719, obtained from Sigma Aldrich,
is dissolved in a 1:1 mixture of acetonitrile (C2H3N) and tert-butanol (C4H10O) with a
0.5 mM concentration. The final solution is kept from light by wrapping the container
with aluminum foil and is stored in a fridge to minimize evaporation of the solvents.

4.1.2. Imprinting Materials

For all the various experiments with imprinting of titania thin films, different types of
imprint masters have been used. In principle, they can be divided into two groups,
depending on the type of imprinting.

For soft embossing experiments, hard masters are necessary and thus, polymeric materi-
als are typically less suited. Therefore, silicon or glass are proper choices. Imprint masters
made from silicon (Si-Mat, 100 mm in diameter, 500–550 µm thickness, (100)-orientation,
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boron doped) or glass (Carl Roth GmbH, soda-lime glass, 26×76 mm2) are fabricated
via optical lithography and optionally, a subsequent reactive ion etching step. The other
type of master is obtained from commercially available blank CDs. The photoresist S1805
together with the 351 Developer (both from Microposit) are used as obtained.

The structured imprint masters have to be coated with an anti-sticking layer to prevent
adhesion of the titania film onto the master which greatly improves the reusability of
one imprint master. This is a highly beneficial aspect since the fabrication procedure via
optical lithography is a complex and time consuming step, as described below in section
4.2.5. The anti-sticking agent 1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS) is used
as obtained from Alfa Aesar.

For wet imprinting, polymeric materials are suitable candidates for imprint masters.
In this thesis, polydimethylsiloxane (PDMS) is used. The material with the commercial
name Sylgard 184 (Dow Corning) consists of two components, the polymer and a curing
agent. Both are highly viscous liquids which can adapt to a large variety of geometries.
Upon drying, the material hardens and transforms to a rubber-like state. More technical
details can be found in reference [134]. The PDMS imprint masters have intrinsic anti-
sticking properties and therefore, don’t require any post treatment. The PDMS stamps
are essentially negative images of the respective master structures they are made from.
The two master structures investigated in this thesis are a custom made silicon master
fabricated with optical lithography and standard bisphenol-A polycarbonate masters, re-
trieved from conventional compact disc (CD) blanks (Platinum 700 MB, 4M Systems SA),
in short CD masters.

4.2. Processing

For the fabrication of the various nanostructured thin films, several processing steps are
necessary, starting from the preparation of solution, over deposition on different sub-
strates, to imprinting, and solar cell assembly. In the following an overview about the
different steps and methods for the preparation of the investigated samples is given.

4.2.1. Synthesis of nanostructures

The synthesis of structured titania thin films can be divided in two different routes ac-
cording to the employed titania precursor. The first route uses the titania precursor TTIP
together with the sacrificial templating polymer P(S-b-EO). The second route uses EGMT
as precursor for titania and either P3EOT or P(3HT-b-EO) as structure-directing as well
as functional material for titania hybrid films. For the first route, a final calcination step is
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necessary to obtain crystalline titania and combust the templating polymer, which is not
needed for the second route, because the crystallinity can be controlled via the pH-value
of the sol-gel solution.

Sol-gel synthesis with TTIP

For titania films made from the precursor TTIP, the sol-gel synthesis starts with the
dissolving of the templating polymer P(S-b-EO) in a so-called good solvent which dissolves
both blocks equally well. For this, first the polymer is weighed into a pre-cleaned glass
vial before 1,4-dioxane (C4H8O2), which acted as the good i.e., non-selective solvent, is
added with a pipette. In the present thesis, the polymer concentration in the final sol-
gel solution is always kept at 17.72 mg mL-1 if not noted otherwise. However, initially
not the full amount of 1,4-dioxane is added, but rather between 0.4 and 1 mL less is
used depending on the total volume of the sol-gel solution. The remaining amount of
the solvent is used later on when the precursor TTIP and the selective solvent HCl are
added. It is important to note, that the polymer still is able to dissolve completely in
the reduced amount of 1,4-dioxane. The solution is stirred with a magnetic stirrer for
at least 20 min before filtering it with a 0.2 µm polytetrafluoroethylene (PTFE, (C2F4)n,
Carl Roth GmbH) filter. The required amounts of TTIP and HCl are chosen following
the ternary phase diagram published in reference [57]. Then, the respective amounts of
TTIP and 37% HCl are put in two separate glass vials and are mixed together with the
remaining amount of 1,4-dioxane. The missing amount of 1,4-dioxane is split up on the
two glass vials so that the volumes of the 1,4-dioxane/TTIP and 1,4-dioxane/HCl mixtures
are equal. Afterwards, the two mixtures are injected drop-wise into the filtered polymer
solution with a motorized syringe (PHD 2000 Infuse/Withdraw, by Harvard) using PTFE
tubes. The tubes have a diameter of 1 mm and a length of about 30 cm. The injection
speed is kept constant at 0.7 ml min-1. The final solution is kept stirring for at least
45 but not more than 75 min before coating the substrates as described in section 4.2.2.
After coating the substrates, the thin film samples are stable under ambient conditions.
However, a final calcination step is necessary as described below. A schematic overview
of the sol-gel synthesis with TTIP is shown in figure 4.4.

Sol-gel synthesis with EGMT

The titania precursor EGMT is used for low temperature synthesis of hybrid/titania thin
films. In the present work, two different polymers are used together with EGMT: P3EOT
and P(3HT-b-EO). Samples produced with P3EOT are made in a one-pot synthesis. First
the polymer is weighed into a pre-cleaned glass vial and subsequently dissolved in N,N-
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Figure 4.4.: Schematic overview of sol-gel process with TTIP as titania source. The sol-gel
solution is a well-defined mixture of polymer and precursor in 1,4-dioxane and HCl as good and
bad solvent, respectively. After a mixing with a magnetic stirrer for 45 to 75 min, the sol-gel
solution is deposited on a substrate, exemplarily shown via spin-coating. Note that already in
solution, the nanostructuring starts via the formation of micelles as shown in the inset. In the
end, the so-called calcination step is performed typically in a tube furnace to obtain the final
nanoporous, crystalline titania thin film.

dimethylformamide (DMF, C3H7NO) with a concentration of 10 mg mL-1. Hereby, DMF
acts as a good solvent for the thiophene backbone as well as the ethylene oxide side chains.
The polymer solution is stirred for at least 20 min with a magnetic stirrer and heated to
90 °C in order to dissolve the polymer completely. Subsequently, the titania precursor
EGMT and 37% HCl as selective solvent are added after the polymer is completely dis-
solved and the final solution is kept stirring at 90 °C for another 20 min. Afterwards, the
solution is allowed to cool down to room temperature before coating the substrates as de-
scribed in section 4.2.2. During the whole preparation time, from dissolving the polymer
to cooling back down to room temperature, the solutions are wrapped in aluminum foil
to protect them from light.

Samples fabricated with P(3HT-b-EO) are made in a two-pot synthesis. For this, first
the polymer is weighed into a pre-cleaned glass vial and is subsequently dissolved in
tetrahydrofuran (THF, (CH2)4O) which constitutes a good solvent for both blocks of the
diblock copolymer. Due to limited availability of the polymer, a very low concentration
of 0.8 mg mL-1 is used for all the samples in this thesis. The required amount of THF
is divided in two parts, whereas the first half is used for dissolving the polymer and
the second half is used to dissolve the titania precursor EGMT. The polymer solution is
heated up to 50 °C and kept stirring with a magnetic stirrer for at least 15 minutes to
completely dissolve all of the polymer. The required amounts of EGMT and 37% HCl,
acting as the selective solvent, are mixed together with the other half of THF in a separate
glass vial. The THF/HCl/EGMT mixture is also heated up to 50 °C and kept stirring
on a magnetic stirrer for the same time as the polymer solution. After both solutions
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are completely dissolved, they are mixed together and kept stirring at 50 °C for another
15 min. Afterwards, the solution is allowed to cool down to room temperature before
coating the substrates as described in section 4.2.2. During the whole preparation time,
from dissolving the polymer to cooling back down to room temperature, the polymer
containing solutions are wrapped in aluminum foil to protect them from light.

Calcination

Films made from TTIP need a high temperature step, the so-called calcination, to remove
the polymer matrix and to convert the titania from its amorphous into a crystalline phase.
In some cases, a calcination step is performed independent of the prepration route, with
the goal to remove the polymer in order to probe only the titania structures which are
embedded in the polymer matrix. For the high temperature treatment, the samples are
placed in a ceramic tube of a tube furnace (GERO or Hereaus instruments) in ambient
atmosphere. A calcination in inert gas atmospheres is also possible. For the calcination of
samples prepared with TTIP, the tube furnaces are programmed to heat up at a constant
rate of 375 °C/h up to 400 °C. This temperature is kept for 4 hours and afterwards the
samples are cooled down to room temperature inside the furnace with cooling rates of
100 °C/h and 75 °C/h for the GERO and Hereaus furnaces, respectively.

4.2.2. Deposition methods

Thin film samples are prepared on solid substrates, typically on silicon (Si-Mat, 100 mm
in diameter, 500–550 µm thickness, (100)-orientation, boron doped) or glass (Carl Roth
GmbH, soda-lime glass, 26×76 mm2). Before deposition, the substrates were cut to proper
sizes for the various experiments with a diamond or glass cutter and precleaned in an acidic
bath as described below. Since all samples are prepared from sol-gel or pure polymeric so-
lutions many different deposition methods are feasible, like spin-coating, solution casting,
blade-coating, or spraying. Most of these methods are easily upscalable and are there-
fore already used in industrial applications. In the present thesis, most thin film samples
are prepared via spin-coating or repeated spin-coating. In some occasions, when slightly
thicker films are necessary or if only little amounts of material is available, solution casting
is the method of choice.

Substrate cleaning

To ensure a high reproducibility in film preparation, silicon and glass substrates are
cleaned in an acidic bath before coating with a sol-gel or polymeric solution. This ensures
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a defined state of the substrate surfaces. The acidic bath is a modified piranha solution.
It is prepared from water (H2O), hydrogen peroxide (H2O2), and sulfuric acid (H2SO4) as
described in reference [135]. Details about the mixing ratio of the different components
are given in table 4.2. The components are mixed together in a glass beaker residing in a

chemical amount

H2O 54 mL
H2O2 84 mL
H2SO4 198 mL

Table 4.2.: Overview about the composition of the acid bath which is used for silicon and glass
substrate cleaning. The volume amounts of the three components DI water (H2O), hydrogen
peroxide (H2O2, 30%), and sulfuric acid (H2SO4, 96%) are given.

water bath at room temperature. After mixing, the acid bath is heated up to 80 °C. The
pre-cut substrates are immersed into the acid bath at 80 °C for exactly 15 min. Afterwards,
they are taken out and put into a bath of deionized water (DI water) for intermediate
storage. Each substrate is rinsed with copious amounts of DI water (between 200 and
500 mL per substrate) to remove any traces of the acid. After rinsing, each substrate is
dried with oil-free nitrogen and stored in a closed plastic Petri dishes to protect it from
dust. In the end, all the substrate have a defined oxide layer with a hydrophobic surface.
One acid bath is used at the most three times in a row with roughly 10 samples each time
before a fresh one is prepared.

Spin-coating

Spin-coating is the typical method of choice for the preparation of thin film samples. The
advantages of spin-coating lie in the high reproducibility and homogeneity of the prepared
films. The disadvantages are a high loss of material since most of the used solution is
thrown off the sample and the limited achievable thicknesses range which is typically well
below 1 µm. For the spin-coated samples prepared in this thesis, a Delta 6 RC TT (Süss
MicroTec Lithography GmbH) spin-coater is used. The pre-cleaned substrates are placed
on a rubber mat which lies on the chuck of the spin-coater. It has a hole in the center to
allow a vacuum pump to hold down the sample during the fast rotation. The spin-coater
is programmed with a defined acceleration, rotation speed, and rotation time. Directly
before the spin-coating process is started, the substrate is completely covered with the
prepared solution. Afterwards, the samples are taken off the chuck and are cleaned on
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the backside to remove possible remains of the solution before they are labeled and again
stored in plastic Petri dishes.

The spin-coating process is even today not yet fully understood. In principle, it can be
described as a three-stage process [136]. First, the majority of the solution is flung off the
sample mostly already during the acceleration of the sample in a turbulent process. Then,
convection is the dominant process and finally diffusion of the solvent through the surface
occurs. In case of pure polymer solution an empiric formula has been found to predict
the final film thickness [137]. It shows a linear relation between the thickness and and the
spin-coating speed for a certain regime of the polymer concentration in solution where
the viscosity of the solution is negligible. In the case of spin-coated sol-gel films made
from TTIP precursor, the achievable thicknesses were roughly between 10 and 100 nm for
single spin-coating run. For the hybrid films made from EGMT precursor, the available
thicknesses were much lower mainly due to low concentrations of polymer and EGMT in
solution.

Repeated spin-coating

One possible way to obtain larger film thicknesses and combine different sol-gel morpholo-
gies, which was established during the work of the present thesis, is repeated spin-coating.
This idea is based on previous results from our group where the full sol-gel process from
solution preparation to calcination is repeated several times [138]. To save time, energy,
and material, the procedure is modified so that only one final calcination step is neces-
sary. This is simply done by leaving the sample on the chuck of the spin-coater after one
process is finished and coating it again with solution before starting the process again
as described above. Additional annealing steps between the spin-coating runs are not
necessary. This way thicknesses of up to several hundred nanometers are possible in case
of films made from TTIP based sol-gel solutions. However, only up to four repetitive
spin-coating runs are performed since afterwards, the quality of the final film decreases
strongly with increasing number of spin-coatings.

Solution casting

Solution casting is used to fabricate films of increased thickness or to prepare films from
solutions with very low polymer concentrations. Sol-gel solutions made with DMF as
good solvent are placed on a hotplate which is pre-heated to 35 °C and sol-gel solutions
made with THF as good solvent are placed in a dessicator at room temperature. Both,
the hotplate and the dessicator are placed on height-adjustable aluminum plates which
can be leveled horizontally with a laser based level. The substrates are covered completely
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with a well-defined amount of solution before the dessicator or the box are closed with
a lid, respectively, to provide a constant atmosphere of solvent vapor. To improve the
stability of the atmosphere in the chambers, additional glass vials with solvent can be
added. Then the solutions are allowed to dry completely for several hours to ensure a
slow and defined evaporation of the solvents. The amount of solution deposited on the
substrates is of much higher importance compared to film fabrication via spin-coating,
since all of the solution is converted into the film. Therefore, the amount of used solution
directly translates into the final film thickness, which results in a large range of accessible
thicknesses for this type of deposition method. Although the basic process is rather simple
in theory, in reality solution casting is a difficile method which is highly sensitive towards
many parameters, like changes in temperature, humidity, and vibrations. Due to slight
thermal fluctuations, capillary waves are always present and therefore, the edges of the
substrates always differ from the average film at least on a capillary length scale. Due to
the high sensitivity of this method, solution casting is preferably done over night or over
a weekend.

4.2.3. Backfilling of titania structures with spiro-OMeTAD

The importance of a good backfilling of a porous titania matrix with a solid hole-conducting
material is discussed in section 2.3. Different approaches exist, like the synthesis of hole-
conducting material inside the pores or backfilling with a hole conductor solution whereas
the latter one is more commonly used [139–141]. But also for backfilling with a hole con-
ductor solution several different ways are reported in literature, such as solution casting
or several type of spin-coatings [61,142]. In this thesis two different ways of backfilling a
spiro-OMeTAD solution into a nanoporous titania matrix via spin-coating are used and
therefore explained in the following.

Spin coating of spiro-OMeTAD solution

The hole-conducting molecule spiro-OMeTAD is dissolved in chlorobenzene with a con-
centration of 180 mg mL-1 and stirred for 30 min at 100 °C. Afterwards, a lithium salt
solution and 4-tert-butyl-pyridine (4-tbp, C9H13N) are added. For the lithium salt so-
lution lithium bis(trifluoromethane)-sulfonimide (Li-TFSI, Sigma Aldrich) is dissolved in
acetonitrile with a concentration of 170 mg mL-1. The storage and preparation of the
Li-TFSI solution is done in a glove box in nitrogen atmosphere since the lithium salt is
strongly hygroscopic. The addition of 4-tbp and the Li-TFSI solution help preventing
unwanted charge recombination in the spiro-OMeTAD [143]. The ratio for mixing these
additives reads as follows: 7 µL 4-tbp and 15 µL of Li-TFSI solution are added for every
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73 mg of spiro-OMeTAD. The prefabricated titania sample is placed on the chuck of the
spin-coater and the spiro-OMeTAD solution is directly put onto the dry titania matrix.
The solution is allowed to sink into the titania film for 30 s before the spin-coating process
is started with the slowest possible acceleration time of 5 s, 2000 rpm, and a spin-coat time
of 25 s.

Soaking in solvent prior to spin-coating

A variation to the simple spin-coating approach is to immerse the titania matrix prior to
spin-coating into a bath of pure chlorobenzene, which is the main solvent of the spiro-
OMeTAD solution. By doing this, the air inside the nanopores is removed from the
titania matrix which is demonstrated in literature for nanoporous Vycor glass of similar
pore diameter [144]. The spiro-OMeTAD solution is prepared as described above. After
exactly 45 min of soaking in chlorobenzene, the titania film is taken out of the solution
and carefully placed on the spin-coater in a way so that a meniscus of solvent remains on
the sample. Then, the spiro-OMeTAD solution is dispersed directly onto the still soaked
titania film and allowed to sink into the matrix for 30 s before the spin-coating process is
started with the slowest possible acceleration time of 5 s, 2000 rpm, and a spin-coat time
of 25 s.

4.2.4. Solar cell fabrication

The solar cells produced in this thesis are all made in the so-called inverted solar cell
design. These types of cells have a hole-blocking layer in the bottom, covering the trans-
parent electrode. The individual steps for the fabrication of solar cells are graphically
illustrated in figure 4.5, starting from the bare substrate to the complete solar cell. The
individual steps are explained in more detail below.

Substrate preparation

The substrates used for solar cells in the present work are made from glass coated with
a transparent conductive oxide (TCO), namely fluorine-doped tin oxide (FTO, SnO2),
obtained from Solaronix (TCO10-10, 10×10 cm2, 1.0 mm thickness, FTO sheet resistance
≈ 10 Ω cm−1) which are cut into pieces of 2×2 cm2. First, small stripes of FTO are
removed from either one or two edges of the substrate, as shown in figure 4.5(b), de-
pending on the solar cell design. To protect some part of the FTO, it is covered by a
sticky tape (tesa). Then, the uncovered parts are coated with a mixture of zinc powder
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Figure 4.5.: Sketches of the single steps of solar cell fabrication for two different designs. (a)
A glass substrate covered with FTO is (b) etched at one or two sides, depending on the solar
cell layout before cleaning with solvents and (c) covering with a compact titania blocking layer.
In case of ssDSSCs, (d) the titania matrix is deposited on the blocking layer and calcined to
remove the polymer template and improve crystallinity. (e) A soaking step in dye solution for
at least 20 h covers the titania foam with a monolayer of dye, before (f) the hole-conducting
material spiro-OMeTAD is backfilled into the titania matrix. In case of hybrid solar cells, (d’) the
hybrid titania/polymer layer is directly deposited onto the compact blocking layer. Afterwards,
(f’) a thin electron-blocking layer of PEDOT:PSS is applied. Finally, (g) the gold contacts are
evaporated onto the active layer, according to the two different solar cell layouts. Note, that from
step (b) to (g) always a thin stripe of FTO is preserved as a contact for the I/V measurements.

and DI water. With the help of 37% HCl, which is drop-wise applied on the zinc pow-
der, the exposed areas of FTO are etched away. Subsequently, the substrates are rinsed
with copious amounts of DI water to remove any traces from zinc powder and HCl and
then the protective tape is removed. Afterwards, the substrates are cleaned with four
different solvents for 10 min each in an ultrasonic bath. The used solvents are: 16 g L-1

Alconox® detergent solution, ethanol (C2H6O), acetone (C3H6O), and isopropyl alcohol
(IPA, C3H8O). After each solvent, the samples are first rinsed with the solvent they have
just been cleaned in and subsequently with the solvent they will be cleaned in next to
remove any traces of the previous solvents. Right after the final cleaning step in IPA,
the substrates are treated with an oxygen plasma to remove all organic residues and to
improve the wetting with the titania sol.

Compact titania layer

A compact titania layer acts as hole-blocking layer to prevent unwanted recombination
of holes and electrons at the FTO electrode. The blocking layer is prepared following
reference [145]. In short, two separate solutions are prepared and mixed together after
a defined amount of stirring time. The details of the two solutions I and II are given in
table 4.3. Solution I, containing ethanol, tetrabutyl titania (titanium (IV) n-butoxide,
TNBT, C16H36O4Ti), and diethanolamine is stirred for 60 min before solution II, contain-
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solution chemical amount

I ethanol 2.625 mL
TNBT 0.850 mL
diethanolamine 0.210 mL

II ethanol 1.250 mL
H2O 0.045 mL

Table 4.3.: Composition of the two solutions for the sol of the compact titania layer, following
reference [145].

ing ethanol and H2O, is added drop-wise with a pipette. The final titania sol is kept
stirring for 24 h and is then spin-coated onto the previously prepared FTO substrates at
2000 rpm for 60 s with the slowest acceleration time of 5 s. At one side of the FTO a small
stripe of 1− 2 mm is covered with tape (tesa) to protect it from the blocking layer. This
spot is later used for contacting the FTO when measuring the I/V curves of the solar cell.
After spin-coating, the tape is removed and the substrate with the compact titania layer
is calcined in a tube furnace for 2 h at 450 °C with a heating ramp of 375 °C/h. The final
blocking layer as shown in figure 4.5(c) has a thickness of about 140 nm.

TiCl4 treatment

A bath in 50 mM solution of titanium tetrachloride (TiCl4, Sigma Aldrich) is applied to
cover the structures with a highly pure layer of titania. This treatment is performed
before coating the compact blocking layer with the active layer to improve the contact
between the two titania layers [146]. In the case of DSSCs, this treatment is repeated
before soaking the titania nanostructures in the dye solution.

First, a 2 M solution of TiCl4 in DI water is prepared in a salted water bath below
0 °C. The low temperature is necessary to obtain a clear solution, since TiCl4 reacts very
quickly with H2O to titania. The substrates are then placed in a water bath of 50 mL DI
water and 1 mL of the the 2 M TiCl4 solution, which is heated up to 70 °C. Just like for
the spin-coating of the blocking layer, the same small stripe of FTO is covered again by
tape (tesa). After 45 min, the substrates are taken out and are rinsed with DI water and
ethanol before drying with nitrogen. As a final step, the sample is then placed in a tube
furnace and heated up to 400 °C for 30 min with a ramp of 1500 °C/h. Afterwards, the
samples are cooled down to room temperature inside the tube furnace with an average
cooling rate of 100 °C/h and 75 °C/h for the GERO and Hereaus furnaces, respectively.
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Titania structures from TTIP

In the case of titania structures synthesized from TTIP, the sol-gel solution is prepared
and subsequently deposited by spin-coating or repeated spin-coating on the previously
fabricated compact blocking layer after the TiCl4 bath, as described above. The composite
film is calcined to remove the polymer and convert the titania to its anatase phase. The
resulting titania composite film after the calcination step is depicted in figure 4.5(d).
Subsequently, another TiCl4 treatment is performed.

Dye

After the second TiCl4 treatment, the samples with the nanostructured titania film are
rinsed with ethanol and subsequently dried with nitrogen. Before immersing them into
the dye solution, which is prepared as described above, the samples are first placed on a
hot plate and heated up to 160 °C to remove any residual water from the sample. Upon
cooling down to 90 °C, the samples are put in the dye solution and are kept inside for
at least 20 h. Afterwards, each sample is rinsed with 1 mL of pure acetonitrile to wash
away superfluous dye solution and then dried with nitrogen before they are stored in
Petri dishes which are wrapped in aluminum foil to protect the sensitive dye layer from
surrounding light. The dye sensitized titania films are shown in figure 4.5(e).

Backfilling of titania structures

After the titania films are sensitized with a monolayer of dye, the titania matrix is back-
filled with the solid hole-conducting material spiro-OMeTAD by either simple spin-coating
or spin-coating after soaking in pure solvent. The details of these procedures are given
in section 4.2.3. The solar cell after backfilling with the hole-conducting material are
depicted in figure 4.5(f).

Titania/hybrid structure from EGMT

In case of hybrid solar cells, titania structures from EGMT are deposited in a one-
step process without an intermediate soaking in the dye solution. The titania/hybrid
films are deposited on the compact blocking layer after the TiCl4 treatment by solu-
tion casting, which is shown in figure 4.5(d’). Afterwards, a thin layer of poly(3,4-
ethylenedioxythiophene) (PEDOT) mixed with poly(styrenesulfonate) (PSS), in short
PEDOT:PSS (Sigma Aldrich, 1.3 wt% in H2O, conductive grade), is coated on the hybrid
film which acts as electron-blocking layer to prevent recombination at the top electrode.
For this, the PEDOT:PSS is first diluted with IPA with a ratio of 1:10 and then deposited
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on the hybrid film either by spin-coating or spray deposition, following reference [147].
The hybrid film covered with the PEDOT:PSS layer is sketched in figure 4.5(f’).

Gold electrode

The deposition of the gold electrode is the last step in the solar cell fabrication process,
as depicted in figure 4.5(g). For this a thermal evaporation setup, built by Robert Meier
is used [116]. The samples are placed upside down into a shadow mask with either 8
or 4 holes for the gold contacts, which are later referred to as pixels. The chamber is
evacuated to a starting pressure of less than 3 · 10−5 mbar before 160 to 190 mg of gold
are evaporated in roughly 2 min at a working pressure of up to 8 · 10−5 mbar. After
evaporation, the ssDSSCs are ready to be measured. In the case of hybrid solar cells, an
additional annealing step is performed. This is done on a hot plate at 140 °C for 15 min
either in air of under a glass beaker which is constantly flushed with nitrogen. Typically,
small amounts of silver paste are applied on the outer edges of the individual electrodes
and on the bare stripe of FTO which previously was protected by tape (tesa). Since some
part of the FTO is etched away at the very start of the solar cell fabrication, a short
circuit between the gold top electrode and the FTO is prevented during contacting the
pixels at the outer edges. The active area of each pixel is defined by the overlap of the
gold electrodes with the FTO and has an average area of 0.15 cm2 per pixel for both solar
cell designs. This is measured via optical microscopy and evaluated with the software
ImageJ v1.43u.

4.2.5. Imprint master fabrication

Imprinting of titania structures poses several challenges not only to the required methods,
but already to the imprint masters. They have to fulfill certain requirements such as
sufficient anti-sticking properties or, in the case of soft embossing, a minimum hardness.
As already explained in section 4.1.2, the imprint masters for soft embossing are made
from optical lithography out of silicon or glass substrates. For wet imprinting, the polymer
PDMS is used to form replicates of either the silicon masters or CD masters. In general,
line gratings are the main structure which is used for imprinting, but in principle other
type of geometries, such as cylinders, are also possible. The line grating predominantly
used in this thesis has a periodicity of 4 µm and a line width of 2 µm. Figure 4.6 shows
the mask (designed by Robert Meier [116]) which is used for the optical lithography along
with several zoom ins into the available structures. In the following, first the fabrication
of silicon masters will be introduced, followed by the preparation of CD masters. Finally,
some information is given about the preparation details of the PDMS imprint masters.
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Figure 4.6.: Photograph of the chrome mask which is used for optical lithography along with
exemplary zoom ins into the various available structures taken with optical microscopy. The
scale bars in the zoom ins correspond to 20 µm.

Silicon master

Silicon and glass masters are fabricated exactly the same way, so for simplicity in the
following only the fabrication of silicon masters is explained. First, silicon pieces are
broken to a minimum size of 30 × 30 mm2. Afterwards, additional cuts are done at the
backside of the silicon pieces with a diamond cutter to leave a final square of about
20 × 20 mm 2. Then, the substrates are cleaned in an acid bath as described in section
4.2.2. The clean silicon pieces are coated with a positive photoresist (S1805, Microposit)
via spin-coating at 2500 rpm for 40 s. Afterwards, the samples are broken over the rim of
a Petri dish at the precut positions to remove the rims that emerge during spin-coating.
Then, the photoresist films are put into a furnace for 5 min at 90 °C for the so-called
soft-bake. Using a mask aligner (MJB 3, Karl Suss) with the custom made chromium
mask (see figure 4.6), the resist is illuminated with UV light for 3 to 4 s and subsequently
developed (351 developer, Microposit). The final structure size of only 2 µm is already at
the resolution limit of the used mask aligner. Thus, slight errors in alignment or vibrations
during the illumination can easily ruin the whole procedure. To minimize these errors,
some parts during the procedure require special attention. The first is to make sure, that
the line grating runs parallel to the sledge which is moving the UV lamp. This minimizes
stray scattered light upon vibrations which can occur at the start of the illumination.
Second, any elevated regions which are still present on the sample should be removed with
a razor blade to ensure a proper contact between the photoresist and the mask. Finally,
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the most crucial step is the developing. This is done by dipping the illuminated film into
the developer solution and keeping it inside until the illuminated areas are developed,
meaning dissolved by the developer. However, if the film is kept inside too long, the
whole structure will be dissolved. And if the time was not enough, the structures are not
fully developed. Unfortunately, only a rough time frame can be given for the duration
developing the film, which is typically around 5 to 10 s. The sample should be dipped
into the developer solution with the line grating oriented perpendicular to the developer’s
surface and kept as still as possible. After taking it out very slowly, it immediately has to
be dipped into a clear DI water bath to remove residual developer solution. In the end,
a short rinsing with fresh DI water is necessary before drying with nitrogen. Finally, the
developed films are put into a furnace for 2 h at 120 °C for the so-called hard-bake which
enhances the mechanical stability of the films. All steps from spin-coating to developing
the photoresist take place in a yellow light room to prevent UV light from unwanted
illumination of the film. After the optical lithography, the structured photoresist films
can be used either directly, in case of wet imprinting, or require an additional etching
step, in case of soft embossing. The etching is done via reactive ion etching using a sulfur
hexafluoride (SF6)/octafluorocyclobutane (C4F8) plasma (60 − 180 s, PlasmaLab 80Plus
Oxford Instruments). After the etching process, the remaining photoresist is first washed
away with acetone and then the masters are cleaned again in an acid bath to remove any
organic traces from the silicon surface.

CD master

The second type of master structure are the channels of a CD. CD masters have a smaller
structure size than the ones made by optical lithography. The channels of a CD have a
height of 125 nm, a width of 175 nm, and a periodicity of 1.5 µm. In this thesis commer-
cially available recordable CDs for data backup are used. The CDs have to be disassembled
prior to be used as imprint master. For this, the CDs are cut into 4 pieces. Then the
labels and a thin aluminum layer has to be removed by first cutting with a razor blade
and using sticky tape to peel off the unwanted layers. In the end, the CD pieces are put
into a bath of IPA and are kept in an ultrasonic bath for a few hours and then kept in
the IPA bath over night. After rinsing with fresh IPA and drying with nitrogen, the CD
pieces are ready to be used as imprint masters.

PDMS master

PDMS imprint masters are used for wet imprinting. Although they are referred to as
imprint masters, they actually are a negative replica of either a silicon or CD master.
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For the fabrication of the PDMS masters, first the two components, silicone-elastomer
and curing agent, of the Sylgard 184 are mixed together with a ratio of 10:1. The air
bubbles which are trapped inside the mixture are removed by first putting the mixture in
an ultrasonic bath for 1 min and then placing it in a vacuum chamber. The low pressure
inside the chamber causes the bubbles to rise to the surface and leave the PDMS mixture.
If necessary, the whole procedure can be repeated until all air bubbles are removed. Then,
the clear, highly viscous liquid is poured into square aluminum forms which are placed
on top of the silicon or CD masters. In case of the silicon masters, the edge length of
the aluminum form is about 3 cm, and in the case of the CD masters, the edge length
is 1.5 cm. Subsequently, the whole system of master/aluminum form/PDMS solution
is placed inside a vacuum furnace where first, a short vacuum is applied to remove air
which might be trapped between master structure and the PDMS solution, and then the
temperature is increased to 100 °C to harden the PDMS. The last step is also known as
curing step. After 1 h the PDMS is cooled down to room temperature before it is removed
from the aluminum form and the master structure. The removal from the master structure
is a tricky step, as hereby the channels can easily break and tear off. To avoid this, the
removal should happen similar to peeling of tape from a table and always along the
channel direction. After removal, the stamps are cleaned in DI water in an ultrasonic
bath for 10 min and subsequently dried with nitrogen. Depending on the structure size of
the master, the PDMS stamps are treated with an oxygen plasma (0.4 bar, 30 s). In the
present investigation the plasma step is performed in case of small structure sizes i.e., when
using the CD master. In case of the silicon master which has much larger structure sizes,
the plasma step is not performed. Although PDMS has intrinsic anti-sticking properties,
they are usually only used a few times for wet imprinting as the channels are getting
increasingly blocked with little amounts of dried sol-gel solution with every imprinting
run.



5. Tuning of titania thin films

Ever since the quick rise of the dye-sensitized solar cells (DSSC) starting in the early 1990s,
the interest in nanostructured titania thin films has increased dramatically [82]. However,
not only for photovoltaic devices but also for many other applications like photocatalysis,
gas sensing, or as lithium ion battery materials, nanostructured titania is quite often the
material of choice [148–153]. Over time, different types of solar cells also using titania
thin films have been established, namely the solid-state dye-sensitized solar cell (ssDSSC)
and the hybrid solar cell [66,154]. While in ssDSSCs, the liquid electrolyte is replaced by
a solid hole-conducting material, hybrid solar cells simply use a junction of titania and a
solid-hole conductor which also acts as absorbing material, thus omitting the use of a dye.
For all these type of solar cells, the titania film plays a crucial role since it traditionally
defines the effective surface area and is also able to possess additional functionalities such
as light trapping [155, 156]. Therefore, it is obvious that a high degree of control for the
titania layers in terms of film thickness and morphology is crucial for the overall efficiency
of the photovoltaic devices. Huge efforts have been made to obtain those porous titania
thin films and a large variety of synthesis routes have been proposed in literature, ranging
from a simple colloidal synthesis to the fabrication of more sophisticated structures like
photonic crystals [45,157–159].

More recently, the use of block copolymers as templates has become a popular approach
to synthesize inorganic nanostructures. This approach utilizes the fact that block copoly-
mers microphase separate into highly ordered morphologies on a nanoscale such as spheres,
cylinders, lamellas, and also bicontinuous gyroid structures [160–162]. The self-organizing
nature of block copolymers offer a powerful tool for nanotechnology [163]. Several strate-
gies of using block copolymer templates for nanostructuring exist, such as using a block
copolymer from which one block can be selectively removed after a nanostructure matrix
is formed. This way, a template is created which can be backfilled subsequently with
the desired inorganic material [164, 165]. Another well-established strategy for tailoring
nanostructures, evolves around the selective incorporation of an inorganic sol into one of
the blocks of an amphiphilic block copolymer. This way, aluminosilicate and also metal-
oxide containing sols have been successfully incorporated selectively into the polyethylene
(PEO) block of a block copolymer matrix [140,166,167].

95
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The main drawback of the just mentioned strategies is that for every type of morphology,
a new block copolymer needs to be synthesized with a defined block ratio in order to ob-
tain the desired morphology which makes it very complex and time-consuming if a change
in morphology is required. An alternative and very promising route for custom tailoring
of inorganic nanostructures is the combination of sol-gel chemistry with block copolymer
templates [168–172]. In this approach, the phase separation of the block copolymer is
induced by a so-called good-bad solvent pair, where one solvent is non-selective, meaning
that it dissolves both blocks equally well while the other solvent only dissolves one of the
blocks selectively. Thus, in order to minimize the surface free energy, the poorly dissolved
block will aggregate and try to minimize its surface area i.e., its interface to the bad
solvent. The aggregation is a highly sensitive process depending on the thermodynamic
interactions of the blocks with the surrounding solvents and reacts even to slight changes
in concentration of the bad solvent. Therefore, in combination with the selective incor-
poration of inorganic precursors, a large variety of morphologies are attainable. In some
cases the attainable morphologies are not formed by the intrinsic microphase separation
of the block copolymer itself, such as worm-like structures, nanodoughnuts, inverted mi-
celles, or tuneable foam-like structures [49, 57, 173]. Especially in terms of applicability,
this approach is superior since it overcomes the problem of synthesizing new polymers if
a change of morphology is desired, making it highly interesting for industrial application.

A general limit of templating with block copolymers is the preference of structures of
only one characteristic length, which is typically in the order of several nanometers as given
by the block length of the applied polymer. However, for applications hierarchic structures
with superstructures on larger length scales are highly beneficial [174,175]. For example,
the combination of structures of different sizes such as macropores inside a mesoporous
film was used for improved backfilling with solid hole conductors in ssDSSCs [61, 156].
Also, the implementation of photonic crystals in DSSCs has been demonstrated to lead
to an increased light harvesting and consequently to a better device performance [176].

Meanwhile, many different approaches for the synthesis of hierarchical structures have
been established, such as the combination of sol-gel chemistry using amphiphilic block
copolymers with colloidal particles, micromolding, imprinting, aerosol processing or an
electrohydrodynamic deposition technique [53,155,156,177–179]. Also, a successful prepa-
ration of hierarchical titania structures by an iterative layer-by-layer spin-coating ap-
proach combining granules of multiple sizes or multilayers with different porosities have
been demonstrated by our group [138, 180]. However, back then the routine had some
drawback in terms of applicability mostly because the calcination steps which was per-
formed after every layer made the whole process very time consuming. Also, so far
the layer-by-layer approach was limited to structures of the same type e.g. granules or
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sponges. In this chapter, this concept is extended significantly with no intermediate cal-
cination step between the sol-gel processes and a combination of multiple morphologies.
In the improved routine, the sol-gel solutions need to be prepared only once and are spin-
coated directly on top of each other with one final calcination step in the end. This way,
a very efficient way to fabricate complex film assemblies with variable film thicknesses is
presented.

For demonstration purposes, a complex assembly of entirely different morphologies is
presented in the first part of this chapter (section 5.1), instead of only combining mor-
phologies of the same type but different structure sizes. For this, a foam-like structure is
combined with granules multiple times with a preservation of the individual morphologies
throughout the preparation steps. The titania nanostructures are prepared in a sol-gel
process using the diblock copolymer poly(styrene-block-ethylene oxide) (P(S-b-EO)) as
structure-directing agent. The respective morphologies are selected by the weight ratios
of the three components 1,4-dioxane, HCl, and TTIP (w1,4-dioxane : wHCl : wTTIP). Not
only the combination of different morphologies is of interest, but also the film thickness
is controllable with relative ease and a high degree of control by the same iterative spin-
coating approach. This is demonstrated in the second part of this chapter (section 5.2),
where a foam-like morphology is stacked multiple times for various spin-coating speeds. In
section 5.1.1, first of all the morphology of the obtained structures is probed with imaging
and scattering techniques. Then, the crystallinity and the optoelectronic properties are
investigated in section 5.1.2 and 5.1.3. In section 5.1.4, the results are summarized. After-
wards, section 5.2 covers the investigations about controlling the film thickness of titania
films with the example of a foam-like morphology. This starts with the characterization
of the morphology and optical properties of titania films with different film thicknesses
attained via multiple spin-coatings (section 5.2.1). Afterwards, these titania films are
incorporated into ssDSSCs (section 5.2.2). Section 5.2.3 summarizes the investigations of
controlling the film thickness, before a final summary about the tuning of titania films
is given in section 5.3. Parts of this investigation are published in reference [34], and
parts of the results shown in section 5.2 are presented in the master’s thesis of Gregory
Tainter [181].

5.1. Hierarchical structuring of titania thin films

The samples investigated in this section are prepared from two sol-gels with different
weight ratios of the three components 1,4-dioxane, TTIP, and HCl as described in chap-
ter 4.2.1. The sol-gel ratios are chosen, so that one solution yields a foam-like morphology
(w1,4-dioxane : wHCl : wTTIP = 0.92 : 0.005 : 0.075) and the other one yields a granular mor-
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phology (w1,4-dioxane : wHCl : wTTIP = 0.98 : 0.01 : 0.01). In the following, three different
samples are investigated. Two samples are prepared only from the respective sol-gel so-
lutions (samples I and II) and one with a complex stack of morphologies (sample III)
using the spin-coating sequence foam-like, granules, foam-like, granules without interme-
diate calcination steps. The spin-coating parameters are kept constant for all samples at
2000 rpm for 30 s with the fastest acceleration time of 0.5 s. All samples are calcined in
ambient atmosphere at 400 °C as described in chapter 4.2.1.

5.1.1. Morphology

The morphology of the surface of the three titania films is first investigated with scanning
electron microscopy (SEM). Since SEM is a real-space method, a direct image from the
surface of the film is obtained which allows for a good understanding of the local topogra-
phy of the investigated samples. In addition, cross-sectional images allow for insight into
the vertical composition of the films on a local scale. As a complementary method, the
advanced scattering technique grazing incidence small angle x-ray scattering (GISAXS)
allows for a reciprocal-space analysis of the investigated samples on a large area. There-
fore, information about characteristic structure sizes are obtained with high statistical
relevance and also, due to the low absorption of x-rays, information not only about the
topography but also about the volume of the film is accessible.

Real-space analysis

Figure 5.1 shows SEM images of the three samples. For sample I, a foam-like nanomor-
phology of the titania film is visible (figure 5.1(a)&(b)). The structure is very homo-
geneous, as observed from the SEM image with low magnification where no defects are
visible. The foam-like structure exhibits mesopores with sizes ranging from 30 to 50 nm
as measured from the SEM data.

In figure 5.1(c)&(d), a top view of sample II is shown for low and high magnification,
respectively. The morphology is significantly different compared to sample I, as expected
from the employed sol-gel weight ratio. The observed morphology exhibits titania par-
ticles all resembling a granular shape with three different sizes. The smallest ones are
nanogranules which have sizes of only about 10 nm. These are only faintly visible in the
SEM image with high magnification as white dots in between the bigger particles. The
next larger particles mostly have a spherical shape with diameters of about 20 nm. How-
ever, also agglomerates of these particles are visible which preferably are elongated with a
width similar to the circular particles i.e., 20 nm and lengths up to 60 nm. These elongated
agglomerates are attributed to clusters of the spherical mid-sized particles, which merged
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Figure 5.1.: SEM images of the three titania films. Top view images in low and high magnifi-
cations of (a)&(b) sample I, (c)&(d) sample II, and (e)&(f) sample III are shown. In addition,
(g)&(h) show a low and high magnification of the cross-sectional view of sample III taken under
an angle of 54°.

during spin-coating or possibly also during the calcination process. From the SEM im-
ages, a rather homogeneous distribution of these mid-sized particles across the sample is
observed with an average distance ranging from 90 to 120 nm. Finally, the largest titania
particles exhibit diameters of more than 0.5 µm. However, in contrast to the mid-sized
particles, they are not spherical in shape but rather flat like a disc. This is attributed to
the high centrifugal forces occurring during spin-coating where the micelles, which formed
in the sol-gel solution, get squashed down onto the substrate. In more detail, as seen in the
SEM image, the larger objects have a much darker inner part and a very bright rim. This
indicates, that these big-sized titania particles resemble more a strongly biconcave disc,
similar to erythrocytes, rather than a proper, flat disc. A closer look to the outer rim of
these large objects reveals strongly lacerated edges which resembles shape- and size-wise
the mid-sized particles. This leads to the conclusion that many of the mid-sized spher-
ical objects agglomerates together to form a big micelle in solution and thereby create
the large, complex-shaped granules. Thus, already the granular morphology of sample II
clearly exhibits a hierarchical morphology with structures on three different length scales.

Sample III combines the two former morphologies, foam-like and granular. From the top
view (shown in figure 5.1(e)&(f)), it is visible that both the foam-like morphology and the
granules from sample I and II are present, respectively. While the foam-like structure of
sample III is rather similar to the one observed in sample I, the granules are now different
compared to sample II. Firstly, the larger granules are now only about 200 to 250 nm in
size and also the biconcave shape is less pronounced compared to the largest granules
seen in sample II. The mid-sized granules observed for sample III have an average size of
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about 80 to 110 nm and also exhibit a biconcave shape as indicated by their slightly darker
inner part. Secondly, the shape is similar for all observed granules. The frayed edges of
the granules are visible again indicating once more that the large clusters are actually
agglomerates of smaller particles which fused together. However, the smallest and mid-
sized granules from sample II with their characteristic spherical shape are not observed
anymore. This change in morphology is explained when considering the differences in
sample preparation of sample II and III, respectively. While in the case of sample II,
the prepared sol-gel is directly spin-coated on the acid-cleaned silicon substrate, in the
case of sample III, the same sol-gel solution is spin-coated on top of the polymer/titania
composite film from which the foam-like morphology is obtained. Thus, the spin-coating
is performed on different material surfaces i.e., different substrates. Taking into account
the high sensitivity of the sol-gel route to all the various external parameters, a change in
substrate is a possible explanation for the slight changes in morphology. For more insights
into the vertical film composition of the hierarchical layer stack of sample III, a breaking
edge is investigated with SEM (figure 5.1(g)&(h)). Starting from the bottom, first a layer
with foam-like morphology is observed directly on top of the silicon substrate. This is
followed by the first layer of granules which is spin-coated directly on top of the foam-
like structure. Then, the second layer with the same foam-like morphology and finally,
the top layer of granules which is also observed in the SEM top view images of sample
III. The preservation of the foam-like morphology is clearly visible throughout the total
film volume exhibiting the characteristic mesoporous structure with similar pore sizes as
observed from the SEM top views of the film surface. Remarkably, the granules which
are sandwiched in between the two foam-like layers are very similar in shape and size
compared to the ones on top of the film. This shows that not only the foam-like but also
the granular morphology remains unaltered during the fabrication process.

Reciprocal-space investigation

With GISAXS, the investigation of the full film volume on a nanoscale is feasible, as
the x-rays penetrate the whole sample instead of only probing the surface structures.
Additionally, due to the grazing incidence geometry a macroscopic area is probed which
provides excellent statistics. The GISAXS experiments are performed as described in
chapter 3.1.7 at the beamline BW4 at the DESY, Hamburg. Figure 5.2 shows the 2d
GISAXS images of the three investigated samples along with the corresponding horizontal
line cuts, taken at the Yoneda position of titania. The cuts are analyzed and fitted
by assuming cylindrical form factors with corresponding one-dimensional paracrystalline
(1DDL) distributions, as described in chapter 2.4.3. For the foam-like morphology of
sample I (black curve), two characteristic features, ΛI,a and ΛI,b are found. For ΛI,a a
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structure factor of 30 nm with a Gaussian distribution of σS = 9.2 nm and a form factor
radius of 4.0 nm with a Gaussian distribution of σF = 1.7 nm is determined. At this
point it is important to remember that the structure factor corresponds to the distance
between scattering centers whereas the form factor describes the size of the scattering
particles. Therefore, the first feature is attributed to the scattering between opposing
titania segments of the pores of the foam-like structure which corresponds to the size of
the holes i.e., the pore size which is in good agreement with the SEM data. Since the
x-rays penetrate the full film, this feature persists over the full volume and not only at
the surface, indicating a high degree of porosity. This is further verified by analyzing the
Yoneda position in the GISAXS which depends on the mass density of the investigated
material. A porosity of 55% is found using equation 2.32. The high degree of porosity
results in large effective surface areas which is confirmed by BET measurements1. The
BET measurements are performed on a powder made from solution casted sol-gel solution
with the same weight ratio as sample I and yield an specific surface area of 102 m2/g for the
investigated foam-like morphology. The second feature ΛI,b is fitted by a structure factor
of 250 nm with a Gaussian distribution of σS = 56 nm and a form factor radius of 26 nm
with a Gaussian distribution of σF = 20 nm. Rather than assigning this second feature
to a specific geometry like pore size, ΛI,b is attributed to long-distance domains within
the foam-like morphology. Similar to grain boundaries, these features arise during the
spin-coating process when the polymer/titania composite starts to grow on the substrate.

In the case of sample II (blue curve), three distinct features are observed, denoted as
ΛII,a, ΛII,b, and ΛII,c. The first feature ΛII,a is modeled with a structure factor of 14 nm
with a Gaussian distribution of σS = 2.8 nm and a form factor radius of 3.0 nm with a
Gaussian distribution of σF = 0.6 nm which corresponds to the faintly-visible, small-sized
clusters observed in the SEM data. For ΛII,b, a structure factor of 75 nm with a Gaussian
distribution of σS = 14 nm and a form factor radius of 22 nm with a Gaussian distribution
of σF = 7.3 nm is found which correlates very well with the mid-sized clusters. Finally, ΛII,c

is modeled by a structure factor of 400 nm with a Gaussian distribution of σS = 100 nm
and a form factor radius of 114 nm with a Gaussian distribution of σF = 29 nm is found.
This feature is not directly assignable to one of the three particles observed in the SEM
data as was the case for the small- and mid-sized particles. Even in low magnification
SEM measurements, no dense packing of the large clusters with a inter-particle distance
matching ΛII,c could be observed. However, here, it is important to consider the strongly
biconcave shape of the largest clusters. The outer ring is significantly elevated compared
to the inner part which consequently can be regarded as scattering center. Therefore,

1conducted by Dr. Hans Beyer, group of Prof. Hubert Gasteiger, Technische Universität München,
Lichtenbergstr. 4, 85748 Garching, Germany
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Figure 5.2.: (a), (b), and (c) 2d GISAXS data of sample I, II, and III, respectively. All the 2d
data cover the same section in reciprocal space ranging from -1.0 to 1.0 nm-1 in qy-direction and
from 0.25 to 1.5 nm-1 in qz-direction. (d) cuts of the 2d GISAXS data in horizontal direction
taken at the Yoneda peak (indicated by the dashed red arrows in the 2d data). The curves
are shifted along the intensity axis for clarity. The dashed vertical line displays the resolution
limit towards large scale structures. The grey solid lines represent the fits to the data. The
arrows labeled with ΛIII,a, ΛIII,b, and ΛIII,c indicate characteristic lengths found in sample I and
II, respectively, which are preserved for sample III.

similar to the pores of the foam-like morphology, two opposing sides of the biconcave
discs both act as scattering centers. Thus, ΛII,c is assigned to the distance of these two
opposing sides of the large-sized, biconcave discs i.e., the diameter of the large particles
which are also seen in the SEM data.

Sample III (green curve), which is a combination of the morphologies of the samples
I and II, shows three distinct features, denoted as ΛIII,a, ΛIII,b, and ΛIII,c. The smallest
feature ΛIII,a is modeled with a structure factor of 30 nm with a Gaussian distribution
of σS = 7.5 nm and a form factor radius of 4.5 nm with a Gaussian distribution of σF =
2.3 nm which is very similar to ΛI,a of the foam-like morphology of sample I, as indicated
by the vertical arrow in figure 5.2(d). This confirms the preservation of the mesoporous
structure throughout all processing steps on a large scale. The preservation of the foam-
like morphology with its high porosity and the corresponding large effective surface area
is an important finding, since it is only observed locally with SEM measurements due to
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the low sample area which is accessible. For ΛIII,b a structure factor of 100 nm with a
Gaussian distribution of σS = 12 nm and a form factor radius of 20 nm with a Gaussian
distribution of σF = 4.0 nm is used to fit the data. Making use of the SEM data again,
this feature is now assigned to two different structures. Firstly, when taking into account
the biconcave shape of the granules seen on top of sample III, ΛIII,b can be attributed to
the distance between the two opposing sides of the biconcave disc, as already discussed
above for the large particles of sample II (ΛII,c). Secondly, the distance between the outer
parts of two neighboring mid-sized clusters also matches with the obtained distance found
for ΛIII,b, consequently making this distance a possible source for this scattering feature.
For the largest feature ΛIII,c a structure factor of 250 nm with a Gaussian distribution of
σS = 38 nm and a form factor radius of 25 nm with a Gaussian distribution of σF = 25 nm
is obtained. Again, two different structures are corresponding to this feature. On the one
hand, the diameter of the biconcave shaped, large-sized particles seen in the SEM top
view of sample III have a similar value of 200 to 250 nm. And on the other hand, for the
long-distance domains of sample I which are attributed to ΛI,b similar values are obtained.
Considering that the pore size ΛIII,a = ΛI,a = 30 nm is preserved, it is not surprising that
also the long-distance domains are found again for sample III which are also present in
sample I. The good agreement of all found scattering features of sample III with sample I
and II respectively, reveals a high degree of preservation of the corresponding morphologies
chosen by the sol-gel weight fractions.

5.1.2. Crystallinity

With regard to application, crystallinity is a crucial aspect for titania films. Directly
after the spin-coating step, the titania which is incorporated into the polymer matrix is
still in its amorphous phase. Therefore, the calcination step is mandatory to remove the
polymer template on one hand, and to transfer the titania into its crystalline phase on the
other. For the investigation of the crystallinity, x-ray diffraction (XRD) measurements are
performed. Figure 5.3 shows the three XRD curves which are obtained from sample I, II,
and III. The strong peak at 33° which is present in all curves, originates from the silicon
substrate and corresponds to the Si (100) crystal plane. Its intensity is far stronger than
all other peaks and thus, is cut off to emphasize the features arising from the titania films.
The vertical red bars represent the theoretical peak position of anatase titania along with
their corresponding crystal indices and their respective relative intensities [92].

For sample I and III a very good agreement between the measured and the theoretical
peak positions is observed. As no other peaks are visible, this clearly shows that the
employed preparation protocol yields anatase titania films. In case of sample II only
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Figure 5.3.: XRD curves of the three sample I (black), II (blue), and III (green). The curves
are shifted along the intensity axis for clarity. The expected peak positions and their respective
relative intensities of anatase titania are shown by the red vertical lines together with the cor-
responding crystal indices. At 33° a prominent signal originating from the silicon substrate is
visible which is cut off for clarity.

the first peak at 25.28° (101) shows up in the measured XRD curve. However, the peak
position still matches with sample I and III as well as with the theoretical value. The
explanation for this weak XRD signal in case of sample II is found in the very low film
thickness. Using white light interferometry measurements, the film thickness of sample II
is determined to be only 15 nm whereas sample I and III show thicknesses of 74 and 170 nm,
respectively. Thus, only very little amounts of titania are deposited on the substrate
which consequently lead to a weaker signal in the XRD measurements as compared to
sample I and III. To obtain more quantitative information about the crystallinity, the
peaks of the respective XRD curves of the three samples are fitted and analyzed using
the Scherrer equation 2.26. This way, crystallite sizes of 10 nm for sample I, 7 nm for
sample II, and 11 nm for sample III are obtained. It is important to note, that this
crystallite size as derived from the Scherrer equation uses the full width at half maximum
intensity of the respective peaks. The scattering signal represents an average value of
all crystallite present in the samples. As already seen from the investigation of the film
morphologies, the films consist of titania particles with different sizes instead of showing
only one discrete structure size. Therefore, rather than having only one crystallite size
throughout the sample, an ensemble of different crystallites are present and contribute to
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the Bragg scattering signal, each with their corresponding size. The single contributions
from the various crystallites are not resolved within the XRD signal but add up to an
overall average signal which is analyzed in the end by fitting the data. Anyhow, the
extracted values for the respective crystallite size agree very well with the data obtained
from the morphology analysis by SEM and GISAXS measurements.

5.1.3. Optoelectrical properties

The investigation of the optoelectrical properties is performed with UV/Vis spectroscopy
where the reflectivity of the three investigated samples is measured, and photolumines-
cence (PL) measurements which allows for examination of radiative electron transmissions
across the band gap and from sub-bands to the top of the valence band [182]. Figure 5.4
shows the reflectivity curves of the samples I (black), II (blue), and III (green) along with
the reflectivity spectra of a blank, acid cleaned silicon (grey) sample as reference. The lat-
ter shows the typical high reflectivity for shorter wavelengths with the two characteristic
maxima at 380 and 290 nm, respectively [183–185].

Figure 5.4.: Reflectivity curves of the three samples I (black), II (blue), and III (green) obtained
by UV/Vis spectroscopy. The grey line show the reflectivity curve of a pure acid cleaned silicon
surface for reference.

The reflectivity curve of sample II resembles the curve of the blank silicon substrate
very closely. This similarity is attributed to the fact, that the film thickness of sample II
is very low, as discussed for the XRD measurements in the previous section. The low film
thickness of 15 nm consequently implies that only very little amount of titania is present on
the silicon substrate and thus, the reflectivity behavior of sample II is mostly dominated
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by the reflectivity properties of the silicon substrate. Nevertheless, the typical absorption
of titania in the UV range is clearly observable for all the samples. This effect is stronger
for increasing film thickness in the cases of sample I and III, respectively. Therefore, the
peak at 280 nm, which has the highest reflectivity in case of the blank silicon substrate,
is significantly weaker for sample I and vanishes almost completely for sample III with
the thickest titania film. For the peak at 380 nm, which corresponds roughly to the band
gap energy of titania, a similar behavior is observed due to absorption of the crystalline
titania [26]. The different film thicknesses also causes another effect which is best visible
in the visible to infrared wavelength range. The reflectivity curve of sample I has a
minimum at 540 nm and then increases towards the infrared. In the case of sample III,
the minimum is shifted to the infrared and a maximum at roughly 550 nm is observed.
This behavior is related to interference effects which depend on the film thickness of the
corresponding samples. The different film thicknesses of sample I (74 nm) and sample III
(170 nm) explain the shifts of maxima and minima position in the visible and infrared
region.

In addition to UV/Vis measurements, photoluminescence spectroscopy (PL) is used to
investigate the titania films, as described in section 3.2.2. The excitation wavelength is
set to 350 nm for all samples and a 350 nm cut-off filter is employed to block the excitation
source. PL is a useful method for investigating surface states which strongly influence
photocatalytic reactions [186, 187]. The two main processes which contribute to the PL
signal are band-band transition and excitonic PL [182]. The latter is due to radiative
electron transmission occurring in subbands which are located below the conduction band
of titania. They are closely related to surface defects, such as oxygen vacancies [182].
Since surface related effects increase with decreasing particle size, excitonic PL plays a
significant role in nanostructured systems. Figure 5.5 show the PL emission spectra of
the samples I (black), II (blue), and III (green) and a blank, acid cleaned silicon (grey)
sample as reference. The PL signal of silicon shows no prominent features over the whole
investigated wavelength range which clarifies that all detected signals from sample I, II,
and III originate from the titania films.

As seen from the asymmetric shape of all measured PL spectra, more than one PL band
contributes to the overall signal. In order to obtain more detailed information about the
individual contributions, all curves are fitted using four Gaussian distributed peaks. The
determined peak positions are located at about 390, 420, 460, and 510 nm, respectively.
The deconvolution of the PL spectra of sample I is exemplarily shown in the inset of
figure 5.5. The first signal at 390 nm corresponds very well to the band gap energy of
anatase titania [26]. In good agreement with the XRD data where the presence of purely
anatase titania is observed, the presence of this PL signal is attributed to radiative electron
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Figure 5.5.: Photoluminescence spectra of the three samples I (black), II (blue), and III (green).
The grey line in the bottom shows the photoluminescence spectra of a pure acid cleaned silicon
surface for reference. The inset show the exemplary deconvolution of sample I by using four
peaks with a Gaussian distribution, each.

transitions from the conduction band to the valence band of titania. All other peaks are
found at longer wavelengths i.e., lower energies than the band gap. There are several
possible origins for the photoluminescence spectra of anatase titania such as self-trapped
excitons, oxygen vacancies, and surface states [188–191]. The band at 420 nm is assigned
to self-trapped excitons. These excitons are localized on TiO6 and have been reported in
previous studies of various anatase titania systems [188, 192]. Oxygen vacancies are the
source for the PL band at 460 nm [189]. They are common on small sized semiconductor
particles and found more frequently for smaller sized particles. During the PL process,
these oxygen vacancies can easily capture photo-excited electrons to form excitons and
thereby contribute significantly to the PL signal [193]. Finally, the last band at 510 nm
is attributed to surface defects [191]. The amount of defects is strongly correlated to the
degree of crystallinity of the titania structures. In the case of uncalcined films, where the
titania is still in its amorphous state, strong signals from this PL band have been reported
which consequently reveals a high amount of surface defects for non-crystalline titania
systems [194, 195]. However, after transferring the titania structures into its anatase
phase, the amount of defects is reduced significantly, which accordingly results in weaker
PL signals arising from this band. As seen from the low intensity of the peak at 510 nm
in the measured PL spectra of all investigated samples, the amount of defects is rather
low which again reflects the good degree of crystallinity.
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5.1.4. Results

A complex assembly of different titania morphologies is achieved by iterative spin-coating
of sol-gel solutions with different weight ratios. In more detail, a foam-like (sample I)
and a granular (sample II) morphology is combined into a layer stack (sample III) by
spin-coating the sequence foam-like, granules, foam-like, granules without intermediate
calcination. The combined morphology investigation by SEM and GISAXS convincingly
revealed that the foam-like as well as the granular morphologies of sample I and II are
found in similar shape and size again in the hierarchical layer stack of sample III. Even
the sandwiched granules remain intact and do not influence the surrounding foam-like
morphology as observed with SEM. The final complex assembly exhibits a mesoporous
structure with pore sizes of roughly 30 nm and granules with sizes ranging from approxi-
mately 100 to 250 nm. This demonstrates that it is possible to directly combine different
sol-gel morphologies via layer-by-layer spin-coating without the need of intermediate cal-
cination steps. This is highly beneficial for the processing of titania based devices as the
sample preparation is time- and energy-wise very efficient.

The hierarchic film consist of purely anatase titania which is verified by XRD, UV/Vis,
and PL measurements. The latter also revealed the presence of other PL bands which
are attributed to self-trapped excitons, oxygen vacancies, and small amount of surface
defects owed to the high degree of crystallinity [26, 188–195]. The presence of solely
anatase titania is highly beneficial for certain application, for example when used for gas
sensing of ethanol or hydrogen, for water splitting, or in DSSCs and ssDSSCs, where the
anatase crystal phase is known to perform better than the rutile phase due to a higher
effective surface area per unit volume so that more dye can be absorbed [153,196,197]. The
UV/Vis data additionally shows that a minimum of reflectivity is caused by interference
originating from certain film thicknesses. Therefore, by choosing the right amounts of
iterative spin-coating steps, the thickness of the resulting titania film and thereby the
position of the corresponding minimum in reflectivity can be adjusted to the desired
wavelength region, matching the needs of the respective applications.

The finally obtained titania film is comprised of layers with different structures and
porosities which altogether seem promising for various application. For example, macro-
channeled mesoporous titania films with pores of similar size have already been used
for highly efficient photocatalysis. In case of photovoltaic application, especially when
aiming for ssDSSC or hybrid photovoltaics, the pores have to fulfill several criteria at the
same time. On the one hand, the pores need to be large enough to allow for sufficient
penetration by a solid hole conductor, such as P3HT, and additionally provide enough
space for P3HT to efficiently π−stack inside the titania pores. Quite intuitively, this
would favor larger pores and consequently puts a limit to the pore size in the lower
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range. On the other hand, a high degree of charge generation is crucial for the efficiency
of such photovoltaic devices. As the generated excitons can only be separated into free
charge carriers at the interface between solid hole conductor and titania, these excitons
need to find such an interface within their average life time and therefore their diffusion
length. In the case of P3HT, excitons have to be created roughly within 10 to 20 nm
of the titania/polymer interface which consequently puts a limit to the pore size in the
upper range [63–65]. Concluding from these theoretical limitations, the mesopores of the
complex film assembly presented in this work match the criteria for the just mentioned
applications quite well. Furthermore, the custom tailored foam-like structure exhibits a
large effective surface area of 102 m2/g, as confirmed with additional BET measurements,
which is more than twice as much as for commercially available titania nanoparticles,
such as P25 (Degussa) [198]. The option to combine different morphologies opens the
possibility to add additional functionality to the titania film. For example, the granules
which are incorporated into the mesoporous foam-like network structure in the present
work could potentially act as light scattering centers which increase the effective path
length of incoming light.

In total, the route to obtain assemblies of different morphologies via iterative spin-
coatings is demonstrated in this thesis for the first time and enables custom tailoring of
complex hierarchical structures on a new level as all morphologies which are obtainable
by sol-gel based templating are usable to specifically match the needs of the respective
application. Additionally, strong potential is seen in the presented approach to extend
it to different metal oxides, such as zinc oxide, by simply changing to different sol-gel
systems. Following this route, also combination of various material systems such as a
TiO2/ZnO is feasible.

5.2. Controlling the film thickness

Different application require different film thicknesses of the titania layer. Thus, a high
degree of control in the fabrication of the titania structures not only in terms of morpholo-
gies but also in terms of thickness is desirable. Titania based photovoltaics like DSSCs,
ssDSSCs, and hybrid solar cells require film thicknesses between few hundred nanometers
up to several micrometers, which put all these just mentioned applications in the group of
thin film solar cells. While liquid electrolyte based DSSCs have optimum film thicknesses
of 10 to 12 µm. This optimum value is much lower for ssDSSCs and hybrid solar cells,
where thicknesses of 2 µm and 50–300 nm are common, respectively [66,154].
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5.2.1. Multiple spin-coatings

In the previous section of this chapter the preservation of different morphologies during
iterative spin-coating steps without intermediate calcination steps is demonstrated. This
preservation of the morphologies also allows to increase the film thickness gradually with
each additional spin-coating step. Following this idea, the thickness evolution of titania
films with a foam-like morphology is investigated. For this a series of samples is prepared
by repeated spin-coatings up to four times at different rotational speeds. All samples
investigated in this section are prepared from a sol-gel solution of 1,4-dioxane, TTIP, and
HCl as described in chapter 4.2.1. The sol-gel ratio for the foam-like morphology is the
same as for sample I in the previous section (w1,4-dioxane : wHCl : wTTIP = 0.92 : 0.005 :
0.075). The speed of rotation is increased from 800 to 2000 rpm in steps of 200 rpm. The
spin-coating time and the acceleration time is kept constant at 30 s and 0.5 s, respectively.
In between the spin-coating steps, the samples are blown off with nitrogen to remove
unwanted particles like dust from the surface. After the repetitive spin-coatings, all
samples are calcined together. The film thickness of all samples is investigated before
and after the calcination step using white light interferometry (WLI) as described in
section 3.1.6. Figure 5.6 shows plots of film thickness versus spin-coating speed for the
various spin-coating iterations before and after calcination. The thickness increases with
decreasing speed of rotation. Schubert’s formula of film thickness obtained by spin-coating
of polymer solutions predicts a thickness increase with (speed of rotation)-1/2 [137]. In
the present case, even though a sol-gel solution is spin-coated instead of a pure polymer
solution this dependence is observed also, as confirmed by fitting the data (exemplarily
shown by the dashed line in figure 5.6(a) for the quadruple coated films). A linear increase
in thickness with increasing number of spin-coating steps is observed for all speeds of
rotation. In the case of uncalcined samples, with the polymer still inside the film, the
thickness ranges from 153 to 940 nm. During the calcination step, the structures collapse,
resulting in significantly lowered film thicknesses, which is known for films prepared by
polymer templated sol-gel synthesis [199, 200]. The pure titania films reveal a thickness
range of 73 to 441 nm which corresponds to a shrinkage of roughly 55%.

Morphology

Figure 5.7 shows two SEM images of cross sections of calcined titania films after one and
four spin-coating iterations, respectively. The speed of rotation is 1600 rpm for both sam-
ples. As indicated with the two white arrows, film thicknesses of roughly 100 and 350 nm
are extracted from the SEM data, which is corresponding well with the values obtained
from the WLI measurements. Both films exhibit the typical foam-like nanomorphology
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Figure 5.6.: Plot of film thickness versus spin-coating speed of titania films (a) before and
(b) after calcination. The films are prepared by one (black), two (blue), three (green), and
four (orange) spin-coating iterations. The dashed line in (a) shows a fit to the data showing a
decrease in thickness with (speed of rotation)-1/2. The errors to the data points are represented
by the symbol size.

which is set by the sol-gel weight ratio. Even in the case of four repetitive spin-coating
steps no discontinuities are observed which indicates that the foam-like structure remains
intact throughout the sample preparation. However, the top of the film prepared from
four spin-coating iterations exhibits a less homogeneous surface as compared to the film
obtained from only one spin-coating step. Grooves and occasional agglomerated titania
patches are visible in figure 5.7(b) which show that the film quality slightly decreases
with increasing number of spin-coating steps. Anyhow, the defects found in the SEM
investigations are still minor as the grooves are shallow and no deeps cracks are found.

Figure 5.7.: Cross sectional SEM images of calcined titania films after (a) one and (b) four
repetitive spin-coating steps, respectively. Both images are taken at a tilt angle of 60°. The
white arrows indicate the respective film thicknesses.

For a more thorough and quantitative analysis of the morphology GISAXS measure-
ments are performed on four samples with increasing number of spin-coating steps. For
all samples, the speed of rotation is kept constant at 1600 rpm. Figure 5.8 show one ex-
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emplary 2d GISAXS data and four horizontal line cuts of titania films which are prepared
from one, two, three, and four repetitive spin-coating steps, respectively. The 2d data
shows the typical scattering signal corresponding to the foam-like nanomorphology which
is also observed in section 5.1.1.

Figure 5.8.: (a) 2d GISAXS data of a single-coated titania film after calcination. (b) horizontal
line cuts for single- (black), double- (blue), triple- (green), and quadruple-coated (orange) titania
films. The solid points stand for the data points and the grey lines show the corresponding fits.
The cuts are taken at the Yoneda position of titania, as indicated by the red arrow in (a). The
curves in (b) are shifted along the intensity axis for clarity.

The horizontal line cuts are fitted individually by using again cylindrical form factors
with 1DDL distributions, as described in chapter 2.4.3 using two structure factors and two
cylindrical form factors, each distributed on a one-dimensional paracrystalline lattice. The
results are summarized in table 5.1. The extracted fitting parameters are almost identical
for all analyzed line cuts, confirming again that the nanomorphology as defined by the
sol-gel weight ratio remains preserved throughout the various spin-coating repetitions.
The larger of the two different structure and form factors is attributed to long-distance
domains and the smaller structure is assigned to the pore size, just as discussed above in
the case of sample I for the hierarchically structured titania films (section 5.1.1).

Optical properties

The optical properties of the multi-coated titania films is investigated with UV/Vis spec-
troscopy. Figure 5.9 shows transmission curves of four polymer/titania composite films
with one to four spin-coatings prepared on glass substrates with a constant spin-coating
speed of 1600 rpm. As visible from the data, all films reveal a transmission of more than
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spin-coating
steps

S1,2 [nm] σS1,2 [nm] R1,2 [nm] σR1,2 [nm]

1 220 75 37 12
40 13 3.6 1.6

2 200 60 38 13
43 13 3.4 1.8

3 200 60 38 13
43 13 3.4 1.8

4 230 68 31 10
44 14 4.1 1.5

Table 5.1.: GISAXS fitting parameters for calcined titania films after one, two, three, and
four spin-coating steps. Each line cut is fitted with two structure factors S1,2 distributed on
one-dimensional paracrystals and two corresponding cylindrical form factors which are defined
by their radii R1,2. For all parameters, the respective standard deviation σS/R of the Gaussian
distribution is given.

90% over almost the whole measured wavelength range. In the UV region the absorp-
tion of titania and PS is visible [201, 202]. This shows that the films remain transparent
and that no larger clusters or defects form upon multiple spin-coatings already in the
polymer/titania composite film which would cause light scattering in the visible range.
Further confirmation of the high transparency is obtained by photographs and optical
microscopy measurements, which are shown in the inset of figure 5.9. The transmission
curves reveal again the change in film thickness which is seen by the increasing number
of modulations for increasing number of spin-coating steps i.e. increasing film thickness.
Additionally, another effect is visible from the transmission measurements. For some
wavelengths, when the thickness modulation reach their respective maximum, the films
exhibit a transmission of more than 100%. This is explained by the fact that the UV/Vis
measurements uses a blank glass substrate as reference. If for example the reflectivity of
the sample is lower as compared to the bare glass slide, more light passes through the
sample and thus, a higher transmission value is detected by the UV/Vis instrument.

5.2.2. Solar cell performance

The ssDSSCs investigated in this section are prepared by the standard recipe as described
in section 4.2.4 using foam-like titania films of different thicknesses and a titania film made
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Figure 5.9.: Transmission measurements of polymer/titania composite films prepared by one
(black), two (blue), three (green), and four (orange) spin-coating iterations. The inset shows
a photograph and an optical microscopy image of a titania film prepared from four repetitive
spin-coatings.

from a commercial paste of presynthesized nanoparticles (Solaronix, Ti-Nanoxide T) as
reference. In short, the solar cells are prepared on FTO substrates which are covered by a
thin compact titania film, acting as hole-blocking layer, on which the active titania matrix
is deposited. In the case of the commercial titania film, the paste is blade coated using
Scotch tape as spacers and in the case of the foam-like titania, the films are prepared by
the multiple spin-coating approach as described above using a constant speed of rotation
of 1600 rpm. After soaking the titania films in the dye solution, the solid hole conductor
spiro-OMeTAD is backfilled in the two different ways described in section 4.2.3: either
by the standard way via depositing the spiro-OMeTAD solution directly on the titania
film and spin-coating after a waiting time of 30 s, or by pre-soaking the titania films in
pure chlorobenzene for 45 min prior to spin-coating the spiro-OMeTAD solution. The
pre-soaking routine has yielded better backfilling results in previous studies of our group
for ssDSSCs with P3HT as solid hole conductor [61]. The reference cell is backfilled by
the standard way. The concentration of the spiro-OMeTAD solution is kept constant for
all prepared solar cells at 180 mg/mL. In the end, a thin gold layer is deposited on top
of the spiro-OMeTAD film using a shadow mask resulting in a total of 8 active pixels per
substrate. In the following, the cell prepared from the commercial paste will be referred
to as reference cell and the other two types of cells will be termed as fabricated from
custom made titania films and are distinguished by the type of backfilling used.

In figure 5.10 the dark and illuminated I/V-curves of the solar cells backfilled by pre-



5.2. Controlling the film thickness 115

soaking are shown. The titania films for these cells are prepared by repeated spin-coating
one to four times, respectively. In addition, the I/V-curve of the reference cell is shown in
grey. All of the ssDSSCs backfilled by pre-soaking perform much worse compared to the
reference cell. While the open-circuit voltage UOC is the same, the short-circuit current is
lower by more than a factor of 4. In addition, it is also visible that all of the solar cells with
custom made titania films perform very similar to each other, not revealing any effect of
the different film thicknesses. The same results are obtained for the ssDSSCs with custom
made titania films prepared by the standard backfilling way of direct spin-coating. Table

Figure 5.10.: I/V-characterization of ssDSSCs backfilled by pre-soaking. The titania films have
different thicknesses and are prepared by one (black), two (blue), three (green), and four (orange)
times repeated spin-coatings, respectively. In addition, the I/V-curve of the reference cell made
from a commercial titania paste (grey) is shown. For all cells, the dark curves (filled circles) and
curves under illumination (open circles) with simulated sunlight (AM1.5) are shown.

5.2 summarizes all the characteristic values as obtained from the I/V-characterization
of all investigated solar cells. The results of all ssDSSSCs with custom made titania
films are the same within the detected fluctuations. Additionally, the way of backfilling
does not result in different performances of the photovoltaic devices. The higher short-
circuit current of the reference cell is attributed to the much higher film thickness. The
commercial paste results in film thicknesses of the order of 4 µm whereas the custom made
films reach a maximum of 350 nm for the used speed of rotation [203]. This rather large
difference in thickness results in a significantly higher amount of adsorbed dye molecules
which consequently leads to an increased light absorption in case of the reference cell.
The employed dye requires several micrometer in thickness to absorb all incoming light
and is therefore not ideally suited for sub-micrometer thin films. However, this does not
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backfilling direct pre-soaking

no. of coatings reference 1× 2× 1× 2× 3× 4×

η [%] 1.58 0.27 0.29 0.25 0.25 0.23 0.25
±0.09 ±0.03 ±0.05 ±0.02 ±0.02 ±0.02 ±0.03

FF [%] 52.6 49.8 50.7 50.7 51.9 53.0 52.1
±2.8 ±1.5 ±3.1 ±2.9 ±2.1 ±3.1 ±4.0

UOC [V] 0.70 0.78 0.79 0.73 0.73 0.73 0.70
±0.01 ±0.01 ±0.03 ±0.02 ±0.02 ±0.02 ±0.03

jSC [mA/cm2] −5.30 −0.68 −0.72 −0.66 −0.66 −0.60 −0.69
±0.14 ±0.06 ±0.11 ±0.06 ±0.05 ±0.05 ±0.14

Table 5.2.: Solar cell parameters of ssDSSCs with multi-coated titania films. The shown num-
bers are average values along with the corresponding fluctuations. The two different routes of
backfilling the spiro-OMeTAD direct and pre-soaking are explained in section 4.2.3.

explain the fact that all ssDSSCs with custom made titania films shows no variation in
short-circuit current despite their difference in film thicknesses.

To find an explanation for the almost identical performance, the morphology of the so-
lar cells are investigated with cross-sectional SEM measurements. Figure 5.11 exemplarily
shows two cross-sections of ssDSSCs backfilled by pre-soaking with custom made titania
films prepared by spin-coating one and four times, respectively. The different film thick-
nesses are clearly visible despite the rough breaking edge due to the solid hole conductor
and match with the values obtained by the WLI measurements. The inset in both SEM
images show larger magnifications of the same solar cells. The porous structure is hardly
observable which means that the pores are not empty anymore but filled with the solid
hole conductor, which consequently lowers the contrast in the SEM images, signifying
good backfilling. In the SEM images of both solar cells a huge spiro-OMeTAD overlayer
is visible which is significantly thicker than the actual active titania film, reaching up to
1 µm in thickness. This large overlayer is attributed to the relatively high concentration of
the spiro-OMeTAD solution. The concentration of the spiro-OMeTAD solution is taken
from literature and is optimized for film thicknesses of around 2 µm [204]. Since it is kept
constant for all fabricated devices, the amount of spiro-OMeTAD which usually is needed
to fill the pores of the micrometer thick reference cell, is now left over after filling the
mesopores of the foam-like structure of the thin titania films and consequently forms the
large overlayer observed in the SEM measurements.
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Figure 5.11.: Cross-sectional SEM images of ssDSSCs prepared by backfilling with pre-soaking
with a custom made titania film prepared from (a) one and (b) four spin-coating steps. The red
dashed lines are guides to the eye to separate the different layers of the solar cells. From bottom
to top, these are the glass substrate, the FTO, the blocking layer with the custom made titania
layer, the spiro-OMeTAD film, and the gold electrode. The insets show a higher magnification
of the same sample, respectively. The scale bars in the insets corresponds to 250 nm.

5.2.3. Results

Using the route of repetitive spin-coatings, titania films with a foam-like nanomorphology
are fabricated with thicknesses ranging from 153 to 940 nm before calcination and 73 to
441 nm after calcination. The decrease in film thickness upon calcination is attributed
to the structural collapse during the heat treatment which is well known for this type
of sol-gel synthesis [199, 200]. The film thickness increases linearly with the number of
repeated spin-coatings and shows a (rpm)-1/2 dependence to the speed of rotation which
in total allows for very precise tuning of the film thickness within the just mentioned
range.

From the morphology investigation, a homogeneous nanomorphology is verified with
constant pore size throughout the various spin-coating steps. Additionally, the analysis of
a cross-section of a single and a quadruple coated film reveals that no inhomogeneities in
the vertical film composition are formed during the multiple spin-coatings. However, as
also seen from SEM images of the four-times spin-coated film, the quality of the surface
of the titania film slightly decreases with increasing number of spin-coating steps which
manifests in shallow grooves and agglomerated patches. Since these defects are only
shallow and small in size, they do not lower the overall film quality during the presented
investigations. From the obtained results, in principle no limitations regarding the total
number of spin-coating is seen. However, the beginning formation of defects already
indicate certain risks in terms of film quality for further increased spin-coating repetitions.
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Higher spin-coating iterations lead to more defects and consequently to more failures in
film preparation which is a drawback regarding applications as this effectively signifies
higher material costs. In the present investigation, a maximum of four times spin-coating
is found to still yield films with reasonably low number of defects and simultaneously
allow for good reproducibility.

The homogeneity of the multi-coated films also manifested in a very high transparency.
The films stay clear and show no defects which is confirmed by transmission values higher
than 90% for the visible wavelength range, already for the polymer/titania composite films
before calcination. The higher transmission values for certain wavelengths of the multi-
coated polymer/titania are in good agreement with the reflectivity measurements of the
hierarchical samples investigated in the first part of this chapter. This observation possibly
allows for using the composite films as anti-reflection coatings. The high transparency and
the little amounts of defects also allow for another possible application of the composite
films, the so-called high refractive index polymers (HRIP) which aim for refractive indices
around 1.8 and above [205]. One way to obtain these HRIP is a hybrid approach where
inorganic nanoparticles of high refractive index are incorporated into a polymer matrix.
Among others, titania is a popular candidate due to its high refractive index [25]. One
of the major challenges is to avoid clustering of the inorganic nanoparticles which would
cause Rayleigh scattering and consequently lead to lowered transparencies [205]. For
this, a general rule is to avoid particle or cluster sizes above 25 nm [206]. The foam-
like morphology fabricated by a sol-gel approach in combination with diblock co-polymer
templating constitutes a highly promising approach to incorporate large amounts of titania
without the problem of clustering due to the selective incorporation into the microphase
separated diblock co-polymer matrix. In the present investigation, refractive indices of
such polymer/titania composite films up to 1.75 have been reached. This is a decent
value, especially considering that the focus of the investigations is mainly placed on the
fabrication of highly porous films as active layers in optoelectronic applications instead
on incorporating very high amounts of titania.

The multi-coated titania films are incorporated as active layers into ssDSSCs. However,
the device performance of all investigated solar cells is rather poor with efficiencies reach-
ing only roughly 0.3%. The efficiency of a reference solar cell made from a commercial
titania paste reaches about 1.6% which is also not very high compared to literature, where
for similar cells efficiencies up to 7% are reported [10]. The missing difference in solar cell
performance for differently thick titania films and also for the reference solar cell is not
related to problems with backfilling which is confirmed by cross-sectional SEM analysis.
Rather, the very thick spiro-OMeTAD overlayer is believed to be the main limiting factor
in the investigated devices. This spiro-OMeTAD overlayer acts as a resistance for the
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charges generated in the active titania layer and consequently limits the performance of
the investigated devices which also gives an explanation for the rather weak performance
of the reference solar cell. Ideally, the overlayer which acts as electron-blocking layer
to avoid short circuits should be as thin as possible to minimize losses due to the inner
electrical resistance of the film. In further tests to reduce the overlayer thickness, differ-
ent ways are investigated, such as faster spin-coating, lower concentration, and plasma
etching [207]. However, all these mentioned routes reveal different problems such as a
chemical altering of the spiro-OMeTAD film during the plasma treatment which seems
to lower the film’s conductivity. The best results with efficiencies exceeding 0.5% are
obtained by using lower concentrations of the spiro-OMeTAD solution using thin titania
films obtained from single spin-coating [207]. The problem with the overlayer needs to be
further investigated to obtain a better fabrication routine for ssDSSCs before the custom
made titania can be characterized properly towards their performance in photovoltaic de-
vices. Anyhow, the SEM investigation reveals a good backfilling even in the case of four
times spin-coating showing that the pore size of roughly 40 nm is indeed highly suitable
for backfilling with solid hole conductors.

5.3. Summary

Multiple spin-coating steps without intermediate calcination are used to fabricate titania
thin films of variable film thickness and furthermore to combine different morphologies
into complex film assemblies. The first is demonstrated by a total of four iterative spin-
coating steps of a sol-gel solution yielding a foam-like nanomorphology and the latter is
demonstrated by combining a foam-like with a granular morphology as tuned by different
sol-gel weight ratios for two times each.

The individual titania morphologies are preserved throughout all spin-coating and the
concluding calcination step. Even the granules remain intact while being sandwiched be-
tween two foam-like mesoporous layers. Also the foam-like morphology itself is not altered
during the repeated spin-coatings as proven by homogeneous vertical film compositions
and constant pore sizes, verified by GISAXS measurements. The foam-like morphology is
of special interest for many applications such as photovoltaics and photocatalysis as it pro-
vides a bicontinuous network structure with a very high effective surface are of 102 m2/g.
Using a maximum number of four spin-coating steps, film thicknesses exceeding 900 nm
before and 400 nm after calcination are reached while ensuring highly homogeneous films
with only little amount of defects present. In the case of hybrid solar cells and also in the
case of ssDSSCs, the trend goes towards lower film thicknesses as better sensitizers for
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light absorption are synthesized, Therefore, the achievable thickness range of our multiple
spin-coating fabrication routine is well suited for future applications [129].

All investigated films exhibit purely anatase crystal phase of titania after the calcination
step at 400 °C. The good crystallinity, which is crucial for applications in optoelectronic
devices, is again observed in the photoluminescence spectra of the investigated films which
also reveal the typical sub-band states, common for anatase titania systems. Also the
optical properties are promising, as the films are highly transparent for visible light which
proves again the homogeneous, defect-free nature of the films. In addition, a possible use
of the hybrid polymer/titania films as anti-reflective coatings and even as HRIP films is
feasible since the refractive index of the polymer/titania films investigated in the present
research already reach high values of 1.75, as obtained from WLI.

First tests of the custom made titania films in ssDSSCs showed only little success as
only efficiencies below 0.5% are reached. The main reason is found to be a problem in
the fabrication of the solar cells and not in the performance of the titania films itself such
as a lack of crystallinity. More specifically the problem arises during the backfilling of
the the titania films with the solid hole conductor spiro-OMeTAD. The backfilling of the
titania films itself works very well which demonstrates that the tailored pore sizes of 30
to 40 nm is well suited for ssDSSCs. However, as a side effect of the employed backfilling
routine a large overlayer of spiro-OMeTAD is formed, reaching up to 1 µm in thickness,
which acts as inner electrical resistance for the charges generated in the active layer. So
far, further tests have been unsuccessful in reproducibly reducing the overlayer thickness
while maintaining sufficient backfilling and good electric properties of the spiro-OMeTAD
film.

In summary, promising examples for complex film assemblies and thick titania films with
a mesoporous foam-like nanomorphology are obtained by iterative spin-coating without
intermediate calcination. This route allows for mixing different morphologies and, de-
pending on the employed solvent, even enables the combination with different materials
such as zinc oxide by changing to different sol-gels. The fabrication routine is highly
efficient time and material wise compared to other routes present in literature and offers
a powerful tool to enable custom tailoring of hierarchically structured titania films on a
new level [138,177].



6. Superstructuring of nanostructured
titania thin films

Hierarchic structures can be highly beneficial for many applications and have therefore
received a lot of attention in the last few years. For example, by structuring the electron-
blocking layer of a P3HT:PCBM solar cell with a line grating yielded an improved light
harvesting and consequently a higher power conversion efficiency of the photovoltaic de-
vice has been demonstrated [208]. Similar approaches, using periodic sub-micrometer
structures in the active layer of organic solar cells has led to increased efficiencies com-
pared to the corresponding bulk devices without any superstructure [209–211].

Following the same idea, it is obvious that also titania based devices can benefit strongly
from that kind of hierarchic structuring. However, in terms of structuring titania films,
additional challenges have to be overcome since, unlike polymers, titania is an inorganic,
hard material and consequently difficult to be structured for example by imprinting.
Anyhow, combining the widely used nanostructured titania thin films with structures
of much larger length scales, so-called superstructures, has gained increased popularity
over the recent years and various ways of fabrication have been published in literature
[34,155,156,212].

Common ways to obtain superstructures, not only for titania but also for many other
material systems including organic photovoltaics, are the so-called nano-imprint lithogra-
phy (NIL) and the solution based micro-molding in capillaries (MIMIC) [213–215]. Both
methods are multi-step processes. It starts from the fabrication of a master structure, the
optional replication with a polymer to create a stamp or mold, and the final transfer via
imprinting into the titania until the final structured film is obtained.

In this thesis, two main ways of imprinting are established for structuring titania thin
films. The first approach is based on the principle of MIMIC and is in the following
referred to as wet imprinting. The stamp is applied to the liquid solution and the actual
imprinting happens during the drying process. Afterwards, the stamp has to be removed
to reveal the structured film. This way of imprinting excels in terms of simplicity since
typically no extra machinery or high energy costs are necessary. Also, the complete
procedure is performed under ambient conditions. On the downside, the drying process
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can be quite time consuming since the evaporation of the solvent is fairly slow. Typical
materials for wet-imprinting are flexible polymer stamps, such as poly(dimethylsiloxane)
(PDMS) which are also used in the present work. PDMS has many advantages such as
low material costs, intrinsic anti-sticking properties, and a high degree of flexibility that
significantly aids in the lift-off process which typically works best if the stamp can be
peeled off the dry sample in a fashion similar to removing a stripe of sticky tape from a
solid surface.

The second way of imprinting is based on the principle of NIL and is in the following
referred to as soft embossing. The structure is transferred with a hard stamp which is
pressed into a film made from softer material. This way of imprinting has the advantage of
low processing times therefore even allowing potentially for large-scale roll-to-roll printing.
In many cases also for soft-imprinting, polymeric materials like PDMS are used which
works well for polymer systems such as organic solar cells. However, due to the low
compression modulus of most polymer molds, the imprinting possibilities are limited
especially towards lower structure sizes and for inorganic materials [216]. Even though
also hard polymeric materials, such as poly(methyl methacrylate) (PMMA) have already
been used successfully for fabricating titania films with very small structure sizes, the
procedure is still very challenging involving for example a difficult lift-off process where
the stamp itself gets destroyed [217]. A workaround to this problem is the use of inorganic
materials as stamps since these have a very high intrinsic hardness compared to polymeric
materials. In this thesis, a custom made stamp made of silicon is used.

Regarding the material to be imprinted, several requirements have to be fulfilled. Since
wet-imprinting is a solution processing technique, such as solution casting, not all methods
of fabrication of titania films are suitable. In addition, the nanostructure of the titania film
should ideally not be influenced by the imprinting process. For soft-embossing, the film has
to be soft, compared to the stamp material. The synthesis of the nanostructured titania
thin films via the sol-gel approach introduced in chapter 4.2.1 meets these challenges
as the films are still embedded in the soft polymer matrix after spin-coating before the
calcination step.

In the first part of this chapter structuring titania films via wet-imprinting is investi-
gated. Therefore, in section 6.1, TTIP based sol-gel solutions are used in combination
with flexible PDMS stamps in order to fabricate superstructured titania films with a
foam-like nano-morphology. For this, two different types of line gratings are chosen as
exemplary superstructures. Details about the fabrication process are provided in section
6.1.1. The morphology of the final structures is investigated in section 6.1.2 addressing
both, the superstructure as well as the nanostructure of the titania films with different
kind of imaging techniques, namely optical microscopy, atomic force microscopy (AFM),
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and scanning electron microscopy (SEM). Afterwards, an optoelectronical characteriza-
tion with UV/Vis and photoluminescence (PL) spectroscopy of the superstructured films
is performed and presented in section 6.1.4 before the final results of wet-imprinting titania
films are summarized and discussed in section 6.1.5.

In the second part of this chapter, soft-embossing is investigated as a structuring tech-
nique for titania thin films. In section 6.2, spin-coated films made from TTIP based sol-gel
solutions are superstructured with soft-embossing. For this, a hard inorganic stamp made
from silicon is used. A detailed description of the fabrication routine is given in section
6.2.1. The resulting structured films are investigated towards their morphology in section
6.2.2 with different kinds of imaging and scattering techniques, such as AFM, SEM, and
grazing incidence small angle x-ray scattering (GISAXS). Afterwards, the optoelectronic
properties of the titania films are investigated with PL spectroscopy and additionally the
crystallinity is verified with x-ray diffraction (XRD) (section 6.2.4). The results of soft-
embossing of titania films are discussed in section 6.2.5 before section 6.3 combines the
obtained results from the two different ways of imprinting titania films made from TTIP
based sol-gel solutions. Parts of this investigation are published in references [178,218]. A
part of the results in section 6.1 is presented in the bachelor’s thesis of Isabell Groß [219],
parts of the result in section 6.2 are presented in the master’s thesis of Gregory Tain-
ter [181], and parts of the results from both sections 6.1 & 6.2 are presented in the
bachelor’s thesis of Florian Schaff [220].

6.1. Wet imprinting

The sol-gel solutions based on TTIP as titania precursor are prepared as explained in
chapter 4.2.1. In this section, the weight ratio of the sol-gel components is kept constant
at w1,4-dioxane : wHCl : wTTIP = 0.925 : 0.01 : 0.065 for all investigated samples. This
composition is expected to yield a foam-like nanomorphology. Mainly acid cleaned glass
slides are used as substrates since they allow for an easy investigation of the optical
properties of the structured titania films. Acid cleaned silicon substrates are used for
SEM investigations due to their higher conductivity compared to glass. As explained
above, PDMS stamps are used for wet-imprinting. They are fabricated as described in
chapter 4.2.5 from two different master structures. The first one is a custom made silicon
master fabricated with optical lithography which in the following is referred to as structure
I. The second master is a dismantled rewritable CD which in the following is referred to
as structure II. The CD channels have a rectangular shape with small structure sizes and
are used in this thesis to test also small structure sizes well below 1 µm [221]. Since the
silicon master is custom made by optical lithography, it is first investigated towards its
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topography and characteristic sizes. The silicon master was not etched with a plasma
after the optical lithography, so the superstructure is defined by the hardened photoresist
and not by the silicon itself. Because the etching rate of the organic photoresist is higher
than for silicon the final depth of the structures in silicon is lower after etching than it
was before in the structured photoresist. Thus, by leaving out the plasma etching step
structures of larger depth are obtained. Figure 6.1 shows an AFM image of the surface of

Figure 6.1.: (a) AFM topography image of the silicon master. The height value is given in
nanometers. (b) Height profile taken across the channel structure, as indicated in (a) by the red
rectangle.

the silicon master along with a height profile across the line structure. Although the mask
used during the lithography process has sharp lines, the channels have a wavy structure
rather than a rectangular shape. This is explained by the fact that the illumination
time of the photoresist is kept short enough so that a complete illumination down to the
substrate does not happen. Consequently, not the full illuminated lines but only parts of
the resist are removed during the development step. This behavior is also reflected in the
height profile, shown in figure 6.1(b), where different depths of the channels are visible.
Nevertheless, the channels are very homogeneous in lateral direction. The characteristic
sizes of the two masters are summarized in table 6.1.

master structure height [nm] width [µm] periodicity [µm]

silicon (I) channels 460 2.0 4.0
CD (II) channels 125 0.175 1.5

Table 6.1.: Characteristic structure sizes of the two different master structures which are used
in this thesis for wet-imprinting.
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6.1.1. Fabrication routine

Figure 6.2 shows an schematic overview about the various steps involved in the wet-
imprinting routine. First, the sol-gel solution is prepared and kept stirring for 60 min.
Then, the PDMS stamp, which is a replica of either the CD or the silicon master, is
placed upside down in a box and leveled horizontally. Using a pipette, the stamp is

Figure 6.2.: Schematic illustration of the processes involved during the wet-imprinting of titania
films: (a) Preparation of a titania sol-gel solution, (b) deposition of the solution on the PDMS
stamp, (c) placement of the substrate, (d) drying the sample with an additional weight at room
temperature, (e) lift-off of the PDMS stamp, and (f) final calcination step at high temperature
to remove polymer template and obtain a crystalline, porous titania film.

fully covered with sol-gel solution, which is done slowly to avoid air being trapped inside
the PDMS channels. Then, the cleaned silicon or glass substrate are placed on top of
the PDMS stamp. For this, the substrate is first placed at one edge and then carefully
lowered down until it fully rests on the stamp to prevent air bubbles from being trapped
between substrate and stamp as shown in figure 6.2(c). This part is most crucial since
any trapped air is unable to leave the solution and will remain inside the film which
would lead to a poor transfer of the superstructure. Then, one or two glass slides (each
76×26 mm2,≈ 5 g) is placed on top of the substrate to act as additional weight, before the
box is closed with a lid to avoid air fluctuations and ensure a homogeneous atmosphere for
drying. After a drying time of typically 48 h, the solution is completely evaporated, leaving
behind only the titania/polymer film. For the lift-off of the stamp, the PDMS/titania
layer stack is turned upside down and then the PDMS stamp can be removed simply by
hand in a motion similar to peeling off a sticky tape. In doing so, close attention has
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to be payed that the peeling off happens along the channels and not perpendicular to
them as otherwise the channel can break loose easily. Finally, the sample is placed in a
tube furnace for calcination at 400 °C for 4 h to remove the polymer matrix and convert
the amorphous titania into its anatase crystalline phase. Although the PDMS stamp
can be easily taken off the substrate, always a small amount of dried sol-gel residues are
left on the stamp surface. This happens especially at the edges, where left-over solution
dries aside of the substrate. Even with prolonged treatments in 1,4-dioxane, the main
solvent of the sol-gel solution, in an ultrasonic bath for several hours, a complete removal
is not possible. Therefore, one PDMS stamp is only used for 2–4 times, depending on the
amount of contaminants left on the stamp after each imprinting run. With this procedure
rather large areas in the order of several square centimeters can be imprinted with a
superstructure, as shown exemplarily in figure 6.3. Since the channels run parallel to each
other, they act as line grating and consequently the typical colorful diffraction pattern is
visible over the full imprinted area.

Figure 6.3.: Photographs of (a) a PDMS stamp with structure I and (b) a corresponding wet-
imprinted titania film on a glass substrate with a total imprinted area of ≈ 3 cm2. The arrow in
(a) indicates the orientation of the superstructure.

6.1.2. Morphology

As already seen in figure 6.3(b), large areas can be structured with the wet-imprinting
routine which is seen by the homogeneous interference pattern of the titania film. This is
further verified with optical microscopy images. Figure 6.4 shows optical micrographs of
titania films imprinted with structure I and II, respectively. Both structures are homo-
geneously transferred into the titania film and the corresponding characteristic structure
sizes are clearly visible even in the case of structure I, which only has a channel width of
175 nm.

Optical microscopy only provides limited quantitative information in lateral direction
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Figure 6.4.: Optical microscopy images of wet-imprinted titania films with (a) structure I and
(b) structure II. The insets show higher magnifications of the same sample.

and additionally offers no access towards height information. AFM is a more suitable
tool to further characterize the superstructure of the imprinted titania films. It is a well
known fact that the titania films experience a shrinkage during the calcination step. This
effect will also affect the imprinted superstructure of the film. In order to get quantitative
information also about the height evolution of the superstructure during the imprinting
routine, AFM measurements before and after calcination are performed.

Figure 6.5 shows AFM measurements of titania films imprinted with structure I along
with corresponding height profiles. The wavy nature of structure I, which is character-
istic for the silicon stamp, is clearly visible. At this point it is important to note that
the imprinted titania films have the same shape as the silicon master. This is due to the
fact that they are made not directly from the silicon master but from the PDMS stamp
which itself is a negative image of the master structure. The channels are homogeneously
reproduced by the titania film. However, the average channel height is around 220 nm
which is only about 50% compared to the silicon master as shown in figure 6.5(c). There
are two explanations for this decrease in channel height: first, the titania films shrinks
upon drying when the solvent leaves the film and consequently, the remaining structure
collapses in height. The second reason lies within the PDMS stamp itself, which pre-
sumably already has a lower channel height compared to the silicon master. On the one
hand, this is attributed to the high viscosity of the PDMS fluid which is not able to fully
penetrate the channels of the silicon master before the curing sets in. On the other hand,
the chemical properties of PDMS play a significant role in the wetting with the sol-gel
solution. As mentioned in the beginning, PDMS has intrinsic anti-sticking properties
and is therefore commonly used as anti-sticking agent. This anti-sticking property means
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that the surface energy of PDMS is high and unfavorable for the sol-gel solution which is
reflected in high contact angles. This results in a poor wettability of the PDMS stamp
by sol-gel solution. Consequently, this implies that the channels are not fully penetrated
by the sol-gel solution which explains the lower structure height of the channels in the
structured polymer/titania composite film. The superstructure is preserved also after the
calcination step. The characteristic wavy shape is still clearly visible. The channel height
is now only about 150 nm which corresponds to a decrease in height by roughly 35% upon
calcination. In the end, the final height of the channels in the titania film is about 30%
compared to the initial height measured for the silicon master. The lateral structure sizes
of the superstructure are concurring very well with the silicon master showing an average
channel width of 2 µm and a periodicity of 4 µm.

Figure 6.5.: AFM measurements of imprinted titania film before and after calcination. The
films are imprinted with structure I. (a) & (b) show the topography images before and after
calcination. (c) & (d) show height profiles taken across the channels as indicated by the red
boxes in the topography images. The height values in the topography images are given in
nanometers.

Figure 6.6 shows AFM measurements of titania films imprinted with structure II along
with corresponding height profiles. As mentioned in the beginning, the CD channels
have a rather rectangular shape which is now clearly reflected in the AFM images of the
imprinted titania films. The average channel height is about 35 nm. This corresponds to
less than 30% of the original channel height of the CD master. Part of the reason for
this strong decrease in structure height is explained in the previous paragraph, such as
the high viscosity of the PDMS fluid which is not able to properly penetrate the narrow
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channels of the CD master which are only 175 nm wide. As shown in the height profile
(figure 6.6(c)), the surface of the channels is rather inhomogeneous. This can be attributed
to problems during the lift-off process where the more rectangular shape which leads to
higher tensions during the removal of the PDMS stamp as compared to the wavy shape of
structure I. At this point, it is important to note that the PDMS stamp is treated with an
oxygen plasma before imprinting in case of using the CD master, as explained in section
4.2.5. This step is crucial for obtaining good imprinting results. The oxygen plasma
lowers the surface energy of the PDMS stamp, thereby increasing the wettability of the
PDMS surface with the sol-gel solution. Therefore, the sol-gel solution is able to flow
also inside the narrow channels which otherwise would be prevented by the high surface
tension. However, the anti-sticking properties of PDMS are weaker due to the oxygen
plasma treatment. This gives a possible explanation for the difficult lift-off procedure.
The uneven surface of the channels as observed by the AFM measurements are possibly

Figure 6.6.: AFM measurements of imprinted titania film before and after calcination. The
films are imprinted with structure II. (a) & (b) show the topography images before and after
calcination. (c) & (d) show height profiles taken across the channels as indicated by the red
boxes in the topography images. The height values in the topography images are given in
nanometers.

explained by torn off channels where part of the polymer/titania film is still left inside
the PDMS structure. This assumption is further confirmed by the fact that the PDMS
stamps are always more contaminated after the imprinting run in case of structure II,
compared to structure I. However, the lateral structure sizes of the imprinted titania film
match with the ones from the CD master, showing a channel width of roughly 250 nm
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and a periodicity of 1.5 µm. Upon calcination again a further collapse of the channels is
observed, although not to the same extent as compared to structure I. The final height
is only between 25 and 30 nm which corresponds to less than 25% of the initial channel
height of the CD master. The height profile in figure 6.6 now clearly shows that the initial
inhomogeneity of the channels’ top surface is now completely gone leaving behind rather
smooth surfaces.

To obtain more information also about the nanostructure of surfaces of the imprinted
titania films, SEM measurements are performed. Figure 6.7(a)&(d) show SEM images of
a titania film without imprinting prepared by spin-coating as a reference for the nanos-
tructure. The titania film displays a foam-like morphology with an average pore size of
30 nm, and a defect free surface without cracks or clusters is visible within the probed area.
For both structured samples, the channels are visible via bright lines in the SEM images

Figure 6.7.: SEM images with different magnifications of (a) & (d) an unstructured titania film
produced by spin-coating and titania films after wet-imprinting with (b) & (e) structure I, and
(c) & (f) structure II.

with matching periodicities for the two different structures, as shown in figure 6.7(b) &
(c). In the case of structure I, cracks are visible in figure 6.7(e) which run parallel to the
channels. The cracks are only found in the elevated regions and not down in the bottom
of the channels. The crack formation can be attributed to stress which is induced during
the drying step of the wet-imprinting routine. However, the cracks are rather shallow and
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do not go down all the way to the substrate and thus, they pose no disadvantage in terms
of usability for example in photovoltaic or photocatalytic application. Additionally, the
porous foam-like nanostructure is still visible with similar pore sizes. In case of structure
II, cracks are also visible on top of the channels (figure 6.7(c)). In difference to structure
I, they are randomly oriented and do not run only parallel to the channels. Anyhow, the
cracks are shallow and do not penetrate deep into the film. Concerning the nanomor-
phology, the surface is less porous than in case of structure I. In figure 6.7(f), the surface
seems flat and baked together. This might possibly be explained by plasma treatment
of the PDMS stamp in case of structure II which changes the wettability of the PDMS
surface with the sol-gel solution, as detailed above. However, through elongated openings
of the order of several hundred nanometers, the porous foam-like morphology is visible.
To further investigate how much of the titania is baked together vertically and if the
foam-like morphology is preserved through the rest of the film volume, the cross section
of the film is investigated. For this, the sample is first broken and then tilted under an
angle of 60° for the SEM measurement. Figure 6.8 shows a high magnification of a cross
sectional view of a titania film. In the top part of the image, the areas which are flat and
baked together can be seen. However, just beneath the surface, the foam-like morphol-
ogy with its characteristic high porosity is visible and persisting all the way down to the
substrate. This clarifies the observations from the top view of the imprinted titania films
and shows additionally that the cracks are indeed shallow and not penetrating through
the full volume of the film. Additionally, this demonstrates the rather high stability of
the foam-like morphology also for slow deposition processes like solution casting. The
nanomorphology of the spin-coated film, where the structure is frozen in after 60 min of
aging time, is still similar to the nanomorphology after wet-imprinting, where the solution
is aged in total for more than 48 h.

Figure 6.8.: SEM image of a cross section of an imprinted titania film taken under an angle of
54°. The black area in the bottom of the image shows the silicon substrate.
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6.1.3. Crystallinity

The crystallinity of titania films is an important aspect with regard to applications. After
the wet-imprinting step, the titania, which is embedded in the polymer matrix, is still in
its amorphous phase. Therefore, the calcination step is necessary to remove the polymer
template on the one hand, and to convert the titania into its crystalline phase on the
other hand. The crystallinity is investigated with x-ray diffraction (XRD). Figure 6.20
shows the XRD curve of calcined titania film. As indicated by the red vertical lines, the
peaks from the titania film correspond to the anatase crystal phase. The average crystal
size is determined by fitting the peaks and evaluating them with the Scherrer equation,
as explained in section 2.4.1. This way, an average crystal size of 11 nm is found for the
investigated titania film.

Figure 6.9.: XRD data of a titania film after calcination. The theoretical peak positions of
anatase titania with the respective relative intensities are shown by the red vertical lines along
with the corresponding crystal orientation. The sharp peak at 33° originates from the silicon
substrate.

6.1.4. Optical characterization

The optical properties of the imprinted titania films are first investigated with UV/Vis
spectroscopy as described in section 3.2.1. Figure 6.10 shows the UV/Vis absorption
spectra for samples with structure I, II, and a planar sample as reference. The titania
film with structure I clearly shows the highest absorption compared to both the planar
film and the film with structure II. This increase in absorption is attributed to light which
is scattered at the wavy surface of structure I. Although the geometry inside the UV/Vis
instrument is chosen so that the sample is hit by the beam of light under 0° with respect
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to the surface normal, this is only true for planar films. In fact, due to the wavy nature
of structure I the incoming beam of light sees predominantly tilted surfaces which cause
it to be partially refracted according to Snell’s law. The refracted light then is not able
to reach the detector of the UV/Vis spectrometer since no integrating sphere is used for
these measurements. Therefore, the transmittance of the film imprinted with structure
I seems to be lower as compared to a planar film. But it is important to note, that this
lower transmittance is due to more light being absorbed in the titania film, but by light
which is refracted away from the main beam, consequently not reaching the detector.
Especially in the range from 300 to 600 nm the absorption of the titania film imprinted
with structure I is clearly higher compared to the planar film. This region is of special
interest for example in DSSCs, since many commonly used dyes are absorbing in that
range. For example, the widely used dye N719, which is considered a standard reference
dye since many years, absorbs mainly between 310 and 550 nm which overlaps very well
with the region of increased absorption in case of structure I [222].

Figure 6.10.: UV/Vis absorption measurements for titania films imprinted with structure I and
II. Additionally, the absorption is shown for a planar titania film without any superstructure as
reference.

In addition to UV/Vis measurements, also photoluminescence spectroscopy (PL) is used
to investigate the titania films, as described in section 3.2.2. PL is a useful method for
investigating surface states which strongly influence photocatalytic reactions [186, 187].
The two main processes which contribute to the PL signal are band-band transition and
excitonic PL [182]. The latter is due to radiative electron transmission occurring in sub-
bands which are located below the conduction band of titania. They are closely related to
surface defects, such as oxygen vacancies [182]. Since surface related effects increase with
decreasing particle size, excitonic PL plays a significant role in nanostructured systems.
For this investigation, a planar titania film is used since refraction from the wavy surface
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of imprinted films could overlap with the fluorescence signal from the titania and therefore
lead to false PL intensities. The sample is illuminated with 300 nm which is well below
the band gap energy and a 350 nm cut-off filter is put between the sample and the detec-
tor to block the excitation wavelength. The photoluminescence data of a planar titania
film which is prepared from a sol-gel with the same weight ratio via solution casting on a
silicon substrate is shown in figure 6.11. The open circles represent the PL data and the
red line shows a fit to the data. Both curves are shifted slightly along the intensity axis
for clarity. Additionally, the PL spectra of a blank silicon piece is shown to clarify that
the measured signal is solely originating from the titania film. The PL spectra is rather

Figure 6.11.: PL spectrum of a planar titania film together with the deconvolution, using five
Gaussian distributed peaks as shown by the dashed curves. The open circles represent the
measured data and the red line shows the fit. For clarity only every 5th point is shown and the
complete spectra is shifted along the intensity axis. The solid black line close to zero intensity
corresponds to the PL spectra of pure silicon.

broad, ranging from roughly 350 to 600 nm, and shows several peaks. To obtain more
detailed information about the individual contributions of the PL bands, the PL spectra
is fitted using a total of five Gaussian distributed peaks, as shown by the dashed lines
in figure 6.11. The peaks are located at approximately 375 nm, 420 nm, 455 nm, 485 nm,
and 525 nm. The first peak at 375 nm corresponds to 3.3 eV which is quite close to the
band gap energy of anatase titania. However, since a 350 nm cut-off filter is used for
the measurement, another explanation for this first peak can be given. The signal from
the excitation wavelength is not infinitely sharp but in reality rather broadly distributed
especially to lower intensities. Thus, the observed high intensity at 375 nm could also
be the tail of the excitation wavelength signal, which is cut-off by the filter at around
350 nm which consequently makes the signal appear like a peak. This tail of the exci-
tation wavelength becomes broader with increasing surface roughness. The blank silicon
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substrate is polished and therefore has a very low surface roughness, which also explains,
why no peak like signal is observed for the blank, polished silicon substrate. In contrast,
the measured titania film fabricated by solution casting has a higher surface roughness
compared to the blank silicon roughness which explains why the tail is broadened. Still,
it is important to note, that the wavelength matches rather closely the band gap energy
of anatase titania. Since the sol-gel procedure with a calcination step at 400 °C yields
titania in its anatase polymorph as confirmed with the XRD measuremets, a band-band
transition across the band gap is also a possible origin of this peak. The band at 420 nm is
attributed to self-trapped excitons localized on TiO6, which has been reported previously
from various studies of anatase systems [188, 192, 193].The bands at around 455 nm and
480 nm are attributed to oxygen vacancies acting as shallow traps which are common on
small sized semiconductor particles [189, 193, 223]. These traps are located at about 0.6
to 0.7 eV below the conduction band and are the cause for the rather broad distribution
of this PL band. Surface defects are the main cause for the band at 525 nm [191]. In
the case of uncalcined samples for which the titania is still in its amorphous phase, this
signal arising from surface defects is much stronger. If the titania is in a crystalline state,
the amount of surface defects decreases significantly. As seen from the dashed peak at
525 nm, it is relatively weak as compared to all the other peaks showing a good degree of
crystallinity.

6.1.5. Results & discussion

Superstructured titania films with line gratings of two different length scales are success-
fully prepared over large areas via wet-imprinting of a sol-gel solution in combination with
a diblock copolymer template (P(S-b-EO)). The routine presented in this work uses flex-
ible stamps made of PDMS for imprinting with intrinsic anti-sticking properties, which
allow for uncomplicated lift-offs. The PDMS stamps are prepared from two different mas-
ter structures: a custom made silicon master (structure I) and a commercially available
CD master (structure II). The wet-imprinting routine is based on the principles of MIMIC
and in short can be described as an upgraded solution casting process, where the sol-gel
solution dries in between the PDMS stamp and the desired substrate.

The two different structures both have a channel like morphology but on different length
scales. In case of structure I, the channels have a wavy shape with a width of 2 µm, a
height of 460 nm, and a periodicity of 4 µm. In case of structure II, the channels have a
more rectangular shape and are much smaller in size with a width of only 175 nm and a
height of 125 nm with a periodicity of 1.5 µm. Both structures are transferred successfully
into the titania films which is verified by AFM and SEM measurements. However, two
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critical points are found during the investigation of the two different superstructures. The
first point is that the final feature height in the wet-imprinted titania film is significantly
smaller than the initial feature height present in the master structure. The final channel
height is smaller by approximately a factor of 3 in case of structure I and a factor of 4 in
case of structure II. This strong difference is explained firstly, by a lower feature height
already for the PDMS replicate of the master structure and secondly, by the intrinsic
shrinkage of the titania film during the calcination step which is common for polymer
templated sol-gel approaches [57]. However, it is important to note that the collapse is
constant as it is basically limited by the fact that the nanomorphology cannot collapse
too strongly during the presented fabrication routine. The chosen calcination temperature
of 400 °C is enough to combust the organic polymer matrix, but is not enough to melt
down the titania network. The second point is concerning the minimum lateral structure
size of the master structure. For small structure sizes, like in the case of structure II,
which has narrow channels with a width of less than 200 nm, an oxygen plasma step is
necessary to obtain good imprinting results. The oxygen plasma lowers the surface energy
of PDMS which consequently improves the wetting of the PDMS stamp by the sol-gel
solution. However, the improved wetting also implies decreased anti-sticking properties.
Anyhow, this creates problems with the lift-off procedure which results in broken channels
as observed in the case of structure II, possibly explaining the even stronger decrease in
structure height compared to structure I. These two points are crucial for the design of
future master structures which have a lower limit towards lateral structure sizes and need
to exhibit sufficiently high structure heights to compensate for the shrinkage. One further
problem might be the limit towards more complex geometries. The superstructure needs
to enable good drying conditions which is the case for the investigated line structure since
the solvent is able to leave the system via the channels to both sides. However, this might
be difficult for example in the case of two dimensional structures like an array of cylinders.

In addition to the superstructure, the titania films exhibit a foam-like nanomorphology
both for structure I and II, which is selected by the weight ratio of the sol-gel solution. The
pore size of roughly 30 nm is on the same order as in other structured titania films which
have been successfully utilized in scientific applications over the past years [172, 224].
This demonstrates that the nanomorphology is not affected by the established imprinting
procedure which is desirable since especially the foam-like morphology is favored due to
its high surface to volume ratio. However, while for structure I the mesoporous structure
is also observable at the surface of the titania films, in case of structure II the foam-like
morphology is covered by a thin layer of compact titania. This is possibly explained by
the change in surface energy due to the oxygen plasma treatment of the PDMS stamp.
Still, the porous foam-like morphology is visible through cracks in the surface showing
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that it is preserved in the volume of the film, as verified by a cross-sectional SEM analysis.
Although the majority of the foam-like structure is preserved, this could prove unfavorable
for backfilling with solid hole conductors [61,142].

An increased absorbance is detected for superstructured film both for structure I and
II, whereas the difference compared to an unstructured, planar reference sample is signif-
icantly higher in the case of structure I. This is mostly attributed to the wavy nature of
structure I leading to inclined surfaces on a microscopic scale which cause the incoming
light to be refracted according to Snell’s law. This refraction to higher angles potentially
causes the light to effectively travel longer pathways in titania based optoelectronic devices
such as hybrid or dye-sensitized solar cells, and also photocatalytic devices, which induces
a light trapping effect that has been demonstrated to yield higher efficiencies in photo-
voltaic devices compared to the corresponding non-structured bulk devices [208–211]. In
addition, with photoluminescence the band gap energy and also typical sub-band states
are revealed, which are related to self-trapped excitons, localized on TiO6, oxygen vacan-
cies and surface defects [182, 188, 189, 192]. This clarifies that our anatase titania films
show similar optoelectronic properties to those already observed and successfully utilized
in scientific applications such as photocatalysis [193,223].

In total, the superstructuring routine via wet-imprinting using soft PDMS stamps in
combination with sol-gel chemistry yields promising results on large areas in the order of
several square centimeters. However, it is clearly demonstrated that the master structure
needs to be carefully tailored in order to produce viable results. The height of the features
in the master structure needs to be higher by a factor of about 3 to compensate for
the shrinkage during the imprinting routine. And also the lateral structure size should
have a minimum size to allow for sufficient wetting of the PDMS surface by the sol-gel
solution which is estimated from the obtained results to lie around half a micrometer.
Especially the wavy shape of structure I is expected to be highly suitable for example
in photovoltaic application, since incoming photons always meet tilted surfaces causing
them to be refracted which consequently leads to increased distances for light to travel
inside the solar cell.

6.2. Soft embossing

Sol-gel solutions with a weight ratio of w1,4-dioxane : wHCl : wTTIP = 0.92 : 0.005 : 0.075 are
prepared as explained in chapter 4.2.1. As observed already in the previous chapter, this
weight ratio results in a foam-like nanomorphology for the titania film. For all samples
investigated in this section, acid cleaned silicon substrates are used. As mentioned in the
beginning of this chapter, a custom made silicon stamp is used to imprint the titania films.
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Choosing an inorganic material has the advantage of a very high hardness, which is able
to deform the titania/polymer films before the calcination step without getting destroyed
during the process. The stamp is fabricated by optical lithography with subsequent dry
etching using a SF6/C4F8 plasma, as explained in section 4.2.5. Figure 6.12 shows an
AFM image of the surface of the silicon stamp along with a height profile across the line
structure. Very narrow channels of only about 500 nm width are visible with a periodicity
of 4 µm. The average depth of the channels is about 200–250 nm as extracted from the
AFM results. At this point it is important to note, that the real depth of the channels
could potentially be larger, but the AFM tip is not able to fully reach the bottom surface
of the rather narrow channels. The channel width is much smaller than the width of the
structure in the chrome shadow mask which is used for the optical lithography. This is
explained by the fact, that after the optical lithography the structure is also not perfectly
rectangular but rather wavy. A same observation is also found and discussed at the
silicon master which is used for the wet-imprinting experiments, see section 6.1. The
silicon stamp is used as prepared by optical lithography without the plasma etching step
with the structured photoresist still attached to the silicon. Similar illumination and
development conditions are used for the fabrication of the silicon stamp used for soft-
embossing, so the same wavy shape is expected after the optical lithography step. This
wavy shape is then etched down into the silicon upon the plasma etching step, resulting
in the observed narrow and triangular shaped channels which are observed in the AFM
height profile, see figure 6.12(b).

Figure 6.12.: (a) AFM topography image of the silicon master. The height value is given in
nanometers. (b) Height profile taken across the channel structure, as indicated in (a) by the red
rectangle.
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6.2.1. Fabrication routine

Figure 6.13 shows a schematic overview of the various steps involved in the soft-embossing
routine. First, the sol-gel solution is prepared and kept stirring for 60 min. Then, a
polymer/titania film is produced via spin-coating with 1600 rpm for 30 s. After this step,
the foam-like nanostructure is already implemented in the composite film, still containing
the structure-directing diblock copolymer. Since the polymer is still present, the overall
film retains a certain mechanical softness as compared to a purely inorganic titania film.
This circumstance is utilized in this imprinting routine to emboss a superstructure into
the nanostructured polymer/titania composite film. To obtain good imprinting results, a

Figure 6.13.: Schematic illustration of the processes involved during the soft-embossing of
titania films: (a) Preparation of a titania sol-gel solution, (b) spin-coating of the solution on a
silicon substrate, (c) embossing of the polymer/titania film, (d) lift-off of the stamp, and (f) final
calcination step at high temperature to remove the polymer template and obtain a crystalline,
porous titania film.

stamp made from a material harder than the composite film is required. In the present
investigation, a stamp made from single crystalline silicon is chosen for embossing. Before
the actual embossing step takes place, the stamp is covered with an anti-sticking layer
as described in section 4.2.5. The stamp is placed on top of the polymer/titania film
which is heated up to 120 °C and subsequently high pressures up to 60 bar are applied to
push the stamp into the film thereby transferring the structure. The high pressure and
elevated temperature is maintained for 30 min before the whole system cools down to room
temperature. The lift-off of the silicon stamp is simply done by hand and does not require
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any special procedure. As a last step, the structured polymer/titania film is calcined at
400 °C for 4 h to remove the polymer template and convert the titania into its crystalline
phase. With the procedure established in this thesis, soft embossed titania films can be
fabricated on a macroscopic area up to square centimeters as shown in figure 6.14. Since
the channels run parallel to each other, they act as line grating and consequently the
typical diffraction pattern is visible over the full imprinted area.

Figure 6.14.: Photographs of (a) a silicon stamp and (b) a corresponding soft-embossed titania
film on a silicon substrate with a total imprinted area of ≈ 1 cm2.

Although the imprinting routine itself is rather simple, several steps require attention
in order to optimize the quality of the final imprinted film. For example, the coverage of
the stamp with an anti-sticking agent is crucial since otherwise, the polymer/titania film
may adhere strongly to the silicon stamp during the embossing run and no clean lift-off
is feasible. Furthermore, the stamp itself might be unusable later on since the removal
of the composite material from the stamp afterwards is difficult and requires aggressive
cleaning procedures like strong acidic baths. However, with the use of an anti-sticking
layer, the stamp is directly reusable without any further cleaning treatment for multiple
runs, since no mechanical damage and also no decrease in the anti-sticking properties is
observed even after several imprinting runs.

As mentioned above, the sample is heated up during the embossing run to further
soften the polymer/titania film. This is necessary as no successful imprinting is possible
at temperatures below 100 °C. In order to find the optimum temperature for imprinting,
several temperatures are tested from 100 to 140 °C. During this test, 120 °C is found to
yield the best results. Below this temperature, the imprinting results are incomplete and
not satisfying. Above 120 °C, the film becomes to soft and starts adhering to the silicon
stamp as if no anti-sticking layer would be used which again results in problems during
the lift-off procedure. Figure 6.15 shows SEM images of a titania film and a silicon stamp
after a problematic lift-off procedure. The film is clearly damaged and some parts of the
film are completely removed from the silicon substrate. Accordingly, on the surface of the
silicon stamp patches of the polymer/titania film are visible.

Finally, the pressure with which the stamp is pushed down into the polymer/titania
film has to be carefully adjusted. The superstructure of the used silicon stamp with
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Figure 6.15.: SEM images of (a) a damaged TiO2 films and (b) the corresponding silicon stamp
after a bad lift-off procedure.

its narrow channels (see figure 6.12) is rather challenging to be embossed into the poly-
mer/titania film since a large flow of material from the plain film into the channels is
required. Therefore, high pressures are necessary to obtain satisfying imprinting results.
Figure 6.16 shows SEM images of calcined titania films embossed with different pressures,
ranging from 40 to 60 bar. In the case of 40 bar and 50 bar, only a partial transfer of
the structure is observed as the channels are only poorly pronounced and also are only
found at the edges of the imprinted area but not in the center. In the case of 60 bar,
which is consequently chosen as the standard imprinting pressure, the channels are well
pronounced and the structure is found all across the sample instead of only at the edges.

Figure 6.16.: SEM images of calcined titania film embossed with different pressures: (a) 40 bar,
(b) 50 bar, and (c) 60 bar.

6.2.2. Morphology

Figure 6.17(a) shows an optical microscopy image of a soft-embossed titania film. The
thin bright lines are clearly visible across the full image. At this point it is important
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to note that, opposite to the wet-imprinting routine presented in the first part of this
chapter, the final film is a negative replica of the original silicon stamp. Therefore, the
narrow channels of the silicon master structure are now not indented into the film but
are sticking out of the titania film resulting in the bright lines which are observed with
optical microscopy. To obtain more quantitative information about the superstructure,
AFM is performed on a soft-embossed titania film. Figure 6.17(b) shows a topography
image of the imprinted titania film. Again, the thin lines are visible as prominent feature.
The height profile shown in figure 6.17(c), reveals a height of roughly 160 nm and a width
of about 350 nm in average. The periodicity of the thin lines is determined to be 4 µm,
matching the original periodicity of the silicon stamp very well.

Figure 6.17.: (a) Optical microscopy image of a soft-embossed titania film. (b) AFM topography
image and (c) the corresponding height profile of the same film taken across the line structure
as indicated by the red rectangle in (b). The height values in the topography image are given
in nanometers.

SEM is used to investigate the nanomorphology of the embossed titania films. In
figure 6.18(a) a top view of a soft-embossed titania film after calcination is shown. The
bright rectangular area in the left part corresponds to the embossed channel structure.
Running along the channel edges, a slight crack formation is visible. The cracks have a
size of up to a few hundred nanometers and are again induced by the mechanical stress
during the embossing step. However, these cracks remain shallow and are solely found
in close vicinity of the channels. Already after a few hundred nanometer away from the
channel structure, these cracks are not observed anymore and only the typical foam-like
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nanomorphology of the titania film is visible, as was adjusted by the sol-gel weight ratio.
Remarkably, the foam-like morphology is also visible inside the elevated areas of the
channel structure. This demonstrates that despite the high pressure and temperature
conditions during the embossing step, the nanomorphology of the spin-coated titania film
remains intact. Additionally, the bicontinuous nature of the titania nanomorphology is
visible as the structures are interconnected. To further verify this observation, the cross-
section of the titania film is investigated. For this, the sample is tilted to 60° so that not
only the cross-section but also some part of the top surface is visible in in figure 6.18(b).
The white arrow acts as a guide to the eye to distinguish the cross-section from the
top surface. From this, the film thickness is estimated to be roughly 100 nm, which is in
good agreement with white light interferometry measurements performed on similar films.
Also, in the cross-section image the porous nanomorphology is visible again, persisting
all the way down to the substrate confirming the observations from the SEM surface
investigation.

Figure 6.18.: SEM images showing (a) the surface and (b) the cross section of a soft-embossed
titania film. The arrow in (b) indicates the film thickness of roughly 100 nm and in the bottom
the silicon substrate is visible.

However, since SEM only allows for a very local investigation of the film, the advanced
scattering technique grazing incidence small angle x-ray scattering (GISAXS) is used.
With GISAXS, more quantitative information about the morphology of the film volume
with a significantly higher statistical relevance is obtained. To investigate the influence
of the embossing procedure on the nanomorpholgy, two titania films with and without
the embossing step are investigated. Figure 6.19 (a) & (b) show the 2d GISAXS data
of the non-structured and the structured titania film, respectively. The two scattering
patterns show strong diffuse scattering and are resembling each other closely for most
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Figure 6.19.: GISAXS data of titania films with and without embossed superstructure. (a) &
(b) show the 2d scattering images of a titania films before and after embossing, respectively.
In (c) line cuts taken at the critical angle of titania are shown for both films together with fits
to the data, represented by the red solid lines. The solid circles (bottom curve) correspond to
the non-structured and the solid squares (upper curve) correspond to the structured titania film.
The curves are shifted along the intensity axis for clarity. The scattering contributions from the
nano- and the superstructure are labeled with Λ1 and Λ2, respectively.

part. However, in the case of the embossed titania film the beginning of the characteristic
circular scattering feature around the specular beam position is observed, as indicated by
the dashed circular lines. As explained in section 2.4.3, this feature arises from the parallel
channel structure which acts as a line grating. For better visibility of this feature, a thin
rod beam stop is used for measuring the embossed titania film. For quantitative analysis,
line cuts along qy at the critical angle of titania are performed and fitted as described in
section 3.1.7. The two line cuts with the corresponding fits are shown in figure 6.19(c). For
the non-structured film (bottom curve) a characteristic feature - denoted as Λ1 - is found
and fitted by a structure factor of 35 nm with a Gaussian distribution of σS = 11 nm and
a form factor of 3.6 nm with a Gaussian distribution of σF = 1.6 nm. This structure size
is attributed to the pore size of the foam-like nanomorphology. In case of the structured
titania film, Λ1 is observed again in the line cut, demonstrating that the nanostructure
remains intact during the embossing step. Additionally, a second characteristic feature
at lower qy-values - denoted as Λ2 - is found and fitted by a structure factor of 350 nm
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with a Gaussian distribution of σS = 110 nm and a form factor of 5.7 nm with a Gaussian
distribution of σF = 5.7 nm. This feature is reflecting the width of the channels. The
value is in good agreement with the observations from the AFM measurements. At this
point it is important to note that the periodicity of 4 µm is not visible in the GISAXS
data, since it is that large that it lies above the resolution limit, which was chosen to
emphasize the investigation of the nanostructure.

6.2.3. Crystallinity

After the embossing step, the titania is still in its amorphous phase and embedded in the
polymer matrix. With calcination the polymer template is removed on the one hand, and
the titania is converted into its crystalline phase on the other hand. The crystallinity is
investigated with x-ray diffraction (XRD). Figure 6.20 shows the XRD curve of calcined
titania film. The red vertical lines show indicate the theoretical position of anatase titania.
In good agreement with these theoretical positions all peaks visible in the XRD data
originating from the titania film correspond solely to the anatase crystal phase. The
average crystal size is determined by fitting the peaks and evaluating them with the
Scherrer equation, as explained in section 2.4.1. Thereby, an average crystal size of 11 nm
is found for the investigated titania film which is similar to the values obtained for the
wet-imprinted film which is discussed in section 6.1.3.

Figure 6.20.: XRD data of a titania film after calcination. The strong signal at 33° originates
from the silicon substrate and is cut off for clarity. The red vertical lines indicate the theoret-
ical peak positions of anatase titania along with their respective relative intensities and crystal
orientations.
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6.2.4. Optoelectronic characterization

By measuring the photoluminescence (PL) of the titania film, useful information about the
surface states which strongly influence photocatalytic reactions are obtained [186, 187].
As explained in the previous section, the two major processes contributing to the PL
signal are band-band and excitonic PL whereas the latter arises from radiative electron
transmissions from subbands which are located below the conduction band and typically
closely related to surface defects, such as oxygen vacancies [182]. Since the surface to
volume ratio is rather large for small particles, these surface related effects are expected
to contribute significantly to the PL spectra of the nanostructured titania films. The
PL measurement is again performed on a planar, non-structured film to avoid unwanted
light scattering due to the embossed line grating. The sample is illuminated with 350 nm
which is below the band gap energy and a 350 nm cut-off filter is put between the sample
and the detector to block the excitation wavelength. The photoluminescence data of a
planar titania film which is prepared from a sol-gel with the same weight ratio via spin-
coating on a silicon substrate is shown in figure 6.21. The open circles represent the PL
data and the red line shows a fit to the data. Additionally, the PL spectra of a blank
silicon piece is shown to clarify that the measured signal is solely originating from the
titania film. The asymmetric shape of the PL data indicates that the overall spectra is

Figure 6.21.: PL spectrum of a planar titania film together with the deconvolution, using four
Gaussian distributed peaks as shown by the dashed curves. The open circles represent the
measured data and the red line shows the fit. For clarity only every 3rd point is shown and the
complete spectra is shifted along the intensity axis. The solid black line close to zero intensity
corresponds to the PL spectra of pure silicon.

composed of several PL signals. To obtain more detailed information about the individual
contributions to the PL spectra, the data is fitted with four Gaussian distributed peaks
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at approximately 383 nm, 423 nm, 471 nm, and 506 nm, which are shown by the dashed
lines in figure 6.21. The first peak at 383 nm corresponds to a photon energy of about
3.2 eV which matches the band gap energy of anatase titania quite precisely [27]. The
band at 423 nm is attributed to self-trapped excitons localized at TiO6, which has been
previously reported in literature from studies of various anatase systems [188, 192, 193].
The next band at 471 nm is attributed to oxygen vacancies which act as shallow traps at
roughly 0.6 to 0.7 eV below the conduction band [189, 193, 223]. These oxygen vacancies
are common on small sized semiconductor particles and consequently contribute quite
strongly to the PL signal of the investigated nanostructured titania film, as is visible from
the shoulder in the measured PL spectra. Finally, the band at 503 nm is also partially
assigned to the just mentioned oxygen vacancies. However, surface defects are known to
be another source of PL at this photon energy range, which explains the broad shape of
the peak at 503 nm compared to the other three peaks. The amount of surface defects
is high for non-crystalline samples and which consequently results in a high signal from
this PL band. Upon calcination, when the titania is transferred to the anatase phase, as
verified with XRD measurements in the previous section, the amount of defects is reduced
signifcantly. As seen from the dashed peak in figure 6.21 at 503 nm, the intensity of this
signal is rather low, revealing again a good crystallinity of the investigated sample.

6.2.5. Results & discussion

The combination of titania films with a superstructure in the micrometer range and a
foam-like nanomorphology is realized with a soft-embossing routine. For demonstration,
a hard inorganic silicon stamp custom made by optical lithography is used to emboss
polymer/titania composite films with a rather high aspect ratio. The structure of the
silicon stamp consists of very narrow, parallel channels of only about 500 nm width with
a periodicity of 4 µm and an average depth of the channels of about 200–250 nm which
results in the typical rainbow colored diffraction grating for visible light. The embossed
films are a negative image of the used silicon stamp with thin lines sticking out of the
titania film. After calcination, the lines have a final height of roughly 160 nm and a width
of about 350 nm in average. The periodicity of the thin lines is determined to be 4 µm,
matching the original periodicity of the silicon stamp very well. One important aspect
in the film preparation is to have a minimum film thickness because the embossing step
requires enough material to flow into the structure of the stamp. However, if the film is too
thin, not enough material is available to completely fill up the structure and consequently
no or only an incomplete structuring is achieved. This will be of special importance for
rough substrates, such as FTO or ITO, since the unevenness of the surface needs to be
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compensated to a certain degree in order to yield successful, homogeneous imprinting
results.

The polymer/titania composite films are prepared via spin-coating a sol-gel solution
with a weight ratio that yields a foam-like nanomorphology. The foam-like morphology
is preserved during the embossing step and is also present inside the elevated channels
demonstrating that the polymer/titania composite films are mechanically stable enough
to be able to withstand the high pressure and elevated temperature conditions during
the embossing run. After calcination, a final pore size of 35 nm is found for the foam-
like nanostructure which is a quite suitable size for various photoelectronic applications
[34, 64, 140]. For example, Wang et al. used macro-channeled mesoporous titania with
pores of similar sizes for highly efficient photocatalysis [225].

The titania is in its anatase crystal phase after the calcination step with an average
crystal size of 10 nm. The anatase phase is known to perform better than its rutile
counterpart in many applications, such as DSSCs or gas sensing of ethanol or hydrogen
[196, 197]. The good crystallinity is again observed in the PL spectra of the investigated
titania film, revealing a typical band gap energy of 3.2 eV in addition to sub-band states
related to self-trapped excitons, localized on TiO6, oxygen vacancies and surface defects,
which have been reported previously in studies of similar anatase systems [27, 188, 189,
192,193,223].

In total, the superstructuring routine via soft-embossing using a hard inorganic silicon
stamp in combination with sol-gel chemistry has proven itself as a reliable tool to imprint
titania films with high aspect ratios. Due to coating the stamp with an anti-sticking layer,
several imprinting runs are possible while no mechanical damage and also no decrease of
the anti-sticking properties is observed. This is a highly beneficial aspect of our routine
since the reusability of the stamp potentially keeps costs low and allows for a rather high
throughput of samples. The chosen superstructure with its narrow channels is rather
extreme and demonstrates the large potential of this technique. The presented embossing
routine allows for large flows of material while preserving the nanostructure which is
chosen by the selected sol-gel weight ratio. Furthermore, just as in the case of wet-
imprinting the presented soft-embossing routine also has a high potential to be transferred
to other material systems, such as zinc oxide, by simply changing to different sol-gel
systems.

6.3. Summary

Two different imprinting routines based on sol-gel chemistry in combination with diblock
copolymer templating are established for superstructuring titania films: wet-imprinting
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and soft-embossing. In short, the wet-imprinting routine is an upgraded solution casting
process which utilizes a flexible PDMS stamp to transfer the superstructure. Two different
master structures are used to demonstrate the usability of the established wet-imprinting
routine: a custom made silicon master with structures in the micrometer range and
a commercial CD master with structures in the nanometer range. The soft-embossing
routine utilizes a hard inorganic stamp, in the presented work made from silicon, which
is used to emboss the desired superstructure into polymer/titania composite films which
retain a certain softness due to the organic matrix which is still inside the film.

For both imprinting routines the foam-like nanomorphology remains intact even during
the extreme conditions of the embossing step demonstrating the high mechanical stability
of the polymer/titania film. Pore sizes in the order of 30 to 40 nm are obtained which are
highly suitable for various application like ssDSSCs and hybrid solar cells, as discussed in
more detail in chapter 5.1.4. Also a good degree of crystallinity exhibiting a pure anatase
phase of the titania structure as well as typical optoelectronical properties are obtained
for all investigated films. This shows, that the two presented routes to obtain superstruc-
tured titania films do not alter the properties of foam-like morphologies obtained by the
presented polymer assisted sol-gel technique with its characteristic high surface area and
good degree of crystallinity.

Comparing these two routes for transferring superstructures into titania films, each of
them has their own strengths and weaknesses. Both imprinting routines show promising
potential to allow for large area imprinting which is demonstrated in the present work
already on macroscopic areas up to a few square centimeters and therefore can be chosen
as required. The wet-imprinting routine only requires ambient conditions and no complex
machinery which makes it the more cost efficient process. Concerning the total thickness
of the total titania film, the wet-imprinting routine allows for much thicker films due to the
fact it is based on solution casting. Since for soft-embossing, the titania film is fabricated
by spin-coating, the overall thickness is limited to a few hundred nanometer as discussed
in chapter 5.2. If smaller structure sizes are required, soft-embossing is the more suitable
routine as basically any structure can be transferred into the polymer/titania film given
high enough pressures. In case of wet-imprinting, the structure size is limited towards
small lateral feature sizes due to the aggravated wetting of the PDMS stamp by the
sol-gel solution as discussed above. Also, when more complex structures are desired, wet-
imprinting has some limitations, since the geometry of the superstructure needs to allow
for sufficient solvent evaporation.

In summary, the two different imprinting routines show rather large potential to fabri-
cate superstructured titania films. Both imprinting routines are able to combine the much
favored foam-like nanomorphology with a superstructure which can be custom tailored
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to the needs of the application. The final titania films keep the high porosity and the
bicontinuous network structure which is tuned by the sol-gel weight ratio and also a clear
anatase crystal phase is observed for both superstructuring methods. Both imprinting
methods offer the potential to be transferred to other material systems.



7. Low temperature synthesis of
polymer/titania hybrid films

In principle, the typical production process of solid-state dye-sensitized solar cells (ss-
DSSCs) and hybrid solar cells can be summarized by two main steps: the fabrication of
a titania matrix and its subsequent backfilling with a solid hole conductor [62, 142, 226].
The main reason for this two-step process lies in the classic preparation routine of titania
films, which virtually always involves an essential high-temperature step, typically well
above 350 °C. The subsequent backfilling of the matrix with the solid hole conductor
is vital for a good overall device performance as it defines the active area of the solar
cell [71,140,227,228]. Nevertheless, it remains a challenging task until today with several
problems which need to be overcome. Among these are for example a layer of air at the
bottom of the titania matrix blocking any incoming material, or too small pore sizes in
the titania scaffold which prevent the solid hole conductor from entering and filling the
pores. The latter is of special importance if polymers are used as solid hole conductors
since they constitute rather large molecules. In addition, if the organic semiconductor
needs to crystallize in order to exhibit sufficient conductivity, the molecules need to be
able to rearrange within the pores to form crystals [140].

A possible workaround to these problems is found in a low-temperature sol-gel syn-
thesis route in which the polymer and the inorganic semiconductor matrix are fabricated
simultaneously. A reduction of the temperature is beneficial in many ways [67]. The lower
the required temperatures, the less energy is consumed for the fabrication process which
results in low costs and short amortization times in the case of solar cells. In addition, a
low-temperature routine allows for the use of flexible substrates such as polymer foils or
fibers [229, 230]. Furthermore, the typical shrinkage and pattern collapse of the titania
structures which often occur during the high-temperature treatment can be avoided [231].

Polymer-assisted sol-gel synthesis is a commonly used approach to fabricate nanostruc-
tured titania films due to the excellent control of the film morphology [49, 57, 126, 173].
However, as mentioned above, mostly sacrificial polymers are employed as templates for
the sol-gel process which are combusted in the end to obtain the titania matrix. There-
fore, a direct low-temperature approach faces several challenges. Firstly, a titania matrix
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with a sufficiently high degree of crystallinity needs to be fabricated without the typical
high-temperature step in order to preserve the functional organic material. Secondly, the
polymer needs to be able to act as structure-directing agent for the titania as a certain
degree of control over the final morphology is highly desirable. And thirdly, the func-
tional polymer needs to establish a proper interface with the inorganic material e.g., for
sufficient charge separation in photovoltaic devices.

Polythiophenes are a very popular class of conductive polymeric materials among which
poly(3-hexyl thiophene) (P3HT) has surely received the most attention due to its suc-
cessful employment in organic photovoltaics in combination with the fullerene deriva-
tive ([6,6]-phenyl-C61butyric acid methyl ester) (PCBM) [121, 232, 233]. Also hybrid ap-
proaches using P3HT in combination with inorganic materials such as titania for ssDSSCs
and hybrid solar cells have been already realized successfully [10,140,154,228]. Polythio-
phenes have been modified numerous times to tune its properties to the needs of the
desired applications such as photovoltaics, light-emitting diodes, or field-effect transis-
tors [127, 227, 234, 235]. In this work, a novel approach based on modified polythiophene
polymers employed in a low-temperature sol-gel synthesis is presented, using ethylene-
glycol-modified titanate (EGMT) as titania precursor. This precursor allows for tuning
of the crystal phase via the pH-value and has recently been successfully used by our group
for the fabrication of nanostructured titania thin films [123, 236]. In principle, the idea
is to alter P3HT so that a possible structuring of titania with the EGMT precursor is
feasible. This is done by combining P3HT with poly(ethylene oxide) (PEO), since it is
well known that metal oxides coordinate to ethylene oxide [170,237].

Two different approaches of combining P3HT with PEO are investigated in this work.
The first polymer is a modification of P3HT where the hexyl side chain is substituted
with a short ethylene oxide chain, which consequently is named poly(3-ethylene oxide
thiophene) (P3EOT). The results of the sol-gel synthesis with this polymer in combination
with EGMT are described and compared to results of films made from the pure polymer
in the first part of this chapter (section 7.1). The morphology of the obtained films is
investigated in section 7.1.1 with atomic force microscopy (AFM) and scanning electron
microscopy (SEM). This is followed in section 7.1.2 by a crystallinity study using grazing
incidence wide angle x-ray scattering (GIWAXS). Afterwards, the optical properties of
the synthesized hybrid films are studied with UV/Vis spectroscopy (section 7.1.3) before
an incorporation of the fabricated hybrid films into a photovoltaic device is tested in
section 7.1.4. At the end of the first part of this chapter, the results are summarized and
discussed (section 7.1.5).

The second material is a combination of unmodified P3HT and PEO in the form of a
diblock copolymer poly(3-hexyl thiophene-block-ethylene oxide) (P(3HT-b-EO)). In the
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second part of this chapter (section 7.2), hybrid films made from this diblock copolymer
again in combination with EGMT are characterized and again compared to pure polymer
films. The morphology of the films is analyzed in section 7.2.1 followed by the inves-
tigation of the crystallinity in section 7.2.2. The optoelectronic properties are probed
with UV/Vis and photoluminescence spectroscopy (PL) (section 7.2.3). Afterwards, also
the hybrid films made from the diblock copolymer P(3HT-b-EO) are investigated to-
wards their performance as active material in hybrid solar cells. The obtained results
are resumed and discussed in section 7.2.5. At the end of this chapter, the two different
approaches established in this work are summarized and compared (section 7.3). Parts of
this investigation are published in reference [124].

7.1. Hybrid films from P3EOT

The hybrid films are prepared as described in section 4.2.1. They are prepared via spin-
coating on silicon substrates for the SEM and crystallinity investigations and on glass
slides for the optical characterization. A weight ratio for DMF : HCl : EGMT of wDMF :
wHCl : wEGMT = 100 : 1 : 1 is used for the hybrid films, corresponding to a theoretical
pH-value of about 0.9. Pure P3EOT films are prepared from a N,N-dimethylformamide
(DMF) solution with the same concentration as for the hybrid films (cP3EOT = 10 mg/mL).
In the case of solar cells, an inverted design is used, as described in section 4.2.4. For solar
cell fabrication the hybrid film is deposited on the FTO substrates via solution casting to
obtain films with a few hundred nanometer in thickness. The final films are post-treated
by a thermal annealing step (15 minutes at 140 °C) in a nitrogen atmosphere. In the
following, the pure polymer films and the hybrid films are characterized before and after
the annealing step, respectively.

7.1.1. Morphology

The morphology of surfaces of the pure polymer and hybrid films are investigated with
AFM. Figure 7.1 shows several AFM topography images of pure and hybrid films before
and after annealing, respectively. Before annealing, both type of films, with and with-
out titania, exhibit a defined surface structure, typical for block copolymers. For the
pure polymer and the hybrid film, a root-mean-square (rms)-roughness of roughly 6 nm is
found. The rms-roughness decreases to a value of about 4 nm for both type of films after
annealing. However, the surface structure of the pure P3EOT film shows distinct differ-
ences to the structure of hybrid film. The surface of the pure polymer film is smoothed
out significantly and the defined surface structure which is observable before the annealing
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step is strongly smeared out. Contrarily, in the case of the hybrid film the topography is
still very similar to the state before the annealing step. Only a slight broadening of the
structures is visible along with a decrease in structure height. This difference in structure
is attributed to the chemical processes that occur during the fabrication of the hybrid
films. As explained in section 2.2.2, hydrolization and polycondensation processes are
occurring during the sol-gel process upon the addition of HCl, which constitutes the se-
lective solvent for the used polymer. During these processes, the titania precursor forms
small titania nanoparticles, which further condensate and build up more complex struc-
tures [44]. Additionally, the selective solvent causes the poorly dissolved component of
the polymer to aggregate in order to decrease the specific surface area and consequently
to minimize the surface-free energy. Furthermore, as already noted in the beginning of
this chapter, the titania nanoparticles are known to coordinate to ethylene oxide which
in the present case constitute the side chains of the used polymer. This selective coordi-
nation of the precursor nanoparticles to the agglomerated polymer in solution is able to
influence the morphology of the final titania structures. Eventually, upon film fabrication,
for example by spin-coating or solution casting, the titania nanoparticles condensate to
complex structures inside the polymer matrix. These structures, which are connected
to the P3EOT via the ethylene oxide side chains, are possibly limiting the mobility of
the polymer in case the resulting titania structure is large enough. Therefore, the weak
change in surface structure upon annealing, which is observed in the AFM investigation
of the hybrid film, is attributed to the presence of a titania network embedded in the
polymer matrix.

Figure 7.1.: AFM topography images of a pure P3EOT film (a) before and (b) after annealing
and of P3EOT/titania hybrid films (c) before and (d) after annealing. The height scale is given
in nanometers for all presented images.

To gain more information about the titania structure inside the hybrid films, the poly-
mer matrix is removed by a high-temperature step. For this, the samples are heated to
a temperature of 650 °C in ambient air. The samples are kept at this temperature for 4
hours to ensure a complete combustion of the organic material, leaving only the titania
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structures behind. SEM images of the titania structures obtained after the combustion
step are shown in figure 7.2(a)&(b). In the image with lower magnification, darker areas
are visible which indicated lowered regions in the titania film. These areas correspond in
shape and size very well to the darker i.e., lowered regions observed in the AFM images
of the hybrid film before and after annealing. The titania particles have a granular shape
with sizes ranging from 5 to 15 nm. They are partially interconnected which leads to the
conclusion that the titania formed a network-like structure inside the polymer film. This
agrees well with the observation from the AFM measurements. For comparison, figure
7.2(c) shows an SEM image of a titania film prepared only from EGMT without the
addition of P3EOT or another structure-directing polymer. This results in the typical
polydisperse granules which have been observed before by our group [236]. These gran-
ules have sizes ranging from a few tens of nanometers up to micrometer and in addition,
no network-like structure is formed without the use of a polymer template. This further
proves the function of P3EOT as structure-directing agent for titania nanostructures.

Figure 7.2.: (a) & (b) SEM images of a hybrid film after polymer removal via heat treatment
at 650 °C taken with different magnifications. (c) SEM image of titania granules as obtained
purely from EGMT without the use of a structure-directing polymer.

7.1.2. Crystallinity

Concerning the functionality of the hybrid films, crystallinity is an important aspect for
both materials, P3EOT and titania [31–33]. The crystallinity of the pure polymer and
the hybrid films is investigated with GIWAXS. Since the polymer is based on P3HT, a
similar crystallization behavior is expected. Figure 7.3(a) shows a schematic illustration
of a P3EOT crystal. The two main directions a and b are representing the two main
characteristic distances of the crystal, respectively. The former is the distance between
two thiophene chains, the so-called backbone of the polymer and the latter is the dis-
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tance between two stacking planes, which is referred to as π-π-stacking. The former is
defined as the [100]-direction and the latter as [010]-direction, as indicated by the co-
ordinate system next to the crystal. In figure 7.3(b), representative 2d GIWAXS data
of a P3EOT/titania hybrid film after background subtraction is shown. The important
features arising from the polymer are marked with red arrows, along with the notation
of the corresponding crystal orientations. The dashed blue lines indicate the scattering
contribution originating from titania. The signals arising from the polymer show a strong
preferred orientation. The signal of the [100]-direction is oriented perpendicular to the
substrate, while correspondingly, the signal from the [010]-direction shows up parallel to
the substrate. This indicates predominantly a so-called edge-on orientation, which means
that the stacking planes of the crystal are oriented perpendicular to the substrates. How-
ever, as seen by the ring-like feature around the signal arising from the (100)-Bragg reflex,
also the so-called face-on orientation is visible, which is important for charge extraction
at the interface [238, 239]. The titania crystals show no preferred orientation as seen by
the ring like shape of the corresponding scattering signal.

Figure 7.3.: (a) schematic illustration of a P3EOT crystal with the corresponding coordinate
system. (b) 2d GIWAXS data of a P3EOT/titania hybrid film after background subtraction. As
sketched in (a), the (100)-, (200)-, and (300)-Bragg reflections are the first, second, and third
order of the distance between two thiophene backbones, respectively (marked as a in the P3EOT
crystal). The (010)-Bragg peak indicates the distance between two stacking planes (marked as
b in the P3EOT crystal). In addition, the dashed lines represents the signal arising from titania,
which has no preferred orientation.

To obtain more quantitative information about the crystallinity of the respective com-
ponents, the data is analyzed by taking sector integrals of the 2d data, as described in
section 3.1.7. The sector integrals are taken along the [100]- and the [010]-direction i.e.,
perpendicular and parallel to the substrate, respectively. The resulting one-dimensional
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scattering curves are shown in figure 7.4. The cuts along the [100]-direction reveal a
distinct Bragg reflex belonging to the (100)-peak of the P3EOT at q⊥ = 3.3 nm-1 cor-
responding to a backbone distance of a = 1.9 nm. The high degree of order is further
confirmed by two higher-order Bragg reflections for all investigated samples, again indi-
cating the preferential edge-on orientation which is already seen in the 2d GIWAXS data.
Upon annealing of the pure P3EOT samples, the intensity of the (100)-Bragg peak rises,
which corresponds to an expected increase in crystallinity. The signal arising from the
(010)-plane parallel to the substrate is found at q‖ = 16.8 nm-1 corresponding to a π-π-
stacking distance of b = 0.37 nm. This signal also shows an increase in intensity in case
of the annealed film. However, the position of the (100)- and (010)-Bragg reflections and
consequently the stacking distances remain constant upon annealing. From fitting both
peaks with the software PeakFit, assuming Gaussian distributions, and using the Scherrer
equation, crystallite sizes of about 11.5 nm in [100]-direction and 3.1 nm in [010]-direction
are determined for all samples. Both, the stacking distances a and b as well as the observed
crystal sizes are similar to P3HT crystals as known from literature [121,238,240,241].

Figure 7.4.: GIWAXS scattering curves of pure P3EOT and P3EOT/titania hybrid films (a)
along the [100]-direction and (b) along the [010]-direction, as indicated by the respective pic-
tograms. The inset in (a) shows a zoom-in into the high q⊥-region to clarify the presence of the
rutile titania (110)-peak in the hybrid films. The black and red curves show the data obtained
from the pure polymer films and the hybrid films, respectively. The solid lines correspond to the
samples before annealing and the dashed lines to the samples after annealing. The curves are
shifted for clarity.

In case of the hybrid films, very similar Bragg peaks are found as compared to the pure
polymer film. However, the intensities of the peaks are slightly higher, which is attributed
to increased crystallinity in case of the hybrid samples. This is possibly explained by
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the fact, that the titania particles inside the hybrid films act as seeds for the polymer
crystals and thereby increase the total crystallinity compared to the pure P3EOT film.
Additionally, a slightly closer π-π-stacking distance is observed which is revealed by a
shift of ∆q‖ = 0.2 nm-1 towards higher q-values of the (010)-Bragg peak in case of the
hybrid film. The in-depth analysis of the peaks reveals almost identical crystal sizes of
the P3EOT crystals. This demonstrates that the presence of the titania network inside
the polymer matrix neither hinders the P3EOT crystal formation nor prevents the π-π-
stacking. As shown in the inset of figure 7.4(a), the (010)-Bragg peak is visible for all
investigated samples, indicating again a partial face-on orientation of the P3EOT crystals.
In case of the hybrid films, the peak is broadened towards higher q⊥-values. This is due
to the presence of the rutile titania. Therefore, the broadened signal in case of the hybrid
film is due to the presence of two Bragg reflections, the P3EOT (010)-signal and the
signal of crystalline titania. A peak position of q = 19.4 nm-1 is found which corresponds
to the rutile crystalline phase [92]. As the titania crystals have no preferred orientation,
the signal from the (110)-Bragg peak appears as a ring in the 2d GIWAXS data and is
consequently found in both cuts, parallel and perpendicular to the substrate, respectively.
However, in the case of the parallel cut along the [010]-direction, the signal is barely visible
due to the high intensity of the (010)-Bragg reflection of the P3EOT crystals. From fitting
the peak of the cut along the [100]-direction, an average crystal size of less than 5 nm is
found for the titania which is in good agreement with the SEM data that revealed small
structure sizes ranging from 5 to 15 nm. The GIWAXS scattering data of all investigated
films revealed no Bragg peaks which would correspond to PEO or EGMT. This indicates
on the one hand that no PEO crystals are formed during the fabrication of the hybrid films
and on the other hand that all of the EGMT precursor is converted to titania [16,242].

7.1.3. Optical properties

The optical properties of the prepared samples are investigated with UV/Vis spectroscopy
in transmission geometry. In figure 7.5 the absorption spectra of the different films are
plotted. The relatively weak absorption values are due to the low film thickness. The films
prepared by spin-coating yield an overall film thickness of roughly 30 nm as determined by
ellipsometry measurements. However, as seen during the morphology investigation this
thickness is enough to completely cover the respective substrates and form a closed film.
The absorption curve of the pure P3EOT film exhibits a maximum at around 500 nm.
After annealing, the maximum is slightly shifted towards longer wavelengths. This red-
shift in absorbance is also known from P3HT and is attributed to an increased conjugation
length of the polymer [243]. This increase in conjugation length indicates a better ordering
of the polymer chains i.e., an increase in crystallinity. A better crystallinity is in good
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agreement with the results from the GIWAXS investigations and also explains the overall
increase in absorption in case of the annealed samples. The absorption spectra of the
hybrid films resemble the ones of the pure polymer film almost completely for wavelengths
above 420 nm. A similar maximum at roughly 500 nm with a slightly higher absorption
value and the already mentioned subtle red-shift upon annealing are visible, too. However,
below 420 nm the absorption behavior changes as compared to the pure P3EOT film, and
a rather strong increase in absorbance towards the UV region is observed. As known from
the morphology and crystallinity investigations, the hybrid samples contain a titania
network with a rutile crystalline phase inside the polymer films. Titania is known to have
a strong photo-absorption in the UV region due to its wide band gap [25]. Therefore, this
increase in absorbance in the UV range in the case of the hybrid films is attributed to
the crystalline titania network. By using the Tauc equation (see equation 3.2) the optical
band gap is extractable from the transmission data via linear extrapolation [119, 120].
This way, a band gap energy of 3.05 eV is determined in case of the hybrid film, matching
the band gap energy of rutile titania very well, in good agreement with the crystal phase
determined by GIWAXS [25]. The same way, an optical band gap energy of 2.03 and
2.09 eV is extracted for the P3EOT films before and after annealing, respectively. This is
slightly larger than values reported for P3HT, which lie around 1.95 eV [244].

Figure 7.5.: Absorbance spectra for pure P3EOT (black) and P3EOT/titania hybrid films (red).
The solid and dashed lines show the data obtained from the films before and after annealing,
respectively.

7.1.4. Solar cell performance

The hybrid solar cells investigated in this section are prepared by using an inverted design
as described in section 4.2.4. In short, FTO substrates are covered by a compact titania
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film acting as hole-blocking layer. On top of that, the hybrid film is directly deposited
via solution casting which is conducted in a closed desiccator for stable drying conditions.
Afterwards, a polymeric electron-blocking layer is applied on top of the active layer before
the gold top electrode is evaporated using a shadow mask. Throughout the processing
steps, a small part of the FTO is covered by a sticky tape which is removed prior to the
gold evaporation to act as bottom electrode.

The resulting I/V-curves of the best performing pixel of the fabricated hybrid solar
cell measured in the dark and under illumination with simulated sunlight (AM1.5) are
shown in figure 7.6. The solar cell performs rather poorly with an open circuit voltage
of UOC = 0.15 V, a short circuit current of jSC = −0.19 mA/cm2, and a fill factor of
FF = 29%. This results in an overall power conversion efficiency of only η = 0.008%.

Figure 7.6.: I/V-characterization of a hybrid solar cell with a P3EOT/titania film. The filled
circles correspond to the dark curve and the open circles show the I/V curve under illumination
with simulated sunlight (AM1.5). The inset show an exemplary photograph of a P3EOT/titania
solar cell.

In order to find an explanation for the rather low efficiency the structure of the titania
film of the hybrid solar cell is investigated. The film deposition is done by solution
casting which is necessary to obtain larger film thicknesses. As noted above, the film
thickness obtained by spin-coating only reaches 30 nm. However, for hybrid solar cell
thicknesses in the order of a 100 to 300 nm are desirable which requires a change in
deposition method. Solution casting is a time consuming process which extends over 48
hours in the present case. This rather long timespan also indicates that the sol-gel solution
has significantly more time to age, as compared to a deposition via spin-coating which
freezes the structure within seconds. To investigate the influence of the increased aging
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time of the sol-gel solution on the titania structures, a second solar cell is prepared which
afterwards is heated up to 650 °C for 4 hours in order to remove the polymer matrix.
The remaining titania structure is subsequently investigated with SEM measurements.
Figure 7.7 shows two SEM images with different magnification taken from an inclined
edge of the titania film at the crossover from the active layer to the pristine FTO which
constitutes the bottom electrode. The titania film is highly porous all the way down to
the FTO substrate. The particles still have a spherical shape just as the ones obtained
by spin-coating. However, the particles are notably larger with diameters ranging from
20 to 40 nm which shows that the increase in aging time of the sol-gel solution results in
an increased size of the titania particles. Nevertheless, no big clusters in the range of a
few hundred nanometers are found which indicates that the control of the morphology
by the P3EOT remains intact. Also the porosity of the obtained titania film does not
indicate possible problems for the application in solar cells. The pores range from 20 to
40 nm in average with occasionally larger openings up to 100 nm. The cracks visible in
figure 7.7(a) are only found at the inclined edge of the titania film but not anymore in
the center of the solar cell close to the active pixels.

Figure 7.7.: SEM images with different magnifications of an inclined edge of the titania film
of a hybrid solar cell prepared from a P3EOT/titania solution. The polymer matrix is removed
by a high-temperature step prior to the SEM measurement. In (a) from the left to the right,
first the bare FTO substrate is visible, followed by the inclined edge, and the top surface of the
titania film, as indicated by the dotted and dashed vertical lines.

7.1.5. Results & discussion

A low-temperature route for polymer/titania hybrid films via sol-gel chemistry is success-
fully demonstrated. For this, the custom-tailored polythiophene P3EOT is used, which
is a modified version of P3HT by substituting the hexyl side chain with a short ethy-
lene oxide chain of similar length. Due to the ethylene oxide part of the polymer, the
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P3EOT is able to act as structure-directing template for the titania precursor EGMT
within the presented sol-gel route. This way, an interconnected network within the poly-
mer matrix is formed which is confirmed by AFM and SEM measurements and further
verified by comparison with a titania film prepared from an EGMT solution without any
structure-directing agent.

The precursor EGMT allows for tuning of the crystallinity via the pH-value. In the
presented case, this is achieved by the addition of HCl, which also acts as selective solvent
for the polymer. GIWAXS measurements reveal that the titania is in its rutile crystalline
phase. Additionally, also the crystallinity of P3EOT is confirmed demonstrating that
both the presence of the titania matrix and the substitution of the hexyl side chain by
an ethylene oxide chain are not hindering the arrangement of the polymer chains to form
crystals. Furthermore, the GIWAXS data shows backbone stacking distances similar to
the ones found for P3HT which indicates that the side chains are of similar length to the
hexyl chains of P3HT [111, 121]. This means that the side chain only consists of two to
three ethylene oxide monomer units. Concerning structuring of titania, this chain length
is rather short. Typically, polymers with a radius of gyration equal to, or larger than the
size of the precursor particle are required for a successful structuring. For example, in the
diblock copolymer P(S-b-EO) which is used for structuring titania films in the chapters
6 and 5 of this thesis, the PEO block consists of more than 100 monomers. It is assumed
that due to the low weight of the P3EOT (Mn = 5000 g/mol), the mobility of the chains
is high enough, so that the ethylene oxide parts of the polymer are able to form large
enough domains within the film to allow for successful structuring. The agglomeration
of short chains is known to form spherical domains as this constitutes the energetically
most favorable geometry, which also explains the granular shape of the resulting titania
structures.

The optical characterization of the pure polymer and the hybrid film reveals a maximum
in absorption at roughly 500 nm which slightly red-shifts upon annealing indicating an
increase in conjugation length. This is similar to the typical absorption spectra of P3HT,
which has a characteristic maximum in absorption around 530 nm [245]. However, no
shoulders in absorption at higher wavelengths around 550 to 600 nm are present neither
before nor after annealing. These shoulders are attributed to vibrational excitations which
occur only in highly ordered i.e. crystalline P3HT systems [73]. Although the GIWAXS
investigation showed that the substitution of the hexyl side chains with a short ethylene
oxide chain is in principle not influencing the crystallographic properties of the material,
the vibronic shoulders in the absorbance spectra, characteristic for crystalline P3HT, is
missing. This is potentially an indication for a rather low amount of crystallinity. Using
the Tauc equation, a band gap value of 2.09 eV is extracted for an annealed P3EOT film.
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This is slightly higher compared to typical band gap values of P3HT, which lie around
1.9 to 1.95 eV [244]. In case of hybrid P3EOT/titania films, the optical properties of the
polymer remain preserved. In addition, the UV absorption of titania yielded a band gap
energy of 3.05 eV matching the rutile crystalline phase, revealing a good agreement of the
UV/Vis and the GIWAXS data.

The application of the polymer/titania film as active layer in a hybrid solar cell yielded
only low efficiencies below 0.01%. From the morphological point of view, this is unexpected
since an interconnected titania morphology with structure and pore sizes in the order of a
few tens of nanometers are observed directly on the photovoltaic device. However, there
are other possible reasons to explain rather poor performance of the hybrid solar cells.
For example, the low current could be due to the fact that the charges are not separated
well enough, indicating a bad interface between the polymer and the titania particles. As
already discussed above, it is assumed that the polymer forms domains of ethylene oxide
to which the titania precursor can coordinate. This agglomeration of ethylene oxide could
result in a shell of polymer surrounding the titania particles. However, the polymer in
this surrounding shell is most likely not crystalline as the agglomeration process requires
a significant amount of deformation of the thiophene backbone which consequently is not
able to align with other backbones to form stable crystallites. In addition, the orientation
of the polymer crystallites should follow the orientation of the titania crystals in case
of a crystalline shell, but this is not confirmed by the GIWAXS data. Therefore, the
amorphous polymer shell acts as insulating barrier prohibiting charge transfer. Also high
series and low shunt resistances which cause the low fill factor are reasons for the weak
performance. These could be a result of missing percolation paths for the generated
charges which then are not able to reach the respective electrodes of the device. Finally,
also the influence of HCl on the functional polymer has to be considered. Although it is
not in the scope of this work to investigate the influence of different amounts of HCl i.e.,
different pH-values in detail, it is important to note that the amount of acid inside the
solution can affect the electronic properties of the organic semiconductor. For example,
Moet et al. have reported that the work function of PEDOT:PSS decreases with increasing
pH-value [246]. The work functions of the employed materials are strongly affecting the
final open circuit voltage of the photovoltaic device, a drop in the work function can
explain the low UOC-value obtained for the investigated solar cells.

In total, the idea of replacing the hexyl side chain of P3HT with a short ethylene oxide
chain has proven to function successfully as structuring agent for the titania precursor
EGMT in a sol-gel route. Thereby, an interconnected crystalline titania network is formed
which is embedded in the polymer film. Also, the formation of crystals which are similar to
P3HT is neither hindered by the substitution of the side chain nor the presence of a titania
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network inside the polymer film. Additionally, also the optical properties are similar to
P3HT. This shows that the principle approach of incorporating an ethylene oxide chain
into P3HT reveals promising results. However, the low efficiency of hybrid solar cell using
the P3EOT/titania film as active layer shows that this system is not optimized yet with
respect to photovoltaic applications. One main disadvantage of the side chain substitution
is believed to lie within the rather short chain length of the ethylene oxide segments. This
is a predicament as an increase in the chain length is favorable for the structuring of
the titania but simultaneously will result in too large backbone distances in the P3EOT
crystals which eventually affects the stability of the polymer crystallization.

7.2. Hybrid films from P(3HT-b-EO)

The second polymer used for low-temperature synthesis of functional polymer/titania hy-
brid films is the diblock copolymer P(3HT-b-EO) with a block ratio of Mn,P3HT : Mn,PEO =
4 : 1 (see section 4.1.1 for details). The hybrid films are prepared as described in section
4.2.1. The total available amount of this polymer was roughly 50 mg. To use the little
amount of material efficiently, all investigated samples are prepared via solution casting
to obtain sufficiently thick films. Therefore, the concentration of the polymer containing
solutions is kept at cP(3HT-b-EO) = 0.8 mg/mL. This corresponds to only 8% of the concen-
tration used in the previous section (cP3EOT = 10 mg/mL). At this point it is important
to note, that due to this rather low polymer concentration an equally little amount of
EGMT in the solution is required in order to avoid an excess of titania in the final films.
Films with different weight fractions are prepared to investigate the structuring capabil-
ities of this kind of diblock copolymer with the aim of obtaining a network-like titania
nanostructure. As known from the diblock copolymer P(S-b-EO), these kind of foam-like
morphologies are obtained from very low HCl ratios (see chapter 5 and reference [57]).
Six samples with different weight ratios are investigated, as listed in table 7.1

In addition to the hybrid films, also films made purely from the polymer are fabricated
for comparison. They are prepared from a tetrahydrofuran (THF) solution with the
same concentration as for the hybrid films. The final films are thermally annealed as a
post-treatment step after the solution casting (15 minutes at 140 °C) in a nitrogen gas
atmosphere. The investigated samples are prepared on acid cleaned silicon and glass
slides, as required by the respective investigation method. For solar cells, an inverted
design is chosen and the devices are prepared as described in section 4.2.4.
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ratio wDMF : wHCl : wEGMT pH-value

I 1000 : 5 : 0.4 1.3
II 1000 : 5 : 0.8 1.3
III 1000 : 10 : 0.8 0.93
IV 1000 : 10 : 1.2 0.93
V 1000 : 10 : 1.6 0.93
VI 1000 : 20 : 1.6 0.63

Table 7.1.: Different weight ratios of solvent and precursor to synthesize P(3HT-b-EO)/titania
hybrid films. The pH-values for the different ratios are obtained by calculation.

7.2.1. Morphology

Directly after the solution casting step, the first structural difference is visible by eye, when
comparing a pure P(3HT-b-EO) film and a hybrid film. Figure 7.8 shows a photograph of
a P(3HT-b-EO) film and a hybrid film made from ratio I. Both samples show a complete
and homogeneous film devoid of any macroscopic crack. However, while the pure P(3HT-
b-EO) film exhibits the typical red to violet color and remains clear and transparent,
the hybrid film is strongly opaque and has a grayish color already in the case of the
lowest amounts of HCl and EGMT. Only at the edges of the hybrid sample, the red color
is visible. Especially the change in transparency is a indication for a rough surface or
particles large enough to diffusely scatter visible light.

Figure 7.8.: Photographs of (a) a pure P(3HT-b-EO) and (b) a hybrid film made from ratio I.

To further investigate the surface morphology, the hybrid films are probed with SEM.
Figure 7.9 show top view SEM images of hybrid films. Already for ratio I, with the least
amount of HCl and EMGT incorporated into the polymer matrix, several clusters are
visible at the surface with sizes up to a few hundred nanometers. With increasing HCl
and EGMT content, both the average size as well as the quantity of these clusters increase
strongly. The only exception is found in ratio III, which exhibits a comparably smooth
surface with only occasional clusters visible at the surface. Especially for ratio VI, with
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the highest amounts of HCl and EGMT, many big spherical objects exceeding a size of
1 µm are frequently found at the surface. Aside from the existence of larger clusters, a
second observation is deducible. For all investigated samples, the surface seems to be
completely covered by polymer. No free standing titania particles are visible which would
identify themselves by a much higher contrast and noticeably sharper contours.

Figure 7.9.: SEM images of hybrid P(3HT-b-EO)/titania films made from (a) ratio I, (b) ratio
II, (c) ratio III, (d) ratio IV, (e) ratio V, and (f) ratio VI.

In order to investigate the morphology of the titania structures inside the polymer
matrix, a stripe is broken off each film after submerging them into liquid nitrogen and
afterwards heated to 600 °C for 4 hours in order to remove the organic material. This way,
also the inner morphology is accessible via cross sectional SEM images. In figure 7.10, a
series of SEM images is presented, showing the surface of each ratio after the combustion
step. In case of ratio I, a foam-like titania morphology is visible. The structure is a
combination of interconnected wire- and granule-type titania particles which cover the
surface of the silicon substrate homogeneously. From the SEM image, pore sizes ranging
from 5 to 30 nm are extracted. The occasional clusters which are already observed before
the polymer removal are also visible in the upper right part of figure 7.10(a). In the
case of titania structure prepared from ratio II, the morphology changes slightly and
favor a granular morphology with sizes of 10 to 35 nm. Although the granules are still
partially interconnected, also several isolated particles are visible which in total lower
the degree of connectivity. Ratio III yields a highly compact layer of titania with only
few small pores with an average size of 7 nm. The layer appears to be assembled from
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Figure 7.10.: SEM images of titania films after polymer combustion via high temperature
treatment. The images (a) to (f) show films prepared from the different weight ratios I to VI,
respectively.

strongly agglomerated titania granules. The change in structure is attributed to the
increase in HCl content of ratio III compared to ratio I and II. The compact morphology
of the titania layer also explains the observations of the hybrid films, see figure 7.9(c) an
exceptionally smooth surface is obtained from ratio III. Additionally, a few large titania
granules are found lying on top of the compact film. They range from 40 to 150 nm
and are randomly distributed across the surface, as observed from SEM images with
lower magnification. In case of ratio IV, the titania morphology resembles a mixture of
ratio I and II, with strongly interconnected titania particles of predominantly granular
shape. Although almost no isolated particles are visible, the surface coverage is not as
complete and homogeneous as compared to ratio I, and a stronger cluster formation is
visible. Nevertheless, the overall morphology is highly porous with pore sizes between 9
and 30 nm. As seen in the bottom right part of figure 7.10(d), some parts of the porous
structure agglomerate together more tightly and form a large sized cluster which is big
enough to scatter visible light. The remaining two ratios constitute the ones with the
highest relative amounts of EGMT. The titania film obtained from ratio V shows two
different morphologies: the first is close to the granular structure of ratio II with similar
particle sizes but incomplete connectivity. However, the more prominent feature are the
large sized spherical particles. These are rather polydisperse with sizes exceeding 200 nm.
Especially the polydisperse nature of those particles is a strong indication for a loss in



168 Chapter 7. Low temperature synthesis of polymer/titania hybrid films

control over the morphology in the sol-gel process. The loss of control is further evidenced
by the SEM image of the titania structures obtained by ratio VI. In that case, no defined
structure, such as the small sized granules which are observed in ratio II, IV, and V,
are visible anymore. Instead only the polydisperse spherical particles which are already
found at ratio V cover the surface. Their sizes range between 10 and 500 nm and show
no systematic connection between each other. When comparing the titania structures of
ratio VI with the ones obtained from pure EGMT solution (see figure 7.2(c)), no apparent
difference is observed. This demonstrates that the chosen weight ratios of ratio V and VI
are too large and consequently not suitable for the used sol-gel system.

Insight into the inner film morphology of the titania structures is obtained by an SEM
investigation of cross sections of the different morphologies (figure 7.11). For this, the
samples are tilted to 60° which allows for an investigation of the cross section and part
of the top surface close to the breaking edge. In the case of ratio I, the interconnected

Figure 7.11.: SEM images of cross sections of titania films after combustion of the polymer
matrix. Again, the weight ratios I to VI are shown in the images (a) to (f). In the bottom of all
cross sectional SEM images, the breaking edge of the silicon substrate is visible.

morphology is visible again, revealing a bicontinuous network structure throughout the
whole film. Additionally, the homogeneous surface coverage is visible again. The granular
morphology of ratio II is penetrating the complete film down to the silicon substrate.
As already observed in the SEM images of the top surface, the surface coverage by the
granules is less homogeneous compared to ratio I. For ratio III the main feature is again
the highly dense titania layer. Although still porous, the vertical composition of the film is
apparently even denser than the top surface, as seen in figure 7.11(c). Also, some patches
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of baked together titania clusters are visible. In addition, a delamination is observed
for the compact titania layer which is rather disadvantageous with regard to application
as it causes a loss of mechanical and consequently electric contact between the bottom
electrode and the titania layer. Although this effect has been possibly caused by the
breaking of the sample, it cannot be ruled out completely, that parts of the film were
delaminated even before the breaking procedure. In the cross section SEM image of ratio
IV, the strongly interconnected granules are visible again. They are present across the
complete breaking edge of the titania film showing that the porosity persists throughout
the whole volume of the film. Additionally, some larger titania particles are visible on top
and also within the film. In the case of ratio V, the coexistence of the small interconnected
granules and the large spherical particles is visible. As seen from the vertical composition
of the film, the spherical particles are predominantly found on top of the granules and not
buried within the layer. Finally, in figure 7.11(g) the loss of control over the morphology
in the sol-gel process is observed which results in the highly polydisperse titania structures
obtained by ratio VI. Although the particles appear interconnected in the cross sectional
view, it is important to remember that this sample is heat treated to remove the polymer
matrix. Upon the combustion of the organic material, particles come in close contact
with each other which were previously separated by a thin polymer coating. This results
the impression of an interconnected structure.

Regarding possible applications of the hybrid films for example in photovoltaic devices,
not all ratios yield suitable morphologies. The most promising morphologies are the ones
which are highly porous and exhibit a good degree of interconnection, as obtained by ratio
I, II, and IV. The two last ratios, V and VI, are not suitable because the control over the
morphology is lost for the high amounts of HCl and EGMT. In case of ratio III, although
a rather smooth layer is obtained, the morphology of this layer is too dense. Therefore,
in the following characterizations only the ratios I, II, and IV will be investigated.

7.2.2. Crystallinity

The crystallinity of the hybrid films obtained by the ratios I, II, and IV are investigated
with GIWAXS together with a pure P(3HT-b-EO) film as reference. In principle, both
blocks of the used diblock copolymer are able to crystallize. A crystallization of the P3HT
part of the polymer is important for the hole conductivity of the material. However, in
the case of PEO a crystallization is not desirable. The PEO chains are the structure-
directing component of the polymer. Therefore, the formation of PEO crystallites which
occur independent of the selected weight ratio of the sol-gel composition would result in
a loss of control over the morphology. Figure 7.12 exemplarily shows the 2d GIWAXS
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data of a film made from the pure polymer and a hybrid film made from ratio I. The
pure P(3HT-b-EO) film shows the typical Bragg scattering reflections of P3HT, which
are marked by the red solid arrows along with the corresponding notation of the crystal
orientations. From the 2d representation of the data, a strong preferred orientation of the
P3HT crystals is visible. The round shape of the (100)-Bragg reflection and its higher
orders indicate a strong edge-on orientation for the pure polymer film. This changes
significantly in the case of the hybrid sample. The scattering signal of the (100)-planes
is broadened and furthermore shaped like a circular arc due to an increased angular
distribution of the P(3HT-b-EO) crystals relative to the substrate. Similar alterations
in shape is also visible for the (010)-Bragg peak of P(3HT-b-EO). This change in the
scattering signal reveals that in the case of hybrid films not only the edge-on orientation
with the π-π-stacking planes oriented perpendicular to the substrate is present. But in
addition, also tilted crystals are present up to the point at which the π-π-stacking planes
are oriented parallel to the surface corresponding to the face-on orientation.

Figure 7.12.: 2d GIWAXS data after background correction of (a) a pure P(3HT-b-EO) film
and (b) a P(3HT-b-EO)/titania hybrid film obtained from ratio I. The corresponding scattering
contributions of the polymer and the titania are marked in both images. The inset in the upper
right part of both images shows a schematic representation of the orientation of the P3HT
crystals and the two dashed arrows in (b) point out the scattering contribution of the edge-on
and face-on orientation of the (100)-Bragg reflex in the 2d GIWAXS data, respectively. For
clarity, the intensity scale is adjusted for both 2d data individually.

To illustrate this effect, so-called tube integrals are taken through the (100)-Bragg
peak of all investigated samples. For better comparison, the thus obtained curves are
normalized first to their respective maximum intensity and afterwards are all set to the
same base value. The resulting graphs are plotted in figure 7.13 and range from 0 to
180°, whereas the 90° position indicates the edge-on orientation with the π-π-stacking
planes oriented perpendicular to the substrate. They curves all constitute peaks centered
around 90°. In case of the pure polymer film, the obtained peak has a rather narrow
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distribution around 90° revealing a strongly favored edge-on orientation of the P(3HT-
b-EO)crystals. In case of the hybrid samples, this changes significantly and the peaks
show a strong broadening. This broadening is caused by tilted P3HT crystals inside the
hybrid films. A trend towards an increased broadening is observed with increasing amount
of EGMT. An explanation for this is found when considering the chemical composition
of the final films. As noted above, during the sol-gel synthesis, the hydrolyzation and
the polycondensation reactions occur upon the addition of HCl resulting in small titania
particles which condensate and ultimately form complex morphologies. At the same
time, due to the presence of the PEO blocks in solution, the titania particles coordinate
to this part of the diblock copolymer which thereby acts as structure-directing template.
Therefore, the PEO chains and the final titania structures are connected in the final
hybrid film. As already seen in the morphology characterization of the titania structures,
all of the investigated samples exhibit a foam-like structure with interconnected granular
particles. These granules have no preferred orientation relative to the substrate and
consequently all crystal orientations of titania are present. Therefore, the corresponding
scattering patterns resemble the result of powder diffraction i.e., a ring like signal at the
respective Bragg reflexes. Due to the fact, that the P(3HT-b-EO) is a diblock copolymer,
the P3HT is covalently linked to the PEO block and consequently directly attached to the
titania particles. Therefore, the P3HT chains have to follow the orientation of the titania
particles adapting their crystal orientation accordingly, which is eventually observed in
the GIWAXS data.

Figure 7.13.: Tube integrals taken at the scattering signal of the (100)-Bragg reflection of
P(3HT-b-EO). The different curves correspond to films prepared from (black) pure P(3HT-b-
EO) and hybrid films obtained from (red) ratio I, (blue) ratio II, and (green) ratio IV. The red
colored part of the background symbolizes the edge-on orientation and the green parts symbolize
the face-on orientation of the polymer crystals.
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To gain more quantitative information about the crystallinity of the polymer and the
titania, sector integrals along the [100]- and the [010]-direction are taken from the 2d GI-
WAXS data, as described in section 3.1.7. To investigate also the influence of annealing on
the crystallinity of the polymer, all films are measured before and after the heat-treatment
step. The resulting curves are shown in figure 7.14. In the cuts, the characteristic peaks
corresponding to the (100)- and the (010)-Bragg reflections of P3HT crystals are visible
for all investigated samples. While the peak intensities for the (100)-Bragg reflections stay
rather constant across all investigated samples, a significant increase in intensity of the
(010)-scattering signal is visible for all hybrid films. This indicates a strong increase in
the amount of crystallinity. As already discussed above, this observation is attributed to
the presence of the titania particles which act as crystallization seeds. Although in figure
7.14(a), the intensity of the (100)-Bragg reflections appear not as strongly enhanced as
for the (010)-Bragg reflections, it is important to remember that in the case of the pure
polymer film, the P3HT crystals are predominantly edge-on oriented which all contribute
to the sector integral taken perpendicular to the substrate. However, in case of the hybrid
films, also tilted and fully face-on oriented crystals are present. The scattering signal of
these tilted crystals lies outside of the sector integral. Therefore, the relative amount of
edge-on oriented particles which scatter in the [100]-direction is not much higher compared
to the pure polymer film. The change from edge-on to face-on in the case of the hybrid
samples is again visible in the cuts along the [010]-direction (see figure 7.14(b)). While in
the data of the pure polymer sample no maximum in scattering intensity is visible at the
q-value corresponding to the (100)-Bragg reflex, strong signals are visible for all hybrid
films. For both types of sector integrals, a broadening of the (010)-Bragg reflections to-
wards higher q-values is obvious for all hybrid samples which is assigned to the presence
of crystalline titania. For an in-depth analysis, the peaks are fitted and analyzed with
PeakFit to obtain their position and the corresponding crystal sizes. The obtained values
are summarized in table 7.2. The position of the (100)-Bragg reflex, remains constant
across all investigated samples with a value of q⊥ = (3.7 ± 0.1) nm-1. This corresponds
to a backbone stacking distance of roughly a = (1.6 ± 0.04) nm. Concerning the size of
the P3HT crystals in (100)-direction, a decrease is visible for the hybrid samples com-
pared to the pure polymer material, which is attributed to the confinement constituted by
the titania network. In the case of the (010)-Bragg reflex, a difference between the pure
polymer and the hybrid samples is found. The (010)-scattering peak is shifted slightly
towards smaller q-values by roughly ∆q‖ = 0.3 nm-1 for all P(3HT-b-EO)/titania films.
The average value of the π-π-stacking distance is found to be b = (0.38 ± 0.01) nm for
all investigated samples. Concerning the crystal sizes, a similar decrease is observed for
the pure polymer sample and the hybrid films. However, both for the (100)- and the
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Figure 7.14.: One-dimensional scattering curves obtained by azimuthal integration of radial
slices (a) along the [100]-direction and (b) along the [010]-direction. The integration sectors
are indicated by the respective pictograms. The GIWAXS data of (black) a pure P(3HT-b-EO)
film and hybrid films made from (red) ratio I, (blue) ratio II, and (green) ratio III are shown.
The solid and dashed lines correspond to the data before and after annealing, respectively. The
vertical arrows are guides to the eye for (red) the (010)-Bragg reflection of P(3HT-b-EO)and
for (blue) titania in its (solid) anatase and (dotted) rutile phase. In (b), the peak positions
corresponding to the (100)-, (200)-, and (300)-Bragg reflections of P(3HT-b-EO) are indicated
in addition. The curves are shifted for clarity. The grey area in (b) corresponds to the blind part
of the Pilatus 300K detector.

(010)-directions, all obtained values for stacking distances and crystal sizes are similar to
values of P3HT films reported in literature [121, 238, 240, 241]. The effect of annealing
on the crystallinity of the samples is rather low. Neither the intensity of the respective
peaks, nor their positions change significantly. Only for the (010)-Bragg reflex a consis-
tent slight shift towards larger q-values is observed for all films except the one prepared
by ratio I. However, the largest observed shift occurring for ratio II is only ∆q = 0.3 nm -1
which corresponds to a relative decrease in π-π-stacking distance of only 2%. In the case
of P3HT:PCBM bulk heterojunction solar cells, the annealing step is mandatory as the
P3HT film shows only minor amounts of crystallinity directly after sample preparation
and only upon annealing the necessary amount of crystallinity is obtained [121]. This is
totally different for the fabrication routine of the investigated hybrid films. The main rea-
son for this behavior is found in the sample preparation process. While most commonly
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(100) P3HT (010) P3HT titania
position
[nm-1]

size
[nm]

position
[nm-1]

size
[nm]

position
[nm-1]

size
[nm]

P(3HT-b-EO) 3.9 9.0 16.6 5.3
annealed 3.8 13.0 16.7 5.8

ratio I 3.8 7.2 16.3 4.4 17.7 < 5
annealed 3.7 9.5 16.3 4.3 17.8 < 5

ratio II 3.8 7.9 16.1 3.9 17.7 < 5
annealed 3.7 10.6 16.4 4.3 17.8 < 5

ratio IV 3.8 7.9 16.4 3.5 18.1 & 19.5 < 5
annealed 3.7 9.5 16.3 4.3 18.1 & 19.6 < 5

Table 7.2.: Parameters of P3HT and titania crystals of pure P(3HT-b-EO) and P(3HT-b-
EO)/titania hybrid films. The error of all position values is ±0.1 nm-1 and the error of all sizes
is ±0.2 nm.

spin-coating is the method of choice for P3HT:PCBM solar cells, in the present work the
films are obtained via solution casting. During spin-coating, the morphology of the films
is frozen in due to the swift evaporation of the solvent which prevents the P3HT chains
from crystallizing. However, since solution casting is a rather slow process which spans
a few hours in the case of P(3HT-b-EO)/titania hybrid films, the polymer chains have
sufficient time to arrange themselves in order to form crystallites.

Concerning the crystallinity of titania, either the anatase or the rutile phase is ex-
pected. These phases have theoretical values of the anatase (101)-Bragg reflex at qanatase =
17.8 nm-1 and the rutile (110)-Bragg reflex at qrutile = 19.5 nm-1 [92]. Fitting of the broad
peaks next to the (010)-Bragg reflex of P3HT reveals an anatase crystal phase in the case
of ratio I and II, and a mixture of anatase and rutile phase in the case of ratio IV. This
is indicated by the differently colored, vertical arrows in figure 7.14. The calculated crys-
tallite sizes are all found to be smaller than 5 nm. The transition from anatase to rutile is
attributed to the lowered pH-value of the sol-gel solution in case of ratio IV. The EGMT
precursor is known to yield anatase titania at pH-values around 2 and switch to rutile for
pH-values lower than 2 [123]. In the present case, the sol-gel solutions have a theoretical
pH-value of 1.3 in the case of ratio I and II and a pH-value of 0.93 in the case of ratio
IV. These values are all below 2 which should result at least partially in rutile titania for
all ratios. However, it has been reported in literature, that the anatase phase is more
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stable for particles of very small dimensions due to the lower surface energy compared to
rutile [27, 247–249]. The threshold value for this transition size is reported to be around
14 to 30 nm [250, 251]. Considering the small crystal sizes of less than 5 nm as obtained
from fitting the corresponding Bragg peaks which is in good agreement with the mor-
phology investigation with SEM the titania crystals obtained by the three investigated
ratios are all below that threshold value. Therefore, two processes are competing with
each other during the sol-gel chemistry. On the one hand, the small structure and crystal
sizes are favoring the anatase phase while the pH-value is in favor of the rutile phase.
It is assumed that for ratio I and II, which have a pH-value only slightly below 2, the
anatase phase is energetically still more favorable. On the other hand, due to a further
decrease of the pH-value, the rutile phase starts to become the more stable phase leading
to a coexistence of anatase and rutile as observed in the case of ratio IV. Interestingly,
no prominent Bragg peaks corresponding to PEO or EGMT are found in the GIWAXS
scattering data for all investigated samples. This reveals on the one hand that no PEO
crystals are formed during the fabrication of the hybrid films and on the other hand that
the EGMT precursor is completely converted to titania [16,242].

7.2.3. Optoelectronic properties

To investigate the optoelectronic properties of the different films, first the absorption
behavior is probed. This is done by UV/Vis measurements in transmission geometry. The
resulting absorbance curves are shown in figure 7.15. The curve corresponding to the pure
polymer film shows the typical absorption behavior of P3HT ranging from 400 to 650 nm
with a strong maximum at around 530 nm [75, 245]. In the case of the hybrid films, the
absorption related to P3HT is very similar to the absorption of pure polymer film except
for higher maximum absorbance value which is attributed to the increased crystallinity
as observed from the GIWAXS measurements. However, no red- or blue shift is visible in
case of the hybrid samples showing that the correlation length of P3HT is not altered by
the sol-gel process [243]. Additionally, as also found in the GIWAXS data, annealing of
the samples has only a minor effect on the crystallinity and consequently no significant
change is visible in the absorption curves. Nevertheless, a consistent small increase in
absorbance is observed for all investigated films. By applying the Tauc equation (see
equation 3.2, section 3.2.1), a constant optical band gap of 1.94 eV is extracted for P3HT
independent of the used weight ratio of the hybrid films which is in good agreement
with values obtained for P3HT films in literature [244]. Furthermore, two pronounced
shoulders at 550 and 600 nm are visible for all investigated films. These occur only in
highly ordered systems and are related to the vibronic excitations A0−1 and A0−0 of
P3HT [73]. The ratio A0−0/A0−1 is used to calculate the exciton band width W via the
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H-aggregate model, as described in section 2.3.1. The exciton band width has a value of
roughly WP(3HT-b-EO) = 29 meV in case of the pure polymer film. The A0−0/A0−1 ratio
increases for the hybrid samples with increasing amount of EGMT resulting in a decrease
of the exciton band width: Wratio I = 25 meV, Wratio II = 21 meV, and Wratio IV = 20 meV.
These values are rather low compared to P3HT films produced from different solvent
which show exciton band width values of more than 200 meV [74,76]. Lower values of the
exciton band width correspond to a higher degree of intrachain order [74]. Furthermore,
higher ratios of A0−0/A0−1 have been reported to lead to a higher field-effect mobility in
field-effect transistors fabricated with P3HT [252]. Thus, the low values of the exciton
band width of the pure P(3HT-b-EO) and the hybrid films indicate a good charge carrier
mobility of the custom made polymer.

Figure 7.15.: Absorbance spectra for (black) pure P(3HT-b-EO) and P3EOT/titania hybrid
films prepared from (red) ratio I, (blue) ratio II, and (green) ratio IV. The solid and dashed lines
show the data obtained from the films before and after annealing, respectively.

The presence of crystalline titania inside the hybrid films is revealed by the strong
absorption in the UV range starting roughly at 360 nm. Using again the Tauc relation,
also the band gap values of titania are extracted from the UV/Vis data of the hybrid
films. In case of ratio I and II, band gaps of 3.23 and 3.17 eV are obtained which agree
very well with the theoretical value of anatase titania, 3.2 eV [25]. In case of ratio IV,
the extracted band gap value is 2.91 eV. This value is close to the rutile band gap energy
of 3.0 eV [25]. As observed in the GIWAXS investigations, the titania is present both in
anatase and rutile phase in the case of ratio IV. Since the rutile phase has a lower band
gap, it starts to absorb light with larger wavelengths as compared to the anatase phase
which therefore dominates the absorption behavior.

With photoluminescence radiative electron transmissions across the band gap and from
sub-bands to the top of the valence band are probed. As explained in more detail in section
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3.2.2, the PL intensity of an optically active material such as P3HT will be quenched if an
interface to an electron-accepting material is established in close vicinity of the created
exciton. In the case of P3HT, this requires a distance between the exciton and the interface
within the exciton diffusion length of 10 to 20 nm [63,64].

The photoluminescence spectra of the pure P(3HT-b-EO) film is measured by excit-
ing the film with light of 485 nm and detecting the spectral response for longer wave-
lengths. The resulting spectra for the pure polymer is shown by the black curve in figure
7.16(a)&(b) together with the signal of the pure silicon substrate (grey curve) which clar-
ifies that the detected intensity originates solely from the organic material. It resembles
the typical fluorescence response of pure P3HT films very closely ranging from roughly
600 to 850 nm with an emission maxima at roughly 630 nm [121]. However, measuring
the fluorescence of the hybrid samples is very difficult due to the high surface roughness
in case of the P(3HT-b-EO)/titania samples as observed in the morphology investigation
in section 7.1.1. This issue is discussed in more detail in section 3.2.2. In short, the
high surface roughness causes incoming light to be scattered isotropically. This elastically
scattered light consequently also reaches the detector of the photoluminescence appara-
tus and its intensity overrides the fluorescence light emitted from the sample. In order
to overcome this problem, basically two solutions are suggested: first, films of rather low
roughness have to be produced. This can be challenging depending on the investigated
systems. Second, the intensity of the respective materials has to be high enough, so that
the elastically scattered light is low in intensity compared to the fluorescent signal and
therefore negligible.

In the present case, basically all hybrid films have a very high surface roughness caused
by larger clusters of titania formed during the solution casting process. However, as
seen from SEM images, the sample prepared from ratio III yielded a very compact film
with the least amount of surface roughness. This film is measured exemplarily with
photoluminescence spectroscopy which is shown in figure 7.16(a). It is clearly visible
that the resulting photoluminescence spectra of the hybrid sample has a much lower
intensity than the signal of the pure P(3HT-b-EO) film. Nevertheless, the intensity is
still significantly higher compared to the empty silicon substrate. Two peaks at 610 and
670 nm are visible in the PL spectra of the hybrid film. As confirmed by a shift of the
peak positions upon changing the excitation wavelength, both of these signals are due to
elastically scattered light. However, still a good degree of quenching is concluded since
no features of the pure P(3HT-b-EO) spectra is visible anymore. Especially the peak at
at 630 nm which had the highest intensity in case of the pure polymer is not observed
anymore. Therefore, a good amount of quenching is concluded in case of the investigated
hybrid film.
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Figure 7.16.: Photoluminescence spectra of (black) a pure P(3HT-b-EO) film and different
P(3HT-b-EO)/titania hybrid films. In (a) the hybrid film is fabricated from (pink) ratio III via
solution casting. In (b) the hybrid films are obtained by spin-coating sol-gel solutions with (red)
ratio I, (blue) II, and (green) IV. To to match the thickness of the spin-coated films, the P(3HT-
b-EO)-spectra is scaled accordingly in (b). The solid and dashed lines represent the curves taken
before and after annealing, respectively.

Additionally, to be able to measure the photoluminescent response of the hybrid sam-
ples obtained from the other ratios, films with a reduced surface roughness are prepared
by spin-coating the sol-gel solution. For this, a low rotational speed of 800 rpm and the
slowest acceleration time of 5 s is chosen. Although this produces apparently smooth films,
it is important to note that the amount of material deposited on the substrates is very
low. Additionally, it is important to note that the morphologies of the titania structures
obtained by spin-coating are possibly different from the ones obtained by solution casting
due to the difference in aging time of the sol-gel solution. Due to the very low film thick-
ness, the fluorescent signal is rather weak, as seen from the PL curves of the hybrid films in
figure 7.16(b). The average film thickness is estimated to lie between 10 and 20 nm which
is more than a factor of 10 less compared to the pure polymer film prepared by solution
casting. Therefore, the intensity of the pure P(3HT-b-EO) film is normalized accordingly
for comparison. All spectra obtained from the hybrid films are still resembling the shape
of the pure P(3HT-b-EO) film albeit with much lower intensity. In fact, the intensities
are barely above the blank silicon substrate. As the rough shape of the spectra indicate,
these low signals are reaching the lower detectable limit of the photodetector of the pho-
toluminescence instrument. Nevertheless, a clear decrease of the original signal from the
pure polymer film is observable which demonstrates a good amount of quenching in case
of the investigated hybrid films. This proves that a proper interface is established between
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P3HT and titania, which is able to separate excitons into their respective charge carriers,
an important aspect for optoelectronic applications. However, within the measurement
accuracy, the PL curves of samples are so similar to each other, so that no conclusion can
be drawn which of the investigated ratios yields the most promising interface.

7.2.4. Solar cell performance

As a final step in the investigation of the organic/inorganic system obtained by the sol-gel
synthesis using P(3HT-b-EO) and EGMT, the films are tested as active layer of hybrid
solar cells. Just as in the case of P3EOT, again an inverted layout of the photovoltaic
devices is used (see section 4.2.4 for details).

At this point it is important to note that the solar cell fabrication is very difficult with
P(3HT-b-EO)/titania films as active layer. As mentioned in the beginning, only a little
amount of polymer (≈ 50 mg) was available. The shortage of material did not allow for
optimization of the active layer used for the solar cells. Most investigated pixels were
dead which means that instead of a diode like response, rather an I/V-curve resembling
a resistance was obtained. The I/V-curves of the best pixels of the fabricated solar cells
measured in the dark and under illumination with simulated sunlight calibrated to AM1.5
are shown in figure 7.17. As clearly visible, only the solar cell made from ratio I (red curve),
shows promising results. The characteristic parameters of the best performing pixels of
all solar cells are listed in table 7.3. While the short-circuit current and the fill factor of
all solar cells are rather low with less than jSC = 0.5 mA/cm2 and roughly FF = 25%,
only the solar cell made from ratio I exhibits a high open circuit voltage of UOC = 0.63 V.

An explanation for the difficult preparation of working solar cells is found in the mor-
phology of the active layers. In figure 7.18, SEM images of the cross section of the best
performing solar cell obtained from ratio I are shown. In all images the FTO crystals are
seen in the bottom which is followed by the blocking layer on which the active layer is
deposited. On the top, the gold electrode is visible. The blocking layer has an expected
thickness of roughly 150 nm and is not penetrated by the active layer. The hybrid film is
homogeneous as no voids are visible. In figure 7.18(b), even the outlines of some titania
structures which are covered by a polymer shell are visible. Judging from the size of
the outlines, these structure are likely small agglomerates of titania. Nevertheless, it still
indicates the existence of the titania network inside the polymer matrix.

The inhomogeneous nature of the hybrid film, which is also observed in the morphology
characterization in section 7.2.1, is clearly visible again and best seen in the SEM image
with the lowest magnification (figure 7.18(a)). This leads to areas in the film with big
differences in film thickness, as shown in figure 7.18(b) & (c). The thickness of the
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Figure 7.17.: I/V-characterization of the hybrid solar cells with a P(3HT-b-EO)/titania film
obtained from (red) ratio I, (blue) ratio II, and (green) ratio IV. The filled circles correspond
to the dark curve and the open circles show the I/V curve under illumination with simulated
sunlight (AM1.5). The inset shows an exemplary photograph of a P(3HT-b-EO)/titania solar
cell.

active layer is found to vary between less than 50 nm up to almost one micrometer.
Additional measurements with a height profilometer revealed average film thicknesses of
500 to 700 nm for all investigated solar cells. As increasing the film thickness also lead to
increased electrical resistances across the film, also thinner active layers have been tested
by using less sol-gel solution for the solution casting process. However, all tests with
lower film thicknesses remained unsuccessful. The main reason for the frequent failure
in solar cell fabrication especially for thinner active layers is believed to lie within the
inhomogeneity of the films. While macroscopically, the films showed no cracks or non-

ratio I ratio II ratio IV

η [%] 0.06 0.002 0.002
FF [%] 27.0 25.3 24.7
UOC [V] 0.63 0.06 0.05
jSC [mA/cm2] −0.33 −0.11 −0.15

Table 7.3.: Solar cell parameters of hybrid solar cells with active layers obtained from P(3HT-
b-EO)/titania films. The shown numbers correspond to the values of the best performing pixel
of each solar cell.
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wetted areas, microscopically strongly thinned regions are found, as confirmed by SEM
investigations. For the best working solar cell which has an average thickness of 500 nm
local thickness values of less than 50 nm are found. It is likely that especially for films with
a lower average film thickness, these fluctuation lead to locally reduced film thicknesses
that low, so that they cause short circuits between the top and the bottom electrode,
thereby shorting the solar cell.

Figure 7.18.: (a) Overview SEM image of a cross section of the hybrid solar cell prepared from
ratio I. The layer stack of the solar cell is visible starting with the FTO on glass in the bottom,
followed by the titania blocking layer, the hybrid film, and finally the gold top electrode. The
images (b) & (c) show higher magnification of the same film at different positions.

7.2.5. Results & discussion

Using the diblock copolymer P(3HT-b-EO), a successful low-temperature route for the
fabrication of hybrid polymer/titania films is established. The employed polymer is able
to act as structure-directing template in the established sol-gel routine via the PEO chains.
Sol-gel weight ratios with small amounts of the precursor EGMT and the selective solvent
HCl result in interconnected titania structures as confirmed by SEM measurements. The
structure and pore sizes are in the range of 10 to 40 nm which is suitable for photovoltaic
application as the pores on the one hand are small enough to still lie within the exciton
diffusion length of P3HT and on the other hand large enough to allow for sufficient π-π-
stacking of the P3HT chains [63–65]. However, for too large amounts of selective solvents
and precursor material, the control over the morphology is lost and and a polydisperse
ensemble of granular titania particles is obtained. The films obtained by solution casting
exhibit a high surface roughness which is attributed to large agglomerates of the titania
structures. These are formed during the rather long aging time of the sol-gel solution
upon drying over the course of a few hours.
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The employed precursor EGMT is able to transform into crystalline titania depending
on the pH-value of the solution. With GIWAXS measurements, the anatase crystal phase
is detected inside the polymer matrix for pH-values larger than 1. Once the pH-value
drops below 1, the rutile phase becomes the more dominant crystal phase. The existence
of the anatase phase is beneficial due to a higher effective surface area per unit volume
compared to the rutile phase [153, 196, 197]. The fabrication routine of the hybrid films
presented in this work allows in principle for the addition of a dye to shift the light
absorption to different wavelengths. The dye can be simply added to the sol-gel solution
and thereby synthesize the titania particles. Considering this possibility, the anatase
phase would allow for an increased dye uptake. A similar approach has been successfully
demonstrated by Lechmann et al. [253]. In addition, the GIWAXS measurements also
revealed a very high amount of crystallinity for the P3HT part of the polymer. The
backbone and π-π-stacking distances and also the obtained crystal sizes are similar to
values of films of pure P3HT which are successfully used in combination with PCBM in
organic photovoltaic devices [121,238,240,241]. In fact, the presence of the titania network
results in an increased crystallinity which is attributed to the fact that the titania particles
act as seeds for the P3HT crystals. Furthermore, also the orientation of the P3HT crystal
changes due to the titania network. The edge-on oriented crystals in case of the pure
polymer film change to a more random crystal orientation in case of the investigated
hybrid films. This indicates that the P3HT crystals adapt to the orientation of the titania
particles due to their covalent bond to the PEO chain. The covalent bond additionally
results in the fact that the end of the thiophene backbones are connected to the titania
particles which is highly beneficial since the charge transport of P3HT is best along the
[001]-direction i.e., along the backbones. This potentially allows for optimum charge
separation and transport [238,239].

Optical characterizations with UV/Vis spectroscopy confirmed the findings of the GI-
WAXS measurements revealing again a very high amount of ordering of the P3HT block
of the polymer. This results in two characteristic shoulders at 550 and 600 nm which are
attributed to the vibronic excitations A0−0 and A0−1. From the ratio of these shoulders
an exciton bandwidth below 30 meV is extracted for all samples, using the H-aggregate
model. This bandwidth lies within the range observed in literature with 20 meV in the case
of P3HT films from isodurene solution and indicate a high degree of intrachain order [74].
Furthermore, a constant optical band gap of 1.94 eV is extracted from the absorption spec-
tra for the pure polymer as well as the hybrid film, which is similar to values of P3HT
films reported in literature [244]. In addition, the UV absorption due to the crystalline
titania is also visible. The shift from the anatase to rutile phase which is detected in the
GIWAXS data for lower pH-values is again observed in the absorption behavior the the
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hybrid films. Additionally, band gap values ranging from 2.91 and 3.23 eV are found for
the rutile and anatase crystal phases of titania, matching well with the expected values
of 3.0 and 3.2 eV, respectively [25].

The high surface roughness causes diffuse scattering of visible light which leads to
difficulties in the photoluminescence spectroscopy. The elastically scattered light is also
detected by the photodiode and overlaps with the fluorescence signal of the polymer
material. While the characteristic signal of P3HT is clearly observed in the case of the
pure P(3HT-b-EO) film, a rather strong signal from elastically scattered light is observed
even in case of the hybrid film with the lowest surface roughness. PL measurements
of very thin hybrid films with a strongly decreased surface roughness obtained by spin-
coating showed a very weak fluorescence signal for all investigated ratios. However, the
intensity is close to the detectable limit of the photoluminescence instrument used in
this work. Therefore, no quantitative comparison between the different ratios is possible.
Nevertheless, qualitatively a substantial amount of quenching is observed indicating a
good interface between the organic and inorganic material. This is a vital observation
for possible application in photovoltaics, since a good interface is mandatory for sufficient
charge separation [76].

Using the obtained polymer/titania films as active layers in hybrid solar cells revealed
promising results in the case of the lowest weight ratio which yields a highly interconnected
foam-like titania structure. The open circuit voltage of 0.63 eV is a very good value
which is comparable to well performing P3HT:PCBM and hybrid P3HT/titania solar
cells [121,154,244]. However, the fill factor and the short circuit current of all investigated
devices is rather low indicating high series and low shunt resistances. The main reason for
these problems is believed to lie within the inhomogeneity of the hybrid films. As discussed
above, the films have a very high surface roughness caused by large agglomerates of
titania. In order to completely cover the substrate a rather large film thickness is necessary
as otherwise certain areas of the FTO substrate would not be covered homogeneously,
resulting in short circuits through the device. The presented solar cells have a thickness
ranging from 500 to 700 nm. Optimal thicknesses for P3HT:PCBM and hybrid solar
cells are well below 300 nm as already 100 nm are sufficient for an almost complete light
absorption [244]. In addition to the higher series resistance caused by the large film
thickness, longer percolation paths for holes and electrons are required for thicker films.
Consequently, this increases the probability of charge recombination resulting effectively
in a lower shunt resistance [253]. One possible way of reducing the roughness and at
the same time obtaining smoother, more homogeneous films could be fabricated by spin-
coating instead of solution casting. The fast drying of the film will result in reduced aging
time, consequently yielding less large agglomerates. However, due to the limited available
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amount of polymer, spin-coating was not feasible as the polymer concentration of the
sol-gel solution has to be increased by a factor of more than 20 to produce sufficiently
thick films.

In total, the approach of combining the functional material P3HT with the structure-
directing material PEO into the diblock copolymer P(3HT-b-EO) is very promising for
the low-temperature synthesis of functional polymer/titania hybrid films. A very high
degree of control over the titania morphology with a sufficient degree of crystallinity is
obtained. At the same time, the crystallographic properties of the functional polymer are
not hindered by the presence of the inorganic material. Additionally, the optoelectronic
properties of the fabricated hybrid films are promising as they again reveal a high degree
of crystallinity as well as a good interface between P(3HT-b-EO) and titania. Finally, first
tests as hybrid solar cells showed promising results with a very high open circuit voltage.
However, further optimization of the film quality and the film thickness are necessary.

7.3. Summary

Two different sol-gel routes are established to obtain hybrid polymer/titania films via
a low-temperature route. For this, two different custom-made polymers are used which
are both based on the idea of combining the functionality of P3HT with the structure-
directing capabilities of PEO-based copolymers for metal oxides such as titania. The first
polymer, P3EOT, is a homopolymer based on P3HT for which the hexyl side chains are
substituted by ethylene oxide chains of similar length. The second polymer is the diblock
copolymer P(3HT-b-EO) with a longer P3HT and a shorter PEO block. For the low-
temperature synthesis the titania precursor EGMT is chosen which allows for a tuning of
the crystallinity of titania via the pH-value.

The change in pH-value is done via the amount of HCl which at the same time con-
stitutes the selective solvent for both polymers. This adds additional complexity to the
whole sol-gel process as not only the structure, but also the crystallinity of the final titania
structures is affected by the weight ratio of HCl in the sol-gel solution. Additionally, also
the influence of HCl on the electronic properties of the polymers needs to be considered.

Nevertheless, both polymers are successfully used as structure-directing agents, result-
ing in crystalline, interconnected titania structures embedded in the polymeric material.
Furthermore, the characteristic absorption behavior of P3HT is detected for both em-
ployed polymers as well as the formation of P3HT crystals next to the titania network.

However, when comparing the two materials a much larger potential is seen in the
second material P(3HT-b-EO). As the P(3HT-b-EO) is a diblock copolymer, the P3HT
chains do not have to deform much to allow the PEO chains to form structure-directing
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domains. Rather, the P3HT chains are directly connected to the resulting titania particles
via the end of their backbones, due to the covalent bond to the PEO blocks which are
coordinated to the titania structures. This is advantageous in several ways. For example,
the crystallinity of the P3HT is greatly increased as a certain degree of preorder is already
established by the covalent link to the titania via the PEO chains. In case of the P3EOT,
the chains have to deform strongly in order to form large enough PEO domains which
allow for successful structuring. This deformation prohibits crystallization of the P3EOT
chains surrounding the titania particles, resulting in amorphous, electrically insulating
shells.

Furthermore, in the final incorporation of the hybrid films into photovoltaic devices,
the P(3HT-b-EO) performs better than the P3EOT. A significantly higher open circuit
voltage of 0.63 compared to 0.15 V is observed in the case of solar cells prepared from
P(3HT-b-EO). The higher open circuit voltage indicates a better match of the work func-
tions and a more efficient charge separation. However, due to the little available amount
of the custom tailored polymer, the films could not be fully optimized for the use in hy-
brid solar cells. The investigated active layers have high average thicknesses which are
necessary to completely cover the FTO substrates and compensate local inhomogeneities,
thus avoiding short circuits. This conversely leads to high series resistances and an in-
creased recombination rate of separated charge carriers resulting in rather low values of
short circuit current and fill factor.

In summary, the idea of combining a functional polymer such as P3HT with PEO to
enable structure templating via sol-gel chemistry is a promising approach for the low-
temperature fabrication of functional polymer/titania hybrid films. Hereby, a diblock
copolymer approach is found to be more promising than a modification of a homopoly-
mer. A crystalline titania network is embedded inside the functional polymer with a
suitable interface for sufficient charge separation. Even first tests as hybrid solar cells are
demonstrated successfully.





8. In-situ growth study of gold films on
spiro-OMeTAD

Despite the huge growth in research of organic electronic devices, the use of a thin metal
layer as electrode is still state of the art and is found frequently in devices like organic tran-
sistors, organic light emitting diodes, and organic, hybrid, and solid-state dye-sensitized
solar cells [254–257]. The fabrication of the top electrode is typically one of the last steps
in device fabrication, where the thin metal layer is deposited directly on the organic active
layer. That way, a polymer/metal interface is created in the layer stack of the respective
device. This interface greatly affects the overall performance of the device in several ways.
Since the generated charges are extracted from the device via the electrode, the interface
influences the electronic properties. But also the mechanical aspect of this interface is of
great importance, as it affects the adhesion of the metal layer on the organic material.
Consequently, a good understanding of this interface is crucial for the improvement of
the overall device performance. Therefore, information about the morphology and the
incorporation of the electrode material into the organic film is essential. However, so far
only little fundamental knowledge on this topic is available [258].

Among the many different material systems investigated for various optoelectronic de-
vices, the combination of gold as electrode material on top of a spiro-OMeTAD film is
commonly used for ssDSSCs [66,67,83,129]. The gold electrode is typically applied to the
organic film by vacuum-deposition techniques such as thermal evaporation or sputtering
where metal is vaporized before it comes into contact with the surface of the organic layer.
Independent from the used material system, an important aspect of metal coatings are
the interactions happening at the metal/organic-semiconductor interface as they strongly
influence film adhesion and electronic properties as mentioned above. Related to this are
the growth kinetics of the metal film on the organic film, how the organic film influences
the morphology of the metal film in the initial growth stage, and how strongly metal
atoms or even clusters can be incorporated in the organic layer. Since in most cases,
especially noble metals show a strongly non-wetting behavior, the vapor-deposited metal
mostly grows in three-dimensional clusters and cover the surface of the organic film with
spherical islands (Volmer-Weber-growth) [259–261]. In the opposite case, if the metal is
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wetting the surface strongly or if chemical bonds between the metal and the subjacent
film can be formed, a two-dimensional layer-by-layer growth is expected (Frank-Van der
Merwe-growth) [262, 263]. Also, a mixture between these two growth models is possible,
typically starting with a layer-by-layer growth which is later followed by a 3d cluster
growth (Stranski-Kastranov-growth) [263]. The morphology of the metal layer on the
organic film is determined by various parameters, such as the surface free energies and
the electronic structure of the two materials, the surface morphology of the organic film,
and the deposition conditions like deposition rate or working pressure. The growth of
the metal layer also influences the structure of the interface. During the growth, single
metal atoms can penetrate and diffuse into the organic material. Also, a cluster forma-
tion inside the organic film is possible, although this typically happens only close to or
above the glass transition temperature of the organic material [259, 264]. In addition,
the metal diffusion is known to improve the adhesion of the metal layer on the organic
film and also influence the electronic properties which can lead to an improved electric
contact [265,266].

The investigation of the growth of a metal layer on a solid substrate is not easy since
on the one hand, kinetics can be very fast and on the other hand, measuring in-situ inside
the vacuum-deposition chamber is a difficult task. The latter is especially challenging,
as the measurement method should not interfere with the actual deposition process and
at the same time, needs to have a high resolution in time and space. To overcome these
challenges, in this work a modified sputtering setup in combination with the advanced
scattering technique grazing incidence x-ray scattering (GISAXS) is used to access the
morphological evolution of the metal layer during the deposition process in real time. The
x-rays are able to probe the surface-near morphology without interfering with the actual
deposition process. Additionally, a high resolution of the order of nanometers together
with the high statistical relevance due to the grazing incidence geometry makes this
method highly suitable for an in-situ characterization. A high time resolution is achieved
by using synchrotron x-ray beams of high flux which allows for very short counting times.

This chapter presents the results of the in-situ investigation of a gold layer growth on a
spiro-OMeTAD film. The morphological investigation of the film is realized in-situ with
GISAXS. In section 8.1, details about the experiment will be given. Then, the results
of the in-situ investigation are provided in section 8.2. This includes a detailed analysis
of the lateral growth evolution (section 8.2.1), followed by the vertical growth evolution
(section 8.2.2), and simulations of the scattering data after selected times (section 8.2.3).
Afterwards, a growth model is proposed based on the obtained findings (section 8.2.4).
The results of the in-situ characterization are discussed in section 8.2.5. Afterwards,
section 8.3 deals with the results from the ex-situ investigation about the vertical film
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composition of the spiro-OMeTAD/gold layer stack. In the end, the findings about the
growth study are summarized in section 8.4.

8.1. Experimental details

The spiro-OMeTAD film is prepared on an acid cleaned silicon substrate by spin-coating
(2000 rpm, 60 s, 3 s acceleration time) from a chlorobenzene solution with a concentration
of 60 mg/mL. The thickness of the spiro-OMeTAD film is 100 nm as determined by
x-ray reflectivity (XRR) measurements. The gold layer is deposited via sputtering on
top of the spiro-OMeTAD film. This technique is commonly used for the deposition of
metal films. For this experiment, a custom made DC sputtering chamber is used which
fits into the x-ray beamline BW4 at the DESY in Hamburg. The basic design and the
technical details of this transportable sputter chamber are closely oriented towards the
sputter chamber of Sebastian Couet et al., which are explained in detail in reference
[267]. A schematic representation of the experimental setup is shown in figure 8.1. The

Figure 8.1.: Schematic representation of the experimental GISAXS setup for the in-situ investi-
gation of a gold layer growth on a spiro-OMeTAD film. An argon plasma is used to sputter the
gold atoms on the spiro-OMeTAD film. The sputter chamber is equipped with two beryllium
windows which allow the x-rays to enter and leave the chamber. The scattered x-ray signal is
detected on a two-dimensional detector.

main component is the sputter deposition system which consists of a ultra-high vacuum
chamber equipped with several metal targets which can be selected for sputtering. For the
present investigation, a gold target is chosen. The direct current magnetron sputtering
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chamber is operated under an argon pressure of 1.5 × 10−2 mbar with a power of 5 W.
The resulting nominal sputtering rate is 3.2 nm/min. An incident angle of 0.4179° is
used. The experiment is performed in two different ways. First, the sputtering initiated
by igniting the plasma on and kept running without interruption for 1800 s which results
in a final gold layer thickness of around 100 nm while at the same time, the x-rays are
continuously probing the sample. This way the scattering signal is monitored during the
whole sputtering process with short integration times of 1 s. For this live-monitoring of
the sputter deposition, a noise-free Pilatus300K detector is used. This is crucial, since
the short integration time results in rather low scattering intensities which could not
be resolved from the background signal of conventional detectors. The data from this
experiment is used for the in-situ investigation of the gold layer formation on the spiro-
OMeTAD film. A second sputtering experiment is performed, where the time resolution
is achieved by sputtering in intervals. In turns, first the sputtering is performed for a
short period of time, typically of the order of 10 s, and then a long exposure GISAXS
measurement is performed. For this start-stop sputter deposition, a MarCCD detector
is used. This procedure is repeated alternately for the whole experiment. The data
from this experiment is used supplementary to the first experiment to provide better
statistics. Additionally, two extra samples are put into the sputtering chamber and a
gold layer is deposited on them for 50 and 480 s, respectively, without probing them with
GISAXS. These samples together with the one which is sputtered for 1800 s are used for
scanning electron microscopy (SEM) measurements to obtain complementary real space
information after a few selected sputtering times.

8.2. In-situ characterization

Figure 8.2 shows a series of selected 2d GISAXS data after 50, 130, 190 and 300 s accu-
mulated sputter deposition time. The most prominent feature are the strong side maxima
which emerge at large qy-values for short sputtering times. They are most prominently
seen in the 2d data after 50 s and arise from strong scattering of small particles. This
already indicates that the gold grows in clusters rather than in layers. Since no interac-
tion of the spiro-OMeTAD film and the gold is expected, the observed clustered Volmer-
Weber-growth is anticipated. The two side maxima move inwards to smaller qy-values
with ongoing sputtering time. This movement in reciprocal space corresponds to larger
correlation distances in real space which signifies the growth of the gold clusters. Also,
a strong increase in the scattering contribution in qz-direction is observable for longer
sputtering times. An additional feature finally arises in the 2d data after 190 and 300 s,
where modulation in qz-direction are visible. These modulations correspond to an increase
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in film thickness as more and more material is deposited on the film. Although already

Figure 8.2.: Selected 2d GISAXS data after different sputtering times. The intensity scale is
kept constant for all shown images. For all times, the data cover the same section in reciprocal
space ranging from -1.25 to 1.25 nm-1 in qy-direction and from 0.33 to 2.3 nm-1 in qz-direction.

from the 2d GISAXS data a basic understanding about the gold growth is obtainable,
these information are only of qualitative nature. To get a more thorough and complete
understanding, the data needs to be further analyzed. For a more detailed evaluation
of the in-situ experiments, the x-ray scattering data is treated as described in section
3.1.7 by analyzing line cuts along the qy-direction for lateral information and along the
qz-direction for vertical information of the investigated films. In the case of the in-situ
experiment, it is important to note that due to the high time resolution an unusual high
amount of scattering data files is recorded. For example, during the continuous sputter-
ing experiment, almost 2000 files are taken. Therefore, an automated batch processing is
required to handle the large amount of data which is done with the program DPDAK.

8.2.1. Lateral growth evolution

Information about the lateral growth evolution are obtained by analyzing horizontal line
cuts of the 2d GISAXS data. Figure 8.3 shows an exemplary line cut extracted from the
2d scattering data at the critical angle of gold after about 70 s of sputtering time. Analog
to the 2d data, the most prominent feature is again the side maxima, which in this case
lies at around 0.5 to 0.6 nm-1. As explained in section 2.4.3, these maxima in intensity
reflect the shape of the particle expressed as the form factor and the distribution of those
particles expressed by the structure factor. By fitting these maxima with a structure
factor with a Lorentzian size distribution, a correlation distance Λc is obtained from the
position of each peak. This correlation distance is in first approximation assigned to the
average center-to-center distance between the gold clusters i.e., the spatial arrangement
with ongoing growth. The red line in figure 8.3 corresponds to the fit which is used to
extract the peak position. For better fitting results, a second peak at qy = 0 nm−1 is
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Figure 8.3.: Exemplary horizontal line cut of a GISAXS 2d data taken after about 70 s of sputter
deposition, shown in blue. The cut is taken at the critical angle of gold and is averaged over 5
pixels. The red line is a fit to the data. The black dashed lines indicate the peak position which
is used to extract the correlation distance from the fitted curve.

used. This second peak is only fitted in intensity and peak width, whereas its position is
kept fixed to avoid fitting errors. This way, a better fit of the side maxima is possible.
Additionally, the fitting is done is several steps. The qy-range is adjusted step-wise with
ongoing sputtering time to improve the accuracy of the fit since for example, the very
weak intensity at high qy-values can be ignored for fitting of the peak.

As already seen in figure 8.2, the position of the the maxima in intensity is moving
towards smaller qy-values with ongoing sputtering time. The peak positions are fitted for
all 2d GISAXS data with an automated batch process and the obtained peak positions
are converted to the correlation distance via Λc = 2π/q. Figure 8.4 shows a double loga-
rithmic plot of the evolution of the correlation length Λc with ongoing sputter deposition.
The black circles symbolize the data points. The strong fluctuations around 500 s are
attributed to difficulties of the fitting routine and are not related to physical changes in
the gold cluster morphology. The data starts from roughly 20 s on, as before that time
the intensity of the side maxima is still too weak to properly form a peak. Also, for the
first few data points strong deviations of Λc are observed since the statistics are not yet
high enough to allow for the clear identification of a peak. Nevertheless, after already
25 s a clear trend is observable and Λc starts to rise continuously. A total of four different
distinct growth regimes are observable from the data. By fitting the data in the double
logarithmic plot, scaling laws Λc ∝ tα can be extracted for the different growth regimes.
The fits for the four respective regimes are shown by the colored, dotted lines in figure
8.4. At first, an initial increase until roughly 50 s is observed with an exponent α1 = 0.62.
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Afterwards, Λc starts to grow more rapidly until about 150 to 200 s. For this regime an
exponent of α2 = 0.94 is obtained. Then, the increase of Λc slows down significantly which
is reflected by a value for the exponent α3 = 0.21. At about 500 s a further decrease is
apparent where the correlation distance stays almost constant for the remaining 1000 s
of sputter deposition. For this last regime an exponent α4 = 0.04 is obtained from the
fit. The different regimes are numbered from 1 to 3 and are color coded correspondingly.
Since the transition from the third to the forth regime is comparatively low, the last two
regimes are combined.

Figure 8.4.: Evolution of the lateral correlation distance with ongoing sputtering time. The
black dots are the data points and the colored, dotted lines are fits to the data for certain
time ranges. The different kinetics define the different growth regimes, 1, 2, and 3, which are
indicated by the correspondingly colored regions.

Since the fitting of the peak position yields the average center-to-center distance, but
no detailed information about the size of the clusters, additional SEM measurements are
performed after selected times of sputtering, as mentioned in the previous section. Figure
8.5 shows three SEM images taken of spiro-OMeTAD films after 50, 480, and 1800 s
of gold sputter deposition. As observed from the temporal evolution of the correlation
distance, these times correspond to three different growth regimes. After 50 s, mostly small
spherical shaped gold clusters are visible with sizes around 5 to 10 nm. Additionally, also
agglomerates of a few of these gold clusters are seen in the SEM image. These agglomerates
have almost exclusively an elongated shape of roughly 30 nm in average length, which gives
rise to the assumption that they are formed by two or more gold particles connecting
together but not completely merging into a new, bigger, spherical particle. This is most
likely attributed to a limited mobility of the gold on the spiro-OMeTAD surface. However,
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all observed particles are free-standing and the spiro-OMeTAD film is visible between
them. This shows, that after 50 s sputter deposition time, the gold has not yet completely
formed a closed layer. After 480 s the spiro-OMeTAD film is not visible anymore but is
now completely covered with gold. Also, no elongated agglomerates are found anymore.
Instead the average size of the gold clusters is increased and now ranges from 15 to 80 nm.
In addition to the spherical shaped gold clusters, now also polygonal shaped clusters are
visible which in average have a larger size than the spherical clusters. The gold layer is
still rather defective which can be seen from the frequent appearance of dark spots on
the sample which arise from clusters located at lower levels. Finally, after the full sputter
deposition time of 1800 s the layer is more homogeneous as only few defects are observed
from the SEM image. Also, at this stage of the sputtering process the spherical clusters
have almost completely vanished and predominantly the polygonal shaped clusters are
visible with sizes ranging from 30 to 100 nm. Additionally, the SEM images show that the
size of gold cluster is similar to their respective distances especially for longer sputtering
times, as no or only little space is seen between them. This consequently shows that the
correlation distance Λc also gives an estimate for the cluster size in the later stages of
the sputter deposition. A general trend which is observable in the three SEM images is
that the relative size variation of the particles decreases with increasing sputter deposition
time. While at 50 s quite many clusters two or three times larger than the average size
are visible, this is totally different after 1800 s where primarily large clusters are seen with
rather constant sizes and only few clusters of much smaller sizes can be found.

Figure 8.5.: SEM images of spiro-OMeTAD films after (a) 50, (b) 480, and (c) 1800 s of gold
sputter deposition.

To further address this observation of decreasing polydispersity in cluster size, the
GISAXS scattering data is used again. For analyzing the peaks of the side maxima, the
software DPDAK fits not only the peak position, but also a corresponding full width at half
maximum (FWHM). While the peak position yields the average center-to-center distance
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and since the clusters are in close contact to each other also the size of the gold clusters,
the width of the peak is a measure for the distribution of the spatial arrangement of the
gold particles and, as noted above, also for their distribution in size after the gold layer is
completely closed. Figure 8.6 shows a plot of the FWHM evolution over sputter deposition
time. The black circles correspond to the data points and the numbers together with the
color code mark the different growth regimes, which are already observed at the temporal
evolution of the correlation distance Λc. The slightly step-like shape which is especially

Figure 8.6.: Evolution of the FWHM of the peak width with ongoing sputtering time. The
black dots correspond to the data points. The numbers and the color code are guides to the eye
to label the different time regimes as observed at the study of the lateral correlation distance.

seen from 200 until 700 s is attributed to the step-wise adjustment which sometimes leads
to slight jumps in the fitting data at the overlap of two fitting ranges. As before, the
strong fluctuations around 500 s are attributed to difficulties of the fitting routine and are
not related to physical changes in the gold cluster morphology. Right from the beginning
of the sputter deposition, a strong decrease in FWHM is observed. The decrease slows
down slightly just before the end of the first growth regime at 50 s. Just past this time,
the FWHM decreases again rapidly until 100 s, where it starts to remain almost constant
until 200 s i.e., the end of the second growth regime. Afterwards, the FWHM of the peak
starts to decrease continuously until the end of the sputter deposition time. At this point
it is important to note, that especially for times after 500 s, the accuracy of the peak
width is probably lowered, as compared to the beginning of the sputter deposition. This
is due to the fact, that the fitting range is narrowed down manually, to focus the fitting
algorithm to the qy-range of the peak and not on the weak background signal at high
qy-values. Nevertheless, the trend towards lower FWHM-values is still clearly present and
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also agrees very well with the observations from the SEM investigations. While the peak
position at high sputter deposition times past 500 s stays almost constant, the FWHM of
the peak shrinks continuously which implies that the deviation from the average size is
decreasing with ongoing sputtering time. This indicates that the size of the gold clusters
becomes increasingly coherent and less particles of much different sizes are present in the
gold layer.

8.2.2. Vertical growth evolution

The vertical growth evolution is investigated by analyzing the vertical cuts of the 2d
GISAXS data. For this, the data from the start-stop sputter deposition is used, since
the scattering intensity during the live-monitoring experiment is too weak to extract the
necessary information. For all sputtering deposition times, vertical line cuts are taken.
Since these GISAXS measurements are performed with a rod-beam stop which allows for
longer counting times to increase statistics in high qy-regions, the vertical cuts are not
taken at qy = 0 nm-1, but at qy = 0.015 nm-1. Figure 8.7 shows a selection of vertical
line cuts for sputter deposition times from 50 to 480 s. For clarity, the cuts are shifted
along the intensity axis with increasing sputter deposition time. At the very bottom, the
vertical cut of the pure spiro-OMeTAD film is shown. With increasing time, the intensity
along qz is modulated due to constructive and destructive interference of the x-rays at
the interfaces of spiro-OMeTAD/gold and gold/air, as explained in chapter 2.4. These
intensity modulations are visible in the vertical line cuts as fringes which become smaller
with increasing sputter deposition time. The fringe distance ∆qz is used to estimate the
film thickness d via d = 2π/∆qz i.e., smaller fringe distances translate into an increase
in gold layer thickness. As apparent from figure 8.7, the vertical cuts at short sputtering
times do not yet show a full fringe, and consequently these cuts cannot be used for
evaluating the thickness d of the gold layer. Also, at long sputtering times, the fringes
become less and less apparent and eventually cannot be resolved anymore for very long
times.

Figure 8.8 shows a plot of the gold layer thickness with increasing sputter deposition
times. The blue symbols correspond to the data points as extracted from the vertical
cuts. As mentioned above, the first data point is extracted not at the start of the sputter
experiment but at 110 s, where the first full fringe is observable in the vertical line cut. The
solid black lines shows the nominal thickness evolution which would be observed in the
case of a pure layer-by-layer growth, assuming that every gold atom that hits the surface
of the spiro-OMeTAD film also stays on the film to form a layer. As mentioned in the
beginning, the nominal growth rate is determined to be 3.2 nm/min. From the plot of the
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Figure 8.7: Selection of several vertical line cuts
of the 2d GISAXS data for different sputtering
times. The curve in the bottom shows the verti-
cal line cut of the pure spiro-OMeTAD film before
sputter deposition. As indicated by the arrow to
the right, the curves are shifted along the inten-
sity axis with ongoing sputter deposition time for
clarity. The grey shaded area represents the beam
stop which is used to block the specular beam.

data points over time, it is clear that the thickness evolution of the investigated gold layer
initially does not follow the nominal growth rate. Initially, the layer thickness is higher
than the corresponding nominal thickness. Also, the growth rate is lower, as indicated by
the blue dashed line, which acts as guide to the eye. This results in lower layer thicknesses
compared to the nominal thickness after 150 s. Then, at around 200 to 250 s, the growth
rate increases and follows the nominal rate. This time region coincides well with the
transition from the second to the third regime observed at the study of the lateral growth
evolution, as indicated by the numbering and the color code in the background of figure
8.8. As already observed in the SEM investigations during the lateral growth evolution,
the gold layer does not grow layer-wise, but instead forms 3d clusters which grow in
size until they fully cover the surface of the spiro-OMeTAD film. Therefore, for short
sputtering times, the obtained film thickness is not representing the actual layer thickness
but rather the average height of the gold clusters. This height is of course higher, than
a corresponding flat, homogeneous layer made from the same amount of material. To
understand the initial slower growth of the gold layer, the microscopic processes of the
gold sputtering have to be considered. When a single gold atom arrives from the plasma
at the spiro-OMeTAD film it has a lot of excessive kinetic energy. Since the surface
is made of a soft organic material, this surplus in kinetic energy causes the gold atom
to penetrate into the spiro-OMeTAD film. As already discussed at the beginning of this
chapter, the gold is not expected to interact with the organic hole conductor which results
in the observed Volmer-Weber growth. Therefore, the residence of the gold atom inside
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Figure 8.8.: Evolution of gold layer thickness over sputter deposition time. The blue symbols
represent the data points as extracted from the vertical line cuts. The solid black line shows the
nominal thickness evolution with 3.2 nm/min. The dashed lines in blue and green are guides to
the eye to clarify the change in thickness growth rate. The green line has the same slope as the
black solid line. The color code in the background along with the numbers 2 and 3 indicate the
growth regimes obtained from the lateral growth evolution.

the spiro-OMeTAD film is not favored which causes the gold atom to diffuse out of the
film up to the surface, from where it eventually desorbs back into the plasma. If that gold
atom finds another gold atom or an already existing gold cluster it will agglomerate. Once
agglomerated, the energy required to desorb back into the plasma is too high, consequently
prohibiting desorption. Thus, as long as the surface of the spiro-OMeTAD film is not yet
fully covered by the gold clusters, every newly arriving gold atom has a certain chance
to eventually desorb back into the plasma because it could not find another gold atom
to agglomerate with while diffusing out of the organic material. This scenario can be
summarized by a condensation efficient which is basically a measure for the probability
of a newly arriving gold atom to remain on the surface rather than desorbing from it.
If a gold atom meets another gold atom or gold cluster, the condensation coefficient is
equal to 1. In contrast, the condensation coefficient can be much smaller than 1 for gold
atoms arriving at surfaces made from a different material, which causes them to desorb
again from the surface into the plasma. In this case, effectively less gold eventually
stays on the surface as compared to the nominal growth rate, where every gold atom is
captured. The latter behavior is observed in the case of early sputter deposition times
in our experiments which explains the lowered growth rate until roughly 200 s. Since the
surface is not completely covered yet, the impinging gold atoms also have a probability to
leave the surface again. However, as soon as the growth rate starts to rise to the value of
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the nominal growth rate, the condensation coefficient is equal to 1 and now every arriving
gold atom is captured and stays on the surface. Consequently, this means that at the
transition from the initial slow to the nominal grow rate the gold clusters start to fully
cover the spiro-OMeTAD surface and form a complete layer.

8.2.3. Simulations

Using the software IsGISAXS, the full 2d scattering data can be fitted and simulated.
This way, a more complete picture of the morphology during the gold growth is obtained.
While in the lateral growth simulation the correlation distance allowed for good insights
into the kinetics of the lateral gold cluster evolution, the shape of the clusters remains not
dealt with. However, as seen from the SEM images after 50, 480, and 1800 s in figure 8.5,
a change in the cluster shape is clearly observed from spherical clusters alongside with
elongated agglomerates towards polygonal shaped clusters. This change in cluster shape
is also visible in the x-ray scattering and is expressed by the form factor, as described in
chapter 2.4. Modeling the data with IsGISAXS takes into account the scattering contri-
butions from both, the structure and the form factor. Thereby, conclusions can be drawn
about the shape evolution of the gold clusters during the sputter deposition. For the
simulation of the gold sputter deposition data, a model is assumed which consists of the
substrate covered with a homogeneous layer on top of which three-dimensional particles
are distributed horizontally. The particles are defined precisely via their geometry, e.g.
spheres or cylinders, and the parameters: radius r, height h, width w, and orientation
ζ, along with the corresponding distributions σr, σh, σw, and σzeta. For all simulations,
two types of particles are assumed with different probabilities. As for the geometry of
the particles, several types are tested, including cylinders, spheroids, truncated spheres,
and boxes. A detailed description of the available types of geometries can be found in
reference [100]. The spatial distribution is described by a one-dimensional paracrystalline
lattice (1DDL) which follows a Gaussian distribution with a standard deviation ω1DDL.
The correlation between size and distribution of the particles is regarded in the frame-
work of the local monodisperse approximation (LMA). For the simulations, the scattering
data from the start-stop sputtering are used. The parameters of the simulations are
summarized in the appendix A.

Figure 8.9 exemplarily shows the 2d GISAXS data as simulated by IsGISAXS together
with the measured scattering data after 50 s of sputter deposition time along with the
fits to the line cuts. Overall, a reasonable agreement between experiment and simulation
is achieved. The characteristic features of the measured 2d data are well reproduced
by the simulation showing the same strong side maxima at similar qy- and qz-position.
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Figure 8.9.: Results of the simulation with IsGISAXS for the sample after 50 s of gold sputter
deposition time. (a) shows the simulated 2d GISAXS image. (b) shows the measured 2d GISAXS
data for comparison. (c) & (d) show line cuts from the data together with the corresponding
fits. The cuts are taken along the red and green arrow, which are shown in (b). The gap in the
data in (d) as well as the three green data points correspond the the beam stop which blocked
the intensity of the specular beam. The 2d images show identical sections of reciprocal space
covering -0.16 to 1.0 nm-1 in qy-direction and 0.33 to 2.23 nm-1 in qz-direction.

Additionally, the shape of the in-plane scattering at low qy-values is concurring with
the experimental results. For the simulations, boxes are used for the description of the
elongated agglomerates and truncated spheres (t-sphere) are used for the description of
the spherical clusters which are seen in the SEM image (figure 8.5). The boxes are
described in the simulation software by a rectangular base defined via a radius rbox and
a width wbox, and by a height hbox. The truncated sphere is described by a circular base
with radius rtruncated sphere and by a height htruncated sphere describing the vertical expansion
of the object which defines how much of the sphere is truncated. The truncated part
of the sphere is always in contact with the spiro-OMeTAD layer underneath. Especially
the boxes are crucial for a good fitting of the scattering data at this early stage of the
gold sputter deposition. In fact, these elongated agglomerates, which are much larger in
size as compared to the spherical clusters, largely dominate the GISAXS data. A ratio
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Figure 8.10: Results of the IsGISAXS simula-
tions after 190 and 300 s of sputter deposition
time: (a) & (c) show the simulated 2d scattering
images. (b) & (d) show the measured GISAXS
data for comparison. All images cover the same
part in reciprocal space and range from -1.0 to
1.0 nm-1 in qy-direction and 0.33 to 2.23 nm-1

in qz-direction. The dashed green lines and red
horizontal arrows are guides to the eye to point
out prominent features.

of box:truncated sphere = 9:1 is used for the simulated data shown in figure 8.9 and is
found to yield the best agreement with the experimental data. At first, this seems not
to reflect the scenario which is observed in the SEM image. However, this ratio can be
varied down to 3:2 and still show a close resemblance to the measured GISAXS data.
As already mentioned, the size of the box-particles is much larger as compared to the
truncated spheres. While both have a similar radius, the width of the boxes has a strong
distribution of σw = 10 which potentially allows for very large total particle volume. Since
larger objects contribute stronger to the scattering data than smaller objects, it is clear,
that once the probability of boxes reaches a certain threshold value, the scattering data
is dominated by these large particles. Therefore, for the probability distribution of the
particles after 50 s of sputter deposition time only a lower limit of 3:2 can be given. The
particle size after 50 s is already roughly 55% of the particle distance, expressed by the
lattice spacing of the employed 1DDL model.

In figure 8.10 (a) & (b), the results of the simulations after 190 s and 300 s gold sput-
ter deposition time are shown along with their corresponding experimental scattering
data. As observed from the lateral and vertical growth evolution in the previous sections,
at 190 s the gold clusters begin to completely cover the spiro-OMeTAD layer and after
300 s the gold layer is already growing vertically with the nominal rate. Although in the
GISAXS data after 190 s sputtering time the characteristic side maxima are still strongly
pronounced, the same model of elongated boxes is not suitable anymore to describe the ex-
perimental data. While the spherical clusters are still described by the truncated spheres,
now the boxes are replaced by parallelepipeds which have a square base defined by the
radius rparallelepiped and a height hparallelepiped. This change in particle type which is re-
quired for a satisfying simulation of the scattering data, reflects the change in shape of
the gold clusters. From the SEM data, a change from elongated agglomerates, seen after
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50 s sputtering time, towards polygonal shape is observed for longer sputtering times.
Thus, it is not surprising that the elongated boxes are not suitable anymore for model-
ing the scattering data for longer sputtering times. For the simulation of the scattering
data after 300 s the geometry changed again from parallelepipeds to cylinders next to
the truncated-sphere particles. As just mentioned, the gold clusters assume a polygonal
shape for longer sputtering times. Considering the rotational symmetry of the assumed
paracrystalline model, cylinders are eventually the best choice to model these clusters,
as is confirmed by the simulation results. Figure 8.11 shows a schematic overview about
the used form factors of the two particles during the IsGISAXS simulations. For the
simulation of the scattering data after 300 s where the layer is already closed, the size of
the cylinders and truncated spheres is larger than the structure factor of the 1DDL. This
effectively results in an overlap of the objects which is necessary to form a closed layer
with round particles.

Figure 8.11.: Temporal evolution of the form factors used for the IsGISAXS simulations. The
form factor of the spherical clusters is described by truncated spheres throughout the whole
sputter deposition process. The form factor second particle changes from elongated boxes in the
growth regime 1, via parallelepipeds in regime 2, to cylinders in regime 3.

8.2.4. Growth model

From the obtained information which are extracted from the GISAXS and SEM data,
a growth model is proposed which explains the different phases during the evolution of
the gold cluster growth, shape, and distribution. The growth model is comprised of four
phases which are each characterized by specific kinetic processes. A graphical illustration
of the growth model is shown in figure 8.12.

0. Nucleation

With the experimental parameters which are used in the present investigation, this phase
is not detected by the scattering experiments. In the live-monitoring, the scattering signal
from these few gold atoms is too weak to be detected with the given x-ray flux. And in the
case of the start-stop sputter investigation, the phase cannot be resolved within the used
time resolution. However, this phase is known in literature and recently also has been
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Figure 8.12.: Schematic illustration of the proposed growth model of a gold layer growth on a
spiro-OMeTAD film. The model consists of four different stages which are each characterized
by specific kinetic processes. Each phase is represented graphically by a side view for illustration
of the vertical growth evolution and a top view for illustration of the lateral growth evolution.

experimentally observed for similar experimental conditions [268–270]. The nucleation
phase is very short and comprises the very initial time range where the first few gold
atoms are hitting the surface of the spiro-OMeTAD film. This phase is estimated to last
until amount-wise, roughly one monolayer of gold is deposited [258].

In the very early times of the sputter deposition experiment, virtually every gold atom
which arrives from the plasma hits an uncovered, pristine part of the spiro-OMeTAD film.
As already explained in more detail above in the discussion of the retarded vertical growth
(section 8.2.2), the surplus in kinetic energy causes the gold atom to first penetrate into
the spiro-OMeTAD film and subsequently to diffuse out of the film again with a final
desorption back into the plasma. If, by chance, the gold atoms meets another gold atom
while diffusing out of the film, these two atoms agglomerate to form a stable dimer. This
dimer is then not able to desorb back into the plasma and thus, a stable nuclei is formed
which stays on the surface of the organic film and acts as condensation nuclei [269]. These
condensation nuclei are then able to capture more and more gold atoms and grow into a
small gold cluster. To minimize the interface with the spiro-OMeTAD surface, the cluster
takes on a spherical shape which results in a three dimensional growth. The height of
these clusters is significantly higher than a corresponding flat layer made up from the
same amount of material. During this phase, the surface coverage is rather low. The
nucleation phase continues until concentration of stable nuclei on the surface reaches a
critical limit. Then, the probability of a newly arriving gold atom finding an already
existing cluster is higher than the chance to find another single gold atom on the surface
for the formation of new condensation nuclei. This probability is also referred to as
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the condensation coefficient which is typically smaller than 1 for gold atoms arriving on
surfaces made from different material and is equal to 1 if gold atoms directly meet other
gold surfaces [271].

1. Lateral growth

Once the critical concentration of stable nuclei is reached, the second phase starts, where
almost all of the arriving gold atoms are captured by already existing nuclei and only
few new dimers are formed. The existing gold clusters now grow predominantly in lateral
direction. During this phase, the surface coverage increases rapidly and consequently also
the effective condensation coefficient rises. However, it is important to note, that the
surface is not yet completely covered by a closed layer of gold. At the same time, the
mean distance which a single gold atom has to move across the surface until it finds a
condensation nuclei is decreasing and eventually gets smaller than the mean distance a
single gold atom travels on the surface before it desorbs again [269]. In this phase, growing
clusters can also meet and subsequently merge to form one bigger cluster. This process
is known as coalescence. As long as the clusters are small enough, their mobility on the
spiro-OMeTAD film is high enough to move across the surface and join together with other
clusters. The merging of clusters is significantly dominating the growth process, compared
to the direct adsorption of new gold atoms coming from the gaseous plasma phase, which
leads to a diffusion-driven coalescence during this stage of the sputter deposition. This
process is the first phase which is detectable in the scattering experiments by the formation
of the strong side maxima at high qy-values, as clearly visible in figure 8.2. From the
lateral growth evolution a scaling exponent of α1 = 0.62 is extracted. This behavior of
diffusion-controlled coalescence has been observed before in literature [258,268,272–276].
In general, the merging of gold clusters can be compared to the fusion of coalescing water
droplets on hydrophobic surfaces, such as self-assembled monolayers, due to the fact that
the gold-gold interaction has been found to be energetically comparable to hydrogen
bonds [277–279]. The diffusion-controlled growth requires a sufficiently high mobility
of the clusters. Therefore, it is intuitively clear, that this phase reaches its limit once
the gold clusters are too large. They become to immobile to move across the surface and
additionally, the fusion of two large clusters becomes more time consuming with increasing
cluster size [272,273,280].

2. Coarsening

The diffusion-controlled lateral growth is observed until roughly 50 s which corresponds to
a nominal thickness of roughly 2.5 nm. As the diffusion-controlled growth reaches its limit
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with increasing cluster size, the adsorption of new gold atoms coming from the plasma
becomes progressively more important. After a certain critical cluster size, the clusters
have grown so large that on the one hand they are almost not able to move across the
surface anymore, and on the other hand they are all in close contact to each other which
is also observed in the SEM investigation and in the scattering simulations. From this
time on, the coalescence is not depending on diffusion anymore. Since the clusters are
now already in close contact, the merging of clusters occurs more rapidly now, which is
reflected by a high scaling exponent of α2 = 0.94 as found in the lateral growth evolution.
The boundaries of two adjacent clusters can be considered as defects in a crystal structure.
To merge the two clusters, these defects need to be cured which the system achieves via
a thermodynamically driven relaxation process. Therefore, the growth of the clusters is
defined by a discontinuous movement of the grain boundaries. With increasing cluster size,
the merging process is slowing down. Additionally, the lateral growth is still supported
by gold atoms which adsorb to the remaining free areas of the spiro-OMeTAD film and
diffuse to surrounding gold clusters. After roughly 200 to 250 s, a full surface coverage
by the gold layer is observed, which corresponds to a nominal thickness of roughly 10 to
13 nm. Additionally, the clusters now exhibit a polygonal shape in order to be able to
completely cover the surface.

3. Vertical growth

After the full surface coverage of the spiro-OMeTAD film with the gold clusters, a com-
plete closed layer is formed and from now on, the cluster height corresponds to the film
thickness. However, the thickness of the gold layer stays lower than the corresponding
nominal thickness. Any gold atoms which adsorb from the gaseous plasma phase to the
substrate can now only contribute to the vertical growth of the gold layer. Since the
gold atoms now cannot see the spiro-OMeTAD film anymore but instead always adsorb
directly on the gold layer, the condensation coefficient is equal to 1. At the same time,
the coarsening of the clusters continues which results in a still ongoing lateral growth.
However, due to the large size of the clusters which increases further during the vertical
growth, the coarsening is slowed down significantly. From the lateral growth evolution,
a scaling exponent of only α3 = 0.21 is found for this phase which sets in after roughly
200 s. As the clusters are now bound into the closed layer, the mobility of the clusters
is completely restricted in this phase and consequently, only the movement of the grain
boundaries is observed as driving force of the increasing cluster size. The shape of the
clusters now resembles the typical grain like morphology which is characteristic for thin
films deposited from gaseous phases [281]. While the thickness increases linearly with the
nominal rate for the remaining time of the sputter deposition, a further slowing down
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is observed after roughly 500 s for the lateral growth reflected in a scaling exponent of
only α4 = 0.04. During this phase, the cluster size also becomes more monodisperse as
smaller clusters are continuously incorporated into already larger ones, which is observed
in a steady decrease of the lateral peak width.

8.2.5. Results & discussion

The growth of a gold film on a spiro-OMeTAD film via sputter deposition is monitored in-
situ with GISAXS in two different ways: first by live-monitoring of the sputter deposition
process and simultaneous GISAXS measurements with integration times of only 1 s, and
second by a start-stop process where after defined short times of sputter deposition, a
long-exposure GISAXS measurement is performed. The nominal sputter deposition rate
is set to 3.2 nm/min for all experiments and the final nominal gold thickness is 96 mn
which is a typical thickness for state of the art ssDSSCs [129].

The investigations reveal a Volmer-Weber growth with the characteristic 3d cluster
formation of gold rather than a layer-by-layer growth. The 3d cluster growth reflects
the non-wetting behavior of gold due to the missing attractive interactions of gold with
the spiro-OMeTAD film. This non-wetting property is common for gold and has been
observed before for the sputter deposition of gold on different systems such as polymers
and solid inorganic substrates [258,268].

From the analysis of the GISAXS and SEM data, a growth model is proposed which
divides the total gold layer growth into four regimes, namely: 0. nucleation, 1. lateral
growth, 2. coarsening, and 3. vertical growth. Although the first regime is very short and
not observed directly in the conducted experiments, conclusions about this first phase of
the gold growth can be drawn and the physical processes occurring in this regime are
explained with the help from literature [258, 268–270]. The following two phases lateral
growth and coarsening are characterized by a fast lateral growth of the gold clusters while
the surface of th spiro-OMeTAD is not yet fully covered. This implies a condensation
coefficient smaller than 1 for gold on spiro-OMeTAD, which is in good agreement with the
observed non-wetting behavior. In general, the condensation coefficient of noble metals on
organic surfaces is known to be smaller than 1 [271]. The small condensation coefficient
also explains the fact, that the height of the gold clusters increases slower than the nominal
rate, as not every incoming gold atom stays on the surface but can also desorb again into
the plasma. After about 200 s which corresponds to a nominal thickness of roughly 10 nm
the gold clusters are all in close contact, so that the spiro-OMeTAD film is completely
covered and a fully closed gold layer is formed. Compared to gold sputtering on different
systems like bare silicon or on polymeric films this layer formation occurs at about the
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same nominal thickness [258,268]. After the layer formation, the lateral growth slows down
whereas the increase in gold layer thickness increases with the nominal rate indicating a
condensation coefficient of 1 which is commonly observed for metal atoms impinging on
clean metal surfaces [271].

Another observation, which occurs also until the time when the gold layer forms a
closed layer, is the change in gold cluster shape. As seen from SEM measurements and
IsGISAXS simulations, the form factor i.e., the shape of the gold clusters changes. While
for all observed sputtering times spherical clusters are observed, in the early phases around
the time of lateral growth (regime II), mostly elongated agglomerates are present on the
surface. The elongated nature of the gold agglomerates changes into polygonal shaped
clusters which are best described by cylinders in the GISAXS simulations. The number
of cylinders then increases for ongoing sputter deposition time reflecting the continuous
merging of smaller spherical clusters into larger cylindrical clusters. This change in shape
has recently been suggested as well by Schwartzkopf et al. who also performed IsGISAXS
simulations of gold growth on a bare silicon sample [268].

In total, the in-situ study of the gold growth on a spiro-OMeTAD film reveals a similar
behavior to gold growth on other polymeric systems and also hard inorganic surfaces such
as silicon. Apparently, the non-wetting property of the noble metal is dominating the
growth kinetics irrespective of the underlying material in terms of chemical interactions.
A clear Volmer-Weber growth with 3d cluster formation is observed which grow first
strongly in lateral direction until they grow large enough to fully cover the surface and
a closed layer is formed. After layer formation, the film grows dominantly in vertical
direction while the lateral coarsening of the clusters continues albeit at a much slower
rate. From the results a growth model is proposed containing four phases each defined by
specific kinetic processes.

8.3. Vertical film composition

An important aspect in the growth of the gold layer is the incorporation of gold into
the spiro-OMeTAD film. The incorporation has strong influence on the adhesion and
electronic properties of the gold/spiro-OMeTAD interface. To investigate this aspect of
the gold growth, the vertical film composition is probed with x-ray reflectometry (XRR).
As explained in chapter 2.4, the scattering length density (SLD) for x-rays depends on
the electron density of the respective material. Therefore, due to the strong difference in
electron density of gold as compared to the organic spiro-OMeTAD film, already minor
gold inclusions result in a change in the scattering length density, which consequently are
measurable by x-ray scattering. Figure 8.13(a) shows the measured XRR curves for two
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spiro-OMeTAD films after 480 and 1800 s gold sputter deposition, respectively. The most
prominent feature of both reflectivity curves are the strongly pronounced Kiessig fringes.
As expected due to increasing film thickness, the curve after 1800 s sputter deposition
time exhibits much shorter Kiessig fringes as compared to the ones seen in the curve after
480 s. For a more detailed analysis, the data is modeled as described in chapter 3.1.5
by assuming a silicon/spiro-OMeTAD/gold layer stack. In order to obtain a satisfying
result, an additional layer between the gold and the spiro-OMeTAD film is added. The
SLD in this layer is slightly higher as compared to the pure spiro-OMeTAD film, which is
attributed to a small incorporation of gold. After modeling the data, gold layer thicknesses
of 19 and 89 nm is found for the samples after 480 and 1800 s, respectively. This results
in a vertical growth rate of 3.2 nm between 480 and 1800 s which is exactly corresponding
the nominal rate in good agreement with the observations from the in-situ investigation.
In figure 8.13(b), a depth profile of the real part of the SLD corresponding to the curve

Figure 8.13.: (a) XRR data of two spiro-OMeTAD films after 480 and 1800 s gold sputter
deposition. The data points are represented by the black symbols and the red solid lines show
the respective fits to the data. (b) shows the depth profiles of the real part of the SLD of the films
after 480 and 1800 s sputter deposition time. The curves corresponding to 1800 s are shifted along
the y-axis for clarity. In (c) the difference between the measured SLD profile and a simulated
profile without an sharp interface between gold and spiro-OMeTAD is presented to illustrate the
enrichment layer between the two bulk materials. The color code in (b) schematically indicates
the composition of the air/gold/spiro-OMeTAD/silicon layer stack.

after 1800 s is shown together with a schematic representation of the layer stack in the
background. The diffuse transition region in the color code at the transition from gold to
spiro-OMeTAD indicates the presence of an enrichment layer between the respective bulk
layers. For a more clear representation of this enrichment layer, the fitted SLD profile of
the measured XRR data is subtracted from a SLD profile simulated with a sharp interface
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between gold and the spiro-OMeTAD film. The resulting difference results in a sharp peak
at the interface, which is shown in figure 8.13(c).

The presence of this enrichment layer reveals the diffusion and incorporation of gold
into the underlying spiro-OMeTAD film during the sputter deposition. The enrichment
layer has a similar thickness of around 3.5 nm both, after 480 and 1800 s of gold sputter
deposition time. From the SLD, a mass density of 2.9 g/cm3 is found for the enrichment
layer (compared to 1.8 g/cm3 of the spiro-OMeTAD layer), corresponding to a incorpo-
ration of gold of less than 7 wt% which is equivalent to less than a monolayer. The
little amount of gold which is incorporated and also the fact that the incorporation is
not increasing with increasing sputter deposition time shows that on the one hand, only
small traces of gold are incorporated and on the other hand, that the incorporation hap-
pens in the early stages of the experiment and appears to be already finished after the
spiro-OMeTAD film is completely covered by a closed gold layer. However, at this point
it is important to consider the fact that the XRR experiments are not performed in-situ
but several days after the actual sputtering experiment. Therefore, it is possible that the
gold incorporation takes place not only during the actual experiment but also continues
afterwards until a certain equilibrium is reached. This could also be an explanation for
the fact that for both samples similar values are obtained.

8.4. Summary

The gold growth on top of a spiro-OMeTAD layer is fully characterized regarding its
growth kinetics and also in terms of gold incorporation. The system is chosen due to its
popular use in ssDSSCs where spiro-OMeTAD is one of the most successfully used hole-
conducting materials with gold as a standard electrode material. A pure spiro-OMeTAD
film is chosen for the investigation of the gold electrode growth. With the chosen sputter
parameters a final gold layer thickness of 89 nm is fabricated which is a typical thickness
for ssDSSCs. The vertical increase with the nominal rate after a fully closed gold layer
is formed is observed in the XRR measurements confirming the findings from the in-situ
investigation of the vertical growth evolution. The final layer thickness is slightly below
the expected nominal thickness which again is in good agreement with the observations
from the in-situ studies.

The non-wetting behavior of the noble metal gold on spiro-OMeTAD is the decisive
factor in the growth kinetics which results in a Volmer-Weber growth. The 3d gold cluster
grow first fast in lateral and slow in vertical direction after a short nucleation phase. Once
the clusters form a complete layer and fully cover the spiro-OMeTAD film, the lateral
growth slows down whereas the vertical growth increases and progresses with the nominal
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rate. A growth model is proposed consisting of the four stages nucleation, lateral growth,
coarsening, and vertical growth, which has been observed before with similar kinetics for
in-situ sputtering studies of gold on polymeric and silicon samples [258,268].

With XRR measurements after the sputter experiments of two samples after 480 and
1800 s gold sputter deposition time, respectively, the presence of a thin enrichment layer
is revealed at the gold/spiro-OMeTAD interface. The enrichment layer has a thickness of
3.5 nm for both samples and shows an incorporated amount of 7 wt% which is equivalent
to less than a monolayer. Compared to gold growth on a conducting polymer film, the
thickness of the enrichment layer more than two times larger [258]. This is possibly
attributed to the fact that gold atoms have a higher mobility inside the spiro-OMeTAD
film which only consists of single molecules in contrast to the large polymer chains which
are highly entangled. Although the amount of incorporated gold is rather small, it still
is relevant for the interface properties. The gold can act as a dopant for spiro-OMeTAD
and cause a band bending which possibly results in improved probabilities for electrons to
tunnel through the injection barrier [282]. For example, in polymer based light emitting
diodes higher luminous emittances have been achieved due to improved injection of charge
carriers by a similar doping with metals [283–285].

In summary, a good fundamental understanding about the gold growth on a pure
spiro-OMeTAD film is obtained. From the analyzed data, a growth model describing the
kinetics of the gold layer formation is proposed and the diffusion of little amounts of gold
into the spiro-OMeTAD is observed. Nowadays, spiro-OMeTAD is usually not used in
its pure form but mixed with additives to prevent unwanted charge recombination and
to improve the conductivity [129,143]. A study of gold growth on such a modified spiro-
OMeTAD layer would constitute an interesting follow-up experiment to investigate the
influence of the additives on the gold layer growth kinetics and the incorporation of gold
into the solid hole-conducting film. Also, new x-ray sources such as the third generation
synchrotron ring PETRA III would allow for higher flux and consequently higher time
resolution which has demonstrated to yield additional experimental evidence especially
about the early stages of the metal layer growth [268].



9. Conclusion and outlook

To answer the questions which have been raised in the beginning of this thesis, various
aspects of titania based solar cells have been investigated in this work. In general, the
focus was directed on the customization of the morphology of the active layer. In more
detail, this included custom tailoring of the morphology of titania thin films, realizing
superstructuring of titania films via imprinting techniques, a low-temperature route for the
direct synthesis of functional hybrid films, and the investigation of the interface between
the metal top electrode and the organic hole conductor spiro-OMeTAD.

In the first part of this thesis, custom tailoring to fabricate hierarchically structured
titania thin films is taken to a new level via iterative spin-coating in combination with
sol-gel chemistry and diblock copolymer templating. Not only a precise control over the
film thickness is achieved via multiple spin-coatings of a foam-like nanostructured titania
film, but also the combination of various different morphologies is feasible with the route
established in this work. This is exemplarily demonstrated with a layer stack comprised
of nanogranules sandwiched between layers of a foam-like titania network structure. The
chosen foam-like morphology exhibits a very high porosity resulting in a large effective
surface area. The individual morphologies remain preserved throughout the whole fabri-
cation process. Also the crystallinity of the final titania film is unaffected and shows a
clear anatase phase for both, the films made of only one of the morphologies as well as
the hierarchic layer stack. The anatase phase is highly favorable for the use in DSSCs
and also for other applications like gas sensing of hydrogen and photocatalysis. With
respect to application in photovoltaic devices the demonstrated morphology is highly at-
tractive. It combines the advantages of the bicontinuous nature of a foam-like structure
with nanogranules of much larger size which can potentially act as light scattering centers
to increase the effective path length of incoming light. Furthermore, a strong potential is
seen in transferring the established fabrication routine to other materials by switching to
different sol-gel systems. The same way, even a combination of different material systems
is feasible.

Artificial superstructures, which have already been successfully used to improve device
performances of all-organic solar cells, are difficult to apply to titania films due to the
high mechanical hardness and brittle nature of titania. In the present work, these diffi-
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culties have been overcome and two different routes for superstructured titania films have
been established based on the same sol-gel process which is also used for the hierarchical
structuring via iterative spin-coatings. The first route is the so-called wet-imprinting. It
utilizes the fact that the sol-gel chemistry is a wet-chemical process and the titania films
made in this work are processed from solution. Therefore, it is best summarized as an
advanced solution casting process, during which the superstructure is transferred in the
course of the drying process of the sol-gel solution via a stamp made from PDMS. The
whole wet-imprinting routine happens at ambient conditions, requires no special machin-
ery, yields rather thick films, and allows for large area transfers of the superstructure
in the order of several square centimeters per imprinting run. The second route is the
so-called soft-embossing which is utilizing the fact that after spin-coating of the sol-gel so-
lution, the amorphous titania is still embedded in the structure-directing polymer matrix.
Thereby, a certain softness remains which prevents the titania structures from breaking
under high applied pressures and stresses and therefore allows for plastic deformations.
Using a stamp made from a harder inorganic material, in the present work made from
silicon, a superstructure is embossed into the polymer/titania film. For demonstration,
a line grating with narrow channels well below one micrometer and high aspect ratio is
chosen. This routine allows for fast imprinting and thereby high throughput of samples
and a very high flexibility in terms of possible superstructure architectures due to the
possible high aspect ratios feasible. The wet-imprinting and soft-embossing routines are
tested on titania films which have the much favored foam-like morphology as tuned by the
corresponding sol-gel weight ratio. The superstructured titania films retain their foam-like
nanostructure and their anatase crystal phase for both imprinting routines. In addition,
promising optoelectronic properties are detected, which are also known from different sys-
tems that have already been successfully used for applications in literature. Furthermore,
increased functionality is observed for the superstructured films as they exhibit additional
light scattering due to the superstructure as compared to a non-imprinted film. As in the
case of iterative spin-coating, also the superstructuring routines have the potential to be
applied to other materials systems which also are fabricated via polymer assisted sol-gel
chemistry.

The low-temperature synthesis of titania films has been taken to the next level. Instead
of only structuring the titania film and subsequently removing the sacrificial polymer ma-
trix, a successful routine for the direct fabrication of a functional organic/inorganic hybrid
film has been established in this work. The two key components to this route are a novel
titania precursor which allows for tuning the crystallinity via the pH-value of the solution
and new polymers which are derivatives of P3HT, one of the most used organic semicon-
ductors for photovoltaic devices. To implement the capability to act as structure-directing
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template, the basic idea was to combine P3HT with PEO. The obtained results suggest
that the most promising combination is found in the form of a diblock copolymer. This
way, a successful structuring of titania is possible and a bicontinuous network structure
is formed inside the functional P3HT matrix. Both materials retain their crystallinity
which is equally crucial for the P3HT as well as the titania which is verified by both x-ray
scattering and optical characterization. Also, the optical absorption behavior remains
unaffected by the proposed fabrication routine. Furthermore, a strong optical quenching
of the fluorescence signal suggests the formation of a good interface between the inorganic
electron conductor titania and the organic hole conductor P3HT, which is crucial for effi-
cient charge separation. Consequently, also working solar cells were fabricated which fully
demonstrates the functionality of the investigated hybrid films.

Finally, the growth of gold on a spiro-OMeTAD film, a commonly used combination
in state of the art ssDSSCs, has been characterized in order to obtain a fundamental
understanding of the interface between the two materials. This understanding is of high
importance as this interface is crucial for charge extraction. For the characterization two
aspects are investigated: the growth kinetics which are studied in-situ with high time
resolution GISAXS measurements and the incorporation of gold into the organic layer.
In terms of morphology, a three-dimensional Volmer-Weber growth of gold is observed.
This is expected due to the commonly observed weak interaction between the gold and
the organic material spiro-OMeTAD. Due to the high time resolution of the conducted
experiments, for the first time a growth model is proposed which is covering the full growth
up to a thickness of the gold layer commonly used for applications. In total, four different
phases of gold growth are revealed each characterized by their unique growth kinetics.
The growth starts with the early nucleation phase, followed by the lateral growth, then
the coarsening of the gold clusters until the spiro-OMeTAD film is completely covered
by gold, and finally the vertical growth. Concerning the incorporation of gold, a thin
enrichment layer is observed. Even though the total amount of gold is rather low, this
observation is highly relevant for the functionality of the interface. The incorporated
amount of gold can act as a dopant of the spiro-OMeTAD layer and thereby influences
the electronic properties which consequently leads to an improved charge extraction.

Future projects following the present work should focus on the further customization
of the titania film morphology. Especially concerning superstructuring, novel master
structures featuring new geometries are of particular interest now that two different routes
have been successfully established. In case of titania, the main motivation of applying
superstructures is to add further functionality onto the otherwise already operative film.
For the application in solar cells various architectures are conceivable which can possibly
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improve different aspects of the films. For example, cylindrical superstructures which
create large hollow channels running vertically through the film can act as support for
backfilling the titania films with organic hole-conducting materials and at the same time
act as large conducting paths for generated holes to be transported to the corresponding
electrode. Also, optimized geometries for further increased light trapping are a highly
attractive option to investigate. Both kinds of superstructures are expected improve the
performance of solar cells due to a better filling of the porous titania network and an
increased light absorption, respectively, which ultimately leads to higher efficiencies of
the photovoltaic devices.



A. Gold sputter simulation parameters

This appendix summarizes the parameters which are used for the simulation of the in-situ
GISAXS investigation of gold sputter deposition on a spiro-OMeTAD layer (see chapter
8). The simulations are all performed with the program IsGISAXS. The parameters
are extracted from the respective .inp-files. First, all parameters which are defining the
experiment, such as the SLD of the investigated materials, the wavelength, framework,
etc. are listed. These parameters are kept constant for all simulations.

Then, all parameters describing the used fitting models with the corresponding struc-
ture and form factors are summarized in table A.1. They are provided for all simulated
GISAXS data after various sputter deposition times.

• Framework: DWBA
• Diffuse: LMA
• λ: 0.138 nm
• αi: 0.4179°
• SLD substrate:
δ = 6.09× 10-6, β = 1.41× 10-6

• SLD layer:
δ = 4.94× 10-6, β = 8.06× 10-9

• layer thickness: 100 nm
• roughness: 1 nm
• SLD particle:
δ = 3.73× 10-5, β = 3.69× 10-6
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time [s] 50 90 130 190 300 480

D1DDL [nm] 6.2 12.5 18.0 23 32 38
ω1DDL [nm] 2.5 4.0 5.5 6.5 10 11
cut-off 54 400 3000 5× 105 1× 106 1× 107

particle 1 box box box parallelepiped cylinder cylinder
probability 0.9 0.8 0.7 0.5 0.8 0.9
radius [nm] 1.4 3.0 7.0 11.5 20.0 22.0
distribution log normal log normal gaussian gaussian gaussian gaussian
σr [nm] 1.5 4.5 10.5 23 30 33
height [nm] 2.8 4.1 5.3 8.1 12.2 15
width [nm] 1.4 3.0 7.0 - - -
distribution gaussian gaussian gaussian - - -
σw [nm] 14.0 24.0 14.0 - - -

particle 2 sphere sphere sphere sphere sphere sphere
probability 0.1 0.2 0.3 0.5 0.2 0.1
radius [nm] 2.0 3.0 7.0 11.5 20.0 22.0
distribution log normal log normal gaussian gaussian gaussian gaussian
σr [nm] 5.0 4.5 10.5 23 30 33
height [nm] 4.0 4.1 5.3 9.2 12.2 15

Table A.1.: IsGISAXS fitting parameters after various times of gold sputter deposition.
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[188] H. Tang, H. Berger, P. Schmid, F. Lévy, and G. Burri, “Photoluminescence in TiO2
anatase single crystals,” Solid State Communications, vol. 87, no. 9, pp. 847–850,
1993.

[189] N. Serpone, D. Lawless, and R. Khairutdinov, “Size Effects on the Photophysical
Properties of Colloidal Anatase TiO2 Particles: Size Quantization versus Direct
Transitions in This Indirect Semiconductor,” The Journal of Physical Chemistry,
vol. 99, no. 45, pp. 16646–16654, 1995.

[190] L. Forss and M. Schubnell, “Temperature dependence of the luminescence of TiO2
powder,” Applied Physics B, vol. 56, no. 6, pp. 363–366, 1993.

[191] W. Zhang, M. Zhang, Z. Yin, and Q. Chen, “Photoluminescence in anatase titanium
dioxide nanocrystals,” Applied Physics B, vol. 70, no. 2, pp. 261–265, 2000.

[192] Z. Sun, D. H. Kim, M. Wolkenhauer, G. G. Bumbu, W. Knoll, and J. S. Gutmann,
“Synthesis and Photoluminescence of Titania Nanoparticle Arrays Templated by
Block-Copolymer Thin Films,” ChemPhysChem, vol. 7, no. 2, pp. 370–378, 2006.

[193] J. Liqiang, F. Honggang, W. Baiqi, W. Dejun, X. Baifu, L. Shudan, and S. Jiazhong,
“Effects of Sn dopant on the photoinduced charge property and photocatalytic ac-
tivity of TiO2 nanoparticles,” Applied Catalysis B: Environmental, vol. 62, no. 3–4,
pp. 282–291, 2006.

[194] M. Memesa, S. Lenz, S. Emmerling, S. Nett, J. Perlich, P. Müller-Buschbaum, and
J. Gutmann, “Morphology and photoluminescence study of titania nanoparticles,”
Colloid and Polymer Science, vol. 289, no. 8, pp. 943–953, 2011.

[195] G. Li, Z.-Q. Liu, J. Lu, L. Wang, and Z. Zhang, “Effect of calcination temperature
on the morphology and surface properties of TiO2 nanotube arrays,” Applied Surface
Science, vol. 255, no. 16, pp. 7323–7328, 2009.

[196] H. Tang, K. Prasad, R. Sanjinés, and F. Lévy, “TiO2 anatase thin films as gas
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