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Abstract

In this thesis mesoporous titania films are investigated with respect to their application
as photoanodes in solid-state dye-sensitized solar cells and hybrid solar cells. The main
focus lies on the tailoring of nanostructured titania photoanodes and its influence on the
device performance. For this, pre-synthesized crystalline titania nanoparticles are added
during the block copolymer assisted sol-gel process, which gives precise control over ti-
tania nanostructures and enhances the crystallinity of the resulting titania films. Spray
coating as a low-cost technique for an scalable production is employed to deposit titania
films. A sponge-like morphology is obtained, which is favorable for solar cell application
due to its high surface-to-volume ratio and porosity. Moreover, the kinetic processes of
spray coating are investigated using in situ grazing incidence small angle x-ray scatter-
ing, allowing to determine the structure evolution of the deposited films. The influence
of mesopore sizes of titania photoanodes on the crystalline order of backfilled P3HT is
studied, which has a direct correlation to the solar cell performance and stability. Fur-
thermore, a low-temperature routine is established to fabricate hierarchically structured
titania photoanodes and hybrid solar cells. In addition, the effect of artificial superstruc-
tures on the device performance is studied.

Zusammenfassung

In dieser Arbeit werden mesoporöse Titandioxid-Schichten im Hinblick auf ihre Anwen-
dung als Photoanoden in Festkörper-Farbstoffsolarzellen und Hybridsolarzellen unter-
sucht. Das Hauptaugenmerk liegt auf der Veränderung der nanostrukturierten Titandioxid-
Photoanoden und deren Einfluss auf die Funktionalität der Solarzellen. Zu diesem Zweck
werden vorsynthetisierte kristalline Titandioxid Nanopartikel zum Reaktionsgemisch des
Block-Copolymer assistierten Sol-Gel-Prozess hinzugefügt. Dies erlaubt die präzise Kon-
trolle über die Nanostruktur und verbessert die Kristallinität der entstehenden Titandioxid-
Schichten. Sprüh-Beschichtung wird als kostengünstige Methode zur großflächigen Her-
stellung, von Titandioxid-Schichten auf Substraten verwendet. Man erzielt eine schwammar-
tige Morphologie, welche durch das große Oberflächen-zu-Volumen-Verhältnis und Porosität
für Anwendungen in Solarzellen vorteilhaft ist. Weiterhin werden kinetische Prozesse
während der Sprüh-Beschichtung mit Röntgenstreumethoden unter streifendem Einfall
untersucht, die eine untersuchung von zeitlichen Änderungen in der Struktur der Filme
erlauben. Es wird der Einfluss der Mesoporengröße in Titandioxid-Photoanoden in der
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Größenordnung von kristallinem P3HT, welches in die Poren eindringt, untersucht, wobei
eine direkte Korrelation zur Solarzelleneffizienz und Stabilität besteht. Außerdem wird
eine Niedrigtemperaturroute zur Herstellung von hierarchisch strukturierten Titandioxid-
Photoanoden und Hybridsolarzellen etabliert. Zudem wird der Einfluss der künstlichen
Superstrukturen auf die Effizienz untersucht.
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1 Introduction

From the 1950s on, the global energy consumption increased dramatically due to the rapid
advance of economy and industrial growth. To date, the main energy sources are still fossil
fuels, which account for more than 80 % of the global sources of energy [1]. However,
concerns related to environmental pollution and global-temperature increase motivate
the use of renewable energies [2]. Solar energy as the most abundant energy source
has received great attention and many technologies have been developed to harvest solar
energy. Among the different technologies, photovoltaics show a great application potential
as it can directly convert light into electricity.

The first practical solar cell (silicon-based) was invented in the Bell Laboratories in
1953, with a power conversion efficiency (PCE) of about 6 % [3]. The crystalline and
polycrystalline silicon panels are called first generation solar cells, which are still dom-
inating the photovoltaics market today. The so-called second generation solar cells are
based on amorphous silicon and III–VI semiconductors such as copper indium gallium
selenide (CIGS) and cadmium telluride (CdTe). The typical PCE is in the range of
10 % - 15 % [4–6], but the large energy consumption and the rare elements involved in
the manufacturing are limiting factors for their market expansion. The third generation
devices are organic thin-film solar cells, which have been developed with a target of high
PCE and low costs. The prologue to thin-film solar cells was the discovery of conductive
polymers in 1977 [7]. Since then, polymer-based solar cells have been explored extensively
and are by now capable of competing with their inorganic counterparts. Moreover, the
intrinsic nature of mechanical flexibility and light weight of the used organic materials
offers the possibility to shape and color the organic photovoltaic devices in various forms.
However, the stability of polymer-based solar cells is still limited as compared to the
first and second generation solar cells. Therefore, besides pure organic solar cells, devices
using organic and inorganic materials have recently received great attention due to the
combination of merits from both, the organic and inorganic components. In the present
thesis, solid-state dye-sensitized solar cells (ssDSSCs) and hybrid solar cells are the main
focus. Both types of solar cells evolved from DSSCs which comprise inorganic compo-
nents as electron conducting materials, dyes as photosensitizers and liquid electrolytes
as hole transport materials (HTMs). The PCE of DSSCs has been improved to over
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2 Chapter 1. Introduction

12 % in a long going recent using advanced porphyrin-based dyes [8]. Although DSSCs
have achieved commercial breakthrough, problems related to liquid electrolytes motivate
researchers to develop other solid-state substitutes. As a result, ssDSSCs and hybrid solar
cells have been developed in terms of high stability. Recently, a new class of thin film
solar cells, organometal halide perovskite solar cells, has been developed from ssDSSCs,
which shows a huge potential for the commercial application as the PCE has reached
values beyond 20 % [9].

In the present thesis, both ssDSSCs and hybrid solar cells are composed of n-type
nanostructured titania as electron transport material and p-type organic material as HTM.
The interface between titania and organic HTM is of crucial importance as excitons
generated in the organics can only be dissociated with the aid of an inner electrical
field such as the built in pn-junction. After exciton dissociation, the separated negative
charge carriers travel along the titania structure and are collected by the corresponding
electrode. Therefore, the film morphology plays an important role in device performance,
as it defines the interface area and pathways for electron transport. In order to have
sufficient available interface, a high surface-to-volume ratio is favorable. Therefore, titania
nanostructures with mesopores are commonly employed as photoanodes in both ssDSSCs
and hybrid solar cells. A very promising route for preparing mesoporous titania films is
sol-gel chemistry in combination with diblock-copolymer templates. This approach gives
control over the size of the titania nanostructures and mesopores, which has also been
successfully used for other applications such as photocatalysis, anti-reflection coating and
Li-ion battery materials [10–14]. Another important parameter for the titania films is
the thickness. As dyes anchor on the surface of the titania, the titania thickness directly
relates to the amount of dye loading and correspondingly to the light harvesting. However,
the film thickness also decides the pathway lengths for charge carriers. Longer distances
lead to an increased probability of charge carrier recombination and thus loss of efficiency.
Besides the fabrication of suitable titania films, the subsequent backfilling with HTMs is
very important. Here, a model of organic HTMs infiltrating into mesoporous titania films
is adopted in this work, which implies that the titania films determine the morphology
of the organic HTMs as well. A deciding factor for solar cell performance is the degree
of pore filling. It has a strong impact on the solar cell performance [15]. A higher filling
degree leads to a larger interface area between donor and acceptor, i.e. more potential sites
for exciton dissociation. Additionally, the crystalline order of polymer HTMs is crucial
in both ssDSSCs and hybrid solar cells. The mobility of positive charge carriers in the
crystalline regions is several orders of magnitude higher than in the amorphous regions,
thus a conducting polymer with a high crystallinity is desirable [16,17]. A large polymer
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crystallite is beneficial for high mobility of positive charge carriers and low recombination
of charge carriers [18].

Figure 1.1: A schematic illustration of a titania-based thin film solar cell (in the center)
along with different research projects included in the present thesis. The topics from (a) to
(d) are presented in chapter 5 to chapter 8 correspondingly.

The main target of the present thesis is to address the correlation between morphology
and solar cell performance. By tailoring nanostructured titania films, the morphology and
crystalline order of titania films and organic HTMs are investigated and the subsequent
influence on solar cell performance is studied. To start with, the theoretical background is
introduced in chapter 2, including the basics of polymers, titania and sol-gel synthesis, the
working principles of solar cells, and the fundamentals of the scattering methods used for
probing the film nanostructures. Thereafter, chapter 3 describes the used characterization
instruments as well as their operating parameters, followed by the sample preparation
methods in chapter 4. Research results as the main part of the present thesis are discussed
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from chapter 5 to chapter 8. An overview of different research projects are schematically
illustrated in figure 1.1. In more detail the discussed topics are:

Typically, titania films obtained from sol-gel synthesis are amorphous and the degree of
crystallinity is still relatively low even after 500 ◦C calcination. One effective way to im-
prove the crystallinity is to process the amorphous film under much higher temperature,
but the high-temperature processing often leads to a great decrease in the specific surface
area and thereby a reduced dye loading [19]. Moreover, an increased calcination tempera-
ture implies an increased energy consumption. Therefore, the question arises whether the
degree of crystallinity can be improved in the sol-gel-synthesized titania films at processing
temperatures below 500 ◦C. In chapter 5, an approach to enhance the film crystallinity by
incorporating pre-synthesized crystalline titania nanoparticles into the templated titania
network structure is investigated. The influence of nanoparticles on morphology, crys-
tallinity and conductivity of titania films and the final solar cell performance is discussed.

Besides the sol-gel chemistry, the deposition methods also strongly influence the re-
sulting films. Spray coating as a cost-effective technique is selected to deposit titania
photoanodes. As known, the spray coating technique contains kinetic processes with
great complexity. Therefore, a question is raised: is it possible to monitor these ki-
netic processes? Chapter 6 gives a view on the structural evolution of titania/PS-b-PEO
films (with and without incorporating pre-synthesized crystalline titania nanoparticles)
during spray deposition. Also, the different methods to backfill the organic HTM into
mesoporous titania films are demonstrated. The combined effect of nanoparticles and
deposition method on the solar cell performance is discussed.

As pointed out above, the structure of titania photoanodes is a key point to the device
performance. The mesoporous titania films consist of two parts, titania nanostructures
and mesopores. The question whether the pore size also has any impact on the solar cell
performance is addressed. In chapter 7, two titania films with ordered pore arrays but
with different pore sizes are fabricated. The crystalline order and stability of a polymer
HTM inside pores with different sizes, which are directly correlated to the performance
and stability of the solar cells, are discussed.

For photovoltaic applications, high-temperature treatment is usually required to crys-
tallize the titania film. However, a reduced manufacturing temperature has a high sig-
nificance regarding energy efficiency and production costs. Is it possible to fabricate
mesoporous titania films at low temperatures for solar cell applications? This question is
dealt with in chapter 8. A special titania precursor is employed to synthesize mesoporous
titania films at low temperatures. Moreover, artificial superstructures are introduced onto
the mesoporous titania films at low temperatures to improve the solar cell performance
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compared to the non-structured cells. The characterization of the angular dependent ab-
sorption and PCE of solar cells gives a practical proof of the positive effect of artificial
superstructures.

The conclusion of the thesis is given in chapter 9, which systematically summarizes
the obtained results based on various investigations. Finally, a brief outlook for further
studies on the basis of this thesis is provided.





2 Theoretical aspects

The materials, methods and processes used and developed in this thesis are for the study
of solid-state dye-sensitized solar cells (ssDSSCs) and hybrid solar cells. In this chapter,
the theoretical background for all materials, characterizations and devices is discussed.
The basic knowledge of polymer physics is given in section 2.1. Since diblock copoly-
mers and conductive polymers are primarily used in this work, they are discussed in
detail individually. Afterwards, titania as electron acceptor in ssDSSCs is discussed in
section 2.2, regarding its property and its preparation. An overview about titania-based
solar cells is described in section 2.3. Lastly, the basic principles of different x-ray scat-
tering techniques, which were used in the present thesis to probe thin films, are discussed
in section 2.4 .

2.1 Polymer basics

This section covers a basic introduction to polymers. General properties and definitions
of polymers are given, followed by a description of their crystallization behavior. A
detailed discussion about diblock copolymers is presented in section 2.1.1, followed by the
fundamental aspects of conducting polymers in section 2.1.2.

Basic definitions

Polymers, also referred as macromolecules, are made up of a large number of one or
more types of repeating subunits. The subunit is called monomer, which are connected
to each other by covalent bonds. The number of monomeric units is defined as the
degree of polymerization. Knowing the molecular mass of the monomers, the molecular
weight of the polymer M can be calculated. Typically, polymers have a M > 10 kg/mol.
The molecules with M between 1 kg/mol and 10 kg/mol are called oligomers, whereas
micromolecules are referred to the molecules which have a M less than 1 kg/mol.

In order to understand polymer architecture and nomenclature, polyethylene (PE),
which has a particularly simple structure, is set as an example for illustration. It is

7



8 Chapter 2. Theoretical aspects

Figure 2.1: a) Ethylene monomer, b) Lewis structure formula, and c) skeletal formula. The
polymer PE serves in this case as an example for polymers.

depicted in figure 2.1. Ethylene, as shown in figure 2.1a, is the monomer and its number
determines the degree of polymerization. Figure 2.1b shows the Lewis structure formula
of PE, which gives a detailed description of its architecture, including the composition of
atoms and the formation of bonds. A typical way to abbreviate structure formulas of PE is
shown in figure 2.1c, denoted as skeletal formula,where n gives the number of repetitions.
Thus, a repeatedly linked monomer A gives a polymer A-A-A-···-A-A-A, which can be
named polyA or PA on the monomer-based nomenclature, and its chemical formula can
be written like PE.

Rather than a unique degree of polymerization, polymers usually have various chain
lengths and thereby various molar masses. Therefore, statistical mean values are required
for a full characterization. One of them, the number average molar mass Mn, is the
ordinary arithmetic average of the molecular masses of the individual polymers

Mn =
∑
i niMi∑
i ni

(2.1)

where Mi and ni are the molar mass and chain number of component i, respectively.
Instead of using Mn, the average molecular weight Mw is also employed to describe the
molar mass distribution in terms of weight fractions. Mw is described by

Mw =
∑
i niM

2
i∑

i niMi

. (2.2)

Normally, Mw is larger than Mn. The ratio of Mw to Mn is called the polydispersity
index PDI. PDI is given by

PDI = Mw

Mn

= U + 1 (2.3)

where U is the inconsistency. In the case of U = 0 the polymer shows a uniform molar
mass distribution, also known as perfect mododisperse.
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Molar mass distributions greatly depend on the methods used in the polymerization
synthesis, and most of them can be categorized into two classes. The first class of synthesis
methods is called step polymerization, where monomers and polymer fragments can be
coupled with each other randomly. This way, the molar mass distribution is very broad,
which is often described by the Schulz-Zimm distribution. In the second class, known as
chain polymerizations, triggers for polymerization can only react with monomers, called
reactive centers. Each time a new monomer is linked to reactive centers, the active site
is regenerated, thus the polymer grows only at one end. In this way, a much sharper
distribution can be obtained, which is in a good agreement with the Poisson-distribution.

Figure 2.2: a) Homopolymer, b) diblock copolymer, c) alternating copolymer and d) graft
copolymer.

Depending on the sequence and the type of monomers, various polymer structures
are possible. With respect to polymer shapes, the most simple one is the chain-like
structure. By substituting the hydrogen atoms with additional side groups, more complex
polymer structures can be obtained, such as ring-like structures, brush-like geometries,
or star-shaped polymers. Moreover, different types of monomers can be linked together
to form a polymer. If the polymer consists of only one type of monomer, it is called
homopolymer (figure 2.2a). If more than one type of monomers are involved in the
polymer formation, the obtained polymer is named as copolymer. It can be divided
into several subspecies based on the arrangement of the different monomers, as shown in
figure 2.2. If a homopolymer subunit PA and the other homopolymer subunit PB are
linked by covalent bonds, a diblock copolymer PA-b-PB is formed (figure 2.2b). If the
polymer consists of alternating monomers A and B, it is called alternating copolymer
(figure 2.2c). If A and B is not linked in such an order, the polymer is named as random
copolymer. The so-called graft copolymer describes a special branched copolymer where
some small side groups are replaced by long side chains. Additionally, the side chains are
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structurally different from the back bone. Figure 2.2d shows a schematic sketch of a graft
copolymer.

Crystallization

Polymer crystallization describes a process where molecular chains of polymers are par-
tially aligned or folded to form ordered regions. In the crystallization process, temperature
plays an important role, since the polymer can change from one state to another along
with temperature variation. There are several characteristic temperatures for polymers,
which are shortly described in the following. Tm, the melting point, above this temper-
ature polymers are in the liquid phase, where the polymer chains lose their molecular
ordering and become mobile. Tg, the glass transition temperature, below this tempera-
ture polymers are in the glass state, where polymer chains lose their large scale mobility
completely and are basically frozen. Between Tm and Tg, the polymer chains lose some
of long-range mobility. When the temperature decreases from Tm, amorphous regions
can transit into crystalline regions. The temperature, where the crystallization process
starts, is called the crystallization temperature Tc. In general, Tc lies between Tg and Tm.
With further decrease of the temperature, more crystalline regions are formed, e.g. the
polymer crystallinity increases. Once the temperature reaches Tg, amorphous regions can
no longer transit into crystalline regions due to the motionless polymer chains.

The crystallinity of conducting polymers plays a critical role in photovoltaic appli-
cations, as higher crytallinity typically gives higher mobility of positive charge carri-
ers [16, 17]. However, unlike inorganic materials or metals, polymers cannot crystallize
completely and crystalline regions are typically separated by amorphous regions. The
degree of crystallinity typically ranges between 10 % and 80 % for polymers, thus crys-
tallized polymers are usually referred to the semi-crystalline state. In crystalline regions,
polymer chains are folded into layered structures with a thickness of dc as shown in fig-
ure 2.3a. It is noteworthy that dc matters strongly with Tc rather than the molecular
weight of the polymer [20]. The layered structures can grow laterally (perpendicular to
the polymer chains) up to micrometers. The growth mechanism of polymer crystals is
described by a multi-stage growth model, as schematically illustrated in figure 2.3a. The
first step of polymer crystallization is the nucleation. The nuclei can be dust particles,
impurities, or defects. The way starting from the pre-existing nuclei is called heteroge-
nous nucleation. Another type of nucleation is known as homogeneous nucleation. In
this case, the thermal fluctuations of the system can result in a ordered arrangement
of polymer chains which serves as the nuclei. After the onset of nucleation, a transient
state is observed, which is named the formation of a mesomorphic layer. In this phase
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Figure 2.3: a) Schematic representation of a crystal growth with a multi-stage growth model:
(I) formation of a mesomorphic layer, (II) solidification of the core and (III) stabilization
of the crystal via surface ordering. dc indicates the thickness of the crystal. b) Schematic
model of a spherulite crystal structure.

the polymer chains are aligned by epitaxial forces [21], which can be considered as the
formation of preliminary lamellar stacks. Due to high inner mobility more polymer chains
are folded into lamellar stacks. When this procedure continues till a certain degree, the
growth of lamellar stacks stops and a more regular alignment of the polymer chains oc-
curs. The mesomorphic state solidifies via the core crystallization, which results in the
formation of a block, as depicted in the stage II of figure 2.3a. Finally, the ordering
of polymer chains on the surface increases for stabilizing the crystal structures. Gener-
ally, without a temperature gradient the growth of the polymer crystals occurs radially
from a nucleation point, which leads to spherical aggregates (figure 2.3b). This way, the
crystal aggregates are called spherulite. Spherulites have semicrystalline structure where
the amorphous regions are located in between the highly ordered lamellar stacks. In the
case of the diblock copolymer poly(styrene-b-ethylene oxide) (PS-b-PEO), the spherulite
crystallization is frequently observed in the formation of PEO crystal structures [22]. In
this thesis PS-b-PEO is chosen as the structure-directing agent for the preparation of the
mesoporous titania films.

2.1.1 Diblock copolymers

As shown in figure 2.2b, the diblock copolymer consists of two different homopolymer
blocks which are linked together with a covalent bond. In the case of figure 2.2b, the
polymer is termed as polyA-block-polyB, short as PA-b-PB. Generally, PA and PB in the
diblock copolymer have different degrees of polymerization NA and NB, from which the
so-called block ratio fA and fB can be calculated:

fA = NA

NA +NB

(2.4)
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fB = NB

NA +NB

= 1− fA (2.5)

Recently, block copolymers have received great attention because a microphase separa-
tion can occur between two blocks to form periodic nanostructures when PA and PB are
incompatible. To minimize the system energy, each homopolymer block of the copolymers
tends to aggregate together and thereby domains are formed. Because PA and PB are
covalently linked to each other, they cannot demix macroscopically as in polymer blends.
The size of the domains is determined by the chain length y of each block.

Figure 2.4: Typical phase diagram of a diblock copolymer PA-b-PB. With increasing block
ratio fA, the A domains inside the B matrices undergoes a morphological transition from
(1) spheres via (2) hexagonal cylinders to (3) gyroid. When fA = 0.5, (4) a lamellar nanos-
tructure is achieved. For fA > 0.5, the structure inverts to the scheme that B domains
are incorporated in the A matrices and undergoes the same transition with: (5) gyroid, (6)
hexagonal cylinders and (7) spheres. The red line indicates the order-disorder transition
(ODT) below which the diblock copolymer is a homogeneous melt without ordered nanos-
tructures. The image is adapted from [23].

The interaction parameter χ also known as the Flory-Huggins interaction parameter is
an important parameter for diblock copolymers, which describes the interaction between
two homopolymers PA and PB [24,25].

χ = χS + χH
T

(2.6)
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where χS and χH are the entropic and enthalpic contribution, respectively. Normally,
an intermixed phase of the two blocks can be formed when the value of χ is sufficient
small. Some polymers, for example, can be dissolved in solvents at elevated temperatures
rather than room temperature. The reason is that the χH decreases with increasing
temperature. The degree of microphase separation in a diblock copolymer greatly depends
on the factor χN . For instance, in case of a symmetric diblock copolymer the critical
value of χN is about 10.5. When χN is far smaller than the critical value, an intermixed
phase is built when the diblock copolymer has a short chain length. Upon increasing the
χN value, compatibility between the two blocks decreases, which leads to a composition
fluctuation in the homogeneous melt. When χN reaches the critical value, a so-called
weak segregation limit (WSL) is observed. With continuously increasing the χN value,
the repulsion between the two blocks enhances and a strong segregation limit (SSL) is
reached in the system. Upon this point, a sharp interface between blocks can be observed.

For a symmetric diblock copolymer (fA = 0.5), microphase separation typically gives
periodic lamellar nanostructures. Moreover, various ordered nanostructures can be ob-
tained by varying the value of fA. In figure 2.4 the possible morphologies for a diblock
copolymer PA-b-PB are depicted in a phase diagram. By changing fA and χN , the struc-
tures which form during the phase separation can be tuned. The red curve in figure 2.4
indicates the order-disorder transition (ODT) below which the diblock copolymer is a
homogeneous melt without ordered nanostructures. However, typically asymmetric phase
diagrams are reported in literature due to the chemical differences between two blocks A
and B [26–28]. Moreover, other factors have an influence such as different conformation
of polymer blocks or some specific features of the blocks like crystallization. In addition,
confinement effects have a strong impact on the phase behavior. For example, in case
of a thin film of a diblock copolymer, interfacial interactions might result in different
morphologies than those defined in figure 2.4.

2.1.2 Conducting polymers

Conventionally, polymers are considered as good insulators, which are usually used to
insulate good electrical conductors such as metals. As research moves along, it was found
that the electrical conductivity of polymers can be possibly tuned over a range from
insulating to metallic. Conducting polymers have received substantial attention in tech-
nological applications. The significant breakthrough in the development of conducting
polymers occurs in 1977 when a doping process was applied to an intrinsically insula-
tor, polyacetylene (PA). This polymer has an intrinsic electrical conductivity lower than
10−5 Ω−1 cm−1. After doping with oxidizing or reducing agents the electrical conductivity
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can reach values up to 103 Ω−1 cm−1 [7]. Due to this important discovery, the Nobel Prize
was awarded to Shirakawa, MacDiarmid and Heeger in 2000. For conducting polymers,
a conjugated π-electron system with alternating single and multiple bonds is required. A
region of overlapping p-orbitals allows the delocalized π electrons cross all the adjacent
aligned p-orbitals. In this way, the π-electrons belong to a group of atoms rather than a
single atom. From an energetic perspective, bonding π- and antibonding π∗- bands form
as a consequence of the overlap of π orbitals. The π- and π∗- bands are referred as the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively. If the system is in the ground state, all of the π-electrons are
located in the HUMO and leaving the LUMO empty. However, electrons can be excited
into higher energetic states and then occupy states in the LUMO.

Band structure and charge carriers

Figure 2.5: Schematic illustration of Peierl’s instability theorem: band structures and
sketches of a) an undistorted 1D lattice with lattice spacing a, and b) a distorted 1D lattice
with distortion of δ and periodicity of 2a.

The origin of the band structure of conjugated polymers can be described by Peierl’s
instability. In this theorem, a one dimensional (1D) crystal with constant lattice spacing
a is assumed. If each atom contributes one electron, the band is half-filled up to the
Fermi level Ef as shown in figure 2.5a. However, in case of conducting polymers such
as polyacetylene, the backbone is conjugated, the alternation of sigma and double bonds
leads to a new periodicity of the 1D crystal since they differ in length (figure 2.5b). In
order to lower the total energy of the system, the Brioullin zone is broken at the position
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of k = ± π/2a in case of the scheme described in figure 2.5b and a new band gap ∆Egap
is formed. In polymers, the values of ∆Egap matters strongly with structure, degree
of polymerization and doping. Typically, the Peierl’s instability for polymers gives rise
to band gaps ranging from 1.5 eV to 3 eV [29]. For example, P3HT is a widely used
conducting polymer with a band gap of 1.9 eV - 2 eV.

In conducting polymers, charge carriers are generally generated by doping or by light
excitation. Unlike electrons or holes in inorganic systems, charge carriers are transported
within polymers by quasiparticles (QPs), which combine the charges and lattice distortion.
Three primary quasiparticles, termed as solitons, polarons and bipolarons, are present in
systems consisting of degenerate ground states. Taking PA as an example, an overview
of these three quasiparticles is schematically described in figure 2.6. Solitons have three

Figure 2.6: Schematic illustrations of a) solitons, b) polarons, and c) bipolarons in a con-
ducting polymer PA. Solitons exist in the form of S0, S+ and S−. Positive and negative
polarons are represented as P+ and P−. Bipolarons have two positive B+ or two negative
charges B−. The three red short lines in a), four blue short lines in b) and four green short
lined in c) represent the energetic band states of all quasiparticles which stay within the band
gap Eg.

variation (figure 2.6a). A neutral soliton (S0) with no charge and a spin of 1/2 is created
when two degenerate ground states meet. When an electron is taken away from the
polymer chain, a positive charge is left behind, a positive soliton (S+) with a spin of 0
is generated. Similarly a negative soliton (S−) is produced by donating an electron to
the polymer chain. Since no unpaired spins exist, the spin of S− is 0. A polaron can
be thought as a bound state of a neutral soliton and a charged soliton (figure 2.6b).
Therefore, polarons are charged and have a spin of 1/2. While bipolarons are charged
and spinless (figure 2.6c). Bipolarons are formed out of 2 polarons.
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Charge transport

Figure 2.7: Schematic illustration of hopping transport of a charge carrier in a conducting
polymer. In left, black and blue curves indicate density of states distribution and charge
density distribution, respectively. Right, dashed lines represent localized energetic states.
A generated charge hops downwards accompanied with relaxation, and hops upwards with
prerequisite of obtaining external energy. The middle dotted line indicates the transport
energy. Adapted from reference [30].

The transport of charge carriers in polymer systems is distinct from band transport
found in inorganic crystalline semiconductors. The aforementioned QPs are able to move
freely along the chain backbone due to the existence of a conjugated system of overlap-
ping π-orbitals. However, the so-called hopping transport occurs when the charge carriers
transfer to neighboring chains. This is because of spatial and energetic disorders in con-
ducting polymers. The Gaussian disorder model has been developed to illustrate the
hopping mechanism, as schematically shown in figure 2.7. A Gaussian density of states
with width σ is used to describe the energetic disorder of hopping sites. Under steady-
state conditions, the charge density lies below the center of density of states by a thermal
activation energy –σ2/kBT . A charge is generated at a high energetic site (figure 2.7) and
then hops to a neighboring state via tunneling. The neighboring state has a lower energy,
thus the hopping process is accompanied with a relaxation. When the charge reaches the
area between the centers of the charge density and the density of states, it can potentially
be thermalized. If the charge gains the thermal energy from the system, it is able to hop
towards energetically higher states. If not, it will hop down until it reaches a trap state.
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In the former process, there will be more accessible states for charge carriers if a higher
temperature is applied to the system. For the latter case, the trap state makes charge
carriers immobile, thereby they do not contribute to the electrical conductivity. It is
noteworthy that, the mobility of charge carriers is much higher in crystalline regions than
in amorphous regions. For example, the mobility of positive charge carriers in the P3HT
crystalline regions can reach 0.1 cm2/Vs, whereas lower than 10−5 cm2/Vs in amorphous
regions [16,17]. But in general, charge carriers travel slower in polymers than in metals.

2.2 Titania and sol-gel synthesis

Titania has been widely used as photoanodes in photovoltaic applications due to its long-
term stability, non-toxicity and proper valence and conduction band positions. In partic-
ular, its anatase phase is more favorable because of the larger specific surface area, longer
charge-carrier lifetime and higher charge-carrier mobility [31–33]. The basic properties of
titania are discussed in section 2.2.1. For photoanodes, a high surface to volume ration is
essential as the interface between titania and p-type semiconductors is the site for current
generation. Therefore, mesoporous titania nanostructures are of great interest. In this
thesis, a so-called block-copolymer-assisted sol-gel synthesis is applied to manufacture
nanostructured titania films. Section 2.2.2 gives an overview about the basics of sol-gel
process, and structuring titania films with polymer template is described in section 2.2.3.

2.2.1 Properties of titania

In nature, titania (TiO2) has three crystalline forms: anatase, rutile and brookite [34].
As inorganic crystals, all these three phases display high densities, high refractive indexes
and large band gaps. The detailed parameters are listed in table 2.1. However, anatase
and brookite are thermodynamically metastable, whereas rutile is a thermodynamically
stable phase. Due to the difficulties in synthesis of a pure phase, brookite has been rarely
reported in photovoltaic applications [35, 36]. Thus, the following discussion is mainly
focused on anatase and rutile rather than brookite.

The unit cells of anatase and rutile are depicted in figure 2.8. In both cases, the TiO6

octahedron is not exactly regular. A slight orthorhombic distortion is present in rutile,
while in anatase a significant distortion leads to a symmetry that is lower than orthorhom-
bic. The different degree of distortion results in different crystal structures. In the rutile
phase, the octahedrons connect to each other at opposing edges, which leads to a linear
packing of the octahedrons. In the anatase polymorph, the highly distorted octahedrons
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density (g cm-3) refractive index band gap (eV)
anatase 3.83 2.57 3.2
rutile 4.24 2.95 3.0
brookite 4.17 2.81 3.1-3.4

Table 2.1: Crystal phases of titania, with their corresponding refractive index, density, and
energy bandgap [35, 37–39].

only link to each other at neighboring edges. As a consequence, a zigzag packing of the
octahedrons forms. The closer packing of TiO6 octahedron in linear landscape is the
reason for the higher density and thermodynamical stability of rutile phase. Moreover,
the linear packing leads to shorter Ti-Ti interionic distances in rutile phase (3.57 Å and
2.96 Å) than in anatase phase (3.79 Å and 3.04 Å) [40]. Therefore, the surface area per
unit volume is larger for anatase. In contrast, Ti-O interionic distances are slightly longer
in in rutile (1.94 Å and 1.99 Å) than in anatase (1.91 Å and 1.95 Å) [40].

Figure 2.8: Unit cell structures of a) anatase and b) rutile. Green and orange spheres
represent titania and oxygen atoms, respectively.

Both anatase and rutile are indirect semiconductors with band gaps of 3.0 eV and 3.2 eV,
respectively [38,41]. In both cases, the strong p-d hybridizations between the 2p states of
O and a few 3d states of Ti result in the formation of the valence bands. While 3d states
of Ti with a few 2p states of O and 3p states of Ti comprise the conduction bands [42].
Due to the structural differences, the width of Ti 3d band and p–d hybridization vary,
which is responsible for the difference in the band gap for rutile and anatase. Nevertheless,
the large band gaps enable either anatase or rutile to have a great UV absorbing ability.
The absorption edges of anatase and rutile occur at a wavelength of 388 nm and 413 nm,
respectively. Along with the bio-compatibility, titania is an important ingredient for sun
screens to prevent the negative effect of UV irradiation. Regarding organic solar cells,
it is a new strategy to apply a compact titania layer as a hole blocking layer. Besides
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the electronic contribution, the titania layer is potentially able to protect photoactive
polymers from UV degradation.

For applications in photocatalysts, self-cleaning materials and photoanodes of solar
cells, nanostructured titania always demonstrates high performance levels due to its high
surface-to-volume ratio. However, when the titania grain size gets smaller than twice the
size of its exciton Bohr radius, quantum confinement occurs as the excitons are squeezed.
Under this effect, a decreased titania size usually leads to an increased band gap. The
shift of band gap splits the band gap of titania. However, a blue shift of the band gap
energy is observed to be only 0.1 eV - 0.6 eV in titania [43]. For a clear observation of
band gap shift, the quantum-size of titania is required to be smaller than 2 nm [44]. The
quantum-sized objects offers very high ratio of surface area to volume, but on the other
hand gives high density of trap states which is detrimental to the device performance [45].

2.2.2 Principles of sol-gel synthesis

The sol-gel process is a wet chemical technique. It was firstly developed by Jacques-
Joseph Ebelmen in 1846, who synthesized tetraethoxysilane (TEOS) by mixing silicon
tetrachloride (SiCl4) and ethanol. It was found that TEOS could hydrolyze with moisture
and further reactions lead to the formation of a network of silica. After over a century
of development, the process has been well established for the fabrication of metal-oxide,
ceramic, and/or ceramic-organic materials. The sol-gel synthesis is a typical bottom
up method where small precursor monomers convert to a colloidal solution (sol) or an
integrated network (gel) via chemical reactions. Metal alkoxides are the typical precursors,
which typically contain a core of a metal atom and several arms of organic groups ’R’.
For titania sol-gel, the precursors can be written as Ti(OR)4. The chemical activity of
the titania precursors strongly depends on different types of R.

Ti(OR)4 is chosen as an example to illustrate the sol-gel process. Firstly, Ti(OR)4

is fully dissolved in an organic solvent. It is important to note that, the homogeneous
precursor solution is the prerequisite for the following chemical reactions starting at a
molecular level. Afterwards, other reactants are added to Ti(OR)4. Take water for ex-
ample, with addition of water the titania precursor monomers start to react with water
molecules steadily in the solution. The reaction with H2O is called hydrolysis as a OR
group is replaced by a hydroxyl group:

Ti(RO)4 +H2O � (HO)−Ti(OR)3 +R−OH (2.7)

Ti(OR)4 can react with more than one water molecules at the same time as a result of
an excess of water and/or the use of a hydrolysis catalyst.
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Ti(RO)4 +mH2O � (HO)m−Ti−(OR)4−m +mR−OH (2.8)

where m is not larger than 4. When m = 4, the reaction is called complete hydrolysis.
After the generation of hydroxy groups (-OH), a polycondensation process occurs. Two
partially hydrolyzed monomers connect via a Ti-O-Ti bond. Oxygen bridges form between
two monomers by releasing a H2O or ROH molecule. The oxolation has two mechanisms
in terms of by-products.

(RO)3Ti−OH +HO−Ti(OR)3 � (RO)3−Ti−(OR)3 +H2O (2.9)

(RO)3Ti−OR +HO−Ti(OR)3 � (RO)3−Ti−(OR)3 +R−OH (2.10)

The continue of the polycondensation process is able to build a large Ti-containing
molecule or even an oxide network. The final oxide structure greatly depends on the
hydrolysis and polycondensation reactions, which can be controlled by many parameters
such as the type of titania precursor, the amount of water, the use and/or the type
of catalyst, the ratio of reactants, temperature and aging time. In the present thesis,
concentrated HCl is used as the catalyst, which provides a strong acidic environment for
the hydrolysis and polycondensation reactions. In this way, the active sites for linkage are
preferably located at the end of chains rather than at the center. Moreover, the strong
acidic environment promotes the hydrolysis reaction but suppresses the polycondensation
reaction, which results in a delayed gelation process [46]. As a consequence, a transparent
sol solution is obtained instead of white precipitates when the aging time is not too long.

2.2.3 Structure direction with polymer template

Mesoporous titania films are favorable for solid-state dye-sensitized solar cells (ssDSSCs).
On one hand, more dye molecules can anchor the titania due to its high specific sur-
face area. One the other hand, mesopores enable solid-state hole transporting materials
(ssHTMs) to penetrate the whole titania interconnected network. The usual sol-gel syn-
thesis generally gives rise to compact titania films or films with rare and small pores,
which prevent ssHTM infiltration. Moreover, the resulting nanostructures are often ill-
defined. In order to meet experimental needs, possibilities for tuning the morphologies
and structure sizes are highly demanded. To achieve this target, the use of copolymers
is a common way to direct titania nanostructures. In this thesis, a diblock copolymer
with amphiphilic nature is selected as the structure-directing agent in combination with
the sol-gel process. As the hydrophobic block is covalently linked to the hydrophilic
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block, the diblock copolymer tend to undergo microphase separation, as explained in sec-
tion 2.1.1. Through adjusting χ and/or N , different morphologies are obtained, as shown
in figure 2.4. In solution, the copolymer can form micelles with the aid of a ”good-poor”
solvent pair. The ”good” solvent, also termed as non-selective solvent, is used to dis-
solve both hydrophobic and hydrophilic blocks. While only one block can be dissolved
in the ”poor” solvent which is also called selective solvent. Given the fixed solvents and
external parameters like temperature and humidity, the size and shape of the micelles
are determined by the weight ratio and chain length of the two blocks [47]. In order to
produce titania nanostructures, the titania precursor is added to the polymer solution.
It is important to note that, there is a prerequisite for the polymer template directing
titania nanostructures: only one block of the diblock copolymer is allowed to incorpo-
rate titania species. In the present thesis, poly(styrene-block-ethylene oxide) (PS-b-PEO)
is selected as structure-directing agent and the titania species are selectively bound to
the hydrophilic PEO chains. The method that combines diblock copolymers with sol-gel
process is termed as diblock-copolymer-assisted sol-gel synthesis.

Figure 2.9: Schematic illustration of the production of nanostructured titania films using
the diblock-copolymer-assisted sol-gel synthesis.

The principle of the diblock-copolymer-assisted sol-gel process is schematically shown
in figure 2.9. The block copolymers are dissolved in the good solvent, followed by slow
addition of the titania precursor and the poor solvent. Since one block cannot be dissolved
in the poor solvent, the interface energy between this block and the good-poor solvent
pair increases, which drives the copolymer to form micelles in the solution. It is important
to note that, the self-assembly of the diblock copolymer is a dynamic equilibrium where
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the fusion and separation of the micelles are reversible. Meanwhile, the hydrolysis and
polycondensation processes of titania precursors start and the resulting titania species are
incorporated into the hydrophilic PEO domains. Zhao et al. demonstrated that hydrogen
bonding bridges were the main reason for PEO chains hosting inorganic species in a
strong acid environment [48]. The incorporation process in turn make the PEO domain
an active site for chemical reaction. Moreover, the dynamic equilibrium of micelles is also
influenced by the incorporation process, since the size of titania species increases steadily
over time. The cross-liking of the inorganic material may connect two or more micelles as
illustrated in figure 2.9. The change of the dynamic equilibrium and the cross-liking effect
may result in more complicated morphologies in the deposited titania/polymer composite
film than the possible morphologies shown in figure 2.4. As discussed in section 2.2.2,
water plays a crucial role in the sol-gel process. Also, it has a great impact on the micelle
formation since water is a polar solvent and therefore is a common selective solvent for the
hydrophobic block. Thus, the atmospheric humidity should be considered as an important
factor for the influence of the final film morphology. The complex interplay of the various
parameters, including the good-poor solvent pair, the interaction between one block of
the copolymer and titania species, the interaction between solvents and titania species
and the hydrolysis and polycondensation processes, determine titania-containing micellar
solution.

In addition to all influences in the solution, deposition method matters strongly on
in the final film morphology. Film deposition actually is a process that remove solvents
and solidify samples. Upon drying, there are two major opposing processes impacting
the final film morphology [49]. One is that the rearrangement of the block copolymer
occurs in the favor of the lower system energy. The other one is that the cross-linking
of titania species hampers the rearrangement tendency. If the former process dominates,
ordered architectures are usually obtained by the microphase separation of the diblock
copolymers. For the latter case, a less ordered morphology is more favorable. Additionally,
different deposition methods may have different influences. Some deposition techniques
such as spin-coating and spraying are fast and nonequilibrium processes, which can freeze
structures within seconds. While other techniques like solution-casting, printing and
blade-casting are slow processes for solvent removal, which provide sufficient time for
structural rearrangements.

After deposition, the obtained titania/polymer composite films can undergo some post-
treatments such as solvent exposure and thermal annealing. In general, these external
stimuli are aimed to increase mobility of the polymer chains and therefore to promote
structural rearrangements. In addition, a pure nanostructured titania film can be achieved
by removing the polymer template. High-temperature combustion such as calcination
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in air is a typical route since polymers cannot resist temperatures above 400 ◦C. For
polymeric substrates, the high-temperature combustion is not suitable. Therefore, some
low-temperature methods were developed to extract the polymer scaffold, such as UV
irradiation, oxygen plasma and solvent extraction [50,51].

2.3 Titania based solar cells

Solar cells are electrical devices that can convert solar energy directly into electricity.
There are various different types of solar cells, such as inorganic solar cells, organic solar
cells and hybrid solar cells. The solar cells studied in the present thesis are using titania
as photoanodes, which therefore are denoted as titania based solar cells. The titania
based solar cells in this work are categorized according to their device architecture into
solid-state dye-sensitized solar cells (ssDSSCs) and hybrid solar cells. The basic principle
of titania based solar cells is described in section 2.3.1. Afterwards, detailed descriptions
for ssDSSCs and hybrid solar cells are given in section 2.3.2 and section 2.3.3, respectively.

2.3.1 Basic principles

Figure 2.10: Schematic architecture of a titania based solar cell under solar illumination.

A basic setup of a titania-based solar cells is shown in figure 2.10. It consists of several
layers that have different functionality. The middle layer, consisting of titania, dye and
a hole transport layer (HTM), is called active layer, where the light absorption actually
takes place, followed by the generation of charge carriers and their transport to their
respective electrodes. Titania is a n-type semiconductor, which is used for transporting
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the generated electrons to the transparent electrode. The dye is a sensitizer, where the
light absorption and exciton creation occurs. It is attached to the titania surface to form
a monolayer. This is the reason why a high volume-to-surface ratio is favored for the
titania, as more dye molecules can be loaded. For the conventional dye-sensitized solar
cells (DSSCs), an iodide/triiodide (I/I−) redox couple is the most common used HTM.
Therefore, the working principle of titania-based solar cells is introduced in the present
thesis by taking DSSCs with I/I− liquid electrolytes as an example.

Figure 2.11: a) The cross-section of a typical DSSC with I/I3
− liquid electrolytes. b) A

detailed energy diagram of the electronic processes and main loss mechanisms in the DSSC.
Process 1: Photoexcitation of a dye by light absorption. Process 2: The injection of the
electron to the conduction band of TiO2. Process 3: Electron diffusion to the transparent
electrode. Process 4: Through a external circuit, the electron reaches the counter electrode.
Process 5: Regeneration of the I/I− redox couple. Process 6: Regeneration of the dye.
Process 7: Decay of a excited dye. Process 8 and process 9: the injected electron recombines
with the oxidized dye and the I/I− redox couple, respectively.

A schematic of the working mechanism during device operation is illustrated in fig-
ure 2.11. Firstly, a dye molecule absorbs a photon, photoexcitation of the sensitizer occurs
(equation 2.11). The Franck Condon principle governs the photoexcitation [52,53]. After-
wards, an electron injects into the conduction band of titania from the excited state of the
dye molecule (equation 2.12). An oxidized dye (D+) is generated, which is subsequently
reduced by electron donation from the I/I− redox couple (equation 2.13). The separated
electron is extracted by the transparent electrode. Afterwards, it passes the external ex-
ternal circuit to the counter electrode. At the counter electrode, the I/I− redox couple is
regenerated by capturing this electron. The whole photovoltaic energy-conversion cycle
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is regenerative, thus the DSSCs can generate electricity continuously under sunlight illu-
mination. However, the device efficiency is always lower than the theoretical value due to
some undesirable reactions that cause charge recombination.

D + hν−→D∗ (2.11)

D∗−→D+ + e−
inj (2.12)

D+ + I−−→D∗ + I (2.13)

I + e−
cathode−→I− (2.14)

The dye in the excited state relaxes to the ground state following the fluorescence ef-
fect (equation 2.15). After injection, the electron can recombine with the oxidized dye
(equation 2.16) or with the oxidized I/I− redox couple that are situated in the vicinity of
the titania surface(equation 2.17).

D∗−→D (2.15)

e−
inj +D+−→D (2.16)

e−
inj + I−→I− (2.17)

2.3.2 Solid-state dye-sensitized solar cells

Figure 2.12: Schematic illustration of the electronic processes in an ssDSSC. The electronic
processes are similar to those shown in figure 2.11, except that the positive charge carriers
are transported in the organic HTMs via hopping transport.

Although DSSCs have reached a high power conversion efficiency (PCE) of over 12 %,
there remain many problems related to liquid-electrolyte leakage and electrode corrosion.
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Alternatively, solid-state hole transport materials (ssHTMs) have been developed to re-
place liquid electrolytes. In this way, the device is termed as solid-state dye-sensitized
solar cell (ssDSSC). A schematic illustration of the working mechanism during device
operation is shown in figure 2.12. The electronic processes such as dye photoexcitation,
electron injection and dye regeneration are the same as shown in figure 2.11, except that
the positive charge carriers are transported in the organic HTMs via hopping transport
to the counter electrode.

Photoexcitation and electron injection

Dye molecules adsorbed at the surface of titania photoanodes are an essential part for
current generation. The incoming light is absorbed by dye molecules, and thereby pho-
toexcitation of the sensitizers occurs resulting in the generation of an electron-hole pair,
known as an exciton. However, this reaction only occurs when the energy of the incident
photons is equal or larger than the band gap of the dye.

Ephoton = hc

ν
≥ ∆Egap (2.18)

As titania has a high electron affinity, the electrons are injected to the conduction band of
titania with the aid of an inner electrical field built by the interface of titania/dye/ssHTM.
The electron transfer from the dye to titania can be regarded as a tunneling process
described by Gerischer [54]. In Gerischer’s model, the energy levels of the ground and
excited states of the dye are assumed to have a Gaussian distribution due to thermal
fluctuations. For electron injection, it is necessary that the energy states of the excited
dye and the conduction band (CB) of titania are overlapping. An optimum electron
injection occurs in the case of a complete overlap. In principle, the holes can transfer
from the valence band (VB) of titania to the ground state of the dye during the electron
injection. However, this process is unfavorable since it would increase the possibility for
the recombination of separated charges. Therefore, in the ideal case lies the ground state
energy of the dye within the band gap of titania, i.e. does not overlap with the VB of
titania.

Up to now, there are many dyes used as sensitizers. Basically, they can mainly be
divided into metal complexes and metal-free sensitizers according to structure. Both
types are based on three main components: an electron donor moiety (D), a π bridge
(π) and an electron acceptor moiety (A). The dyes typically have molecular structures of
D–π–A or D–A-π–A. The A parts are located in the vicinity of titania, whereas the D
parts are situated close to ssHTMs, i.e. far from the titania surface. In this way, rapid
electron injection and dye regeneration is facilitated. Moreover, the recombination of the
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oxidized dye with the injected electrons is inhibited to a certain degree due to a specific
distance between the titania surface and D parts. The metal complexes includes either
polypyridyl complexes with metal ions such as Ru, Os, Pt, Re, Cu and Fe, or porphyrins
and phthalocyanines complexes with Zn, Ru, Ti, Si, Fe, Hf and Zr [55–64]. The latter
class contains functional groups of coumarin, heteroanthracene, perylene or indole [65–68].
The sensitizers used in the present thesis are indoline dyes D149 and D205. The detailed
description of both dyes is given in section 4.1.

Charge carrier transport

After exciton dissociation, electrons are transported through mesoporous titania to the
transparent electrode. The electron mobility in mesoporous titania films is of several or-
ders of magnitude lower than in a single anatase crystals. The existing sub-band-gap states
in the TiO2 are significantly influencing the transport rate. Considering electrons that can
only be transferred into the conduction band of titania, the probability of electrons present
in the conduction band dominates the overall electron mobility. The probability depends
on the processes of trapping and detrapping of electrons from the sub-band-gap states,
which implies that the exact location of the trap states is of high importance. Kopidakis
et al. have reported that the transport-limiting traps are mainly located on the titania
surface rather than in the volume of TiO2 nanoparticles or at the particle boundaries [69].
This appears to indicate that the traps are proportional to the roughness and porosity
of a given titania film. As known, titania films with a high surface-to-volume ratio are
beneficial for dye loading. Therefore, the electron mobility in titania and dye adsorption
on the titania surface are in contradictory existence. This explains the observation by
Yang et al., who demonstrated that a TiO2 nanoparticle size of about 25 nm gives rise to
a higher power conversion efficiency of solar cells than smaller nanoparticles [70].

The hole transport on the other side happens from the ssHTM to the counter electrode
after the injection of electrons. To be a good performing ssHTM in ssDSSCs, on the
one hand, the upper edge of the VB of the ssHTM should be located above the ground
state of the dye with respect to the energy level. On the other hand, ssHTM should
have a good infiltration into mesoporous titania film to form a decent interface area of
titania/dye/ssHTM. In the present thesis, spiro-OMeTAD and P3HT are used as organic
ssHTMs. These two ssHTMs are described in detail in section 4.1. Positive charge carriers
are transported either through spiro-OMeTAD or P3HT via polaron hopping, as explained
in section 2.1.2. The mobility of positive charge carriers in the solid films of pristine spiro-
MeOTAD is about 2 × 10−4 cm2 V−1s−1, while in the case of the spiro-MeOTAD inside
TiO2 network this value is one order of magnitude less, about 4 × 10−5 cm2 V−1s−1 [71,
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72]. Many techniques have been developed to increase the mobility of positive charge
carriers. The ionic additives Li-TFSI has been found to enhance the positive charge
carrier mobility remarkably up to one order of magnitude with a molar ratio of Li salt
to spiro-OMeTAD ranging from 0.1 to 0.2 [73]. Chemical p-doping is another strategy to
increase the conductivity of spiro-OMeTAD. Burschka et al. have reported that the spiro-
OMeTAD conductivity increased from 4.4 × 10−5 S cm−1 to 5.3 × 10−4 S cm−1 with 1.0
% p-type dopant [74]. The mobility of positive charge carriers in P3HT is closely related
to its crystallinity, orientation and regioregularity. Amorphous regions of P3HT usually
hamper the hopping processes, which leads to a low charge carrier mobility of less than
10−5 cm2 V−1s−1. However, the ordered crystalline domains give a much higher charge
carrier mobility. With respect to the orientation, the face-on geometry offers a higher
mobility than the edge-on geometry by more than a factor of 100 [75,76]. Regarding the
regioregularity, the mobility is only 2 × 10−4 cm2 V−1s−1 with P3HT regioregularity of
81 %, while this value jumps to 0.05 - 0.1 cm2 V−1s−1 in the crystalline P3HT with 96 %
regioregularity [16].

Due to the relatively low charge mobility through organic ssHTMs (compared to liquid
electrolytes) and the difficulty for organic ssHTMs being infiltrated into the mesoporous
TiO2, an optimum active layer thickness is estimated to be around 2 µm [77,78].

2.3.3 Hybrid solar cells

Hybrid solar cells often describe a device where the active layer consists of inorganic
and organic components. In this way, hybrid solar cells can employ the advantages of
inorganic materials, such as physical and chemical stability, high electron affinity, high
charge carrier mobility and controllable nano-morphology, and adopt the merits of organic
components, such as low costs, ease of production, facile solution processability, ease
of changing molecular structures for tuning the energy bands. In the present thesis,
titania and P3HT are used as inorganic and organic components for hybrid solar cells,
respectively. In hybrid solar cells, P3HT serves not only as hole-conducting material, but
also as light absorber and thereby as the site for exciton generation.

Figure 2.13 shows the working mechanism of a hybrid solar cell by an energy level dia-
gram. The whole process is split into five steps. Firstly, the light reaches the active layer
and is absorbed by P3HT in the current case. Many factors such as the absorption spectra
of P3HT, the thickness of P3HT and the device architecture can influence efficiency of the
light absorption. ηa is used to denote the fraction of incident photons absorbed by P3HT
as illustrated in figure 2.13a. The binding energy of exciton is much higher than thermal
energy at room temperature, which implies that excitons cannot dissociate to holes and
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electrons under natural conditions. They must diffuse towards the interface of a donor
and an acceptor, where the potential difference can provide sufficient energy for exciton
dissociation (figure 2.13b). ηdiff describes the ratio of the number of excitons that reach
the interface to the number of generated excitons. This efficiency can be improved by
increasing the exciton lifetime and/or reducing the P3HT nano-domain size [79,80]. With
the aid of an inner electrical field built up by titania and P3HT, the exciton dissociation
occurs (figure 2.13c). After dissociation, the separated charges could be weakly bound
at the interface or be completely independent. The former case is called charge transfer
(CT) states and the latter one is termed as charge separated (CS) states. ηdiss describes

Figure 2.13: Schematic illustration for the electronic processes in a hybrid solar cell (from
a) to e)). In a), CB and VB representing the conduction band and valence band of tita-
nia, receptively. LUMO and HOMO indicating the lowest unoccupied molecular orbital and
highest occupied molecular orbital of P3HT, respectively.

the ratio of the number of the separated charges in CS states to the number of excitons
at the titania/P3HT interface. Afterwards, the free charge carriers are transported to
the electrodes. Structural defects and/or impurities in the donor and acceptor can be the
origin for trap states for charge carriers, which increases the possibility for charge recom-
bination. ηtr indicates the ratio of the number of free charge carriers that are reaching
the electrodes to the number of generated free charge carriers. Finally, the charge carriers
are collected by the electrodes. ηco describes the ratio of the number of charge carriers
collected externally to the number of charge carriers at the electrodes. Therefore, the ef-
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ficiency of converting the energy of light into electricity, also known as external quantum
efficiency (EQE, see section 3.2.4), is given by

EQE = ηaηdiffηdissηtrηco (2.19)

2.4 Scattering methods

Some real space measurements such as AFM and SEM can provide structure information
on the nanoscale. However, they are restricted to surface structures on a more local
scale. In contrast to these techniques, scattering methods using x-rays or neutrons are
able to probe the film volume over a macroscopic sample area. In this way, structural
information about the inner film morphology can be obtained with a high statistical
relevance. The basic principles of scattering techniques are discussed in section 2.4.1,
followed by a description about x-ray diffraction in section 2.4.2 and grazing incidence
small angle x-ray scattering (GISAXS) in section 2.4.3. For probing crystalline order of
thin films, grazing incidence wide angle x-ray scattering (GIWAXS) is employed, which
is discussed in section 2.4.4.

2.4.1 Principles

X-rays can be regarded as a electromagnetic plane wave with its electric field vector
~E(~r) = ~E0 exp(i~ki · ~r). When it travels through a medium with a refractive index of n(~r),
the propagation obeys the Helmholtz equation [81].

∇2 ~E(~r) + k2n2(~r)E(~r) = 0 (2.20)

where ~r is the position of the electromagnetic wave and k = 2π/λ is the modulus of
the wave vector ~k. The refractive index for x-rays n in the investigated material can be
described by

n(~r) = 1− δ(~r) + iβ(~r) (2.21)

depending on the dispersion part δ and the absorption part β. Both δ and β can be
written as a function of the wavelength λ of x-rays

δ = ρ
λ2

2π = ρere
λ2

2π (2.22)

β = µ
λ

4π (2.23)
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where ρ is the scattering length density (SLD) of the homogeneous medium, which relies
on the classical electron radius re (2.814 × 10−5 Å) and the electron density of the probed
sample ρe. Therefore, the SLD of a material is closely correlated to its density and thus
the electron density of its elements. µ describes the linear absorption coefficient. In
general, for x-rays the value of δ ranges from 10−5 to 10−6 and β is of the order of 10−7.
Therefore, the refractive index of x-rays is slightly smaller than 1. Different materials
usually have different electron densities, which gives rise to different SLDs in the x-ray
scattering experiments. This difference is the origin of the scattering contrast between
materials.

For thin films, the standard transmission techniques usually give a very weak scattering
signal due to the small scattering volume. To overcome this problem, a reflection geometry
with grazing incidence conditions is employed as it provides a large footprint of the x-
ray beam and thereby increases the probed volume and yields sufficient scattering signal
for recording. Specular and diffuse scattering occur in grazing incidence mode and are
schematically illustrated in figure 2.14a and 2.14b. For specular scattering, the incident

Figure 2.14: Schematic geometry of a) specular scattering and b) diffuse scattering with
basic definitions of directions and angles.

x-ray beam ~ki impinges on a sample with a shallow angle of αi and the specular beam
exits the sample under an exit angle αf which is equal to αi. Both incident and specular
x-ray beams stay at the same plane as shown in figure 2.14a. The momentum transfer
from the incident beam to the exit beam determines the scattering wave vector ~q, which
is given by

~q = ~kf − ~ki (2.24)

Since elastic scattering is used in the present thesis, ~q only changes its direction whereas its
modulus remains unchanged. Under diffuse conditions, the scattered beam is not confined
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only in the xz-plane, but is also present in the xy-plane with an additional scattering angle
of ψ, as shown in figure 2.14b.

At the interface between air and a medium with a refractive index n, the diffraction of
the x-rays beam can be described by Snell’s law,

n0 cos(αi) = n cos(αt) (2.25)

where n0 is 1 for air and αt is the exit angle of the transmitted beam ~kt. For total reflection
(x-rays travel from air to the material) αt also possible: is equal to 0. At this point, the
incident angle is called the critical angle αc of the material. Thus,

cos(αc) = n (2.26)

n2 = cos2(αc) ≈ 1− αc2 (2.27)

αc ≈
√

2δ = λ

√
ρ

π
(2.28)

If αi < αc, total reflection occurs with the formation of the evanescent waves. These
waves can penetrate the sample to a certain depth, but their intensity decreases expo-
nentially with the penetrating distance. The depth where the intensity of the evanescent
wave decreases to 1/e of its original intensity is termed penetration depth. In addition,
the escape depth is proposed in the case that x-rays will get a second damping on the way
out of the sample surface. Therefore, the scattering depth depends on the penetration
depth and the escape depth and can be regarded as approximately half of the penetration
depth [82]. Typically, the scattering depth is of the order of 50 Å. In the case of αi > αc,
the x-rays are able to penetrate the whole thin films, which gives also information about
the volume of the sample.

2.4.2 X-ray diffraction

The crystal structure of the samples can be characterized with x-ray diffraction. Crystals
consist of ordered arrays of atoms, which act as periodic gratings for x-rays. Typically,
each crystal structure has its own dimension of the lattice as well as the electrons present
around the atoms. The electrons are the scatterers for x-rays, which produce spherical
waves after the reaction with incoming x-rays. Therefore, every crystal provides a unique
scattering pattern which can be used to identify the crystalline phases of the material.

Figure 2.15 graphically shows the x-ray diffraction at two neighboring lattice planes of
a crystal. The interference of the scattered x-ray beam gives rise to different intensities.
Furthermore, the maximum intensity appears when the Bragg equation is fulfilled. For
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Figure 2.15: Schematic illustration of the Bragg equation. The incoming beams (black lines)
interact with the scatterers (blue circles) which are located in regular lattice planes. The
distance between these planes is described by the lattice spacing d. The x-ray travels a longer
distance when it interacts with the lower lattice plane. The increased path lengths are marked
by red lines.

constructive interference, the path difference must be an integer multiple of the x-ray
wavelength λ.

2d sin(θ) = nλ (2.29)

where d is the lattice spacing of a crystal and θ is the incident angle. Given the λ, the
sin(θ) is inverse proportional to the spacing between diffracting planes. Therefore, the
θ can be used to identify the types of the crystal phase. Conventionally, 2θ, the angle
between the incoming and the scattered x-ray beam, is used as Bragg reflex. However,
not all reflexes can be observed in an XRD measurement due to the so-called systematic
extinction [83]. Bragg reflexes along with their relative intensities of the rutile and anatase
titania crystal phases are listed in table 2.2. The crystallite size Dhkl along <hkl> crystal
direction can be estimated from the width of the Bragg reflex using the Scherrer equation,

Dhkl = Kλ

∆(2θ) cos(θ0) (2.30)

where K is the Scherrer form factor, which has a typical value of about 0.9 but varies
with the crystallite shape. ∆(2θ) is the full width half maximum (FWHM) of the Bragg
peak at 2θ. The position of the Bragg reflexes can also be indicated by ~q instead of θ,
then the Scherrer equation can be written by

Dhkl = 2πK
∆qhkl

(2.31)

where ∆qhkl is the integral line width. The Scherrer equation shows that the crystallite size
depends on the FWHM. In reality, the peak width can be broadened by many factors, such
as instrumental effects, inhomogeneous strain, lattice imperfections and so on. Therefore,
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crystal order 2θ (λ(Cuα)) q [nm−1] rel. intensity

rutile (110) 27.45◦ 19.35 100
(101) 36.098◦ 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 rutile and anatase titania crystal phases, along with their corre-
sponding relative intensities (obtained from JCPDS database).

for an accurate calculation of the crystal size, other contributions of the peak width should
be ruled out.

2.4.3 Grazing incidence small angle x-ray scattering

The grazing incidence small angle x-ray scattering (GISAXS) technique is able to probe
both surface and bulk morphologies of thin films in a large length scale ranging from
the nanometer to micrometer size. In order to obtain a sufficient scattering signal and a
good statistical information, a shallow incidence angle of αi < 1◦ is commonly used in the
GISAXS measurements. The basic geometry is illustrated in figure 2.14b. In the present
thesis, only the elastic scattering phenomena are discussed. Under this condition, the
direction of the incident photons is changed whereas their energy is conserved. Therefore,
the scattering wave vector ~q can be written as

#–q = 2π
λ


qx

qy

qz

 = 2π
λ


cos(αf ) cos(ψ)− cos(αi)

cos(αf ) sin(ψ)
sin(αf ) + sin(αi)

 . (2.32)
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The small angles result in a small wave-vector transfer, and thereby large dimensions in
real space. The DWBA is a widely used method to describe the diffuse scattering events
during such a reflection geometry experiment. The DWBA is a first order perturbation
theory, including first order corrections on an ideal system. The differential cross-section
the scattered spherical wave as a function of solid angle is given by

dσ

dΩ = Aπ2

λ4 (1− n2)2 | Ti |2| Tf |2 Pdiff (~q) ∝ Pdiff (~q) (2.33)

where A denotes the size of illuminated area, Ti and Tf are the Fresnel transmission
functions of the incident and scattered beams, respectively, and Pdiff (~q) is the diffuse
scattering factor which contains information about the film morphology.

The Fresnel transmission coefficients have a maximum at the critical angle of the probed
material, which lead to a pronounced scattering intensity (Yoneda peak). Since the critical
angle depends on the scattering length density (SLD), the Yodeda peak is a material-
sensitive scattering signal. Therefore, by knowing the Yoneda peak position, the critical
angle can be determined as well as the density of the material. Based on this correlation,
the porosity Φ of the probed material can be calculated as

Φ = 1− ρm
ρth

(2.34)

where ρm and ρth denote the measured and the theoretical SLD of the probed material.

GISAXS measurements only record the intensities of the diffuse scattering waves. In
order to extract structural information on the probed material, the intensity signal needs
to be modeled. In the case of identical objects in a geometrical arrangement, the diffuse
scattering factor Pdiff (~q) (recorded intensity) can be determined as

Pdiff (~q) ∝ N |F (~q)|2S(~q) (2.35)

where N is the number of the scattering objects. The form factor F (~q) describes the scat-
tering objects with a certain shape and size. The electron cloud of the scattering objects
react with the incoming x-rays, then the form factor function is the Fourier transform of
the electron density distribution of these objects [84]. S(~q) is the structure factor, which is
the modulus squared of the spatial Fourier transform of the SLD. Thus, it is related to the
spatial arrangement of the scattering objects. As aforementioned, the diffuse scattering
is described within the framework of DWBA. In brief, it contains four different modes of
reflection and scattering [85]: (1) directly scattered beam, (2) reflected on the substrate
and then scattered beam, (3) scattered beam and then reflected on the substrate and (4)
reflected-scattered-reflected beam. All these four terms are included. Under the circum-
stance of rotational-symmetric averages over scattering objects in the plane parallel to
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the substrate, the form factor is typically well described by a cylindrical symmetry. The
cylinders are assumed to have a short-range order rather than a long-range order, which
is modeled by a one-dimensional paracrystalline lattice (1DDL). This spatial distribution
is adopted by the structure factor. Therefore, the deviation from the ordered position for
the cylinders increases with increasing distance from the target cylinder, i.e. only a local
short-range order is present in the structure factor.

In the present thesis, horizontal line cuts at the Yoneda position are modeled to obtain
information about lateral structures. Therefore, only lateral correlations in films are taken
into account, and then a so-called effective interface approximation can be employed [86].
Within this approximation, the height of the scattering objects is allowed to be decou-
pled with their radii. Along this route, the so-called local monodisperse approximation
(LMA) is introduced. In the LMA assumption, the scattering objects with the same size
are assumed to span over a wide range and the collection of these scattering objects is
made of monodisperse domains. A Gaussian distribution function is used to describe
the polydispersity of the scattering objects. Therefore, monodisperse domains give rise
to independent scattering signals, which superimpose incoherently to constitute the total
scattering signal [87].

2.4.4 Grazing incidence wide angle x-ray scattering

The grazing incidence wide angle x-ray scattering (GIWAXS) technique can be used for
probing atomic and molecular distances in crystal lattices. It is noteworthy that, the
setup of GIWAXS measurements is the same as that of GISAXS measurements except for
a much shorter sample-to-detector distance. This shifting allows recording the scattered
x-ray beams under larger exit angles with the same detector, which is able to provide
structural information on the sub-nanometer scale. In this way, single atoms are the scat-
terers for x-ray rather than mesoscopic objects which are considered as form factors in
GISAXS. Moreover, the regular arrays of these atoms determine the intensity of the scat-
tering signal. When {hkl} lattice planes fulfill Bragg’s law at a certain angle, constructive
interference occurs. Compared to XRD, GIWAXS is able to detect the preferred orienta-
tion of the crystals in thin films. For example, in terms of the semiconducting polymer
P3HT, the orientation distribution of its crystallites either face-on or edge-on can be quan-
tified using GIWAXS. In order to better understand the correlation between the crystal
orientation and scattering signals, four scenarios of GIWAXS pattern are schematically
illustrated in figure 2.16.

If the sample is highly crystalline and with a direction of all crystal planes normal to the
substrate (lattice spacing of d), the resulting GIWAXS pattern shows well-defined Bragg
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Figure 2.16: Sketches of different lamellar stackings in films with their corresponding 2D
GIWAXS data underneath in case of a) ideally vertical lamellar stacks, b) slightly disordered
vertical lamellar stacks, c) textured lamellar stacks in horizontal direction and d) completely
disordered lamellar stacks. The blue line packings and grey blocks indicate lamellar struc-
tures and substrates, respectively. The green backgrounds in a) are guide to the eyes for the
vertical lamellar stacks. Adapted from reference [88].

peaks with a distance of 2π/d only in horizontal direction, as shown in figure 2.16a. If
crystal planes are not perfectly perpendicular to the substrate but with a small angular
perturbation, broadening Bragg peaks in horizontal direction are present in the GIWAXS
data (figure 2.16b). If all crystal planes change their direction from vertical to horizontal,
the Bragg peaks shift to vertical direction accordingly, as illustrated in figure 2.16c. In
the case of all crystal planes without any preferential orientation, Debye-Scherrer rings
are observed in the GIWAXS pattern instead of Bragg peaks (figure 2.16d).

Unlike XRD with a specular reflection, the GIWAXS detector records the signals of
diffuse scattering. In this case, the ~ki is fixed and all ~kf lie on an Ewald sphere. As a
consequence, especially in the case of high exit angles, qx gives a non-negligible contribu-
tion to the ~kf . In the GIWAXS measurements, a spherical surface in q-space is projected
to a 2D detector, thus the obtained GIWAXS pattern is distorted. In order to extract
structural information, the raw 2D GIWAXS pattern requires to be reconstructed into
the natural reciprocal space coordinates [89]. Here, qx and qy cannot be decoupled, the x
axis in the GIWAXS pattern is qr instead of qx. qr is determined by
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qr =
√
qx2 + qy2 (2.36)

The GIXSGUI analysis package is used to retrieve the corrected reciprocal space pat-
terns in the present thesis, which is based on a number of corrections related to the
scattering geometry [89]. These corrections include field correction, efficiency correction,
solid-angle correction and polarization correction. The field correction is caused by vari-
ous photon sensitivity between different detector pixels. The efficiency correction is done
due to the different lengths of traveling paths for the scattered x-rays under different exit
angles. The different distances lead to different medium attenuation and absorption prob-
ability for different pixels on the 2D array of the detector. Solid-angle correction takes
into account that the recorded intensity depends on the solid angle Ω and the pixel area.
X-rays generated at synchrotron beamlines are typically horizontally polarized, which
leads to an angular dependent intensity of the scattered beams. This impact on intensity
is eliminated via the polarization correction. The detailed description of all corrections
can be found in reference [90].

An example of the raw 2D GIWAXS data and the data after reconstruction is shown in
figure 2.17. A wedge of missing data is observed in the reconstructed 2D GIWAXS data
(figure 2.17b), which is caused by the inaccessible q-range.

Figure 2.17: a) A raw 2D GIWAXS data recorded on the detector. b) The corresponding
corrected 2D GIWAXS data retrieved using GIXSGUI. The inaccessible q-range in a wedge
shape is denoted by the pink curves.



3 Characterization methods

In the present chapter, various techniques to characterize mesoporous titania films, tita-
nia/polymer composite films and solar cells are presented. Different real- and reciprocal-
space imaging methods are used to investigate the film form and structure described in
section 3.1. Various spectroscopic and electronic characterizations are applied to probe
the sample functionality as presented in section 3.2. All the characterization methods
are introduced in detail, including instrument specifications, working principles and the
principles of data analysis.

3.1 Structural characterizations

Two main types of characterization methods are employed in this work. The first type is
categorized as real-space techniques, including height profilometry (section 3.1.1), atomic
force microscopy (section 3.1.2) and scanning electron microscopy (section 3.1.3). Nitro-
gen adsorption–desorption isotherms are used for characterization of pore size, specific
surface area and pore volume (section 3.1.4). The second type comprises reciprocal-
space techniques, like x-ray diffraction (section 3.1.5) and grazing incidence scattering
(section 3.1.6).

3.1.1 Height profilometry

Profilometry is a widely used method to measure height differences on samples. In the
present thesis, a DektakXT®stylus profiler (Bruker corp.) is applied. The working princi-
ple in schematically illustrated in figure 3.1. The sample is mounted on a movable sample
stage. Then the diamond-tipped stylus is brought down and in contact with the sample
surface by applying a constant force over the sample. By moving the stage forth and back
the stylus scans the sample surface. Any changes in surface height are measured by the
variation in the vertical displacement, which is converted to a digital signal by a linear
variable differential transformer.

39
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The height profilometer is mainly used to determine the sample thickness in the present
work. Typically, a scratch is made on the sample to completely remove a piece of film.
When the stylus scans over the scratch, the height difference between the film surface and
the substrate resembles the film thickness. At least 5 scans on different spots are made for
each sample to obtain an average film thickness value. All the measurements are carried
out using a contact force of 1 mN, a scan speed of 100 µm s−1, and a scan distance of 3
mm.

Figure 3.1: Sketch of the height profilometer measuring a sample. The sample is loaded on
on a movable stage. The stylus contacts to the sample surface with a certain force. The
scan on sample surface is achieved by a movable sample stage.

3.1.2 Atomic force microscopy

Atomic force microscopy (AFM) is a very high resolution type of scanning probe mi-
croscopy. It is a versatile instrument, which can be used for force measurement, imaging,
and manipulation. In the present thesis, AFM is employed to map sample topography
and phase contrast. From the analysis of topography images, information about structure
size and surface roughness can be achieved. The phase images offer information about,
for example, the hardness difference between different materials.

A schematic overview of the AFM is illustrated in figure 3.2. The laser source, photo-
diode, AFM tip, and feedback controller are the main parts of the AFM. There are three
commonly used techniques in the AFM operation: contact mode, non-contact mode and
tapping mode. In the present thesis, all samples are investigated with an Asylum MFP-
3D in tapping mode. Tapping mode plays a very important role in AFM imaging, which
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Figure 3.2: Sketch of the AFM setup with its main components. The sample is placed on
the piezo-controlled sample stage. The tip is faced to the sample surface. The cantilever
deflection is measured by a laser system, where the laser beam incidents on the cantilever
and the reflected beam strikes a four-segmented photodiode. The signal directs the motion of
the sample stage.

is developed as a technique to achieve very high resolution without damaging samples or
distorting image data. First, the cantilever oscillates at or near its resonant frequency
with a high amplitude by using a piezoelectric crystal when the tip is far away from sample
surface. The oscillating cantilever is then brought down towards the sample surface. The
cantilever stops moving when it begins to touch the sample surface slightly. Afterwards,
the vertically oscillating tip contacts the sample surface and lifts off alternately during
scanning. The optimal oscillation frequency and the atomic force on the sample surface
is set automatically by the software. The contact force usually is maintained at the low-
est possible level. When the tip contacts the sample, it causes an energy loss thereby a
reduced oscillation of the cantilever. The reduction of oscillation amplitude is measured
by a laser system. The laser beam reflected from the cantilever hits a four-segmented
photodiode which is position sensitive. The intensity deference of the laser beam in the
four segments indicates the deflection of the cantilever, which transfers the signal to the
feedback electronics. The feedback loop then drives the sample stage moving along the
z-direction to maintain a constant amplitude and force. Finally, according to the stage
motion, the topography and phase images are made.
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A pyramid tip with 15-40 nm end radius located at the end of the cantilever is used for
the present investigation. The oscillation of the cantilever is set to a frequency of about
100 kHz. The samples are scanned line-wise over an area of 2 × 2 µm and 5 × 5 µm.
Each image consists of 256 lines and each line comprises 256 data points. All AFM images
are analyzed with Gwyddion 2.31 software, mainly for adjusting the image contrast and
extracting the height information.

3.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to probe the surface morphology of titania
and titania/polymer films on the nanometer scale. Compared to optical microscopy, SEM
uses electrons as the illumination source instead of light. As the wavelength of electrons
is much shorter than that of visible light, SEM possesses a very high resolution which
allows sample being probed in the nanometer range.

All SEM measurements are performed with a FESEM Gemini NVision 40 instrument
(Carl Zeiss), which is controlled by the software SmartSEM. The electrons are generated
from a field emission gun using a tungsten filament. Subsequently, the electrons are
guided to form an electron beam through magnetic and electrostatic lenses, which focus
the electron beam. Then the electron beam is accelerated by a voltage on the order of
several kV. The resulting beam scans the sample surface in a line-wise manner and the
secondary electrons, which are a result of the interaction of incident electrons and sample
surface, are emitted from the area very close to the specimen surface and collected by
a detector. The intensity of the secondary electrons is mainly correlated to the surface
morphology, beam size and the incident angle between beam and sample surface. During
scanning, the beam size and incident angle are fixed, thus the obtained grey scaled image
with different brightness values is a picture of the sample surface. The lateral resolution
typically is below 5 nm. It is important to note, that the intensity of secondary electrons
strongly depends on the surface morphology. Therefore, it’s wrong to use SEM image to
parametrize height information. For example, two nano-objects with different shapes will
give different intensity of secondary electrons even if they are at the same height.

A system vacuum of 2 × 10−6 mbar is necessary for the measurements. The acceleration
voltage of the electron beam is set in the range of 3 to 5 kV, the working distance (distance
between the gun and the sample surface) is adjusted to 2.5 mm - 3.5 mm. The aperture
size of the primary electron gun is varied between 7.5 µm and 10 µm. Different measuring
parameters are aiming to obtain clear images with high resolution. It is worthwhile to
note that a lower acceleration voltage and a smaller working distance are used to measure
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the titania/polymer films with poor electrical conductivity. The original SEM images are
post-treated with the software ImageJ v1.43u to obtain a better image quality.

In order to do cross sectional measurements, a line-scratch is firstly made on the backside
of the sample with a diamond cutter. Then the sample is broken over a metal edge after
being immersed into liquid nitrogen for 1 min. Soaking in liquid nitrogen is essential
for sample preparation, as it provides a sharp edge after sample breaking. During the
measurement, the sample stage is tilted by 54° with respect to the horizon. Thus, a tilt
correction of 36° is applied for the correct view of the cross section.

3.1.4 Nitrogen adsorption–desorption isotherms

The atoms in the surface of a solid material have fewer neighbors than the atoms inside the
material, causing that the electrical force of surface atoms is unbalanced. To compensate
this imbalance, surface atoms tend to capture surrounding gas molecules. The process
of gas molecules attaching to sample surfaces is called gas absorption. In the present
thesis the type of gas adsorption is physisorption, where the adsorbed gas molecules are
fairly free to move around the surface. As more and more gas molecules are attracted by
the surface atoms, the entire adsorbent surface is covered by a monolayer of adsorbate
molecules. Based on the Brunauer-Emmett-Teller (BET) theory, the number of molecules,
Nm, required to cover the sample surface can be estimated. Thus, the adsorbent surface
area can be calculated by multiplying Nm with the cross-section area of the adsorbed gas
molecules.

As the number of gas molecules increase, multiple layers form on the top of each other.
When this process is progressed to a certain point, the pores of the adsorbent starts to be
filled with liquid, which is condensed from the gas. This process is called capillary conden-
sation. The unique feature of the capillary condensation is that the gas can condense into
liquid below the saturation vapor pressure. Based on the Kelvin equation, the pore size
distribution of the measured solid can be determined with the Barrett-Joyner-Halenda
(BJH) method.

Finally the pores are completely filled with the liquid, which condensed from the vapor.
Knowing the liquid density, the volume it occupies can be calculated, which is the total
pore volume of the sample. At this point, if the gas is withdrawn from the system, the gas
desorption will occur. Typically, the adsorption and desorption isotherms are different
causing a hysteresis. The resulting hysteresis loop can be related to the pore shapes of
the sample.
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In this work, the experiment of nitrogen adsorption–desorption isotherms is carried
out on a Quantachrome Autosorb-1 instrument. Before the experiment, sample surfaces
must be without any contaminants such as water and oils. Therefore, the sample is
degassed at 150 ◦C for 12 h under vacuum. After surface cleaning, the sample is brought
to a temperature of the boiling point of liquid nitrogen (approximately 77 K). Then
known amounts of nitrogen are released in steps into the evacuated sample chamber. The
sample surfaces are quickly adsorbed with nitrogen molecules. The specific surface area
is calculated by the BET method, and the pore size distribution is determined by using
the nonlocal density functional theory (NLDFT) equilibrium model.

3.1.5 X-ray diffraction

X-ray diffraction (XRD) is a tool used for identifying the crystalline phase, crystal size
and the degree of crystallinity. In the present thesis, XRD measurements are performed
on a Bruker D8 ADVANCE X-ray diffractometer. In the instrument, a copper anode is
used as the source to generate the x-ray beam. The copper anode is operated at 40 kV and
40 mA. The resulting Cu Kα radiation, which has a wavelength of 0.1541 nm, is used for
the measurements. The x-ray beam impinges on the sample at an angle θ. It is important
to note, that the footprint of the x-ray beam on the sample is narrow but very long. In
order to ensure the experimental accuracy, the size of the sample should be sufficient big,
at least 2.5 × 2.5 cm2. The specular x-ray beam is detected by a point detector at the
same angle. During the entire measuring process, the angle between the incident and
the reflected beam is kept at 2θ as the coupled θ/2θ mode is applied. A typical 2θ scan
ranging from 20◦ to 60◦ is used with a step size of 0.04◦ for scanning all samples. Each
step takes 50 s. Thus, about 14 h is required for the measurement of each sample. The
probed samples are typically prepared on either glass or silicon substrates. For the sample
on silicon substrate, a very strong peak at 2θ = 33◦ in the final XRD spectrum originates
from the silicon (100) Bragg peak. To get a good quality of the XRD spectra, slits of
0.6 mm are used to collimate the x-rays after the beam source and before the detector.
Usually a fast pre-check of the characteristic XRD peak of the sample is done before the
14 h measurement to make sure the diffraction signal can be received by the detector.
For example, before measuring titania anatase phase, only the characteristic (101) peak
is checked quickly to guarantee the proper setting of the parameters. The instrument
is controlled by the software Diffrac.commander, where the measurement protocols are
submitted to.

The obtained XRD data is analyzed with the aid of the software PeakFit Version
4.12 (SeaSolve Software Inc.). The XRD peaks are fitted with Gaussian functions. The



3.1. Structural characterizations 45

extracted full width at half maximum (FWHM) values are used to calculate crystal sizes
via the Scherrer equation as described in chapter 2.4.2. The obtained XRD peaks of titania
samples are identified by making a comparison with the reference peaks for anatase and
rutile phase taken from the International Centre for Diffraction Data (ICDD).

3.1.6 Grazing incidence scattering

In order to probe the inner morphology, grazing incidence scattering (GIS) methods are
used. Unlike in standard scattering experiments a reflection geometry is employed in
GIS measurements instead of transmission geometry, which is schematically shown in
figure 3.3.

Figure 3.3: Schematic presentation of a grazing incidence X-ray scattering setup (GISAXS
and GIWAXS). The X-ray beam impinges on the sample with the incident angle αi and with
a wavevector Ki (red arrow). It is scattered under an angle αf . 2D detectors with short and
long sample-detector distances record wide angle and small angle X-ray scattering signals,
respectively.

The use of a reflection geometry is particularly suitable for characterizing thin films as
grazing incidence conditions give a large footprint of the x-ray beam on the samples. Due
to the size of the detector, the sample-detector distance (SDD) determines the accessible
scattering angles. Hence, various structural length scales of the sample can be detected
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by varying the SDD. For example, very small distance below 1 nm can be probed by
setting a short SDD (≈ 10 cm). This measuring technique is named as grazing incidence
wide angle x-ray scattering (GIWAXS). A longer SDD (≈ 2-4 m) usually allows for ac-
cessing structural distances ranging from approximately 1 nm up to 1 µm. It is called
grazing incidence small angle x-ray scattering (GISAXS). For both measurements, it is
very important to set a proper incident angle αi of the x-ray beam which determines that
the measurements are surface or volume sensitive. To probe the volume of the film in
the present thesis, all the incident angles are set above the critical angles of the probed
materials.

The GIWAXS measurements were performed at the Austrian SAXS beamline of the
Elettra synchrotron source (Trieste, Italy). The x-ray wavelength was 1.54 Å, corre-
sponding to an x-ray energy of 8 keV. The GISAXS measurements were conducted at
the Elettra synchrotron source and the P03/MiNaXS beamline of the PETRA III storage
ring at DESY (Hamburg, Germany). The difference between the two beamlines is that
the x-ray energy was higher at P03, which provided an energy of 13 keV, corresponding
to a x-ray wavelength of 0.957 Å. Moreover, the intensity of x-ray flux was also higher
at the P03 beamline. The smaller wavelength of x-ray results in smaller critical angles
of the probed materials, which should be taken into consideration when the value of the
incident angle is determined for the measurements.

GISAXS

The basic setup of GISAXS measurements is schematically displayed in figure 3.3. Due to
the long distance between the sample and the detector, a vacuum flight tube is necessary
in the x-ray pathway to minimize scattering from air. At the Elettra beamline, a SDD
of about 2 m is used, whereas a typical SDD in the range of 3 m to 4 m is chosen at
the P03 beamline. Different SDDs meet the demand for different resolvable structural
length scales. A Pilatus 1 M (Dectris) detector is used to measure the scattered signal. It
consists of ten modules (981 by 1043 pixel array) and each pixel has a size of (172 × 172)
µm2. The detector has a total area of (169 × 179) mm2 with blind areas of intermodule
gap accounting for 8.4% of the total area. The horizontal black stripe in the 2D GISAXS
images shown in figure 3.3 is caused by the intermodule gap. Moreover, the detector has a
readout time of 3.6 ms, which allows kinetic measurements with high temporal resolution.
To protect the detector from oversaturation, the transmitted and the specularly reflected
beams are both blocked with beamstops.
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Vertical line cuts of the 2D GISAXS data provide information about the film perpen-
dicular to the substrate (in the vertical direction), whereas horizontal line cuts contain
information about lateral structures that are parallel to the substrate. For a quantita-
tive analysis, such line cuts are performed on the 2D GISAXS data with the aid of the
software Fit2D (Andy Hammersley, 1987–2005, ESRF, Grenoble) or DPDAK (Gunthard
Benecke, DESY Hamburg & MPIKG Potsdam). Afterwards, the line cuts are fitted with
a custom-made program, which is modeling the data in the framework of the distorted
wave Born approximation (DWBA) using the local monodisperse approximation (LMA).
Within this model, the scattering objects, described by their form factor, are assumed to
have a certain shape (cylinder or sphere) with a Gaussian size distribution. The distance
between two neighboring objects, named as the structure factor, are modeled with an
one-dimensional paracrystal approach [91]. From fitting, the lateral structure sizes and
their corresponding center-to-center distances can be obtained.

GIWAXS

The setup of the GIWAXS measurements is similar to that of the GISAXS measurements
except that the SDD is much shorter. With a SDD in the order of 10 cm, information
about the molecular stacking, crystal orientation and crystal size can be achieved with
the GIWAXS measurements.

The GIWAXS measurements are conducted at the Elettra beamline in the present
thesis. The beam source, detector and experimental environment are the same as for
GISAXS measurements except the absence of a flight tube. Due to the very short SDD,
the scattering from air is negligible. Before analyzing the 2D GIWAXS data, solid angle
correction, q-reshaping and conversion, efficiency correction (air path and pixel sensitiv-
ity under oblique angles) and polarization correction on the raw 2D GIWAXS data are
required in order to retrieve the corrected reciprocal space patterns [90]. 2D GIWAXS
data before and after correction are shown in figure 2.17. All corrections are done with
the aid of the software Grazingincidence x-ray Scattering Graphical User Interface (GIXS-
GUI), which is developed by the Advanced Photon Source, Argonne National Laboratory,
USA [89]. Afterwards, the radial integrals are taken in vertical or horizontal directions.
The vertical integrals offer crystalline information along the direction perpendicular to
the substrate, whereas the horizontal integrals provide crystalline information along the
direction parallele to the substrate. The obtained curves can be fitted with Gaussian
functions. From fitting, the lattice constants can be revealed from the peak positions, the
crystal sizes can be estimated from the full-width-at-half-maximum (FWHM) values, and
relative crystallinity between different samples can be compared by a comparison of peak
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intensities. Moreover, information about crystal orientations can be extracted with tube
integrals.

3.2 Spectroscopic and electronic characterizations

The light absorption is probed with UV/Vis spectroscopy (section 3.2.1). The cur-
rent–voltage (I-V ) characteristics measurements are conducted under AM 1.5G illumi-
nation (1000 W/m2) to determine the performance of solar cells (section 3.2.3). EQE

measurements are used to characterize the capacity of photon-charge conversion as de-
scribed in section 3.2.4.

3.2.1 UV/Vis spectroscopy

The absorption and/or reflectance of samples is probed with UV/Vis spectroscopy in the
ultraviolet-visible spectral region. The absorption of active layers is measured using two
different spectrometers: The first is a Lambda 35 and the second is a Lambda 650 S.
Both instruments are equipped with a deuterium lamp and a halogen lamp. In case of
the Lambda 35, the deuterium lamp provides the UV light in a wavelength range of 190
nm - 326 nm, and the halogen lamp generates light in the visible and near infrared range
(326 nm - 1100 nm). The scanning speed is set to 120 nm min−1 and the silt width is 1
nm. For the Lambda 650 S, the lamp sources switch at a light wavelength of 320 nm. A
scanning speed of 256 nm min−1 and a silt width of 1 nm are applied.

In the present thesis, glass substrates are used to support the measured films as the
measurements are performed in transmission mode. Grating monochromators ensure the
generation of a monochromatic beam. The beam is split into two beams before it reaches
the sample. One beam goes through the measured sample, whereas the other is used as a
reference beam. The intensity of both beams is detected by two separated detectors (pho-
todiodes). The intensity of the reference beam is regarded as 100% transmission for every
wavelength, the intensity of the other beam should be smaller than 100% transmission
as the measured sample can absorb and/or scatter lights. The obtained UV/Vis data,
actually, are the ratios between these two beams at each wavelength. From the data, the
wavelength-dependent absorbance (A) can be calculated using the Lambert-Beer law:

A(λ) = −log10

(
It(λ)
I0(λ)

)
= a(λ)Llog10e (3.1)
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with the transmitted intensity of the beam going through the sample I t(λ), the reference
beam intensity I0(λ) which is 1 in this work, the specific absorption coefficient α(λ), the
light path length through the sample L, and Euler’s number e.

As glass strongly absorbs the light at wavelengths below 290 nm, the transmission
measurements are carried out using 290 nm as a starting point. Moreover, the transmission
of bare glass is measured to calibrate the absorbance of the measured sample without
glass substrates. Through integrating all wavelength-dependent absorbances, the light
absorption capability of different samples can be compared.

3.2.2 FT-IR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique to identify the presence of
certain functional groups present in a sample. The TiO2/PS-b-PEO composite films before
and after UV irradiation are investigated with FTIR to qualify the efficiency of polymer-
template extraction induced by UV exposure. A VERTEX 70 FT-IR spectrometer is used
to measure the samples. It provides a spectral range from 6000 cm−1 to 130 cm−1 in a one
step measurement, which covers a complete far and mid IR spectrum. Moreover, it has a
spectral resolution of better than 0.4 cm−1, which is adequate for most measurements.

The spectrum of interest is generated by a light source. Then a interferometer guides the
beam to the sample. Before light reaches the sample, a beamsplitter separates the incident
light into two parts with equal intensity and sends the two parts in two directions. One
part goes to a stationary mirror and then reflected back to the beamsplitter, whereas the
other one goes to a moving mirror then back to the beamsplitter as well. The motion of the
mirror makes a change of the optical path. When two beams meet at the beamsplitter, the
constructive and destructive interference, named as an interferogram, is created due to the
difference in light path lengths. Later, the recombined light passes through the sample and
then reaches the detector. It is important to note, all light shines on the sample in every
scan. The functional groups of the sample absorb the light with different wavelengths,
which leads to the substraction of specific wavelengths from the interferogram. The
detector tells the energy difference as a function of time for all wavelengths simultaneously.
It is noticeable that the relationship between energy and time is reciprocal. Therefore, a
Fourier transform function converts the spectrum of intensity vs time spectrum into the
spectrum of intensity versus frequency.

In the present thesis, powders instead of films are used for FT-IR measurements. After
sample preparation, the films are peeled off from the substrate to obtain powders. The
achieved powders subsequently are spread over a sample holder. The sample is then
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scanned over a wavenumber range of 340 cm−1 to 2000 cm−1 with a resolution of 1.9
cm−1.

3.2.3 I-V characterization

In order to test the photovoltaic performance of solid-state dye-sensitized and hybrid
solar cells, the I-V curves are probed. I-V sweeps are recorded with a Keithley 2400
sourcemeter by applying an external bias to the probed cells under simulated solar illu-
mination. The irradiation, which has a similar solar spectrum, is provided using a solar
simulator Solar Constant 1200 (K.H. Steuernagel Lichttechnik GmbH) equipped with a
rare earth Xenon lamp. Before I-V measurements, the light intensity is calibrated to
1000 W/m2, i.e. AM1.5 solar illumination, by using a silicon-based calibration solar cell
(WPVS Reference Solar Cell Typ RS-ID-3 by Fraunhofer ISE).

Figure 3.4: An exemplary I-V curve of a solid-state dye-sensitized solar cell which is tested
under standard illumination AM1.5 (1000W m−2). The VOC , JSC and maximal power point
(MPP) are indicated by a green dot, a red dot and a white dot, respectively. The violet and
blue rectangles indicate the maximal output power and the theoretical maximal output power,
respectively. In the example, VOC = 0.81 V, Jsc = 8.35 mA cm−2, FF= 59 %, yielding a
PCE = 4.1 %.

An exemplary I-V curve of a solid-state dye-sensitized solar cell is shown in figure 3.4.
From the curve, the related photovoltaic parameters can be extracted. The open-circuit
voltage (Voc) and short-circuit current density (Jsc) are the values of x- and y-intercepts,
respectively, as indicated in figure 3.4. In general, Voc is determined by the n- and p-type
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semiconductors in the active layer, whereas Jsc is related to many factors, such as charge
carrier generation, transportation, and extraction. Along the curve, a point, where the
power density of P = J × V is maximum, is defined as maximum power point (MPP) as
indicated by a white dot in figure 3.4. The fill factor (FF ) is the ratio between the power
at the MPP (indicated by violet rectangle) and the theoretical maximum possible power
of Pmax = Voc × Jsc (indicated by blue rectangle):

FF = PMPP

Pmax
= VMPPJMPP

VocJsc
(3.2)

The FF is equal to 100% in an ideal device, where the I-V curve has a rectangle shape.
The power conversion efficiency (PCE) is defined as the ratio of the device output power
(Pout) and the irradiation input power (Pin):

PCE = Pout
Pin

= VocJscFF

PAM1.5
(3.3)

For the present measurements, a custom-made sample holder provides a shadow mask
for the non-measuring area, and ensures that only the probed pixel is under solar illumi-
nation. A distance of 320 mm is set between the solar cell and the light source. During
measuring, the voltage seeps from -1 V to 0.2 V with 0.01 V increment and 0.01 s delay.
Each pixel is measured several times to sort out the best device performance. For an in
situ measurement, the pixels are examined continuously in a loop to track the evolution
of photovoltaic parameters versus time. After measuring, each metal pixel of the sam-
ples is mapped with optical microscopy (OM). Though OM images, the size the pixel is
individually calculated with the aid of software ImageJ.

3.2.4 External quantum efficiency

Quantum efficiency (QE) is defined as the ratio between incident photons and converted
electrons. The QE measurement is commonly carried out over a range of different wave-
lengths as the energy of a photon is inversely proportional to its wavelength. The ratio
between the number of charge carriers collected by the electrodes and the number of in-
cident photons impinging on solar cells is defined as external QE (EQE). Typically, a
solar cell with good ability of light absorption and charge carrier collection has a high
EQE.

A “Quantum Efficiency/IPCE Measurement Kit” is used for QE measurements. A
300-watt xenon arc lamp is employed as light source. An automated filter wheel and a
chopper wheel are applied to modulate the light. Later, the light is collimated with a
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Figure 3.5: An exemplary EQE curve of a solid-state dye-sensitized solar cell. The grey
rectangle indicates the 100% EQE.

monochromator before it shines on the sample. A custom-made sample holder is used
to control the illumination area of each pixel of the measured solar cell. The generated
electrical signal is recorded. Before the measurement, the EQE system is calibrated using
a silicon reference diode. The measuring parameters are set with the Oriel’s TracQ Basic
software. For solid-state dye-sensitized solar cells, a wavelength range of 300 nm - 800 nm
is chosen for the EQE measurement.

An exemplary EQE spectra of a solid-state dye-sensitized solar cell is shown in fig-
ure 8.19. The ideal case, 100% EQE for every wavelength, is indicated by the grey
rectangle. However, the experimental EQE value is much smaller than the ideal case due
to many factors such as substrate reflection, insufficient light absorption, exciton annihi-
lation and charge carrier recombination. By integrating the photo-response over the solar
spectrum, the JSC can be evaluated.



4 Sample preparation

The materials and manufacturing processes used for sample preparation for the entire
study are presented in this chapter. More detailed parameters and procedures involved in
the production and characterization of specific samples are provided in the corresponding
chapters 5 to 8.

4.1 Materials

The materials used in the present study are sorted into five families: titania precur-
sors, structure-directing templates, dyes, hole-transport materials, and materials used
for imprinting. The former four groups are used during the fabrication of solid-state
dye-sensitized solar cells (ssDSSCs), and the production of hybrid solar cells includes all
materials except dye molecules.

Titania precursors

Within the frame of this thesis two different titania precursors are employed for the
preparation of nanostructured titania films. One is titanium tetra isopropoxide (TTIP)
which is used for high-temperature processed ssDSSCs. The other one is ethylene glycol
modified titanate (EGMT) which allows fabricating hybrid solar cells at low temperature.

TTIP is purchased from Carl Roth GmbH. It is a transparent or canary yellow liquid
with a relative density of 0.96 g cm−3 and fumes in moist air. Its stoichiometric formula is
referred as Ti[OCH(CH3)2]4, which exists as a monomer with a titanium center having an
octahedral coordination environment of isopropoxides, as shown in figure 4.1a. Titania,
evolved from TTIP via hydrolysis and condensation reactions, typically requires a high-
temperature treatment to be crystallized as anatase or rutile phase. EGMT, also known
as titanium glycolate, is synthesized by Thomas Fröschl in the group of Nicola Hüsing and
its synthesis method is described in references [92, 93]. It is a white, crystalline powder,
which only dissolves under strong acidic conditions. The chemical formula of EGMT is

53
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Figure 4.1: The chemical structures of TTIP and EGMT.

quoted as C4H8O4Ti, which is presented by the sketch in figure 4.1b. Each titanium atom
is connected to six oxygen atoms and each oxygen atom is bound to two titanium atoms.
The unit cell of EGMT consists of TiO6 octahedrons, which form a one-dimensional
chain structure via edge-sharing. The crystalline reflexes of EGMT powder can be found
in reference [94]. Crystalline titania can be achieved by using EGMT precursor even
at low temperatures via a hydrolytic sol-gel route since the one-dimensional crystalline
structure is already present in EGMT. Moreover, the crystal phase of titania can be tuned
from anatase to rutile by changing the pH value from above 2 to below 0 during EGMT
hydrolysis and condensation reactions [95,96].

Structure-directing templates

An amphiphilic diblock copolymer is used as the structure-directing template of tita-
nia nanostructures: poly(styrene-block-ethylene oxide), abbreviated as PS-b-PEO. The

polymer Mn PDI polymer block Mn Tg

(kg/mol) (kg/mol) (◦C)
PS-b-PEO 28.5 1.02 PS 20.5 107

PEO 8 -65
PS-b-PEO 89 1.07 PS 63 93

PEO 26 -60

Table 4.1: Parameters of the diblock polymer templates, including name, number average
molar mass Mn, polydispersity index (PDI), and glass transition temperature (Tg).
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polystyrene (PS) block is hydrophobic, which forms micelles during the sol-gel synthesis,
and the polyethylene oxide block is hydrophilic, which acts as the polymer matrix to incor-
porate the titania. The diblock copolymer mainly dominates the nanostructured length
scale and porosity of the resulting titania films. The chemical formula of the polymer
template is shown in figure 4.2.

Figure 4.2: The chemical structures of PS-b-PEO.

Two different molecular weights of PS-b-PEO are used in this thesis and their spe-
cific composition parameters are found in table 4.1. All polymers are purchased from
Polymer Source Inc., Canada and used directly without any further purification. For the
low molecular weight PS-b-PEO, the weight fraction of PEO is f low = 0.28, while the
high molecular weight polymer has the weight fraction of PEO, fhigh = 0.29. Similar
weight fractions guarantee foam-like nanostructures in the resulting titania films for both
templates.

Dye

The main task of the dye in ssDSSCs is absorbing light and then generating excitons. It
acts as a photosensitizer. In this thesis, two types of dyes are used. The first one is 5-[[4-[4-
(2,2-diphenylethenyl)phenyl]-1,2,3-3a,4,8b-hexahydrocyclopent[b]indol-7-yl]- methylene]-
2-(3-ethyl-4-oxo-2-thioxo-5-thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid (D149). It
is a purple indoline dye and its empirical formula can be written as C42H35N3O4S3. The
molecular structure of D149 is shown in figure 4.3a. It has an indoline group in the center
acting as an electron donating group. The phenyl rings are added to stabilize the central
part. Cyanoacrylic acid serves as an electron accepting group, which is conjugated to the
indoline group. The pendant carboxylic acid in this functional group acts as a binder to
anchor dye molecules to the surface of titania via the formation of a bidentate complex
between the dye and the polar TiO2 surface. The rhodamine group is beneficial for high
electron injection yields. The unique feature of D149 is that it is a pure organic dye (free
of any metals), which shows a higher molar extinction coefficient as well as power con-
version efficiency (PCE) as compared to the most common ruthenium dye N719 [97, 98].
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Moreover, it is cheaper and more environmentally friendly due to the absence of rare earth
metals. Therefore, D149 is considered to be one of the most promising indoline dyes since
it has already achieved power conversion efficiencies of up to 9 % in DSSCs with liquid
iodide (I3

−/I−)-based electrolytes [98].

Figure 4.3: The chemical structures of a) D149 and b) D205. Their difference is indicated
by the red rectangles.

The second dye used in this thesis is 5-[[4-[4-(2,2-Diphenylethenyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopent[b]indol-7-yl]methylene]-2-(3-octyl-4-oxo-2-thioxo-5-thiazolidinylidene)-
4-oxo-3-thiazolidineacetic acid (D205). D205 has a similar chemical structure compared
to D149 as shown in figure 4.3b, except that an n-octyl group instead of the ethyl group
bonds to the rhodanine ring. The difference is marked by the red rectangles (figure 4.3).
D205 has almost the same molar extinction coefficient as D149, but DSSCs based on D205
have a higher incident monochromatic photon to current conversion efficiency (IPCE) and
a lower electron recombination potential than the device using D149 as sensitizers [99].

The dye D149 and D205 are purchased from Sigma Aldrich and used directly without
any further treatment. They are dissolved in an acetonitrile/tert-butyl alcohol mixture
(volume ratio of 1:1) with a 0.3 mM concentration. Further optimization of the solution
is necessary to enhance the performance of the final device. One effective method is to
control the aggregation of the dye molecules. The π-stacked aggregation of dyes on the
nanostructured titania photoanodes tends to hamper efficient photocurrent generation
from dye molecules [100]. Moreover, the aggregation leads to dye residing in the solution
instead of binding to the titania surface. Therefore, reducing dye-aggregation is essential
during the fabrication of solar cells. Chenodeoxycholic acid (CDCA) has been proved to
be an efficient reagent to avoid dye aggregation [101]. Thus, a 0.6 mM concentration of
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CDCA is added to the dye solution. CDCA is obtained from Sigma Aldrich with the
empirical formula C24H40O4. The molecular structure is depicted in figure 4.4. The final
solution is sealed to minimize solvent evaporation and shielded against light by wrapping
aluminum foil around the solution-containing container.

Figure 4.4: The chemical structures of CDCA.

Hole-transport materials

Two types of hole transport materials (HTMs) are used in this work. The first one is
a molecular HTM 2,2’,7,7’-tetrakis(N,N di-p-methoxyphenylamine)9,9’-spiro-bi-fluorene
(spiro-OMeTAD). Its chemical structure is shown in figure 4.5a. It has a spiro-center
(i.e. a tetrahedral carbon connects to phenyl moieties), which functions to prevent crys-
tallization of this organic materials. Crystallization of the HTM is disadvantageous for
solar cell performance as it would lead to a bad contact between the mesoporous tita-
nia surface and spiro-OMeTAD. Spiro-OMeTAD was successfully employed as amorphous
organic hole-transport materials to build first ssDSSCs since 1998 [102]. After optimiza-
tion, the device efficiency has reached 7.2 % in 2011 [74]. The unique properties, including
the amorphous nature, high solubility, ionization potential and relative easy infiltration
into the mesosporous TiO2 layers, make spiro-OMeTAD one of the best performing hole-
conductors for ssDSSCs up to now. However, it has a low charge carrier mobility (in the
order of 10−4 cm2 V−1 s−1) in its pristine form. To overcome this problem chemical p-
doping is a common technique to improve the electrical property of spiro-OMeTAD and,
thereby, enhancing device performance [74,103]. In this thesis tris(2-(1H-pyrazol-1-yl)-4-
tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK209) is employed
as a proper p-dopant to increase the conductivity of spiro-OMeTAD . The chemical struc-
ture of FK 209 is shown in figure 4.5b.

The second HTM is a conducting polymer poly(3-hexyl-thiophene) (P3HT). The chem-
ical structure of the polymer is depicted in figure 4.6. Its backbone consists of thiophene
rings with n-hexane side chains. The regular end-to-end arrangement of side groups al-
lows efficient π- π stacking of the conjugated backbones. Due to the alkyl chains, the
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Figure 4.5: The chemical structures of a) Spiro-OMeTAD and b) FK 209.

conducting polymer is soluble in organic solvents. P3HT is mostly used in polymer solar
cells. In this thesis its application as electron donor material in ssDSSCs or hybrid solar
cells have also been studied. Compared to spiro-OMeTAD, P3HT has a high hole mobility
of up to 0.1 cm2 V−1 s−1 and good solubility in various organic solvents [16]. The P3HT
used in this work is purchased from BASF in collaboration with Rieke Metals with a high
purity. The molecular weight is given as Mw = 53 kg mol−1 and regioregularity as 92 %.

Figure 4.6: The chemical structures of P3HT.

Imprinting Materials

For nano-imprinting of titania/PS-b-PEO composite films, a hard imprint master is re-
quired as very high pressure will be applied during nano-imprinting. Soft stamps are not
suitable due to the lack of mechanical stability when exposed to high pressures. The
pattern of the imprint master is a replica of a patterned silicon substrate. This method
reduces the usage of expensive silicon and, thereby, lowers the costs within this produc-
tion routine. The material used to duplicate the silicon pattern is called OrmoStamp®,
which is UV-curable. It is purchased from the company named micro resist technology
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GmbH, Germany. This material has many advantageous properties, such as mechani-
cal and thermal stability, excellent pattern replication and compatibility with lithogra-
phy equipment. To prevent the imprinted titania/PS-b-PEO composite films to stick
to the master, an anti-sticking layer is coated onto the master. In the present study,
1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS) is used as an anti-adhesive by low-
ering the surface energy.

4.2 Processing

For titania-based hybrid solar cells, the production procedure comprises several steps,
starting from a compact titania layer preparation, mesoporous titania film fabrication,
backfilling titania mesopores with HTMs, and metal-electrode evaporation. An overview
about all these different steps is given in this section.

4.2.1 Compact titania layer

A compact titania layer, acting as hole blocking layer for ssDSSCs, is introduced between
the fluorine-doped tin oxide (FTO) and the mesoporous TiO2 layer. The compact layer has
been proven to be an effective material to prevent recombination of charge carriers [104–
106]. It is much denser than the mesoporous TiO2 film, reducing the likeliness of short
circuits. The manufacturing process of this blocking layer is described in reference [106].
Within this process, 850 µL titanium (IV) n-butoxide is added to 2.625 mL ethanol under
vigorous stirring (a Teflon-covered magnetic bar rotates at 800 rpm). After addition of
the titania precursor, 210 µL diethanolamine is added. Afterwards, the mixture, denoted
as solution 1, is further stirred for 60 min. Separately, 45 µL deionized(DI) water is mixed
with 1.25 mL ethanol, denoted as solution 2. After 60 min stirring, solution 2 is added
drop-wise into solution 1 under 800 rpm stirring. The resulting solution is stirred further
for 24 h at room temperature. Next, the titania solution is spin-coated onto substrates at
2000 rpm for 30 s with an acceleration time of 5 s. After spin coating, the film undergoes
a high temperature calcination at 450 ◦C for 2 h with a heating ramp of 5 ◦C/min.

4.2.2 Synthesis of mesoporous titania film

The mesoporous titania films are obtained from diblock copolymer template assisted sol-
gel synthesis. There are two titania precursors for the sol-gel chemistry. One is TTIP,
which is applied to fabricate titania films at high temperature. The other is EGMT, a
titania precursor for achieving working photoanodes at low temperatures.
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Sol-gel synthesis with TTIP

The formation of the mesopores in titania films relies on the self-assembly of the template
polymer PS-b-PEO in a so-called good-poor solvent pair. However, the sol-gel-synthesized
titania films from the precursor TTIP normally suffer from a low crystallinity with a
low electron conductivity even after long-term calcination at 450 ◦C [19]. To overcome
the shortcomings pre-synthesized crystalline titania nanoparticles are introduced into the
framework of meosoporous titania films. The nanoparticles are synthesized by the group
of Prof. Dina Fattakhova-Rohlfing from Ludwig-Maximilians-Universität München. The
detailed synthsis procedure is described in reference [107, 108]. The enhancement of the
conductivity of nanoparticle incorporated titania films is shown in the literature [109].
There are two routes for producing mesoporous titania films in this work.

For the first route, the pre-weighed polymer PS-b-PEO is dissolved in 1,4-dioxane
(C4H8O2), which is achieved by being stirred with a magnetic bar for 30 min (800 rpm).
1,4-dioxane is a good solvent, i.e., non-selective solvent for both PS and PEO blocks.
Separately, TTIP is added to ethanol under 800 rpm stirring. 10 min later, a mixture
of acetic acid, DI water and ethanol is added in drop-wise with a pipette. 30 min later,
the preprepared polymer solution is added. Here, ethanol is a selectively poor solvent
for the PS block. As a result of the introduction of ethanol, polymer micelles with PS
cores and PEO coronas are formed, and the titania species are bound to PEO chains
through coordination bonds [110]. Finally, the solution is stirred at 800 rpm for 20
h. For the nanoparticle suspension, the pre-weighed nanoparticles are added into the
polymer solution and then stirred 20 h at 800 rpm until the nanoparticle are dispersed
homogeneously in the polymer solution. After 20 h, the prepared sol-gel solution is mixed
with the nanopartilce suspension under vigorous stirring. Afterwards, the whole solution
is ultrasonicated for 5 min to mix titania-sol and nanopartiles homogeneously in the
solution before being deposited onto substrates as described in section 4.2.3. After film
deposition, a high temperature sintering (section 4.2.2) is required to obtain the final
mesoporous titania films.

For the second route, a binary azeotrope of toluene and 1-butonal is used as good-
poor solvent pair, where toluene is the good solvent and 1-butonal is the poor solvent
for the polymer template PS-b-PEO. The azeotrope with an approximate composition of
72.2 wt% toluene and 27.8 wt% 1-butonal has a constant boiling point of 105.5 ◦C, which
allows simultaneous evaporation of the solvent pair during film deposition, i.e., the fraction
of good and poor solvent remains constant. Therefore the driving force of polymer self-
assembly is unchanged during solvent evaporation. Particularly, this is crucial for spray
deposition, which is a slow process of solvent removal as compared to spin coating. The
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self-assmbly of the polymer template may change during slow solvent evaporation if the
good-poor solvent pair is not an azeotrope. The polymer template PS-b-PEO is dissolved
in an azeotrope mixture of toluene and 1-butonal by stirring at 800 rpm for 30 min.
Afterwards, TTIP is added precisely via a pipette. After another 30 min stirring, HCl
(8 M) is added drop-wise under vigorous stirring. The resulting solution is aged for 20 h
at room temperature. The procedure for nanoparticle incorporation is unchanged, except
using toluene instead of 1,4-dioxane for the nanoparticle suspension. Mesoporous titania
films are synthesized by different deposition methods and subsequent high-temperature
process. A schematic overview of both routes is displayed in figure 4.7.

Figure 4.7: Schematic illustration of fabricating mesoporous titania films with incorporated
nanoparticles. It involves several steps: polymer template assisted sol-gel synthesis using the
titania precursor TTIP, film deposition and high-temperature calcination.

Sol-gel synthesis with EGMT

Mesoporous titania films obtained from sol-gel synthesis of EGMT can be directly used
as photoanodes for solar cells without high-temperature processing. The EGMT powder
is weighed in a pre-cleaned glass vial before adding the required amount of HCl (12 M),
and then the mixture is put into an ultrasonic bath for 10 min until the solution is clear.
Separately, the polymer template PS-b-PEO is dissolved in dimethylformamid (DMF)
by stirring (800 rpm) for at least 30 min. Afterwards, the polymer solution is carefully
transferred to the glass vial with the EGMT solution by a pipette. The final mixture is
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stirred at 90 ◦C for 30 min. A clear solution with the color of pale yellow is obtained, which
is then stirred for another 24 h after cooling down to room temperature The weight ratios
in the final solution are 20:1:1:2 of DMF:PS-b-PEO:EGMT:HCl. A schematic overview
of the hydrolytic sol–gel route at low temperature is shown in figure 4.8a. After 24 h
aging the solution is deposited onto substrates and UV irradiation is subsequently used
to remove the PS-b-PEO template. Furthermore, the obtained sol-gel solution can be
mixed with nanoparticle suspension under vigorous stirring, as illustrated in figure 4.8b.

Figure 4.8: Schematic overview of the sol-gel chemistry using EGMT as titania precursor.

Annealing and calcination

After film deposition, annealing of the resulting TiO2/PS-b-PEO composite films is per-
formed at a temperature above the Tg of PS. On one hand, the annealing step improves
the self-assembly of the polymer template. On the other hand, it completely removes
residual solvent. The composite film is more stable under ambient conditions without the
existence of solvents, which is beneficial for further film characterization.

The annealed composite films made from TTIP require high-temperature calcination to
burn away the diblock copolymer template and to transform titania from its amorphous
phase to the crystalline anatase phase. After calcination crystalline mesoporous titania
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films are achieved, which are desirable for photovoltaic applications [10,111–114]. In this
work, the calcination is performed in a tube furnace (GERO or Hereaus instruments)
under ambient conditions. A calcination protocol of heating ramp, calcination tempera-
ture, calcination time can be set according to different requirements. If not specifically
metioned, a standard calcination scheme in the present thesis consits of a heating ramp
of 5 ◦C/min and a calcination temperature of 500 ◦C for 2 h.

4.2.3 Deposition methods

The titania/PS-b-PEO composite films are deposited from the corresponding solutions
usually onto solid substrates for film characterization. Common substrates are silicon
wafers (Si-Mat, (100)-orientation, 100 mm in diameter) and soda-lime glass sheets (Carl
Roth GmbH, 26 × 76 mm2). In order to meet various experimental requirements, the
silicon or glass substrates are cut into smaller pieces using a diamond cutter. The cut
substrates are then cleaned in a sulfuric acid bath as described below. Several deposition
techniques are applied to prepare films onto the substrates, such as spin coating, spray
coating and solution casting. In the present thesis, the titania/PS-b-PEO composite films
are deposited via either spin coating or spray coating. The HTM layer is mainly produced
with spin coating, in some special occasions, it is prepared by solution casting.

Substrate cleaning

To ensure that the deposited films are not contaminated by surface impurities on the
substrate, silicon and glass sheets are cleaned in an acid bath before using them as sub-
strates. Moreover, the cleaning process can keep a defined state of the substrate surface,
which is essential to ensure reproducibility. The acid bath is prepared according to the
procedure established in reference [115]. DI water (H2O), hydrogen peroxide (H2O2) and
sulfuric acid (H2SO4, 98 %) are mixed in sequence in a glass beaker residing in a water
bath at room temperature. The amounts of each component are give in table 4.2. After
mixing, the water bath is heated to 80 ◦C gradually. Separately, the substrates are loaded
into a teflon holder and rinsed with DI water to remove dust particles from the substrate
surface. Once the temperature reaches 80 ◦C, the teflon holder is immersed into the acid
bath, and kept for 15 min. Thereafter, it is taken out and transferred to a beaker with
pure DI water. Each substrate is rinsed with DI water to remove acidic traces before
being dried under nitrogen flow. After drying, the substrates are stored in a clean sample
box for further use.
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component amount
H2O 54 mL
H2O2 84 mL
H2SO4 198 mL

Table 4.2: Volumetric composition details of the acid bath used for substrate cleaning.

Spin coating

Spin coating is a procedure to obtain uniform thin films on flat substrates. The process
of spin coating can be classified into four steps. (1) The coating material, containing the
molecules dissolved in a solvent, is applied onto a substrate. (2) The substrate is rotated
at high angular speed and consequently the majority of the coating material is flung off
the substrate. The high-speed spinning is necessary for the formation of homogeneous
films. The centrifugal force caused by spinning spreads the liquid evenly on top of the
substrate. Larger centrifugal force usually lead to better film homogeneity. (3) Airflow
caused by the rotation makes the majority of the solvent evaporate rapidly. (4) After
solvent evaporation, a homogeneous plasticized film is achieved on the substrate. For
spin coating, higher angular speed leads to thinner final films. Furthermore, film thickness
also depends on the solvent, the viscosity and concentration of the solution. In case of
films derived from pure polymer solutions, the film thickness d can be estimated using an
empirical formula.

d = Cω− 1
2 c0M

1
4
W (4.1)

where C is an empirical constant, ω is the angular speed, c0 is the solution concentration
and MW is the molecular weight of the polymer. The solution concentrations need to be
in a range, where the thickness is linearly correlated to the solution concentration [116].

For samples deposited by spin coating a Delta 6 RC TT (Süss MicroTec Lithography
GmbH) spin coater is applied. The parameters of spin coating including acceleration
speed, angular speed of rotation and rotation time are first set. The pre-cleaned substrate
is placed on the rotation table of the spin-coater and is then held via an applied vacuum.
It is important to note that the center of the substrate has to be aligned to the rotation
axis. A certain amount of solution is dripped on the substrate by a pipette. After the
rotation stops, the sample is dismounted from the spin-coater and its back side is wiped
with a clean tissue to remove residual solution.
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Spray deposition

Spray coating is a process in which the substrate collects dynamic droplets dispersed in
a gas. The process of generating these small droplets is known as atomization, which is
achieved by pushing out the liquid from a spray nozzle with the aid of a compressed carrier
gas [117]. The shape of the spray pattern on the substrates, like solid stream, hollow cone
and full cone, strongly depends on the spray nozzles. By selecting the right type of nozzle,
a large variety of patterns can be achieved. In this work, a full cone nozzle is chosen for
spray deposition, which gives a round shaped area on the substrates with complete spray
coverage. Before being sprayed out of the nozzle, a part of the liquid is usually swirled
within nozzle and the other part is non-spinning liquid that bypasses an internal vane.
When the liquid runs out through the exit point of the nozzle (usually denoted as orifice),
the full conical pattern is achieved. By changing the vane design and/or the distance
between the vane location and the orifice, the spray angle and liquid distribution of the
spray cone can be tuned appropriately. Full spray cone finds itself most widely used in
industry.

The process of spray coating with a full cone is schematically illustrated in figure 4.9.
The whole liquid breakup is divided into three flow regimes based on the volume frac-
tion during liquid atomization as described below, which has been reported by Jenny et
al. [118].

Figure 4.9: Schematic illustration of liquid atomization with three flow regimes.

• regime I: This regime is named as dense regime. In this region the collision and
coalescence of droplets occur frequently, which is the main characteristic of the dispersed
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phase dynamics. Due to the abundant existence of droplets, they easily collide with their
neighbors and merge together. The dispersed phase volume ration is above 10−3.

• regime II: This regime is denoted as dilute regime. In this regime the continuous
phase turbulence is dispersed significantly, which dominates the dispersed phase dynamics.
The collision and coalescence of droplets can be neglected since the single droplet is far
away from its neighbors. The dispersed phase volume ration is in the range of 10−3 to
10−6.

• regime III: This regime is referred as very dilute regime. Here, the continuous
phase turbulence scarcely exists. Small and isolated droplets are presented instead. The
dispersed phase volume ration is less than 10−6.

During spray coating the solvent evaporation from the droplets has to be considered as
an important factor for the determination of the spray parameters. For example, if solvent
evaporates completely during the droplet transport period, the substrate collects a layer
of powders rather than a film layer. A very small amount of solvent makes the droplets
stick to the substrate and enable tthem to fuse with pre-arrived droplets. The pressure
of the carrier gas and nozzle-to-substrate distance are the key parameters to control the
solvent evaporation of the droplets. In the present thesis, the spray device is mounted
on a spray set up which allows to regulate the pressure of the carrier gas and nozzle-
to-substrate distance. The spray nozzle is orientated perpendicular to the substrate and
the nozzle-to-substrate distance is set to 16 cm. The pressure of the carrier gas is kept
constant at 2 bar during the whole spray coating process. Under this gas pressure, the
flow rate of the coating solution is adjusted to be 25-30 µL s−1. The substrate is kept
at 80 ◦C during the whole process. Two spray protocols are applied in this work: one
is using 10 s spray shots and 10 s pause between subsequent shots instead of continuous
spray deposition. The other protocol uses that 1 s spray shots and 1 s pauses. A thicker
film can be achieved via spraying more solution.

Solution casting

Usually thick films can be obtained by solution casting. The film thickness can be tuned
by the solution concentration and the amount of solution dripped on the substrate. Com-
pared to spin coating and spray coating, solution casting is very cost-effective as no
material is lost during the deposition process. However, it lacks homogeneity. Due to
Marangoni flow inside a droplet during the solvent evaporation [119], coffee-rings tend to
be produced at the solution edge, which destroys the film homogeneity. For the present
experiments, solution casting is used to deposit spiro-OMeTAD layers. The substrate is
placed onto a flat metal plate before a defined amount of the coating solution is dripped
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on the substrates. It is important to note, the substrate needs to be fully covered. It
takes much more time for total solvent evaporation as compared to spin coating and spray
coating. After solvent evaporation, a spiro-OMeTAD layer is formed, which can be used
directly as a HTM layer in ssDSSCs.

4.2.4 Solar cell assembly

Two types of titania-based solar cells are produced within the scope of the present work,
ssDSSCs and hybrid solar cells. The difference is that no dye is involved in the architecture
of hybrid solar cells whereas ssDSSCs need a dye. The production steps of both solar cells
are demonstrated in figure 4.10. The individual steps are discussed in more detail below.

Figure 4.10: Schematic illustration of the fabrication of ssDSSCs and hybrid solar cells.
Both cells start with a FTO-coated glass substrate. a) FTO sheets are etched to obtain a
desirable pattern. b) The patterned FTO sheets are cleaned with organic solvent. c) The
compact titania layer is deposited as electron blocking layer. d) The mesoporous titania films
are produced. e) Dye molecules anchor to the nanostructured titania. For hybrid solar cells,
this step is not present. f) The HTMs are coated on top of the (dyed) titania films. g) The
gold back contact is deposited on top to finalize the solar cells.
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Substrate preparation

The production of solar cells starts with the preparation of the bottom electrode. A trans-
parent conductive oxide, namely fluorine-doped tin oxide (FTO), is used as the bottom
electrode. The FTO sheets are purchased from Solaronix with a size of 10 × 10 cm2,
a thickness of 1.0 mm and a resistance of about 15 Ω �−1. First, the FTO substrate are
cut into pieces of 2.1 × 2.1 cm2. To avoid short circuits in the device, a small stripe of
FTO is etched away as shown in figure 4.10b. Therefore, one part is covered with a scotch
tape. Then, zinc powder is placed on the the tape-free area. Afterwards, HCl (12 M)
is dripped on the zinc powder, the uncovered FTO is etched away. After etching, the
substrates are rinsed with DI water to remove leftovers of zinc powder and HCl before
tearing off the protective tape. Afterwards, the patterned FTO sheets are cleaned with
four organic solvents in sequence in a ultrasonic bath for 10 min. The used solvents are:
Alconox® detergent solution (16 mg mL−1), ethanol (99.8 %), acetone (99.9 %) and 2-
propanol (99.8 %). The cleaned substrates are subsequently treated with oxygen plasma
for 10 min to remove organic residues.

Hole blocking layer

A compact titania film is used as hole blocking layer. The detailed sol-gel synthesis is
described in section 4.2.1. The deposited method, spin coating, is explained in detail in
section 4.2.3. It is important to note that a narrow stripe of FTO is protected by a piece
of tape, making sure this area is not coated the compact titania layer. After spin coating,
the tape is removed and the compact film is calcined for 1 h at 450 ◦C with a heating
ramp of 5 ◦C/min. The final architecture is shown in figure 4.10c.

TiCl4 treatment

The compact titania layer is treated with a TiCl4 bath to improve the adhesion to meso-
porous titania layer above [120]. First, the compact titania coated FTO sheets are rinsed
with DI water before placed into a beaker with 50 mL DI water inside. Here, make sure
all the substrates are immersed in DI water. Afterwards, 1 mL of the TiCl4 solution (2
M) is added drop-wise. The beaker is then moved into a water bath, which is heated
up to 70 ◦C gradually. After the water bath reaches 70 ◦C, the samples are kept at this
temperature for 30 min. The substrates are subsequently taken out from the TiCl4 bath
and rinsed with DI water and ethanol in sequence before drying with nitrogen. Finally,
the samples are calcined at 500 ◦C for 30 min with a heating ramp of 600 ◦C/h.
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Mesoporous titania films

Mesoporous titania films obtained from TTIP and from EMGT are used as photoanodes
for ssDSSCs and hybrid solar cells, respectively. The sol-gel synthesis is described in
details in section 4.2.2. The titania sol-gel solution is deposited onto the compact titania
coated FTO substrates by spin coating or spray coating. Coating methods are explained
in section 4.2.3. After film deposition, the titania/PS-b-PEO composite films derived
from TTIP undergo high temperature calcination to burn away the polymer template,
while for EGMT the polymer template is removed by UV irradiation to obtain porous
titania films (figure 4.10d). For ssDSSCs, the porous titania structures are again treated
with a TiCl4 bath.

Dye loading

Dye loading is only used for ssDSSCs. After the second TiCl4 treatment, the mesoporous
titania films are taken out from the furnace at 80 ◦C before again being treated with
oxygen plasma for 30 min. Afterwards, the samples are directly soaked into a D149 or
D205 dye solution and kept inside for 20 h. The dyed samples are then taken out from the
dye solution and rinsed with acetonitrile to remove superfluous dyes which do not anchor
to the titania surface. In the end, the samples are dried with nitrogen (figure 4.10e).

HTM backfilling

For ssDSSCs, the dyed titania films are backfilled with P3HT or spiro-OMeTAD to achieve
the active layer (figure 4.10f). The P3HT layer is produced via spin coating, while the
spiro-OMeTAD layer is prepared via solution casting.

For hybrid solar cells no dyes are employed for the device fabrication. The achieved
mesoporous titania films are pre-soaked in the host solvent of the P3HT solution for
45 min before backfilled with P3HT by spin coating. To obtain more efficient titania
photoanodes, artificial superstructures are introduced onto mesoporous titania films. The
detailed process of master production is described in section 4.2.5. The features of the
superstructured mesoporous titania films and the corresponding hybrid solar cells are
shown in chapter 8.
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Gold electrode

A gold electrode is used as the counter electrode for both ssDSSCs and hybrid solar
cells. Producing the gold contact is the last step in the solar cell fabrication process, as
shown in figure 4.10g. In this work, the gold contact is deposited via thermal evaporation.
The samples are placed upside down on into a shadow mask. During evaporation, the
gold contact, in form of a pixel, can only be deposited onto the samples through these
openings. The evaporation chamber is evacuated to a pressure of less than 3 × 10−5 mbar
before about 180 mg of gold is thermally evaporated for 3 min. After the gold electrode
is deposited successfully, the performance of solar cells is ready to be tested. The active
area of one pixel is defined as the region where the gold contact overlaps with the FTO.
During solar cell test, no shadow masks are applied. The accurate area is evaluated from
its optical image via the software ImageJ v1.42q.

4.2.5 Imprint master fabrication

Figure 4.11: Schematic illustration of fabricating the master with a negative replica of the
silicon relief.

Figure 4.11 schematically illustrates the process steps for the fabrication of the master
with a duplicate relief of the silicon template. The UV-curable material (OrmoStamp®)
is put on the patterned silicon. Then, a thin glass slide (0.1 mm) is brought to contact
with the silicon (figure 4.11a). Thus, the OrmoStamp® material is forged into the relief
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structure of the silicon and, finally, sandwiched between the thin glass slide and the silicon
substrate as shown in figure 4.11b. After UV exposure, the cured OrmoStamp® can be
released from the silicon substrate. A negative replica of the silicon relief is transferred
to the imprint master as shown in figure 4.11c. After de-molding, the patterned master is
coated with a thin layer of anti-sticking agent to finalize the ready-to-use imprint stamp
(figure 4.11d).





5 Spray deposition of titania films with
incorporated crystalline nanoparticles

Parts of this chapter have been published in the article: Spray deposition
of titania films with incorporated crystalline nanoparticles for all-solid-state
dye-sensitized solar cells using P3HT [109] (L. Song et al., Adv. Funct. Mater.,
26, 1498–1506, 2016, DOI: 10.1002/adfm.201504498).

Over last decades, organic solar cells, especially in the bulk heterojunction (BHJ) con-
figuration, have been the focus of an increasing research interest due to their unique
properties, like low costs, light weight, mechanical flexibility, low environmental impact,
abundant availability and short time for the energy pay-back [121–127]. Nevertheless,
the short lifetimes of organic solar cells, which are caused by negative impact of oxygen,
moisture or morphology changes, mainly impede commercial implementation [80,128,129].
Therefore, hybrid solar cells are put forward as a stable alternative. The hybrid devices
combine the advantages from organic and inorganic components, such as low fabrica-
tion costs, good physical and chemical stability and controllable morphology [130–134].
Currently, the most common hybrid device configuration consists of n-type inorganic
nanocrystals and p-type organic materials. Solid-state dye-sensitized solar cell (ssDSSC)
is a common hybrid construct, which typically consists of mesoporous titania films as the
electron-transport material and p-type conjugated polymers or small organic molecules
as the hole-transport material. To date, significant progress has been made on the de-
velopment of ssDSSCs. The first prototype of ssDSSC was proposed in 1998 by Bach et
al., who used mesoporous TiO2 as a photoanode and spiro-OMeTAD as a hole conductor.
The power conversion efficiency (PCE) was only 0.74 %. After nearly two decades of
development by technology optimization, the PCEs have been pushed beyond the mile-
stone of 7 % by combining the mesoporous titania films, the metal-free dyes and the
spiro-MeOTAD layers [74,103]. Recently, by using organometallic halide perovskite sensi-
tizer, efficiencies over 12 % have been attained [135–137]. However, this progress has been
made based on the development of more advanced sensitizers or hole-transport materials.

73
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In this work, we are focusing on mesoporous titania films, in order to investigate whether
the tailoring of titania nanostructures further influences the final device performance of
ssDSSCs.

The morphology of TiO2 films can be easily modeled. A large number of TiO2 struc-
tures in thin films have been reported, such as nanorods [138], flakes [139], nanowires [140],
nanogranulas [141], sponges [142] or others. Moreover, there have been many different
preparation routes in producing titania thin films [95, 143–145]. A promising approach
that, combines sol-gel chemistry and diblock copolymer templates has been extensively
used to synthesize titania nanostructures. The copolymer typically consists of a hy-
drophilic and a hydrophobic block. During the sol-gel process, titania species selectively
incorporate into the hydrophilic block of the dibolck copolymer due to the formation of co-
valent bonds. Normally, the solvent system for sol-gel process consists of at least one good
solvent and one poor solvent. Both blocks can be dissolved in good solvent, whereas the
poor solvent can only dissolve the hydrophilic block. Therefore, the good-poor solvent pair
drives the hydrophobic blocks forming micelles in the solution to minimize the system en-
ergy. The self-organizing nature of copolymers is the basis of obtaining meosporous titania
films. Moreover, sol-gel chemistry enables reactants to be mixed uniformly at molecular
level, which provides the possibility for modifying titania nanostructures at nanometer
length scale or even at molecular scale.

Many deposition techniques have been developed to deposit titania films from the pre-
pared sol-gel solution, such as spin coating, spray coating, solution casting, doctor blading
or dip coating. Spray coating, compared to others, is facile and potentially cheap method.
It does not require complicated experimental apparatus and it can be operated easily. For
titania films, spray coating allows the deposition directly from the prepared sol-gel so-
lution, no post treatment of the solution is needed. Moreover, it can be adapted for
large-scale industrial applications.

In this work, sol-gel synthesis in combination with the diblock copolymer poly(styrene-
block-ethylene oxide) (PS-b-PEO), named as copolymer assisted sol-gel synthesis, is em-
ployed to produce titania films. To obtain more efficient titania photoanodes, presynthe-
sized crystalline nanoparticles with a titania size of ≈4.5 nm are incorporated into titania
network. The TiO2/PS-b-PEO composite films are deposited from the prepared titania
sol-gel solution via spray coating. After film deposition, the composite samples undergoes
a high-temperature calcination to achieve mesoporous titania films, which serve as elec-
tron acceptor in the final ssDSSCs. In this work, the influence of presynthesized crystalline
titania nanoparticles on the properties of titania films is the focus of interest. Four films
with different concentrations of presynthesized crystalline nanoparticles are prepared. The
TiO2 derived from sol-gel process and from nanoparticles is at weight ratios of 1:0, 3:1,



5.1. Titania nanostructures modified with crystalline nanoparticles 75

1:1 and 1:3. These four films are denoted as 0 wt% NPs, 25 wt% NPs, 50 wt% NPs,
and 75 wt% NPs, respectively. After high-temperature processing, the results of these
four titania films are descibed and compared in the first part of this chapter (section 5.1).
The surface morphology of the obtained films is studied in section 5.1.1. Section 5.1.2
presents the investigations on film inner morphology. This is followed by the study of film
crystallinity and conductivity in section 5.1.3. The device performance of the solar cells
with and without electron blocking layer are investigated in section 5.2.1. The obtained
results are compared in section 5.2.2.

5.1 Titania nanostructures modified with crystalline
nanoparticles

The titania nanostructures studied in this chapter are prepared by the first route of sol-gel
synthesis with TTIP described in section 4.2.2. The used amounts of reactants are listed
in table 5.1.

sol-gel process
agent PS-b-PEO 1,4-dioxane ethonal TTIP acetic acid DI H2O
amount 150 mg 8 mL 3 mL 1 mL 219 µL 122 µL

Table 5.1: The composition details of sol-gel synthesis.

For the sol-gel process, the amounts of each chemical are give in table 5.1. After 20 h
aging, the sol-gel solution is mixed with nanoparticle solution. The films with different
nanoparticle concentration require different amounts of sol-gel and nanoparticle solutions.
For example, 515 µL, 1.03 mL and 1.545 mL preprepared TiO2 sol-gel solutions are mixed
with nanoparticle solution to obtain a 25 wt% NPs, 50 wt% NPs and 75 wt% NPs solu-
tions, respectively. The used amounts of the nanoparticle solution are listed in table 5.2.

nanoparticle solution
sample name PS-b-PEO 1,4-dioxane nanoparticles
25 wt% NPs 38.75 mg 3.985 mL 75 mg
50 wt% NPs 32.5 mg 3.47 mL 50 mg
75 wt% NPs 26.25 mg 2.955 mL 25 mg

Table 5.2: The composition details of titania solution with 50 wt.% of titania nanoparticles.
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The 0 wt% NPs, 25 wt% NPs and 75 wt% NPs solutions are prepared under the same
procedure as the 50 wt% NPs solution, except for the different amounts of TiO2 sol–gel
solution and nanoparticle solution that are mixed. It is noteworthy that the nanopartilces
consist of titania covered with organic ligands rather than pure titania. The titania core
has a size of about 4.5 nm and accounts for 45 wt% of the whole nanoparticle. The titania
is mostly in anatase crystalline phase, which is verified by high resolution transmission
electron microscopy (HR-TEM) and XRD measurements. The TEM image XRD and
pattern are displayed in figure 5.1.

Figure 5.1: a)HR-TEM image and b)XRD pattern of the presythesized nanoparticles.The
red lines in a) refer to the interlayer distance of titania crystal.

The sample exhibits a well-resolved interlayer distance of 0.358 nm, which matches
well with the lattice spacing of the anatase (101) planes (0.352 nm). The anatase crys-
talline phase of nanoparticles is further confirmed by the XRD pattern, whose peak posi-
tions match the anatse reference data from the International Center for Diffraction Data
(ICDD). The resulting titania solutions are then spray-coated onto substrates as described
in section 4.2.3. After film deposition, a high temperature calcination step is carried out
in order to burn away the polymer template and to transform amorphous titania into
anatase crystalline phase as described in section 4.2.2. The thickness of mesoporous ti-
tania films has a significant impact on the performance of ssDSSCs. The optimal titania
thickness for the solar cells with P3HT as hole-transport layer is in the range of 1.5 µm to
2.0 µm as reported by Lancelle-Beltran et al. [77]. By adjusting the amount of solution
for spray coating, the thickness of mesoporous titania layer (after calcination) is well con-
trolled, at about 1.8 µm. The film thickness is measured with DektakXT Stylus Profiler
as described in section 3.1.1.
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5.1.1 Surface morphology

The surface morphology of these four titania films is probed with scanning electron mi-
croscopy (SEM), which is a real-space imaging technique for mapping the surface of the
investigated samples on a local scale. Plan-view SEM images of the four titania films are
displayed in figure 5.2. The mesoporous nature of the sponge-like morphology exists in all
samples, suggesting that the interconnected titania nanostructures at the nanoscale can
be achieved by spray coating, like by spin coating. The film without nanoparticles has
the smallest pores with a average diameter of about 10 nm. Isolated mesopores locate
irregularly over the sample surface, and no defects are observed. The 0 wt% NPs film is
highly homogeneous.

In figure 5.2b to 5.2d, the top view of the samples with nanoparticles is shown. The
surface morphologies of the three samples are different from that of the 0 wt% NPs film.
With incorporating nanoparticles, the surface gets roughen and less homogeneous. Unlike
isolated pores and planar layout (figure 5.2a), interconnected pore arrays and three di-
mensional mesostructural arrangements arise with incorporating nanoparticles. Moreover,
there are striking differences in topography for the samples with different nanoparticle
concentration.

Figure 5.2: Plan-view SEM images of spray-deposited titania films after high-temperature
calcination.a) 0 wt% NPs, b) 25 wt% NPs, c) 50 wt% NPs and d) 75 wt% NPs.

The 25 wt% NPs and 50 wt% NPs films present larger pores with an average size of
around 20 nm as compared to the 0 wt% NPs sample. The large-sized pores and in-
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terconnected networks are more beneficial for the infiltration with organic hole-transport
materials (HTMs) and for the formation of percolation paths in the backfilled HTMs [146].
Less homogeneous films are achieved with increasing amount of nanopartilces up to weight
ratio of 75 %. As seen in figure 5.2d, the pore sizes are not uniform. Some areas have large
mesopores whereas some areas present small pores. The whole film differs in density. This
film heterogeneity is caused by the large amount of presynthesized crystalline nanopar-
tilces being added to the titania sol-gel solution. For the 25 wt% NPs and 50 wt% NPs
films, the presynthesized crystalline nanopartilces are hosted by the titania sol during
the sol-gel process. After film deposition and high-temperature calcination, the homoge-
neous mixture of titania sol and naoparticles are transformed into interconnected titania
nanostructures [107]. While the amount of nanoparticles is much more than that of tita-
nia sol in the 75 wt% NPs sample. The dominant presence of presynthesized crystalline
nanoparticles results in a fact that titania-sol-induced templated network can not host
all the nanoparticles. Thus, a portion of the nanoparticles aggregate in order to lower
their surface energy. The presence of nanoparticle clusters dominate the change of film
morphology as compared to the 25 wt% NPs and 50 wt% NPs films. The evidence of the
formation of large clusters is given by a lower magnification SEM image for the top view
of the 75 wt% NPs sample. Figure 5.3 shows the existence of large clusters, which are
indicated by red circles. Moreover, the nanoparticle clusters appear in different sizes in
the 75 wt% NPs film.

Figure 5.3: Plan-view SEM image of the 75 wt% NPs sample taken at a lower magnifica-
tion.The red circles indicate the existence of large clusters in the film.

5.1.2 Inner morphology

With respect to structure characterization, SEM measurements can only access infor-
mation about surface morphology of a small observable area [147, 148]. In fact, the
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film inner morphology is of more interest for studying the photovoltaic performance of
the final DSSCs, since the efficiency of charge carrier generation strongly depends on
the TiO2/dye/HTMs interface, and the efficiency of charge carrier transport is greatly
influenced by titania and HTM interconnected network [149–151]. Dye molecules, the
birthplace of charge carriers, are adsorbed on the titania surface and then the separated
electrons and holes need to travel along the corresponding n- and p-type material phases
to the respective electrodes [152–154]. As the surface only has a limited fraction, the film
inner structures dominate the device performance. Therefore, information about inner
morphology is necessary and highly demanded.

GISAXS measurements

To obtain information about the morphology inside the films, grazing-incidence small-
angle X-ray scattering (GISAXS) measurements are performed at the P03/MiNaXS beam-
line of the PETRA III storage ring at DESY, as described in section 3.1.6. This advanced
scattering technique is very suitable for film characterization [86, 88, 155]. It is able to
parametrize the film buried and inner structures without destroying the probed samples.
Moreover, the grazing-incidence mode gives a large x-ray footprint on samples, which
allows tracking the film inner domains at the nano- and meso-scales with a high statisti-
cal relevance [156, 157]. 2D GISAXS data are obtained for these four titania films after
calcination and are shown in figure 5.4.

The specular beam is shielded by a circular beamstop for each sample to protect the
detector from oversaturation, as shown in figure 5.4. Since the directly reflected x-ray
beam does not carry any structural information, shielding it enables to increase the mea-
suring time for higher intensity of diffuse scattering. The intensity maximum observable
in the GISAXS data is the Yoneda peak [158], which is located at the critical angle of
titania (after calcination only titania remains on substrates). Conspicuous side scattering
is observed in the region ranging from low qy to high qy, which indicates the existence of
titania nanostructures in the probed samples. In order to obtain quantitative information
regarding the titania domain size and arrangement, horizontal line cuts at the Yoneda
peak position are performed along the qy direction as shown by the red arrow in the
figure 5.4a. For better statistics, the line cut integrates 5 pixels which are centered at the
Yoneda peak. The horizontal line cut for each film is plotted in figure 5.5a.

To extract structural information, the data obtained from horizontal line cuts are fit-
ted in the framework of the effective interface approximation of the distorted wave Born
approximation (DWBA) using the local monodisperse approximation (LMA) [86,88,159–
163]. Within this model, form factors with cylindrical geometry distributed over a 1D
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Figure 5.4: 2D GISAXS data of spray-coated titania films with different concentration of
nanoparticles after high-temperature process.a) 0 wt% NPs, b) 25 wt% NPs, c) 50 wt% NPs,
and d) 75 wt% NPs. The scattering intensity scale is shown at the right of the images. The
circular black area is the beamstop. The horizontal and vertical black stripes at positions of
qz ≈ 1.2 nm−1 and qz ≈ 0.2 nm−1 are the inter-module gaps of the detector. The red arrow
indicates the position of the horizontal line cut.

paracrystalline lattice are used for fitting. The form factors correspond to the scattering
objects with a certain size, whereas the center-to-center distance of the scattering objects
is obtained from the structure factor. Both form and structure factors are assumed to
be Gaussian size distributions. From data modeling, the radii of titania nanostructures
(form factors) and the center-to-center distances are extracted and plotted as a func-
tion of nanoparticle concentration in figure 5.5b and 5.5c. The data obtained from the
0 wt% NPs, 25 wt% NPs and 50 wt% NPs films are fitted with two characteristic form and
structure factors, whereas the fit for the 75 wt% NPs sample requires three characteristic
length scales. A fit with only 2 objects was not successful. By comparing small-sized
structures, it is found that the size decreases upon the incorporation of nanoparticles,
whereas the center-to-center distance increases slightly with the amounts of nanoparti-
cles. As a consequence, the pore size of the titania films is related to the nanoparticle
content. The pore size can be calculated using the following equation [164]:

pore size = center−to−center distance − 2 × structure radius (5.1)

The titania nanostructures in the 0 wt% NPs films have a radius of (3.1 ± 0.1) nm
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Figure 5.5: a) Horizontal line cuts of the 2D GISAXS data obtained from the calcined titania
films. Black, red, green and blue curves represent cuts from 0 wt% NPs, 25 wt% NPs,
50 wt% NPs and 75 wt% NPs, respectively. The gray lines represent the fits. All cuts
and fits are shifted along the intensity axis for clarity of the presentation. Quantitative
information about b) structure radii and c) center-to-center distance are extracted and plotted
as a function of nanoparticle concentration. Magenta hollow triangles represent small-sized
titania structure and Violet hollow squares represent large-sized structure. Orange hollow
circles indicate the nanoparticle aggregation in the 75 wt% NPs.

and a center-to-center distance of (15.0 ± 3.0) nm, yielding a pore size of (8.8 ± 3.0) nm.
For the sample with nanoparticles, the smaller structure radii and larger center-to-center
distances give rise to larger pores. The mesopore sizes are of (15.0 ± 6.0) nm, (18.8 ±
4.0) nm and (15.6 ± 3.0) nm in the 25 wt% NPs, 50 wt% NPs and 75 wt% NPs samples,
respectively. The large-sized structures in the 0 wt% NPs, 25 wt% NPs and 50 wt% NPs
samples and middle-sized structure in the 75 wt% NPs film have the same radii of (4.7
± 0.1) nm, irrespective of nanoparticle addition, whereas the center-to-center distances
have similar trend as the distances between small-sized structures. Via equation 5.1,
the pore size between large-sized structures can be calculated as well. The average pore
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size is (16.0 ± 2.0) nm in the 0 wt% NPs film, and it increases to approximately 20
nm upon nanopartilces being added in the preparation, but it decreases to (16.0 ± 3.0)
nm with further increasing nanoparticle content to the weight ratio of 75 %. The third
form factor in the 75 wt% NPs sample originates from nanoparticle aggregates, which
are observed in SEM measurements as well. When the nanoparticle concentration in
the film exceeds a certain threshold, a part of them tend to agglomerate rather than
homogeneously distributing in the sol-gel-synthesized titania network. The large cluster
has a structure size of (100 ± 16) nm and an average pore size of (130 ± 40) nm. Through
the comparison of scattering intensities from different form factors, the volume ratio of
each form factor an be computed as described in section 2.4.3. Through calculation, the
large clusters are rare in the 75 wt% NPs film with a volume fraction of only 4.3 %.

In general, the inner morphologies in all films (from GISAXS measurements) are quite
in agreement with the surface morphologies obtained from SEM measuremnets. During
high-temperature calcination, the removal of template polymer leads to a certain collapse
of titania nanostructures [165–169], whereas the presynthesized crystalline nanoparticles
hinder a titania nanostructure collapse [170]. As a consequence, we find larger pore
sizes in the 25 wt% NPs and 50 wt% NPs samples compared to the 0 wt% NPs film.
However, the ligands outside of titania nanoparticles are removed by calcination step
as well, which will also cause the collapse of the titania nanostructures, and this effect
presumably exceeds the stabilization effect of nanoparticles in the the 25 wt% NPs sample.
This is attributed to be the reason that the pore sizes decrease with further increasing
nanoparticle concentration up to 75 wt%.

N2 adsorption–desorption isotherms

The presence of mesopores in these four samples is confirmed by nitrogen adsorption-
desorption isotherms as shown in figure 5.6. The measurements of nitrogen adsorption-
desorption isotherms are performed on a Quantachrome Autosorb-1 instrument as de-
scribed in section 3.1.4.

The N2 adsorption-desorptionn isotherms for four samples can be identified as the
adsorption and desorption branch of a type IV curve, according to IUPAC classifica-
tion [171]. Type IV is a sign of the existence of mesopores in the probed samples [171].
In this type, a monolayer of adsorbed nitrogen is pervading upon surface of titania nanos-
tructures at low relative pressure, while at high relative pressure formation of multilayer
starts. When the pressure continues increasing to a point that matches Kelvin-type rules
in mesopores, nitrogen condensation takes place, which gives a sharp increase of adsorp-
tion volume as shown in figure 5.6. Moreover, hysteresis between the adsorption and
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Figure 5.6: Nitrogen adsorption-desorption isotherms measured at 77 K of mesoporous ti-
tania films after calcination. a) 0 wt% NPs, b) 25 wt% NPs, c) 50 wt% NPs, and d)
75 wt% NPs. Green solid circles indicate nitrogen absorption and red hollow circle represent
nitrogen desorption.

desorption curves is observed in all samples, which also reveals the presence of mesopores.
After N2 reaches saturation, desorption, which the opposite of the adsorption, usually
takes place. As nitrogen evaporation from mesopores typically occurs at a lower pressure
than for capillary condensation, a hysteresis is seen. The hysteresis in figure 5.6 can be
categorized as type H1 loop, indicating the pores have uniform size and shape [171–173].
All samples exhibit pore size distribution with two peaks as shown in figure 5.7. The
extracted pore sizes are in good agreement with the value obtained from GISAXS mea-
surements. The trend that pore size increases with addition of nanoparticle and then
decreases with further increasing nanoparticle concentration has been confirmed again.
The detailed textural parameters derived from nitrogen adsorption–desorption isotherms
are summarized in table 5.3.

Amongst all films measured, the 0 wt% NPs film has the lowest Brunauer–Emmett–Teller
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sample name BET surface area pore volume pore size
(m2 g−1) (cm3 g−1) (nm)

0 wt% NPs 80.1 0.28 8.8, 16.1
25 wt% NPs 193.1 0.72 17.1, 20.0
50 wt% NPs 225.2 0.80 17.9, 20.0
75 wt% NPss 145.3 0.46 15.0, 16.7

Table 5.3: Textural parameters of these four mesoporous samples extracted from nitrogen
adsorption–desorption isotherms. Figure 5.7 shows that each film has two dominant pore
sizes.

(BET) surface area of 80.1 m2 g−1 and and pore volume of 0.28 cm3 g−1. Both param-
eters increase significantly with introduction of nanoparticles into titania films. The
50 wt% NPs film possesses highest BET surface area (225.2 m2 g−1) and pore volume
(0.80 cm3 g−1), almost four times larger than for the 0 wt% NPs sample. Larger surface
are predicted to anchor more dye molecules on titania surface, which is very helpful for
charge carrier generation. More pore volume enables higher degree of HTM percolation,
thereby more interfaces between n- and p-type semiconductors. As discussed before, the
interface plays a crucial role in the final device performance. Furthermore, larger pore
sizes are easier for efficient infiltration of a hole-transporting conjugated polymer, which
can lead to a higher pore filling fraction. Therefore, ssDSSCs based on the 50 wt% NPs
photoanodes are expected to have a excellent performance in terms of specific surface
area, pore volume and pore size.

5.1.3 Crystallinity and conductivity

With respect to the application in photovoltaics, crystalline titania is necessary. In na-
ture, crystalline titania has three polymorphs, namely, anatase, rutile and brookite, as
described in section 2.2.1. Generally, anatase is more desirable in energy applications
than both rutile and brookite [174–176]. Directly after film deposition, the titania is still
in its amorphous phase. The high-temperature calcination not only burns away polymer
template to achieve mesoporous titania films, but also transforms amorphous titania to
its crystalline phase.

In order to determine the crystalline phase present in the samples, the spray-deposited
mesoporous titania films with different nanoparticle concentrations are investigated via
XRD measurements. Figure 5.8 exhibits four XRD curves which are obtained from the
0 wt% NPs, 25 wt% NPs, 50 wt% NPs and 75 wt% NPs films on silicon substrates. The
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Figure 5.7: Mesopore size distributions (model of cylindrical pore geometry, equilibrium
model). a) 0 wt% NPs, b) 25 wt% NPs, c) 50 wt% NPs, and d) 75 wt% NPs.

strongest peak intensity in the XRD data is at the position of 2 θ ≈ 33◦, which derives
from the diffraction of (100) crystal plane of the silicon substrate [141]. As its intensity
is much stronger than other diffraction peaks, the peak from silicon substrate is cut off
to highlight the features from titania samples.

For all samples, the titania is identified as anatase phase, as the position of measured
diffraction peaks is in good agreement with the anatase reference peak positions. The
vertical orange sticks in figure 5.8 display the anatase reference data of peak positions
and their respective relative intensities, which is taken form the International Center for
Diffraction Data (ICDD). The reference data shows that the anatase (101) crystal plane
has the highest peak intensity, which is confirmed by several previous studies [46, 177].
On the contrary, the most pronounced peaks are given by the (004) crystal plane rather
than the (101) crystal plane for all samples in the present work. Moreover, the (004)
peak becomes more pronounced with increasing nanoparticle content as seen from the
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Figure 5.8: XRD data of spray-coated titania films with different concentration of nanopar-
ticles after high-temperature process. Black, red, green and blue curves represent cuts from
0 wt% NPs, 25 wt% NPs, 50 wt% NPs and 75 wt% NPs, respectively. All curves are shifted
along the intensity axis for the presentation. The vertical orange sticks represent the peak
positions and their respective relative intensities of anatase titania. The reference data is
taken form ICDD. In the inset, zoom into the area between 37.0◦ and 38.3◦ to stress the
(004) diffraction peak.

inset in figure 5.8. The fact that strongest intensity shifts from (101) peakto (004) peak
indicates a preferred orientation along the (004) direction of the anatase lattice [178,179].
To obtain information about the crystal size, the (101) and (004) peaks of the respective
XRD curves are fitted. Using the Scherrer equation 2.30 for the (101) peaks, the crystal
size are estimated to be around 11 nm for all samples. While size information obtained
from (004) peaks are different in these four samples. The 0 wt% NPs and 25 wt% NPs
films have an average crystal size of 11 nm as well, whereas the crystal size in 50 wt% NPs
and 75 wt% NPs samples are about 25 nm.

The electron mobility in mesoporous titania films is of central importance for the pho-
tovoltaic performance of ssDSSCs [180–182]. Guldin et al. have reported that the perfor-
mance of ssDSSCs greatly benefits from the increased conductivity of titania photoanodes
even in the case of lower specific surface area and dye loading [19]. The low electron mo-
bility in titania nanostructures limits electron transport and collection thereby the device
performance [180]. The nanoparticle-concentration dependence of the sheet resistance of
mesoporous titania films is shown in figure 5.9.

The resistivity is determined by four points probe method. Increasing the nanopar-
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Figure 5.9: Sheet resistance of spray-coated titania films with different concentration of
nanoparticles after high-temperature process.The dashed line is a guide to the eyes.

ticle concentration significantly reduces the film resistivity. The sheet resistance of the
75 wt% NPs sample is lower than that of the 0 wt% NPs sample by over a factor of
2. Higher conductivity typically facilitates electron transport thereby higher short-circuit
currentdensity (Jsc) [181].

5.2 Solar cell performance

In order to test the practicability of spray coating and the effect of incorporated nanopar-
tilces, the 0 wt% NPs, 25 wt% NPs, 50 wt% NPs and 75 wt% NPs films are used as
photoanodes for ssDSSCs. The implemented solar cell layout is:

glass/FTO/c-TiO2/n-TiO2/D149/P3HT/PEDOT:PSS/Au

With FTO and gold as bottom and top electrodes,respectively; a compact titania layer
(c-TiO2) and PEDOT:PSS as hole- and electron-blocking layer, respectively; n-type meso-
porous titania layer (n-TiO2) and P3HT as electron-and hole-transport layer,respectively;
D149 as light harvester.The description of used materials are given in section 4.1. The
detailed fabrication steps of the DSSCs as well as the device assembly are described in
section 4.2.4.

5.2.1 Effect of PEDOT:PSS blocking layer

In this work, the n-TiO2 and PEDOT:PSS layers are deposited by spray coating, which
constitutes a novel approach in ssDSSCs fabrication since, no investigations in this di-
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Figure 5.10: Current-voltage characteristics for the solar cells based on different titania
photoanodes. Black, red, green and blue curves represent I-V sweeps from 0 wt% NPs,
25 wt% NPs, 50 wt% NPs and 75 wt% NPs cells, respectively. a) and b) show the solar cells
without and with PEDOT:PSS layer,respectively.

rection are published so far. Figure 5.10a and 5.10b depict the current-voltage (I-V )
characteristics of different ssDSSCs without and with PEDOT:PSS layer, respectively.
The extracted photovoltaic parameters of PCE, Jsc, open-circuit voltage (Voc), and fill
factor (FF ) are displayed in figure 5.11a to 5.11d.

It is noticed that the device performance is tied to the nanoparticle concentration in tita-
nia films and the electron-blocking layer (PEDOT:PSS). For the device with PEDOT:PSS
layer (solid circles), the solar cell performance is significantly enhanced with respect to
the introduction of nanoparticle concentration into titania networks. The PCE of the
0 wt% NPs cell is (0.43 ± 0.03) %, it increases with increasing nanoaprticle concentration
up to the weight ratio of 50 % ((2.7 ± 0.1) % for the 50 wt% NPs cell), and reduces slightly
to (2.4 ± 0.2) % for the 75 wt% NPs cell. The enhancement in PCE is mainly caused
by a dramatic increase of Jsc. Increasing the nanoparticle concentration from 0 wt% to
50 wt% leads to a improvement of Jsc by over a factor of 7, from (1.46 ± 0.07) mA cm−2

for the 0 wt% NPs cell to (10.0 ± 0.4) mA cm−2 for the 50 wt% NPs cell. While the val-
ues of Voc and FF remain almost constant irrespective of nanoparticle concentration. For
the device without PEDOT:PSS layer (hollow squares), the nanoparticle-concentration-
dependent photovoltaic parameters have a similar tendency with that for the device with
PEDOT:PSS layer. The PCE and Jsc increase with increasing nanoparticle concentra-
tion, whereas the change of Voc and FF is not evident. In general, the solar cells with
PEDOT:PSS layer behave better than without regarding the photovoltaic performance.
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Figure 5.11: a) PCE, b) Jsc, c) Voc, and d) FF of the ssDSSCs extracted from I-V
curves.The solid circles represent the data are obtained from figure 5.10a, guided by dash
lines; while the hollow square represent the data are obtained from figure 5.10b, guided by
solid line.

5.2.2 Discussion

The performance of the device with nanoparticle in the titania photoanodes is much
better than for the solar cell without nanoparticle, and the 50 wt% NPs cell gives the best
photovoltaic performance. The addition of nanoparticles leads to several improvements
which are the reason for the enhanced Jsc thereby PCE. First of all, larger pores allow for
a better P3HT infiltration into the titania networks, which can result in higher efficiency
of current generation as reported by Rawolle et al. [183]. Second, a higher specific surface
area is beneficial, since dye molecules anchor onto the surface of titania nanostructures
in the present work, a higher dye adsorption is allowed. Third, a higher pore volume
is advantageous, since electron and hole pairs can only be separated at the interface of
n- and p-type semiconductors, more potential sites for exciton dissociation are available.
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Fourth, a higher conductivity leads to a higher electron mobility and a remark drop of
charge recombination.

On the basis of a comparison of solar cells with and without PEDOT:PSS layer, an
additional electron blocking layer is greatly beneficial for current generation. Take the
50 wt% NPs cell for example, the main difference is the higher Jsc and lower FF in the
device with PEDOT:PSS layer. The Jsc grows almost a factor of 3, from (3.9 ± 0.2) mA
cm−2 (without PEDOT:PSS layer) to (10.0 ± 0.4) mA cm−2 (with PEDOT:PSS layer).
Sista et al. have also observed the Jsc growth when the PEDOT:PSS layer was applied
between P3HT and top electrode. They verified that the increase of Jsc is attributed to
the high conductivity and electron blocking effect of PEDOT:PSS layer [184]. However,
the FF shows an opposite trend. The FF of the device with PEDOT:PSS layer is (39 ±
1) %, which is lower than for the device without PEDOT:PSS layer ((49 ± 3) %). P3HT is
hydrophobic whereas PEDOT:PSS is hydrophilic, the bad adhesion between them results
in inhomogeneous PEDOT:PSS films, which gives rise to lower shunt resistance [185].

5.3 Summary

Nanostructures of TiO2 are produced using polymer-template-assisted sol-gel synthesis
in combination with the introduction of presynthesized crystalline titania nanoparticles.
To obtain titania photoanodes for applications in ssDSSCs, spray deposition is used to
establish nanostructured titania films with an appropriate thickness. Spray coating is of
great interest for film deposition as it has strong potential for large scale manufacturing.
To evaluate how the presynthesized crystalline titania nanoparticles influence the resulting
titania films, four different weight ratios of nanoparticles are incorporated in the titania
networks.

The film morphologies are verified by means of SEM, GISAXS, and nitrogen adsorption
– desorption isotherms. A mesoporous nature of sponge-like nanostructures are present in
all films, but the nanostructure and pore sizes are different depending on the nanoparticle
concentration. The film without nanoparticles has the smallest pore sizes of about 10 nm,
a smallest pore volume of 0.28 cm3 g−1 and a smallest BET surface area of 80.1 m2 g−1.
With increasing nanoparticle concentration, the average pore size, the pore volume and the
BET surface area of titania films increase accordingly. A bicontinuous network structure is
formed in the 50 wt% NPs sample with an average pore size of 20 nm, a high pore volume
of 0.80 cm3 g−1 and a very high effective surface area of 225.2 m2 g−1. Larger pore
size facilitates P3HT infiltration and an increased pore volume provides more interfaces
between titania and P3HT. The combined effect of larger pore size and higher pore volume
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enables a more efficient photocurrent generation since the interface constitutes the active
site for charge carrier separation. Larger BET surface area can load more dyes which
are the sensitizers in the present work. This is one of the reasons that the 50 wt% NPs
photoanodes give rise to the best performance. Liao et al. have demonstrated a similar
pore size in a mesoporous TiO2 sample, but the BET specific surface area (48.9 m2 g−1) is
much smaller than for the 50 wt% NPs sample [186]. Although a comparative BET surface
area of 212 m2 g−1 has been reported by Kim et al., a smaller pore size (about 10 nm)
was present [187]. The 50 wt% NPs photoanodes combine the large pore sizes and BET
surface areas, which is beneficial for the performance of ssDSSCs.

The crystalline phase and conductivity of the titania films are investigated with XRD
and four-points probe method, respectively. A preferred orientation along the (004) direc-
tion of the anatase lattice is observed in the 50 wt% NPs sample. Wang et al. have also
observed the similar strongest diffraction intensity of {004} facets and the {004} facets
are highly active [175, 188]. The sheet resistance decreases remarkably with increasing
nanoparticle amount in the titania films, indicating the titania films with nanoparticles
appear to be more favorable for electron transport.

The titania films are used as photoanodes in ssDSSCs. The device performance en-
hances greatly with the addition of presynthesized crystalline titania nanoparticles. The
50 wt% NPs cell has the best photovoltaic performance with the PCE of (2.7 ± 0.1) %,
which is almost seven times higher than for the solar cell without nanoparticles. This
efficiency is top-ranking in terms of TiO2-D149-P3HT based ssDSSCs. Liao et al. have re-
ported a PCE of 2.63 % in the same system except for using well-defined titania nanorods
as photoanodes [189]. Compared to other sensitizers like organometal halide perovskites,
the D149 dye is in the middle class of DSSC sensitizers [190]. But it is still of interest
due to its high molar extinction coefficient, low cost, non-toxicity and high flexibility of
the molecule structure. The enhancement of PCE mainly derives from the improvement
of Jsc, as only small changes exist in Voc and FF . Linking the findings obtained from
SEM, SEM, GISAXS, nitrogen adsorption–desorption isotherms, XRD and conductivity
measurements, the high Jsc in the 50 wt% NPs cell is ascribed to relatively larger pores, bi-
continous mesostructural arrangement, higher specific surface area and pore volume, and
a higher conductivity of titania photoanodes with incorporating presynthesized crystalline
titania nanoparticles. For the solar cell with the same titania photoanodes, the device per-
forms much better by inserting a electron-blocking layer (PEDOT:PSS) between P3HT
and gold electrode. Despite lower FF caused by spray deposition of the PEDOT:PSS
layer, the great enhancement of Jsc gives a higher PCE. The electron-blocking layer is
of great importance as well in ssDSSCs.





6 In situ study of spray-deposited
titania films for scalable fabrication of
solid-state dye-sensitized solar cells

Parts of this chapter have been prepared as a manuscript: In Situ Study of
Spray-Deposited Titania Films for Scalable Fabrication of Solid-State Dye-
Sensitized Solar Cells, which is presently submitted for review [191].

In the past decades, nanostructured titania thin films have been widely explored for pho-
tovoltaic applications since the groundbreaking study in dye-sensitized solar cells (DSSCs)
was developed by O’Regan and Grätzel in 1991 [9, 142, 152, 190, 192]. Many routes have
been established to develop titania nanostructures such as sol-gel [193, 194], hydrother-
mal [195,196], solvothermal [197,198], direct oxidation [199,200] or chemical vapor depo-
sition methods [201] and so on. Among them, sol-gel synthesis is a facile and promising
technique for the solar cell fabrication as it can convert a titania solution directly into
thin films, which are usually used as photoanodes in DSSCs. Moreover, by incorporat-
ing polymer micelles into the sol-gel system, titania nanostructures and mesopore sizes
in the resulting thin films can be tailored to meet different needs [202–204]. Amphilic
block copolymers have been intensively studied as polymer templates to direct the titania
nanostructures [110,205,206]. However, the titania films produced from polymer-assisted
sol-gel synthesis usually have a relatively low conductivity even after high temperature
calcination, which limits the photovoltaic performance of final DSSCs [19]. To settle this
problem pre-synthesized crystalline titania nanoparticles are introduced into the titania
networks [109]. Aside from the nanostructure preparation, deposition techniques matter
strongly as well. Many methods, like spin coating, spray coating, dip coating and doctor
blading, are developed to deposit titania thin films [207–210]. Compared to laboratory-
based routines, spray coating is particularly of interest due to the potential for large-scale
industrial applications. Its potential as rapid and large-scale film deposition technique
has stimulated extensive research on the spray deposition of titania films. For exam-
ple, Nomura et al. produced porous titania films with uniform micrometer-sized pores
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by electrostatic sol-spray deposition [211]. The preparation of compact titania films by
spray pyrolysis has been frequently reported in literature [212–214]. Despite its success-
ful application, the full understanding of this kinetic process is lacking, as spray coating
usually features a complex evolution of structures and morphology. In order to clarify
the process, in situ morphological investigations are highly demanded, but imply a great
challenge as well. The use of conventional real-space mapping techniques is nearly impos-
sible here. First, many liquid droplets are generated during spray coating, hence scanning
electron microscopy (SEM) cannot be used as it requires vacuum conditions. Moreover,
the solvent splash may contaminate the electron beam generator and detector. Second,
atomic force microscopy (AFM) measurements are also not suitable for two reasons. On
the one hand, the cantilever may block the way on which the liquid droplets fly to the
substrate, which interrupts the process of spray coating. On the other hand, the time
needed for obtaining one AFM image is quite long, which cannot provide a sufficient time
resolution for detection of the morphological changes. Grazing-incidence small-angle x-ray
scattering (GISAXS) works well for in situ morphology characterization as this technique
can detect the inner film morphology continuously under ambient environment without
interrupting the process of spray coating or destroying the deposited films. Moreover, it
allows probing the film’s inner structures in the nano- and meso-scale over macroscopic
sample areas, which gives very high experimental statistics. Until now, only a few research
groups have looked into this aspect in more detail. For example, K. Sarkar et al. made a
preliminary exploration on tracking structural kinetics of zinc oxide films in situ during
spray deposition by using this advanced scattering technique [215].

In the past decade, many efforts have been made to develop solid-state DSSCs (ss-
DSSCs) due to the shortcomings of DSSCs related to electrolyte leakage and electrode
corrosion. One of the attractive solid-state hole-transport-materials (ssHTMs) is a small
molecule 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9-bifluorene (spiro-OMeTAD)
due to its unique properties, such as the amorphous nature, good solubility, and rela-
tively easy infiltration into mesoporous titania films [74, 216]. Spiro-OMeTAD is typ-
ically spin-coated on top of dyed mesoporous titania films to achieve active layers for
ssDSSCs [74, 216–219]. However, this laboratory-based technique may not be applied in
the device production towards large-scale industrial processing. As an alternative, solu-
tion casting as a large-scale process meets the demand. Moreover, solution casting is more
cost-efficient than spin coating with respect to material utilization, as a vast majority of
spiro-OMeTAD is wasted in the process of spin coating.

In the present work, the titania solution for spray deposition is prepared by sol-gel chem-
istry in combination with the block copolymer template polystyrene-block-polyethylene
oxide (PS-b-PEO). The polymer-template assisted sol-gel synthesis allows for the size
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control of nanostructures and mesopores in the resulting TiO2 films. In order to improve
the conductivity of the titania films, presynthesized crystalline titania nanoparticles with
a size of about 6 nm are incorporated into sol-gel-synthesized titania nanostructures.
During spray deposition, real-time monitoring on the morphological evolution of the de-
posited titania/PS-b-PEO composite films with a high temporal resolution is achieved
using in situ GISAXS measurements, which give a comprehensive view on the spray ki-
netics. The morphological evolution of two samples, with and without nanoparticles, are
compared in the first part of this chapter 6.1. The experimental setup for in situ GISAXS
measurements of the spray-deposited titania/PS-b-PEO composite films is illustrated in
section 6.1.1. The obtained results for the morphological evolution are given in the follow-
ing section 6.1.2. After film deposition, the titania/PS-b-PEO composite films undergo
high-temperature calcination to remove the polymer template thereby obtaining meso-
porous titania films. The surface morphologies of the spray-deposited films before and
after calcination are compared in section 6.2.1. The inner morphology of calcined titania
films is presented in section 6.2.2. After calcination, the mesoporous titania films are mod-
ified by dye molecules before solution-casting the spiro-OMeTAD. Development of such
active layers by spray coating (titania films) and solution casting (spiro-OMeTAD layers)
lowers the production costs and opens up the possibility of a new and large-scale device
manufacturin. Finally, ssDSSCs are produced based on this large-scale manufacturing
technique to give a proof of the viability as described in section 6.3.

6.1 In situ GISAXS measurements during spray coating

GISAXS measurements in combination with in situ spray deposition of titania/PS-b-PEO
solution are applied to understand the evolution of length scales in the film volume. The
GISAXS measurements are carried out at the P03/MiNaXS beamline of the PETRA
III storage ring at DESY, as described in section 3.1.6. To serve the purpose of in situ
experiments, the spray setup is installed at the beamline. The detailed features of spray
coating are explained in section 4.2.3.

6.1.1 Setup and protocol

Figure 6.1 schematically depicts the experimental setup for in situ GISAXS measure-
ments on spray-deposited titania/PS-b-PEO composite films. The whole experiment is
performed under ambient conditions using the parameters listed in section 4.2.3.

Before the experiment the substrate is placed on a heating stage which maintains a



96
Chapter 6. In situ study of spray-deposited titania films for scalable fabrication of

solid-state dye-sensitized solar cells

Figure 6.1: Schematic illustration of the experimental set up used for in situ GISAXS mea-
surements with simultaneous spray deposition.

constant temperature of 80 ◦C during the entire in situ experiment. The sol-gel solution
is loaded into the solution reservoir of the spray gun. Nitrogen as a carrier gas is em-
ployed under a constant pressure of 2 bar. The in situ experiment starts with GISAXS
measurements. The incident x-ray beam with a wavelength of 0.957 Å impinges on the
substrate at a shallow angle of 0.23◦. A Pilatus 1M detector is used for recording the
scattering signal. The acquisition time for each frame is 0.1 s. This short recording time
allows for a high time resolution to track the structural evolution in the film. After several
seconds, the spray coating starts. The on and off status is determined by the trigger of
the spray gun, which is controlled with the motor of the rotary actuator using the main
control program “ONLINE”. The spray protocol can be designed in this program. In the
present work a single spray cycle contains a 1 s spray shot with a following 1 s pause.
In total 20 cycles (40 s) comprise the spraying protocol. During the measurements, the
sample stage sweeps in the y direction in a distance of 2 cm to obtain information over
a large surface area and to avoid radiation damage. After spray coating, the obtained
titania/PS-b-PEO composite films is continued with GISAXS measurements for another
60 s. The sequence of the GISAXS measurements and spray coating ensures that the
evolution of film morphology can be detected from the beginning. After spray coating,
the obtained composite films are annealed at 80 ◦C. The GISAXS measurements allow
for monitoring the homogeneity of the sprayed films in terms of structural length scales
during this drying process. For data analysis, the frame of the GISAXS data which cor-
responds to the starting point of the spray coating must be figured out. Subsequently,
other important points of the timeline like the end of the spray coating as well as the
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beginning and end of thermal annealing can be precisely determined. In order to increase
the statistics of the scattering signal, 10 GISAXS frames are integrated into 1 frame in
the present work. After integration, one single frame represents 1 s instead of 0.1 s.

6.1.2 Morphological evolution during spray coating

In this work two samples are investigated with in situ GISAXS measurements with respect
to their morphological evolution. The applied spray coating parameters are the same,
whereas the sol-gel solution is different. The first solution is prepared via the second
route of the sol-gel synthesis with TTIP as described in section 4.2.2. The used amount
of reactants is listed in table 6.1. The resulting solution is diluted with 20.98 mL toluene

sol-gel process
agent PS-b-PEO toluene 1-butonal TTIP HCl (8M)
amount 307 mg 5.25 mL 1.99 mL 1.14 mL 325 µL

Table 6.1: The composition details of sol-gel synthesis.

and 7.78 mL 1-butonal for spray coating after 20 h of aging. This solution originates
from pure TTIP (as no presynthesized nanoparticles are incorporated) is denoted as pure
solution. The second solution is a mixture of sol-gel solution and nanoparticle solution.
The preparation of the sol-gel solution is the same as the pure solution except that half
of the amount of each chemical is used. The preparation of the nanoparticle solution is
described in section 4.2.2 and the amount of each component is listed in table 6.2. After
20 h of stirring, the nanoparticle solution is carefully added to the sol-gel solution before

nanoparticle solution
component PS-b-PEO toluene 1-butonal nanoparticles
amount 154 mg 2.63 mL 1 mL 1307 mg

Table 6.2: The composition details of nanoparticle solution.

being diluted with 23.61 mL toluene and 8.78 mL 1-butonal. Afterwards, the diluted
solution mixture is ultrasonicated for 10 min before spray coating. This mixed solution
is denoted as NPs solution. The nanoparticles used in this work have a titania size of
around 6 nm and contain about 50 wt% organic ligands. The detailed information is
described in section 5.1. In the following subsections the in situ characterization of the
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pure and NPs composite films are discussed individually. It is noteworthy that only 1 mL
of the pure solution or NPs solution is applied for in situ GISAXS measurements.

In situ monitoring on spray-deposited pure films

Figure 6.2 shows a selection of 2D GISAXS data for different spray times. Along the qy
direction at the point of qz = 0.4 nm−1, it is noticeable that the intensities related to the
lateral scattering become stronger with increasing spraying time, because more and more

Figure 6.2: Selected integrated 2D GISAXS data of the titania/PS-b-PEO composite film
spray deposited from the pure solution. The patterns are displayed in the order of spray
time.The intensity scale for the scattering signal is shown at the right of the images. The
circular black area is the beamstop. The horizontal black stripes at qz=0.84 nm−1 and
qz=1.42 nm−1 as well as the one in the vertical position at qy=0.12 nm−1 are due to the
inter-module detector gaps of the detector.

material is spray-deposited onto the substrate, which gives more x-ray scattering. The
specular peak, which appears at the exit angle αf equal to the incident angle (αi = 0.23◦

in the present case) at qy = 0 nm−1, is shielded by a circular beamstop. Therefore, the
observed intensity maximum is the Yoneda peak, which is strengthened by the Fresnel
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transmission functions at the critical angle of the probed material [158]. The spray-
deposited composite film mainly contains three types of materials, PS, PEO and titania.
During the sol-gel process, PS chains self-assemble into spherical cores with pendants of
hydrophilic PEO coronas, and the titania species are bound to the PEO matrix by forming
covalent bonds with the PEO chains [110, 220]. The mixture of titania and PEO has a
strong contrast with the PS domains in the corresponding GISAXS measurements and
the signal of diffuse scattering from the mixture is much stronger. Thus, horizontal line
cuts at the Yodeda peak position of the titania/PEO mixture are performed along the
qy direction to obtain quantitative information with respect to the mixture’s domain size
and arrangement. For better statistics, the line cuts integrate 5 pixels centered around
the Yoneda peak. The selected horizontal line cuts are displayed in figure 6.3a. In order
to obtain quantitative structural information, the line cuts are fitted with the same model
as described in section 5.1.2.

For data analysis, two characteristic domain sizes (corresponding to two form factors)
and two center-to-center distances (corresponding to two structure factors) are used to
model the line cuts in every spray shot and pause. The extracted structural informa-
tion about the titania/PEO mixture is summarized and plotted as a function of the
spraying time in figure 6.3b and 6.3c. During the 1st cycle, the small domains of the
titania/PEO mixture have a size of (7.6 ± 0.6) nm with a center-to-center distance of
(25.5 ± 3.7) nm, and these values remain almost unchanged during the whole spray-
coating process. The domain sizes and center-to-center distances of the large titania/PEO
mixture are of (45.6 ± 1.1) nm and (131 ± 45) nm after 1 s of spray coating, respectively.
Then both sizes decrease steadily to approximately the 15th spray cycle, and afterwards
stay stable until the end, as shown in figure 6.3b and 6.3c. During spray coating, the
nitrogen flow atomizes the solution into droplets with different sizes and then transports
the droplets onto the substrate, as described in section 4.2.3. Small droplets contain less
solvents than large ones, so that solvents may evaporate completely due to the droplet
flying time and the high temperature of the substrate (80 ◦C). Therefore, solvent-free
small domains of titania/PEO mixture stay stable with respect to the morphology when
they are arrested on the hot substrate. After spray coating, the structural information
is extracted from in situ GISAXS data during 60 s thermal annealing and plotted as a
function of annealing time in figure 6.4. It is noted that the domain sizes and center-
to-center distances are the same as in the spray coating process. The thermal annealing
step confirms the absence of solvent in the small domains of the titania/PEO mixture.
Furthermore, the size of the PS domains can be calculated via equation 5.1. Situated
between the small domains of the titania/PEO mixture, the PS domains have an average
size of about 10.3 nm over the whole spraying and annealing time. In contrast to the
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Figure 6.3: Analysis of in situ GISAXS data for the pure titania/PS-b-PEO composite film
during spray deposition. a) Selected integrated horizontal line cuts of the 2D GISAXS data
plotted from bottom to top for increasing time. Each cut is integrated over 1 s. The green
and red curves represent spray shots and pauses, respectively. The corresponding sequences
of spray cycles are labeled on the right axis. The gray lines represent the fits to the data.
All curves are shifted along the intensity axis for clarity of the presentation. Quantitative
information about b) domain radii and c) the corresponding center-to-center distances are
extracted and plotted as a function of spraying time. Black rectangles and orange circles
indicate small- and large-sized domains, respectively.

already discussed small droplets, large droplets contain more solvent, which cannot evap-
orate completely during the flying time. The evaporation proceeds after the large domains
of titania/PEO are created on the hot substrate. The further solvent evaporation results
in a shrinkage of the domain sizes and center-to-center distances. After the solvents
are removed completely, the domain sizes and center-to-center distances stay constant at
(13.6 ± 0.6) nm and (40 ± 4) nm, respectively. This can be ensured by the annealing
step as well, where domain sizes and center-to-center distances stay the same. The size of
PS domains (between the large domains of titania/PEO mixture) can be calculated via
equation 5.1 as well; it decreases from around 39.8 nm to about 12.8 nm. After spray
coating, it is noticeable that the domain sizes of PS areas is similar, although the small
clusters and large clusters of titania/PEO mixture have different domain size.
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Figure 6.4: Analysis of in situ GISAXS data for the pure titania/PS-b-PEO composite
film during thermal annealing. a) domain radii and b) the corresponding center-to-center
distances are extracted and plotted as a function of annealing time. Black rectangles and
orange circles indicate small- and large-sized domains, respectively. The dashed lines are a
guide to the eyes.

In situ monitoring on spray-deposited NPs films

For the investigation of the sample containing pre-synthesized nanoparticles, the experi-
mental parameters and analysis methods used are the same as for the pure titania/PEO
composite film, with the difference that a portion of pre-synthesized titania naoparti-
cles are incorporated into the NPs solution. Figure 6.5a shows the selected horizontal
line cuts and their corresponding fits. The extracted domain sizes and center-to-center
distances of the titania/PEO mixture are summarized and plotted as a function of the
spraying time in figure 6.5b and 6.5c, respectively. Like the pure sample, the sizes of
the small domains and their corresponding center-to-center distances stay constant dur-
ing the whole process of spray coating, but the values are smaller. The domain size and
the center-to-center distance are of (5.1 ± 0.2) nm and (20.5 ± 3.5) nm, respectively.
The large domains of titania/PEO mixture have a similar trend as for the pure sample
with respect to the evolution of the size and the center-to-center distance. They start
decreasing from (39.2 ± 1.0) nm and (104 ± 38) nm, and stabilize at (27.5 ± 0.5) nm and
(66.0 ± 10.0) nm, respectively. The size of the PS domains between the large domains
of titania/PEO mixture can be calculated as well. It decreases from about 25.6 nm to
about 11.0 nm. During thermal annealing, the morphology does not change as compared
to the last stage of spray coating,as shown in figure 6.6.
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Figure 6.5: Analysis of in situ GISAXS data for the NPs titania/PS-b-PEO composite film
during spray coating. a) Selected integrated horizontal line cuts of the 2D GISAXS data
plotted from bottom to top for increasing time. Each cut is integrated over 1 s. The green
and red curves represent spray shots and pauses, respectively. The sequence of spray cycles
are labeled beside the right axis. The gray lines represent the fits to the data. All curves
are shifted along the intensity axis for clarity of the presentation. Quantitative information
about b) domain radii and c) the corresponding center-to-center distances are extracted and
plotted as a function of spraying time. Black rectangles and orange circles indicate small-
and large-sized domains, respectively.

Discussion

Based on the in situ study on the spray-deposited pure and NPs composite films, it is
found that the domian size in the titania/PEO mixture strongly depend on the introduc-
tion of nanoparticles, whereas the size of PS domain is not affected. For the small clusters
of the titania/PEO mixture, the size is about 5.1 nm in the NPs composite film, smaller
than that in the pure composite film (about 7.6 nm). As the incorporated nanoparticles
are bigger than the small cluster, it is inferred that the pre-synthesized nanoparticles only
exist in the large clusters of titania/PEO mixture, not in the small clusters. In addition,
the amount of the sol-gel-synthesized titania in the NPs solution is only half of that in
the pure solution. Therefore, the size of the small clusters in the NPs film is smaller
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Figure 6.6: Analysis of in situ GISAXS data for the NPs titania/PS-b-PEO composite
film during thermal annealing. a) domain radii and b) the corresponding center-to-center
distances are extracted and plotted as a function of annealing time. Black rectangles and
orange circles indicate small- and large-sized domains, respectively. The dashed lines are a
guide to the eyes.

than in the pure film. The large clusters of the titania/PEO mixture show an opposite
trend, being much larger in the NPs film than in the pure film. All nanoparticles are
incorporated into the large clusters in the NPs sample, which gives rise to a larger size.
The PS domains, situated either between the small clusters or between the large clus-
ters of titania/PEO mixtur, have a quite similar size of about 11 nm for both pure and
NPs samples. The size similarity implies that the PS domain does not incorporate either
sol-gel-synthesized titania or titania nanoparticles.

6.2 Morphologies before and after calcination

After spray coating, both titania/PS-b-PEO composite films are investigated with respect
to their surface morphology. The morphological difference induced by the introduction
of presynthesized nanoparticles is discussed. Afterwards, the composite films are calcined
at 500 ◦C to combust the PS-b-PEO templates and to crystallize the titania. The surface
and inner morphologies for both pure and NPs films are compared before and after the
polymer-template sacrifice.
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6.2.1 Surface morphology

Figure 6.7 shows the surface morphology of the pure and NPs composite films after
spray deposition. The films are mapped with scanning electron microscopy (SEM). The
sol-gel synthesized titania and presynthesized nanoparticles are evenly distributed over
the sample surface, suggesting that the nanostructured titania is uniformly directed into
the polymer matrix. The darker areas in figure 6.7a and 6.7b are recognized as PS
domains, as PS has a lower conductivity than the mixture of PEO and titania. During
SEM measurements, the incident electrons tend to accumulate on the PS domains, leading
to a darker scale. The average size of PS domains can be extracted to be about 10 nm in
both films, which is in good agreement with the values obtained from the in situ GISAXS
data (last stage). The size consistency indicates that spray coating reproduces the surface
morphology within the bulk of both samples. However, in the pure composite film PS
domains are almost isolated, whereas some of them are connected in the NPs composite
film, as indicated by red rectangles in figure 6.7b.

Figure 6.7: Plan view SEM images of the spray deposited titania/PS-b-PEO composite films
of a) pure and b) NPs. The red rectangles in b) indicate the connected PS cores.

After high-temperature calcination the PS cores are burned away and leave mesopores
behind, while the titania nanostructures fuse together after the removal of the PEO ma-
trix (figure 6.8). As compared to figure 6.7, the SEM images of the calcined samples have
stronger contrast. The mesopores and titania nanostructures in both films are clearly ob-
servable. The mesopores have an average size of about 15 nm, which are larger than the PS
domians before calcination in both samples. Moreover, the titania walls between the meso-
pores are much smaller than in the mixture of titania/PS-b-PEO. This is because that the
titania nanostructures collapse during the sacrifice of the polymer scaffold [165,167–170].
The difference of the PS core array leads to a different mesopore array after calcination.
The mesopores are isolated by titania nanowalls in the calcined pure titania film, while
the calcined NPs titania film features some worm-like pores which are indicated by red
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Figure 6.8: Plan view SEM images of the calcined titania films after spray deposition. a)
pure and b) NPs. The red rectangles in b) indicate the connected mesopores.

rectangles in figure 6.8b. These worm-like pores originate from the connected PS cores as
mentioned before. The film layouts for both samples are quite consistent before and after
high-temperature process, although the size features are changed.

6.2.2 Inner morphology

Since SEM measurements only provide surface information, GISAXS measurements are
used to obtain more insights about the inner morphology of both calcined titania films.
The measurements were conducted at the P03/MiNaXS beamline of the PETRA III
storage ring at DESY, as described in section 3.1.6. A grazing incident angle of 0.25◦ and
a sample-detector distance of 3989 mm were selected to obtain a desired q range.

Figure 6.9 shows the 2D GISAXS data of the calcined pure and NPs titania films.
For both samples, conspicuous scattering is observed near the Yoneda peak in the lateral
direction, indicating the existence of titania nanostructures. However, the two GISAXS
data differ in the detailed features. It is noted that Bragg rods reside symmetrically
at qy= ± 0.19 nm−1 in the mesoporous pure film, while this feature is not found in
figure 6.9b. The existence of Bragg rods implies the pore arrangement is more ordered
in the bulk of the mesoporous pure film. In order to obtain quantitative information
about the titania nanostructures in the film volume, horizontal line cuts are performed
at the titania Yoneda peak, as only titania remains on the sample after high-temperature
processing. The cuts for both samples are displayed in figure 6.10a. The obtained data
are fitted with the same models as for the analysis of the in situ GISAXS data. The
obtained results are plotted in figure 6.10b and 6.10c.

For the calcined pure titania film, two characteristic domain sizes (form factors) and
center-to-center distances (structure factors) are used to model the horizontal line cuts.
In detail, the small-sized titania structures have a domain size of (2.9 ± 0.1) nm and a
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Figure 6.9: 2D GISAXS data of the calcined titania films after spray deposition. a) pure and
b) NPs. The intensity scale for the scattering signal is shown at the bottom of the images.
The circular black area is the beamstop. The horizontal black stripe at qz=0.96 nm−1 and
the vertical one at qy = 0.26 nm−1 correspond to the inter-module gaps of the used detector.

domain center-to-center distance of (20.0 ± 5.0) nm. According to the equation 5.1, the
pore size between small-sized structures is calculated to be (14.2 ± 5.0) nm. A domain size
of (4.6 ± 0.1) nm and the corresponding center-to-center distance of (23.0 ± 0.5) nm are
obtained for the large-sized titania nanostructures, yielding a pore size of (13.8 ± 0.3) nm.
For the calcined NPs titania film, three form and structure factors are needed for data
modeling. The sizes of small and middle titania domains are similar to the small-
and large-sized titania nanostructures in the pure film. Titania nanostructure radii of
(2.1 ± 0.1) nm and (5.2 ± 0.1) nm with their corresponding center-to-center distances
of (19.0 ± 4.0) nm and (22.8 ± 0.5) nm are obtained, yielding the mesopore sizes of
(14.6 ± 4.0) nm and (12.4 ± 0.3) nm. The third nanostructure is much bigger than
the others, with a domain size of (20.0 ± 5.0) nm and the center-to-center distance of
(80.0 ± 30.0) nm. The corresponding pore size can be calculated to be (40.0 ± 20.0) nm.
This feature quite fits the structure with worm-like pores observed in the SEM measure-
ments. However, the third titania domains can be calculated to have a volume fraction
of only 5.2%. The detailed information can be found in section 5.1.2.

6.2.3 Discussion

Before and after high-temperature calcination, both pure and NPs samples have a sig-
nificant change in their morphology according to the SEM and GISAXS measurements.
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Figure 6.10: a) Horizontal line cuts of the 2D GISAXS data obtained from the calcined
titania films. The top and bottom curves represent cuts from the pure and NPs films, re-
spectively. The gray lines represent the fits. All cuts and fits are shifted along the intensity
axis for clarity of the presentation. Quantitative information about b) domain radii and c)
center-to-center distances are extracted. Green squares represent small-sized titania struc-
ture and blue circles represent large-sized structure. Magenta triangles indicate the third
titania domain in the NPs film.

First, a distinct size shrinkage occurs when the titania/PEO mixture turns into pure
titania. For the pure sample, the domain sizes of the titania/PEO mixturs are found
to be (7.6 ± 0.2) nm and (13.6 ± 0.4) nm after spray deposition. After calcination,
the small- and large-sized titania nanostructures have domain sizes of (2.9 ± 0.1) nm
and (4.6 ± 0.1) nm, respectively. Through calculation it is found that the small struc-
tures in the calcined film are only 38% of small clusters of titania/PEO mixture in the
titania/PEO composite film with respect to domain size, and 34% for the large-sized
nanostructures. Guldin et al. have reported a similar observation that the film thickness
contracted to 33% - 42% of their initial thickness in the spin-coated titania/PI-b-PEO
composite films and this shrinkage is ascribed to the removal of the polymer template
and the condensation of Ti(OH)4 to TiO2. For the NPs sample, 41% size shrinkage
occurs in the small-sized nanostructures, which is quite in line with the observation by
Guldin et al. as well. However, the large-sized structures contract to only about 19%
of initial clusters of the titania/PEO mixture. The extra size shrinkage is caused by the
combustion of the organic ligands of nanoparticles during 500 ◦C calcination. Secondly,
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the mesopore sizes are larger than the PS domain sizes for both samples. This is caused
by the collapse of titania nanostructures and subsequent fusing into large domains during
the high-temperature processing.

6.3 Solar cell performance

The spray-deposited mesoporous pure and NPs titania films are individually served as
photoanodes for ssDSSCs. The thickness of the titania films is controlled to be about
2.5 µm. 5-[[4-[4-(2,2-Diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]indol-
7-yl]methylene]-2-( 3-octyl-4-oxo-2-thioxo-5-thiazolidinylidene)-4-oxo-3-thiazolidineacetic
acid (D205) and spiro-OMeTAD are used as light harvester and HTM, respectively. The
layer consisting of mesoporous titania layer, dye D205 and spiro-OMeTAD acts as the
active layer for ssDSSCs. Fluorine-doped tin oxide (FTO) and gold are applied as bottom
and top electrodes, respectively. The implemented layout of ssDSSCs in this work is:

glass/FTO/compact-TiO2/mesoporous TiO2/D205/spiro-OMeTAD/Au

In the present work the spiro-OMeTAD layer is produced by two different deposition
methods, spin coating and solution casting. Together with two different titania photoan-
odes, three types of ssDSSCs are fabricated. The first type is referred as pure/sol-spiro
cell. The mesoporous pure tiania film is used as photoanode and the spiro-OMeTAD
layer is deposited with solution casting. The active layer of the second type consists of
the mesoporous NPs tiania film, D205 and solution-cast spiro-OMeTAD. This type is
denoted as NPs/sol-spiro cell. The third type is denoted as NPs/spin-spiro cell, which
is the same as the second one except that the spiro-OMeTAD layer is deposited by spin
coating. Detailed information about the used materials is given in section 4.1. The solar
cell assembly described in detail in section 4.2.4.

After preparation, the ssDSSCs are tested immediately under simulated AM 1.5G il-
lumination with 100 mW cm−2 intensity. Detailed information about the solar cell char-
acterization is given in section 3.2.3. Figure 6.11 compares the current-voltage (I-V )
characteristics of these three types of ssDSSCs. From I-V curves, related photovoltaic
parameters such as power conversion efficiency (PCE), short-circuit current density (Jsc),
open-circuit voltage (Voc) and fill factor (FF ) can be extracted. The obtained results are
listed in table 6.3. It is noted that the solar cell performance matters strongly with the ad-
dition of pre-synthesized nanoparticles and the deposition method of the spiro-OMeTAD
layer. Firstly, the performance comparison is made between the pure/sol-spiro cell and
the NPs/sol-spiro cell. Both cells have the same preparation methods for solar cell as-
sembly, but the components of their titania photoanodes are different. An extra portion
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Figure 6.11: Current-voltage characteristics for these three types of ssDSSCs: the pure/sol-
spiro cell (black), the NPs/sol-spiro cell (red) and the NPs/spin-spiro cell (orange).

of pre-synthesized crystalline titania nanoparticles are introduced into the mesoporous
titania photoanodes for the NPs/sol-spiro cell. The addition of nanoparticles results in
a doubling of the PCE for the NPs/sol-spiro cell as compared to the pure/sol-spiro cell.
The enhancement mainly originates from the improved Jsc and FF , as the Voc of both
devices is similar. The Jsc of the NPs/sol-spiro cell is (8.37 ± 0.03) mA cm−2, which is
almost twice as large as that for the pure/sol-spiro cell. The FF increases about 12%
with incorporating nanoparticles into titania network, (60.2 ± 0.7 )% for the pure/sol-
spiro cell and (53.4 ± 0.4)% for the NPs/sol-spiro cell. The improvement of Jsc and FF
is due to the higher specific surface area, higher pore volume and higher conductivity of
the titania photoanodes in the NPs/sol-spiro cell, as described in section 5.2.2.

The NPs/sol-spiro cell and the NPs/spin-spiro cell possess the same composition,
while the spiro-OMeTAD layer is deposited by solution casting in the NPs/sol-spiro cell
and by spin coating in the NPs/spin-spiro cell. The different deposition methods for the
spiro-OMeTAD layer lead to a difference in only the Jsc for both cells (Voc and FF are very
similar). The spin coating gives rise to a Jsc of (5.80 ± 0.07) mA cm−2 in the NPs/spin-
spiro cell, which is about 34% less than that for theNPs/spin-spiro cell. According to our
previous studies on poly(3-hexylthiophene) (P3HT) deposition with different preparation
methods, it is found that the filling ratio of P3HT into mesoporous titania films by
solution casting is higher than by spin coating [183]. This way, the infiltration of spiro-
OMeTAD into the mesoporous NPs titania films is investigated. Figure 6.12 shows the
cross-sectional SEM images of both active layers. For cross-section SEM measurements,
the samples are broken along the direction normal to the substrate after being immersed
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solar cell Jsc (mA cm−2) Voc (V) FF (%) PCE (%)
pure/sol-spiro 4.40 ± 0.03 0.80 ± 0.03 53.4 ± 0.4 1.9 ± 0.1
NPs/sol-spiro 8.37 ± 0.03 0.80 ± 0.02 60.2 ± 0.7 4.0 ± 0.1
NPs/spin-spiro 5.80 ± 0.07 0.81 ± 0.01 60.6 ± 0.6 2.8 ± 0.1

Table 6.3: The composition details of nanoparticle solution.

into liquid nitrogen for 1 min. It is noticeable that the NPs/spin-spiro active layer has
a better infiltration of the spiro-OMeTAD than the NPs/spin-spiro active layer. The
infiltration of the spiro-OMeTAD into mesporous titania films plays a critical role in the
device performance, as the TiO2/dye/spiro-OMeTAD interfacial areas are the sites for
exciton dissociation. Less efficient backfilling results in a lower interfacial area, which
gives a lower Jsc and thereby a lower PCE in the NPs/spin-spiro cell.

Figure 6.12: Cross-sectional SEM images of the active layers for ssDSSCs. a) the pure/sol-
spiro cell and b) the NPs/spin-spiro cell.

6.4 Summary

Titania is used as photoanode in ssDSSCs in the present work. As the charge separation
only takes place at the TiO2/dye/spiro-OMeTAD interface, nanostructured titania films
with a high surface-to-volume ratio are preferable. In order to obtain controllable nanos-
tructures and pore sizes, polymer-template assisted sol-gel synthesis is selected to prepare
mesoporous titania films.

Spray coating is chosen to deposit the film directly from titania sol-gel solution, as
it has a strong potential to be adapted for large-scale industrial applications. In order
to understand the complex spray dynamics, in situ GISAXS measurements are used to
track the structural evolution of deposited films. For both the pure and NPs composite
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films during the spray-coating process, the small clusters of the titania/PEO mixture
stay unchanged in size whereas the large clusters of the titania/PEO mixture decreases
with spraying time to a certain point and then stays stable until the end. Sarkar et
al. have observed the structural evolution of ZnO films with the aid of in situ GISAXS
measurements during the spray deposition [215]. The ZnO clusters showed a rapid increase
in size at the beginning stage and then remained at a constant size till the end of spray-
coating process. This observation is distinct from the findings in the present work, which
may be caused by two main factors. On the one hand, a different sol-gel system is used
for the solution preparation. A titania precursor and A solvent of a binary azeotrope is
used in this work. On the other hand, the polymer template is combined with sol-gel
system in the present work instead of spray coating a pure precursor solution.

After spray deposition, the surface structural information (revealed by SEM measure-
ments) of both samples is in accordance with the results obtained from in situ GISAXS
measurements, suggesting that the surface morphology is reproduced within bulk of the
sample. After calcination, the polymer template is extracted and thereby the mesoporous
titania film forms. A distinct size shrinkage from the titania/PEO mixture to pure titania
and a slight size expansion from the PS cores to mesopores can be found in both the pure
and NPs samples, which is caused by the combined effect of polymer-template sacrifice
and titania-nanostructure collapse. The worm-like pores are only found in the NPs sam-
ple, which is attributed to the addition of pre-synthesized nanoparticles. Guldin et al.
have reported the change of surface morphology for a titania/PI-b-PEO composite film
before and after high-temperature processing [19]. The observation of surface-morphology
change is similar to the findings of the pure sample in this work. Until now, however, no
investigations about the morphology change before and after calcination are performed
on the sample with incorporation of nanoparticles into nanostructured titania network.

By using different titania photoanodes and different preparation methods of the spiro-
OMeTAD layer, three types of ssDSSCs are fabricated. The NPs/sol-spiro cell gives
the best photovoltaic performance of the final ssDSSCs. Since its titania film and spiro-
OMeTAD layer are produced using spray coating and solution casting techniques, re-
spectively, the success of the NPs/sol-spiro cell gives an evidence that ssDSSCs can be
produced with large-scale manufacturing processes.





7 In situ study of degradation in
P3HT-titania based solid-state
dye-sensitized solar cells

Parts of this chapter have been published in the article: In Situ Study
of Degradation in P3HT-Titania Based Solid-State Dye-Sensitized Solar
Cells [221] (L. Song et al., ACS Energy Lett., 2, 991-997, 2017, DOI: 10.1021/ac-
senergylett.7b00117).

Mesoscopic dye-sensitized solar cells (DSSCs) have received great attention for being a
promising alternative to conventional silicon photovoltaic devices [151,190,192,222,223].
They are cheap, easily processable and capable of achieving a high efficiency of over
12% [8,224,225]. Although DSSCs have achieved commercial breakthrough, concerns over
liquid-electrolyte leakage and electrode corrosion hinder their market expansion [102,226,
227]. In recent years, many solid-state hole-transporting materials (HTMs) have been pro-
posed to replace liquid electrolytes in DSSCs [228–233]. So far, the organic small-molecule
2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9-bifluorene (spiro-OMeTAD) is one of
the most favorable hole conductors for solid-state DSSCs (ssDSSCs) due to its light weight,
proper ionization potential and flexibility [130, 234–237]. However, the low hole mobility
(∼10−4 cm2 V−1 s−1) and the high manufacturing cost of spiro-OMeTAD motivate re-
searchers to develop other organic substitutes [238,239], like conjugated polymers. Poly(3-
hexylthiophene) (P3HT) as a low-cost polymer semiconductor has been widely used as
HTM in solid-state DSSCs, as it has a good solubility in various solvents, a high hole mo-
bility (up to 0.1 cm2 V−1 s−1) and a prominent light-absorbing ability in the visible-light
region [109, 240–242]. To date, many efforts have been devoted to enhancing efficien-
cies of solar cells based on mesoporous TiO2 films and P3HT. For example, a variety
of sensitizers were developed to modify TiO2 films for optimization of photovoltaic per-
formance. Devices with ruthenium complex, metal-free organic dye and quantum-dot
sensitizer have been reported to reach a power-conversion efficiency of 3.5%, 3.2% and
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5.2%, respectively [133, 189, 243]. Insufficient infiltration of mesoporous TiO2 films with
P3HT was widely assumed to cause relatively low efficiencies. The pore filling fraction
was only 8% when P3HT was directly deposited onto a dye-modified mesoporous TiO2

film. While coating with bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and tert-
butylpyridine (tBP) prior to P3HT infiltration pore filling fraction rose to 23.8% [241].
Alternatively, pre-soaking of mesoporous TiO2 films in the host solvent of P3HT solu-
tion gave rise to a pore filling degree of 84% [183]. These facts have encouraged many
research groups to improve device performance by inventing more efficient sensitizers or
by improving P3HT backfilling ratios.

Given the difficulty to synthesize new sensitizers and to permeate P3HT into meso-
pores, another way around this issue is to increase the P3HT crystalline order, which
greatly influences the mobility of positive charge carriers [16, 18]. Nevertheless, only a
few research groups dedicated studies to the behavior of P3HT in ssDSSCs. Coakley et
al. demonstrated that infiltration of regioregular P3HT in straight nanopores gave rise
to more ordered polymer structures and consequently to an enhanced hole mobility [244].
Lin et al. utilized a rod-coil diblock polymer, P3HT-b-P2VP, as the additive to boost the
efficiency of TiO2:P3HT hybrid solar cells [245]. P3HT crystallinity and crystal size has
been widely studied in [6,6]-phenyl-C61-butyric acid methyl ester:P3HT (PCBM:P3HT)
system as they play a crucial role in photovoltaic performance. However, a direct evi-
dence for P3HT crystallization in solid-state DSSCs especially inside TiO2 mesopores is
still missing. Based on this point, an in-depth study is initiated for the very first time
in the present work. Moreover, the P3HT crystalline evolution is tracked in situ under
continuous solar illumination since its crystallinity has a great impact on the photovoltaic
device performance. In order to understand the relationship between P3HT crystalline
evolution and solar cell performance, the development of the device photovoltaic charac-
teristics is probed in parallel.

In the present thesis, a versatile route is presented for fabricating TiO2 films with or-
dered mesopore arrays, which relies on templating by the diblock copolymer poly(styrene-
block-ethylene oxide) (PS-b-PEO) in combination with sol-gel chemistry. In this ap-
proach, a micro-phase separation of PS-b-PEO is prompted by so-called good-bad solvent
pairs, which allows for the extended control of structure and pore sizes in the resulting
TiO2 films [19, 141, 142, 246, 247]. The active layer of solar cells is completed by using a
mesoporous TiO2 film as an n-type semiconductor, a metal-free organic dye (D149) as a
light harvester, and P3HT as an HTM. In order to understand whether different titania
pore sizes affect the key P3HT crystalline properties like lattice distances or crystal sizes,
two types of titania films with different mesopore sizes are fabricated for P3HT infiltration
in this study. Furthermore, the photovoltaic performance and stability of the ssDSSCs
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with different pore-size-featured titania photoanodes are compared. Two titania films
with different mesopore sizes are described in the first part of this chapter (section 7.1).
The surface and inner morphologies of the mesoporous TiO2 films are examined with
scanning electron microscopy (SEM) and grazing incidence small-angle x-ray scattering
(GISAXS), respectively. The corresponding results are presented in section 7.1.1 and
section 7.1.2. This is followed by the comparison of the crystallization of these two tita-
nia films in section 7.1.3. These two titania films are dyed and subsequently backfilled
with P3HT to form the active layer of ssDSSCs (section 7.2). P3HT crystallization inside
different sized mesopore is compared in section 7.2.1. In order to probe the evolution
of P3HT crystallinity with continuous solar illumination, in situ grazing incidence wide
angle x-ray scattering (GIWAXS) is used (section 7.2.2), which allows for studying P3HT
crystallization and for tracking the development of crystallinity. Finally, links between
P3HT crystallinization evolution and current density-voltage (I-V ) characteristics of the
final solar cells are discussed in section 7.3.

7.1 Mesoporous titania film with different pore sizes

The mesoporous titania films investigated in this chapter are prepared via the second
route of sol-gel synthesis with TTIP as described in section 4.2.2. The different mesopore
sizes are achieved using polymer templates with different molecular weights. In the present
work two types of PS-b-PEO block copolymers are used: one with a small molecular weight
of Mn(PS) = 20.5 kg mol−1, Mn(PEO) = 8 kg mol−1, polydispersity index (PDI) = 1.02,
and the other one with a large molecular weight of Mn(PS) = 63 kg mol−1, Mn(PEO)
= 26 kg mol−1, PDI = 1.07. For the sol-gel process, all experimental parameters and
procedures are the same, only the molecular weights of the polymer template are varied.
To obtain better device performance, pre-synthesized crystalline titania nanoparticles are
incorporated into sol-gel-synthesized titania networks, as such titania photoanodes have
been proven to be more efficient in earlier studies [109]. The nanoparticles used in this
work, which are synthesized by the Dina Fattakhova-Rohlfing group, have an average size
of around 4 nm and contained about 40 wt% organic ligands. The detailed information
is described in section 5.1. The used amounts of reactants is listed in table 7.1.

The sol-gel and nanoparticle solutions are mixed under vigorous stirring for 20 h after
solution preparation. Afterwards, the resulting solution is ultrasonicated for 10 min before
being spin-cast onto the substrates. The spin-coating parameters used in this work are
kept constant at 1000 rpm for 10 s with an acceleration of 400 rounds s−1. After spin-
coating, the titania/PS-b-PEO composite films are annealed at 100 ◦C for 5 min, followed
by another 5 min at 200 ◦C. After this step, the samples are transfered back to 100 ◦C
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sol-gel process nanoparticle solution
agent PS-b-PEO toluene 1-butonal TTIP HCl NPs toluene
amount 200 mg 2.35 mL 1.34 mL 369 µL 76.1 µL 166 mg 1 mL

Table 7.1: The composition details about the acid bath for substrate cleaning.

again for 5 min, and finally they are cooled down to room temperature. The procedure
of spin-coating and thermal annealing is repeated four times to achieve a proper film
thickness. In the present work the sol-gel-synthesized TiO2 and TiO2 from pre-synthesized
nanoparticles have a weight ratio of 1:1, and the weight ratio of total TiO2 and PS-b-PEO
is also fixed at 1:1. Finally, all films are calcined in the ambient condition at 500 ◦C, as
described in section 4.2.2 to obtain mesoporous and crystalline titania films. Normally,
the final film thickness is around 1.8 µm after high-temperature calcination.

7.1.1 Surface Morphology

The surface morphology of the mesoporous titania films is studied by scanning electron
microscopy (SEM). Figure 7.1a and 7.1b demonstrate plan-view SEM images of the meso-
porous titania films after 500 ◦C calcination.

Figure 7.1: Plan-view SEM images of a) small-pore and b) large-pore mesoporous titania
films. The insets in a) and b) are the corresponding FFT patterns.

Both samples present interconnected titania networks and ordered mesopore arrays.
Compared to our previous work where the sponge-like titania nanostructures with irreg-
ular mesopore arrangements are shown [109,141], it is inferred that the binary azeotrope
of toluene and 1-butonal used as good-poor solvent pair is the key point for the formation
of ordered pore arrays. As seen, the pore sizes in both films vary significantly. During
the whole fabrication procedure of both samples, all parameters are kept the same except
the molecular ratio of polymer template. Obviously, the pore-size difference originates
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from the different PS-b-PEO chain lengths, which can be used to tune the pore size of the
titania films during polymer assisted sol-gel synthesis [12]. The films using the low molec-
ular weight template feature an average pore size of around 12 nm (figure 7.1a), whereas
the high molecular weight PS-b-PEO results in large pores with 40 nm average size (fig-
ure 7.1b). The difference demonstrates once again that it is possible to tailor mesoporous
titania films by varying the molecular weight of polymer template. Moreover, the longer
polymer chain gives rise to larger pore size in the resulting titania films. The samples with
small and large mesopore arrays in this chapter are denoted as small-pore and large-pore,
respectively. Beside pore-size difference both samples show different thickness of titania
walls between the mesopores. The small-pore samples exhibit titania walls of about 8 nm
thickness (figure 7.1a), whereas thicker titania frameworks of around 13 nm are present
in the large-pore films (figure 7.1b). The difference is due to the fact that longer PEO
chains can hold more titania during the sol-gel process as titania species are bound with
the PEO matrices through covalent bounds [110, 248]. The insets in figure 7.1a and 7.1b
are the Fast Fourier transform (FFT) patterns of the corresponding SEM images. Each
FFT pattern has two discernible rings. The brighter full rings in both samples indicate a
isotropical pore distribution over the surface and a narrow distribution of pore center-to-
center distance. The outer rings suggest the presence of some long-range lateral ordering
of the mesopores over the surface. However, both FFT rings in figure 7.1a are larger
than those in figure 7.1b, indicating smaller features in the small-pore sample. To ob-
tain quantitative information, power spectral density (PSD) functions are calculated by
azimuthal integration of the FFT patterns. The results are shown in figure 7.2. For both
samples, the stronger peak originates from the brighter inner ring of the FFT pattern,
whereas the weaker peak comes from the outer ring. The q positions of the stronger peak
for orange and blue curves are at 0.273 nm−1 and 0.126 nm−1, respectively. Accordingly,
the center-to-center distances are computed via equation 7.1 to be about 23.0 nm for the
small-pore sample and 50.0 nm for the large-pore sample.

d = 2π
q

(7.1)

7.1.2 Inner Morphology

The inner film morphology is investigated with GISAXS since x-rays can penetrate the
whole sample. This advanced scattering technique offers the possibility to probe the full
film volume over a macroscopic sample area and therefore the structural information of the
probed sample is obtained in the nano- and meso-scale with a high statistical relevance.
The GISAXS experiments are performed at the Elettra SAXS beamline as described in
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Figure 7.2: Power spectral density (PSD) functions obtained from the SEM data. Orange
and blue curves are extracted from the small-pore and large-pore mesoporous titania films,
respectively. The orange curve is shifted along the intensity axis for clarity of the presenta-
tion. The peaks highlighted by black arrows indicate the brighter rings of the FFT patterns,
whereas the weaker peaks are marked by gray arrows showing the position of the outer rings.

section 3.1.6. For these measurements the mesoporous titania films are produced on
silicon substrates. A incident angle of 0.43◦ and a sample-detector distance of 1.96 m are
selected to obtain the desired q range.

Figure 7.3 shows the 2D GISAXS data of the small-pore sample and the large-pore
sample. The horizontal black stripe at qz=0.8 nm−1 and the vertical one at qy = 0.4
nm−1 are the inter-module gaps of the detector. To protect the detector from oversatura-
tion, the specular x-ray beam is shielded by a circular beamstop. The diffuse scattering
maximum observable is called Yoneda peak, which is located at the critical angle of ti-
tania. Directly from the 2D GISAXS data it can be seen that two distinct Bragg rods
are positioned symmetrical around the center of qy=0 nm−1 in lateral direction for both
samples, indicating ordered arrangements in the film volume. However, the position of
Bragg rods for both film differs. In the small-pore sample the Bragg rods reside sym-
metrically at qy = ± 0.27 nm−1, while two Bragg rods are closer to the Yoneda peak
in the large-pore sample, located at qy = ± 0.13 nm−1. The smaller q values in the
large-pore sample suggest a larger predominant structural length scale in real space as
compared to the small-pore sample. For quantitative analysis, horizontal line cuts at
the Yoneda peak position are performed along the qy direction. For better statistics, the
line cuts integrate five pixels which are centered at the Yoneda peak. The horizontal
line cuts allow for extracting structural information of the probed titania samples such
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Figure 7.3: 2D GISAXS data of the a) small-pore mesoporous titania film and of the b)
large-pore mesoporous titania film. The intensity scale for the scattering signal is shown
at the bottom of the images. The circular black area is the beamstop shielding the specular
peak. The horizontal black stripe at qz=0.8 nm−1 and the vertical one at qy = 0.4 nm−1

correspond to the inter-module gaps of the used detector.

as domain size and domain center-to-center distance. The horizontal line cuts of both
films are illustrated in figure 7.4a. The sharp and narrow peaks in both curves derive
from the Brogg rods in the 2D GISAXS data for both samples. However, both curves
demonstrate weak higher-order peaks, which are not observed in the 2D GISAXS data
due to the relative low scattering intensity. The existence of higher-order peaks implies
long-range lateral ordering of the mesopores inside both films. To obtain quantitative
information about titania nanostructures, the line cuts are fitted with the same model
as described in section 5.1.2. From the data modeling, two titania domain radii (form
factors) and the corresponding center-to-center distances (structure factors) are extracted
for both samples and displayed in figure 7.4b and 7.4c. For the small-pore sample, the
small-sized titania structures have a domain size of (3.9 ± 0.1) nm and a domain center-
to-center distance of (23.5 ± 0.2) nm. According to equation 5.1, the pore size between
small-sized structures is calculated to be (15.7 ± 0.2) nm. A characteristic domain size
of (4.7 ± 0.1) nm and the corresponding center-to-center distance of (22.1 ± 0.3) nm are
observed for the large-sized titania nanostructures, yielding a pore size of (12.7 ± 0.3) nm.
For the large-pore sample, titania domian radii of (4.9 ± 0.1) nm and (7.2 ± 0.1) nm with
center-to-center distances of (50.0 ± 0.5) nm and (54.0 ± 3.1) nm are extracted for the
small- and larger-sized titania structures, respectively, which gives rise to the mesopore
sizes of (40.2 ± 0.5) nm and (39.6 ± 3.1) nm. Compared to the results obtained from the
PSD analysis of the SEM data, the center-to-center distances of both films obtained from
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Figure 7.4: a) Horizontal line cuts obtained from the 2D GISAXS data for titania films with
different pore sizes.The orange and blue curves represent the mesoporous small-pore and
large-pore samples, respectively. The grey lines show the fits to the data. The curves are
shifted along the intensity axis for clarity of the presentation. Extracted characteristic length
scales: b) titania domain radii and c) corresponding center-to-center distance. Triangles
indicate small-sized structure and circles indicate large-sized structure. The red crosses in
c) are the center-to-center distances calculated from SEM images.

SEM and GISAXS evaluation are quite similar, suggesting that the surface morphology
is reproduced within the bulk of the sample.

In general, it is found that both small-pore and large-pore titania films demonstrate
ordered mesostructural arrays in the sample surface and inside the films. As intended,
the average pore sizes on these two samples are different. The low molecular weight PS-
b-PEO leads to smaller titania nanostructures and mesopores, while the bigger titania
nanostructures and mesopores are present in the film using the high molecular weight
polymer template.



7.2. Dyed titania films backfilled with P3HT 121

7.1.3 Crystallinity of the titania template

Crystalline titania is crucial for photovoltaic applications as described in section 5.1.3.
Crystalline information about the calcined small-pore and large-pore samples is obtained
by XRD measurements, which are performed on a Bruker D8 ADVANCE X-ray diffrac-
tometer as described in section 3.1.5. Figure 7.5 shows the three XRD curves which are
obtained from the calcined small-pore and large-pore samples, both being deposited on
soda-lime glass substrates. Since glass is not crystalline, it does not give any diffraction
peaks during the XRD measurements. All measured peaks are significantly discernible
and can be identified as the anatase phase according to the reference data from the Inter-
national Center for Diffraction Data (ICDD). Titania with an anatase structure is more
favorable in photovoltaic application due to its high photoactivity [10]. Interestingly, both
XRD curves are very similar in terms of having the same peak positions, the same peak
widths and the same peak intensities, indicating that the crystalline phase, crystal size
and the degree of crystallinity in both sample are very similar. This similarity signifies
that titania crystallization is not influenced by the chain length of the template polymer.
To obtain more quantitative information about the titania crystals, the (101) peaks of the
respective XRD curves of both samples are fitted with Gaussian functions and analyzed
using the Scherrer equation 2.30. This way, a crystal size of (7.7 ± 0.1) nm for the small-
pore sample and (7.9 ± 0.3) nm for the large-pore sample are obtained. It is noteworthy
that this is an average value of all crystals along the <101> crystal direction present in
the samples.

7.2 Dyed titania films backfilled with P3HT

Both mesoporous titania films are modified with the metal-free dye D149 as described in
section 4.2.4. Detailed information about the dye molecules is given in section 4.1. Af-
terwards, the dyed mesoporous titania films are backfilled with P3HT to form the active
layer of ssDSSCs. The backfilling procedure is described in section 4.2.4. The degree
of P3HT infiltration determines the interface areas between titania and P3HT. The im-
portance of the interface is explained in section 5.3. Cross sectional SEM measurements
are applied to characterize the quality of P3HT backfilling. Figure 7.6 shows both the
small-pore and large-pore films before and after P3HT infiltration. Before P3HT back-
filling, a mesoporous nature of spong-like networks are present in the volume of both
films (figure 7.6a and 7.6c). But the mesopore sizes are different, which is in line with
the GISAXS results. After P3HT backfilling, a rather good infiltration for both films is
observed (figure 7.6b and 7.6d). P3HT is an essential part of the active layer as it is the
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Figure 7.5: XRD patterns of the mesoporous titania films. Orange and blue curves represent
the mesoporous small-pore and large-pore samples, respectively. Both curves are shifted along
the y axis for clarity of the presentation. Green vertical bars represent reference peaks for
anatase TiO2 taken from The International Centre for Diffraction Data (ICDD).

medium for the positive charge carrier transport, which plays a crucial role in the device
performance. The capacity of the positive charge carrier transport is closely related to
P3HT crytallinity. Therefore the P3HT crystalline order is of great interest. Grazing
incidence wide-angle x-ray scattering (GIWAXS) measurements are performed on these
active layers to investigate P3HT crystalline properits like lattice distances or crystal
sizes. Moreover, to link it to the stability of the photovoltaic performance of ssDSSCs,
the evolution of P3HT crystalline order under continuous light illumination are studied
via in situ GIWAXS. GIWAXS is a powerful technique to characterize polymer crystal-
lization. The measurements are carried out at the Elettra SAXS beamline as described
in section 3.1.6. An incident angle of 0.56◦ and a sample-detector distance of 252 mm are
chosen for the GIWAXS measurements.

7.2.1 P3HT crystallization inside the titania mesopores

In order to retrieve the corrected reciprocal space patterns, a number of appropriate cor-
rections, including solid-angle correction, q-reshaping and conversion, efficiency correction
and polarization correction, are applied to the raw 2D GIWAXS data with the aid of the
software GIXSGUI. These corrections are discussed in detail in elsewhere [90]. The cor-
rected 2D GIWAXS data of the small-pore and large-pore active layers are displayed
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Figure 7.6: 2D GIWAXS data. a) A small-pore mesoporous titania film, b) a dyed small-pore
film backfilled with P3HT, c) a large-pore mesoporous titania film, and d) a dyed large-pore
film backfilled with P3HT.

in figure 7.7. For both samples there is a peak at q ≈ 4 nm−1 mainly in the vertical
direction, which is assigned to (100) lattice plane of the P3HT crystals. The P3HT (010)
peak is located at qz ≈ 18 nm−1, which is overlapped with the (101) crystalline order of
the titania anatase phase (q = 17.85 nm−1). The 2D GIWAXS data show the existence
of P3HT and anatase titania crystals in both samples. Moreover, (100) peaks are clearly
observed in the vertical direction, indicating an edge-on dominated orientation of P3HT.
The TiO2 (101) peaks smear out into Debye-Scherrer rings, elucidating that anatase crys-
tals are presented in the films in an orientational disorder. This result is in agreement
with the XRD measurements where no preferential orientation is observed for the TiO2.

To obtain quantitative information about the P3HT crystalline order, radially-integrated
cuts are performed on the corrected 2D GIWAXS data using an angular range from 5◦

to 15◦. The cuts for both active layers are shown in figure 7.8. It has to be mentioned
at first that the intensities of the same peaks obtained from both active layers cannot be
compared as the intrinsic difference might exist between the samples like film thickness
and amount of material. In both active layers the (100) peaks in the vertical direction
are the dominant scattering signal, which indicates a predominantly edge-on orientation
of the P3HT crystal. The (100) peak acts as a good indicator of the polymer crystallinity
and is chosen to parametrize the P3HT crystallites. It is noteworthy that the P3HT cap-
ping layer is negligible in this work as it is very thin with a thickness of a few nanometers,
as shown in figure 7.9. Therefore, the signal of diffuse scattering mainly originates from
the P3HT inside titania mesopores, which might give insight that whether the key P3HT
crystalline properties are influenced by different titania pore sizes. From figure 7.7, it is
noticeable that the (010) peak in the vertical direction is not accessible, which is another
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Figure 7.7: 2D GIWAXS data of the a) small-pore mesoporous titania film and of the b)
large-pore mesoporous titania film. The intensity scale for the scattering signal is shown at
the bottom of the images. The circular black area at the lowerleft corner is the beamstop
for the transmitted beam. The horizontal black stripe at qz ≈ 5.5nm−1, qz ≈ 11.2 nm−1,
qz ≈ 15.8 nm−1 and qz ≈ 20.5 nm−1, and the vertical one at qr ≈ 4.7 nm−1 correspond to
the inter-module gaps of the used detector.

reason why only the (100) peaks in the vertical direction are chosen for the analysis of
P3HT crystallinity.

For analysis both cuts are modeled with Gaussian functions as shown in figure 7.8 (grey
curves). From data modeling, the amplitude, q position and mean crystal size of the P3HT
crystals in <100> direction are extracted. Here, the crystal size is obtained via the full-
width-at-half-maximum (FWHM) and the Scherrer equation under the assumption of
constant paracrystallinity. For the small-pore active layer, the P3HT (100) peak located
at q ≈ 3.84 nm−1 gives the strongest intensity. According to equation 7.1 the polymer
backbone spacing is calculated to be 1.64 nm and the average crystal size is calculated to be
around 9.4 nm. The values are in line with the previous observations of P3HT crystals in
P3HT:[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) blend systems [249,250],



7.2. Dyed titania films backfilled with P3HT 125

Figure 7.8: Vertical sector integrals obtained from the corrected 2D GIWAXS data for both
active layers. The orange and blue curves in a) and b) represent the small-pore and large-
pore samples, respectively. The grey lines are the fits to the data. The curves are shifted
along the intensity axis for clarity of the presentation. In the insets of a) and b), a zoom-in
of the region between q = 3.1 nm−1 and q = 4.8 nm−1 to stress the presence of two (100)
peaks in the large-pore samples.

meaning that P3HT crystallization inside small mesopores behaves similarly to that in
P3HT:PCBM films. For the large-pore active layer, two (100) peaks are observed as
shown in figure 7.8b. The one located at q ≈ 3.84 nm−1 is denoted as the first (100) peak,
and the other on at q ≈ 4.05 nm−1 is referred as the second (100) peak. These two (100)
peaks indicate the existence of two types of P3HT crystals inside the large mesopores,
which is distinctly different from the small-pore active layer. A similar observation of
P3HT polymorphism is found in the P3HT:PCBM system with cyclohexanone as solvent
additive after thermal annealing [251]. The polymer backbone spacing of 1.64 nm and
crystal size of about 10.0 nm are obtained for the first (100) peak, which is similar to
the counterpart in the small-pore active layer. While for the second (100) peak denser
polymer backbone spacings of about 1.55 nm and much larger crystals of about 38.3 nm
are found. The crystal size is almost the same size as the pore size of the large-pore titania
film, indicating a single P3HT crystal nearly fills one mesopore completely. However, from
fitting it is noted that the second (100) peak possesses only 20% the intensity of the first
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Figure 7.9: Cross-section SEM image of the small-pore active layer. The P3HT capping
layer is highlighted by the area between red curves.

(100) peak, indicating that the volume fraction of the crystal causing the second (100)
peak is much lower than for the first (100) peak.

In general, the backfilled P3HT crystalline order is greatly influenced by the titania
pore size. Both active layers possess one type of crystals with polymer backbone spacing
of 1.64 nm and crystal size of about 10.0 nm, whereas a second type of crystals only exists
in the large-pore active layer with denser backbone spacing and larger crystal size.

7.2.2 Temporal evolution of the P3HT crystalline order

As known, the use of a solid and stable titania network allows to stabilize P3HT in terms
of domain size. The change of P3HT domain size has been verified to result in the drop
of short-circuit current density (Jsc) in P3HT:PCBM organic solar cells [80], which can
be canceled out in this work as the P3HT domains contributing to the current generation
are confined by the titania scaffold. Therefore, the change of P3HT crystallization over
time is the only reason for the change of final device performance from a morphological
perspective. In order to track the evolution of the P3HT crystallization under continuous
AM1.5 solar illumination, in situ GIWAXS measurements are performed on the small-
pore and large-pore active layers which are built on glass substrates. The whole in situ
measurements last for 30 min, and each GIWAXS frame is acquired with a measuring time
of 3 s. Thus in total 600 frames are recorded. The vertical integral and analysis for each
frame are obtained by the same method as described in section 7.2.1. The amplitude,
q position and mean crystal size as a function of illumination time are extracted from
data modeling for both active layers and plotted in figure 7.10. For the small-pore active
layer, the (100) peak position and peak FWHM remain constant over time, whereas the
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Figure 7.10: Temporal evolution of a) q-position, b) crystal size and c) Bragg peak amplitude
obtained from fits of (100) P3HT peaks under continuous solar illumination for 30 min.
Orange hollow circles represent the small-pore active layer, blue solid circles and dark blue
solid rectangles represent the first and second (100) peaks of the large-pore active layer,
respectively. In c), for the small-pore sample, the intensities are normalized to its initial
peak intensity, while all intensities are normalized to the initial intensity of the first (100)
peak for the large-pore sample.

peak intensity decreases gradually under 30 min solar illumination. A constant (100) peak
position indicates the polymer backbone spacing is unchanged, remaining at 1.64 nm with
illumination. The average crystal size is unchanged as well at 9.4 nm as the size change
merely on the order of 0.5 nm even smaller than the error bar given in Figure 7.10b. The
decrease of the (100) peak intensity over time indicates a decrease of the volume fraction
of crystalline regions in the sample. For the large-pore active layer, all the parameters
extracted from either the first or the second (100) peak are stable over time. Similar to
the small-pore active layer, the distance between adjacent P3HT backbones and crystal
size for both types of P3HT crystals are unchanged. In detail, for the first (100) peak the
polymer backbone spacing remains constant at 1.64 nm and crystal size is unchanged at
10.0 nm. For the second (100) peak these two parameters are stable at 1.55 nm and 38.8
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nm, respectively. The stable intensities of both first and second (100) peaks mean that
the volume fraction of P3HT crystalline regions does not reduce over time and also rules
out potential radiation damage in our study. Moreover, the intensity ratio of the first and
second (100) peak does not change either, indicating the volume fraction of both types of
P3HT crystals always constant.

In general, the stability of the backfilled P3HT crystalline order is closely related to
mesopore size. The P3HT inside the large titania pores is more stable than inside the
small pores in terms of the volume fraction of P3HT crystalline regions.

7.3 Temporal evolution of photovoltaic performance

The small-pore and large-pore active layers are sandwiched between fluorine-doped tin
oxide (FTO) and gold electrodes to complete the full ssDSSCs. In order to avoid direct
contact between the active layer and two electrodes, a thin compact titania layer (about
100 nm) is inserted between FTO and active layer as a hole-blocking layer, and a capping
P3HT layer was introduced by spin-coating of a P3HT solution on top of the active layer
acting as an electron blocking layer. The implemented solar cell layout is:

glass/FTO/compact-TiO2/active layer/P3HT/Au

The used materials in fabricating ssDSSCs are described in detail in section 4.1. The
detailed steps of solar cell assembly is given in section 4.2.4.

In order to test the stability of ssDSSCs, two types of ssDSSCs are measured under
simulated AM1.5 G illumination for 30 min. Current-voltage (I-V ) curves of the small-
pore and large-pore solar cells with best performance are compared in figure 7.11. From
I-V curves, related photovoltaic parameters such as power conversion efficiency (PCE),
short-circuit current density (Jsc), open-circuit voltage (Voc), and fill factor (FF ) can be
extracted as described in section 3.2.3. A Jsc of 6.72 mA cm−2, a Voc of 0.74 V and a FF
of 47 % give rise to a PCE of 2.32 % for the small-pore cell, while the large-pore solar
cell performs slightly better with a Jsc of 7.31 mA cm−2, a Voc of 0.71 V, a FF of 58 % and
a PCE of 2.95 %. This PCE value is among the best reported values for ssDSSCs. The
higher PCE in the large-pore device mainly originates from the enhancement of Jsc and
FF as compared to the the small-pore cell. The enhancement may be due to the existence
of large P3HT crystals in the large-pore active layer as larger crystals give rise to a higher
mobility of positive charge carriers which reduces geminate-pair recombination [18]. The
Voc of both cells is similar, indicating Voc is not influenced by the pore size of titania
photoanodes.
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Figure 7.11: I-V curves of the small-pore (orange) and large-pore (blue) ssDSSCs with the
best performance.

Figure 7.12 shows the temporal evolution of photovoltaic parameters for both devices
under ambient working conditions. All the parameters are normalized to their initial val-
ues. For both cells, the Voc drops gradually over time. Many accounts in literature have
reported that Voc in ssDSSCs is strongly influenced by dye molecules in terms of light-
harvesting ability or TiO2 surface modification [252,253]. Additionally, dye molecules de-
grade via oxidation and reductive processes under light illumination [254–256]. Therefore,
it is believed that the Voc decay in ssDSSCs is directly related to the dye degradation. The
degradation of the dye D149 used in the present work is investigated. Figure 7.13 shows
the UV/Vis absorption spectra of the dye-adsorbed small-pore and large-pore samples
with different illuminating times. The UV/Vis absorption peaks at around 385 nm and
525 nm smear out with continuous solar illumination for both dye-adsorbed small-pore
and large-pore titania films, indicating the decreased ability of dye molecules for light
harvesting. To quantify the dye degradation, the UV/Vis absorbances of each sample are
integrated in the range from 300 nm to 700 nm. For both samples, the obtained inte-
grated absorbances are normalized to their own initial values which are measured without
solar illumination and plotted in figure 7.12a and 7.12b, respectively. It is noted that the
downtrend of dye absorbance matches the Voc decay quite well for both small-pore and
large-pore samples, indicating that the Voc decrease is mainly caused by the dye degra-
dation in light harvesting in the first 30 min. Instead of continuous decrease, the Jsc of
both cells increases in the initial tens of seconds and then decrease over measuring time.
The growth of Jsc in the initial stage is due to the light soaking effect which improves
the electron lifetime significantly [257]. After slight increase, the Jsc in the small-pore
cells, then, drops faster than in the large-pore cells. As can be seen for figure 7.12b, the
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Figure 7.12: Temporal evolution of Jsc (black), Voc (dark yellow), FF (violet) and PCE

(red) for a) the small-pore and b) large-pore ssDSSCs, respectively. The hollow green tri-
angles in a) and b) represent the temporal evolution of integrated absorbance for the dye-
adsorbed small-pore and large-pore titania films, respectively. All the parameters are nor-
malized to their initial values.

similar decrease tendency of Jsc and dye are presented after 300 s, it is believed that the
dye degradation is also the main reason for Jsc decay in the large-pore cells. For the
small-pore cells, the drop for Jsc is more than for dye absorbance after 300 s, meaning
that some other factors contribute to Jsc decay, besides the contribution from dye degra-
dation. From GIWAXS and in-situ GIWAXS measurements, the absence of large P3HT
crystals and the decrease of the volume fraction of P3HT crystalline regions may result
in a stronger Jsc decay. In contrast, FF decreases slower in the device with small pores
than in the large-pore solar cells. The decrease of Jsc, Voc and FF together results in the
PCE reduction for both photovoltaic devices.
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Figure 7.13: UV/Vis absorption spectra of a) dye-adsorbed small-pore and b) dye-adsorbed
large-pore titania films.The data are recorded every 3 min during solar illumination as in-
dicated with the used color code.

7.4 Summary

Titania films are fabricated via polymer-template-assisted sol-gel synthesis. By using PS-
b-PEO with different molecular weights as structure directing agents, two different pore
sizes are achieved. In short, the use of the binary azeotrope of toluene and 1-butonal
as a good-poor solvent pair results in ordered mesopore arrays in the titania film. The
simultaneous evaporation of the binary azeotrope gives a constant driving force of polymer
self-assembly during the whole drying process, which is able to reserve polymer micellar
structures very well. The details are given in section 2.2.3 and section 4.2.2. A binary
azeotrope used as good-poor solvent pair has been also reported by Guldin et al., who
demonstrated an ordered mesopore array over the surface of titania films by employing
poly(isoprene-block-ethylene oxide) (PI-b-PEO) as templates [247]. Moreover, this paper
also showed that the pore size and porosity can be tuned efficiently by varying the weight
ratio of titania and polymer template. The low molecular weight of polymer template
leads to small mesopores and titania structures, whereas the PS-b-PEO with longer chains
gives rise to large mesopores and titania structures. The size differences confirm that the
pore size and titania-nanostructure size can be tuned by changing the chain length of
polymer template. A similar observation has been found in literature [12], where the
different molecular weight of PI-b-PEO lead to different titania pore sizes.

The XRD measurements verify the presence of anatase phase in both mesoporous titania
films after 500 ◦C calcination. Moreover, it is found that the titania crystallization is not
influenced by the molecular weight of the polymer template as XRD curves of both sample
are very similar.
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After P3HT backfilling, the crystalline order of the conducting polymer is studied using
GIWAXS measurements. It is found that titania pore sizes have a strong impact on P3HT
crystalline behavior. Two types of P3HT crystals are observed in the large-pore active
layers, while only one type exists in the small-pore active layers. Polymorphism has been
frequently observed in crystalline polymers under the confinement inside mesopores [258,
259]. With respect to the size, P3HT crystals are larger in the large-pore active layers
than in the small-pore active layers. Moreover, in situ GIWAXS measurements shows
that under 30 min solar illumination P3HT inside large titania mesopores is more stable
than inside small pores in terms of lattice constants, crystal sizes and volume fraction of
crystalline regions.

The ssDSSCs are assembled based on the small-pore and large-pore active layers and
tested continuously under AM1.5G solar illumination. The result shows that the Voc loss
of both cells is mainly caused by the dye degradation. In the large-pore solar cell, the
reduction in light harvesting of dye molecules is the main reason for the Jsc decay as well.
For the small-pore device, the combined effect of the dye degradation, the decreased P3HT
crystallinity and the absence of large P3HT crystals contributes a faster Jsc decrease.
It is the first time to observe the correlation between P3HT crystalline structure and
device performance of P3HT-based ssDSSCs. The pore size of titania photoanodes greatly
impacts the performance and stability of P3HT-titania based ssDSSCs.



8 Low temperature synthesis of
hierarchically structured titania films

Parts of this chapter have been published in the article: A low temperature
route toward hierarchically structured titania films for thin hybrid solar
cells [51] (L. Song et al., Adv. Funct. Mater., 26, 7084–7093, 2016, DOI:
10.1002/adfm.201603867).

Since the prototype of dye-sensitized solar cells (DSSCs) was firstly put forward by
O’Regan and Grätzel in 1991 [153], titania-based solar cells have been extensively stud-
ied due to their potential for low cost, ease of manufacturing processes and high solar
power conversion efficiency (PCE) [102, 107, 192, 216, 217, 226, 260–262]. Nevertheless,
the leakage and corrosion problems of conventional liquid electrolytes are widespread in
DSSCS, which motivates research groups to develop new hole-transport materials (HTMs)
to replace the liquid electrolyte [263–265]. Many titania-based solar cells with solid-state
HTMs, ranging from all-solid-state DSSCs (ssDSSCs) to hybrid solar cells, have received
considerable attention [266–270]. Particularly, hybrid solar cells have been the focus of
an increasing interest due to high demand for devices with low cost, light weight, flexible
design and facile production [271–274]. Hybrid solar cells are dye-free in the device con-
figuration and only consist of n-type semiconductors like TiO2 and conjugated polymers
like poly(3-hexylthiophene) (P3HT). In hybrid solar cells, incoming light is absorbed by
the conjugated polymers instead of sensitizing dyes. Upon light excitation, conjugated
polymers inject electrons into the conduction band of the n-type semiconductor. Thus,
the conjugated polymer in hybrid solar cells is the charge carrier generator and the posi-
tive charge carrier transport material. As charge generation only occurs at the interface
of n- and p-type semiconductors, the mesoporous titania nanostructures are very suitable
for the photoanodes of hybrid solar cells due to the n-type semiconductor nature with a
very high surface-to-volume ratio [109]. Great progress has been made for the develop-
ment of hybrid solar cells using mesoporous titania nanostructures as the photoanode and
P3HT as the light harvester and the photocathode [133, 189, 275]. For titania photoan-
odes, a high-temperature calcination step (typically above 400 ◦C) usually is required to

133
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crystallize TiO2 as a crystalline phase of titania is more favorable for photovoltaic appli-
cations [10, 41, 276, 277]. However, it’s impossible to involve a high-temperature process
in the fabrication of lightweight and flexible solar cells. For this kind of photovoltaic de-
vices, the substrate for supporting the active layer usually is a transparent polymer thin
foil such as a poly(ethylene terephthalate) (PET) or polyethylene naphthalate (PEN) foil,
which are not heat-resistant. In addition, a reduction of the synthesis temperature is ben-
eficial in reducing production costs and energy consumption, shortening pay-back times
and lowering environmental impact of solar cells.

Up to now, different approaches to synthesize crystalline titania at low temperatures
have been explored, such as non-hydrolytic sol–gel synthesis [278], fast and slow hydrolysis
routes [279], use of inorganic precursors [280], and solvothermal method [281]. However,
these methods result in the precipitation of titania nanorods or nanoparticles in the solu-
tion. To meet the demand of mesoporous titania films, the premade nanorods or nanopar-
ticles require mixing with particular binders and pore forming materials to form titania
pastes, which can be deposited on the substrate via doctor-blading [120]. Binders are used
to connect individual nanorods or nanoparticles and to make them stick to the substrate.
Pore forming materials are used to create mesopores in the resulting titania films. To
obtain pure meosporous titania films, removing the binders and pore forming materials
is necessary but implies a great challenge at low temperatures. As an alternative, a novel
so-gel approach is established to fabricate mesoporous titania films at low temperatures
in this work. In this route, a special titania precursor, ethylene glycol-modified titanate
(EGMT), is used, which can crystallize during the sol-gel process. Polystyrene-block-
polyethylene oxide (PS-b-PEO) is used as polymer template, which is sacrificed after film
deposition to create mesopores.

Although considerable efforts have been made concerning titania based hybrid solar
cells, to date, the performance of most devices cannot compete with ssDSSCs. The
reported power conversion efficiencies (PCEs) of hybrid solar cells are still lower than
1 % even with high-temperature processed TiO2 photoanodes [189, 261, 275, 282, 283].
To obtain more efficient titania photoanodes thereby better photovoltaic performance,
artificial superstructures in sub-micrometer length scales are introduced to mesoporous
titania films as it has been shown in several studies that the structured TiO2 could enhance
light harvesting [284–288]. Many research groups have reported on the production of
hierarchical structures. For example, Yang et al. introduced well-defined microchannel
networks to porous oxides for use as materials in the fields of advanced catalysts, sensors,
optoelectronics, and integrated photonic crystal devices [289]. Chou et al. demonstrated
83 % improvement in the overall PCE for the case of hierarchically structured ZnO films
with primary nanoparticles and secondary colloidal spheres [290]. Kaune et al. showed the
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reduction of light reflection in hierarchically structured titania films with various pore sizes
from nanometer to micrometer length scales [146]. The hierarchical structures offer multi-
functionality to the produced films. Currently, patterning mesoporous titania films with
well-defined structural order on larger length scales has received great attention in many
different applications [291–294]. Amongst the different concepts, imprinting mesoporous
films with nano-imprint lithography (NIL) is of great interest in fabrication of titania films
with hierarchical structures [295–300]. NIL, also referred to as soft-embossing [301–303],
allows fabricating well-defined structural order over multiple length scales with low cost,
high throughput and high resolution. Moreover, the NIL can be done below 150 ◦C,
offering a great potential for targeting low-temperature fabrication.

A novel approach of fabricating hierarchically structured titania thin films at low tem-
peratures is developed in this work. The approach relies on polymer-template assisted
sol–gel synthesis in combination with NIL processing. EGMT is used as titania precursor,
which allows tuning the crystal phase of titania via changing the pH-value and has been
applied successfully to the fabrication of nanostructured titania thin films [92, 93, 95, 96].
The hierarchically structured titania films produced at low temperatures are described and
compared to results of films without artificial superstructures (denoted as original titania
films) in the first part of this chapter (section 8.1). The sol-gel-synthesized titania/PS-b-
PEO composite films are imprinted using NIL technique and subsequently the polymer
template is removed by UV irradiation and a chlorobenzene bath. The entire process is
schematically illustrated in section 8.1.1.The surface morphology of the imprinting mas-
ter and imprinted titania films is studied in section 8.1.2 with atomic force microscopy
(AFM) and scanning electron microscopy (SEM). This is followed by an inner morphol-
ogy study using grazing-incidence small-angle x-ray scattering (GISAXS) measurements
in section 8.1.3. The hierarchical titania films are backfilled with P3HT to form the ac-
tive layer of hybrid solar cells (section 8.2), the active layer morphology is investigated in
section 8.2.1. Section 8.2.2 depicts the investigations on optical properties of the active
layer. In the end, hybrid solar cells with hierarchical titania photoanodes are made to
give a proof of practicability (section 8.3).

8.1 Film before and after polymer-template extraction

The titania nanostructures studied in this chapter are prepared by the low-temperature
sol-gel synthesis with EMGT as described in section 4.2.2. The used amount of reactants
is listed in table 8.1. After 20 h aging, the sol-gel solution is spin coated onto different
substrates as described in section 4.2.3. Silicon substrates are used for SEM and GISAXS
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measurements, glass substrates for UV–vis measurements, and FTO/compact-TiO2 sub-
strates for solar cell fabrication. The substrate cleaning and preparation is explained in
section 4.2.3 and section 4.2.4.

component EGMT HCl N,N-dimethylformamide PS-b-PEO
amount 100 mg 171 µL 2.12 mL 100 mg

Table 8.1: The composition details of the sol-gel synthesis.

For imprinting, a master with a pillar pattern of 200 nm width, 200 nm length and
90 nm height and of a periodicity of 400 nm is used in this work. The manufacturing
technique is described in detail in section 4.2.5.

8.1.1 Fabrication routine of hierarchical titania nanostructures

A workflow description is schematically illustrated in figure 8.1 for producing the active
layer with hierarchical structured titania photoanodes. After aging, the sol-gel solution
is deposited on a silicon or glass or FTO/compact-TiO2 substrate by spin coating (fig-
ure 8.1a). In this step, the nano titania species are embedded in the PEO matrices, and
the titania/PS-b-PEO composite film is gained (figure 8.1b). Due to the presence of the di-
block copolymer scaffold, the composite film has a certain pliability compared to a purely
inorganic titania film. This pliability allows embossing precise superstructures into the
composite film during the imprinting step. The artificial superstructures are introduced
onto the composite film by the NIL process, which is performed at an Obducat NIL-2.5
instrument for 10 min at an elevated temperature of 120 ◦C and a pressure of 30 bar, as
shown in figure 8.1c. The applied temperature is slightly higher than the glass transition
temperature of the polymer, thus the composite film is softened. Under the high pressure,
the softened composite films is forced into the cavities of the relief structure of the used
master stamp. After 10 min, the whole system is cooled down to 60 ◦C to lift off the mas-
ter. This temperature is lower than the glass transition temperature of PS blocks and the
crystal melting temperature of PEO blocks, thus the patterned composite films hardens
in the cooling-down process. After master demolding, the inverse replica of the master
mold structures is transferred to the composite film and the artificial superstructures are
constituted (figure 8.1d). Afterwards, the composite film undergoes continuous UV irra-
diation for 24 h to remove the PS-b-PEO template as shown in figure 8.1e. After UV
exposure, the obtained mesoporous titania films with artificial superstructures are soaked
in chlorobenzene for 60 min (figure 8.1f). The soaking process serves two functions. The
first is to remove residual template polymer after the UV treatment since chlorobenzene
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is a good solvent for PS-b-PEO as well. The other is to enhance infiltration ability of
the hole-transport polymer as chlorobenzene is the host solvent of P3HT [183]. There-
fore, the steps of figure 8.1e and 8.1f are denoted as polymer extraction as both have
the effect of polymer removal. After the soaking process, the pure mesoporous titania
film with NIL pattern is achieved (figure 8.1h). Finally, P3HT is spin coated on top of
the superstructured mesoporous titania film to form the active layer of hybrid solar cells
(figure 8.1g). The filling degree of P3HT into the hierarchical structured titania film is
of crucial importance for photovoltaic device performance as charge carrier can only be
generated at the interface of titania and P3HT [183].

Figure 8.1: Schematic illustration of nano-imprinted active layers. a) The prepared sol-gel
solution is deposited via spin coating. b) The spin coated titania/PS-b-PEO composite film
(dark blue) on a silicon or glass or FTO/compact-TiO2 substrate (tan). c) The composite
film is patterned with NIL at an elevated temperature of 120 ◦C (indicated by light tan
substrate) and a pressure of 30 bar (indicated by black arrows). d) Inverse master structures
are transferred to the composite film. e) UV irradiation is used to remove the polymer
template. f) Soaking of the film in chlorobenzene for 60 min. f) Mesoporous titania films
with artificial superstructures after polymer extraction. g) Hierarchical structured titania
films backfilled with P3HT to form active layer.
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8.1.2 Surface morphology

Figure 8.2a shows an AFM image of the surface of the master used in the NIL process. It
shows a regular arrangement of uniform nano-pillars, which have a size of 200 nm× 200 nm
and a lattice period of 400 nm. Figure 8.2b is an AFM topographic height profile of the
nano-pillars that is extracted from Figure 8.2a. The data shows that the nano-pillars have
an average height of about 90 nm.

Figure 8.2: Master for nano-imprinting: a) AFM topography of the imprint master. The
size is 2 × 2 µm2 and b) corresponding height profile.

This type of master is used as pattern source for nano-imprinting on the titania/PS-
b-PEO composite films. After NIL process, the surface morphology of the resulting
nano-imprinted composite films is characterized with SEM and AFM measurements.
Figure 8.3a illustrates plan-view SEM images at a low magnification. It shows that a
highly ordered square pitch-like lattice superstructure are present in the nano-imprinted
composite, suggesting a successful nano-imprinting process. Figure 8.3b is a close-up of
Figure 8.3a, which is taken at a high magnification. From this image, the size of 200
nm × 200 nm and the periodicity of 400 nm for the pitch-like structures is observed,
which corresponds to the negative replica of the master mold structure. The success of
NIL process is confirmed by AFM measurements as well. Figure 8.3c shows the similar
superstructure array with the figure 8.3a. To obtanin depth information of the pitch-like
structures, the height profile is extracted from the AFM images and the result is displayed
in figure 8.3d. The pitch depth is around 90 nm, which is the same value as for the height
of mater nano-pillars, suggesting a complete transfer of the stamp relief structures into
the composite films. In order to obtain mesoporous nanostructures of pure titania, the
PS-b-PEO template must be removed from the nano-imprinted composite films. For tar-
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geting low-temperature fabrication, the removal of polymer template is achieved by UV
irradiation and chlorobenzene treatment rather than high-temperature calcination.

Figure 8.3: a) Low magnification and b) high magnification of the nano-imprinted
titania/PS-b-PEO composite films. c) AFM topography of the composite films. The size
is 2 × 2 µm2 and d) corresponding height profile.

To evaluate the efficiency of the low-temperature route for polymer-template extraction,
Fourier transform infrared spectroscopy (FTIR) is used to determine traces of residual
polymer template. Figure 8.4 depicts the FTIR data of the composite films before and
after polymer extraction. A broad band is observed in the region of 400 - 700 cm−1

for both samples. This band corresponds to the bending vibration of Ti–O bonds [304–
306]. However, distinct differences exist in the range of 700 - 1800 cm−1. The sample
before polymer extraction process shows many absorption peaks, whereas the sample
after polymer extraction demonstrates no absorption peaks. In the present system, all
absorption bands in this region are identified as features of organic bonds. For example,
the strongest absorption bands at 1030 cm−1 and 1480 cm−1 in the titania/PS-b-PEO
composite film are ascribed to the presence of aromatic rings (PS) and C-O bonds (PEO),
respectively [307,308]. However, absorption bands are absent in the sample after polymer
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extraction during this region, suggesting that the PS-b-PEO is removed thoroughly by
the combination of UV exposure and chlorobenzene soaking.

Figure 8.4: FTIR spectra of the titania/PS-b-PEO composite film (black curve) and the film
after polymer extraction process (blue curve).

After polymer extraction, the pitch-like superstructures are preserved but deformed
from their original square-shape in the nano-imprinted titania/PS-b-PEO composite film
as shown in figure 8.5a. The deformation is caused by a certain collapse of the tita-
nia nanostructures after removal of the polymer scaffold. To further probe the titania
nanostructures inside the pitches and on the walls between pitches, a cross-section of the
nano-imprinted titania film is examined after breaking the sample vertically. Figure 8.5b
shows the mesoporous nature of a sponge-like morphology on the walls between pitches
and in the region underneath pitches. Moreover, a compact and extremely thin titania
crust is found on top of the mesoporous titania nanostructures, which makes the intercon-
nected titania network invisible in the plan view picture. For a comparison, an original
titania film after polymer extraction is measured via SEM as displayed in figure 8.5c,
the mesoporous titania sponge-like structures are observed as well, but without compact
titania layer on the surface. Therefore, it is concluded that the formation of the compact
titania crust is caused by the NIL process. Irrespective of imprinting, the mesopore sizes
are in the range of 10-20 nm in both, the original and the nano-imprinted titania films.
To obtain more quantitative information about the impact of polymer extraction, the
surface morphology of the nano-imprinted titania film is probed via AFM measurements.
Figure 8.5d confirms the existence of deformed pitch-like superstructures and the preser-
vation of superstructure arrangements. After polymer extraction, the AFM height profile
reveals that the depth of pitch-like structures remain around 90 nm, indicating that the
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polymer-extraction process induces a similar collapse degree in the wall between pitches
and the region underneath pitches.

Figure 8.5: a) Plan view and b) cross-section SEM images of the nano-imprinted sample
after polymer extraction. c) SEM topography of the original titania film after polymer ex-
traction. d) Surface morphology of the nano-imprinted titania film probed by AFM. The
scan range is 2 × 2 µm2 and e) corresponding height profile.

8.1.3 Inner morphology

In order to gain more insights on the volume of the films after the NIL process, GISAXS
experiments are performed at the the Austrian SAXS beamline of the Elettra synchrotron
source, as described in section 3.1.6. The original composite films before and after polymer
extraction are used as reference. The 2D GISAXS data obtained from the measurements
are shown in figure 8.6.

Figure 8.6a and 8.6b show the original titania/PS-b-PEO composite samples before and
after polymer removal, respectively. Unlike to GISAXS measurements shown in previous
chapters, no beamstop is introduced into the system to block the specular peak. Therefore,
the intensity maximum locates at the specular peak for the measurements. The positions
of the specular and Yoneda peaks are labeled in figure 8.6a. For the side scattering, the
signal in figure 8.6b is much stronger than that in figure 8.6a. The difference is mainly
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ascribed to the contrast. The scattering strength is related to the contrast between titania
and PS-b-PEO in the composite sample, and to the contrast between titania and air in
the sample after polymer extraction. The sample with greater contrast between titania
and air gives stronger side scattering (figure 8.6b) as compared with titania and PS-b-
PEO (figure 8.6a). The contrast difference is the reason for the intensity difference in
figure 8.6c and 8.6d as well. Moreover, the scattering patterns of both titania/PS-b-PEO
composite films without and with superstructures are distinctly different, as shown in
figure 8.6a and 8.6c. A long interference streak in the center along the qz direction is
observed in the superstructured composite sample, which is enclosed by a red rectangle.
This prominent feature is the result of the NIL process as it is absent in figure 8.6a. The
long interference streak is identified as Bragg rod, which originates from the periodic order
of the NIL-induced superstructures [87, 309,310].

Figure 8.6: 2D GISAXS data. The original titania/PS-b-PEO composite films a) before
and b) after polymer extraction; the nano-imprinted composite films c) before and d) after
polymer extraction. The positions of specular and Yoneda peaks are labeled in image a), and
the red arrow indicates the horizontal line cut. The red rectangle in image c) indicates the
region of the Bragg rods. The horizontal black stripe at qz=0.66 nm−1 and qz=1.52 nm−1

as well as the one in the vertical position at qy=0.12 nm−1 are due to the inter-module
detector gaps of the detector.

In order to obtain quantitative information about lateral nanostructures inside the
probed samples, horizontal line cuts are performed at the Yoneda peak position of titania,
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as indicated by the red arrow in figure 8.6a. These cuts along with their fits are shown in
figure 8.7a.

Figure 8.7: a) Black curves represent horizontal line cuts of 2D GISAXS data for (C1)
original titania/PS-b-PEO composite film, (N1) nano-imprinted titania/PS-b-PEO compos-
ite film, (C2) titania film after polymer extraction, and (N2) nano-imprinted titania film
after polymer extraction. The grey lines represent the fits to the corresponding line cuts.
All curves are shifted along the y-axis for clarity of the presentation. The extracted charac-
teristics: b) titania domain size and c) the corresponding center-to-center distance. Hollow
circles and hollow squares indicate the large- and small-sized titania structures, respectively.

From modeling, two structural characteristics are extracted for all samples. The tita-
nia domain sizes and the corresponding center-to-center distances are summarized in fig-
ure 8.7b and 8.7c. Both titania/PS-b-PEO composite films (original and nano-imprinted)
have similar domain sizes and center-to-center distances. In detail, the size of small
titania domain is (4.6 ± 0.2) nm with the corresponding center-to-center distance of
(23.1 ± 2.1) nm, whereas the large-sized titania domains possess a characteristic radius
of (11.1 ± 1.3) nm and center-to-center distance of (47.1 ± 4.2) nm. The structural
similarity suggests that NIL only creates large pitch-like patterns onto the composite
film but does not have an impact on titania nanostructures that are introduced from the
sol–gel synthesis. After polymer extraction, both domain size and center-to-center dis-
tance are still the same in original and nano-imprinted films, implying that NIL does also
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not influence the mesopore formation even after the treatment of UV and chlorobenzene.
Compared to the sample before polymer extraction, the titania domain size increases
slightly whereas the center-to-center distance remains almost unchanged. The increase of
domain size could be due to the fact that the removal of the polymer template results in
a certain collapse of the titania nanostructures as this phenomenon is frequently reported
in literature [165–169]. Through equation 5.1, the mesopore size can be calculated in
both original and nano-imprinted titania films after polymer extraction. The small-sized
titania domains have an average radius of (7.5 ± 0.5) nm with a center-to-center distance
of (24.7 ± 2.3) nm, yielding a pore size of (10.3 ± 1.8) nm. The large domains have a
mean radius of (14.5 ± 1.0) nm and the center-to-center distance is of (47.8 ± 4.3) nm,
giving rise to a pore size of (19.0 ± 3.3) nm.

8.1.4 Incorporation of pre-synthesized nanoparticles into titania
network at low temperatures

As discussed in chapter 5, pre-synthesized titania nanoparticles have been incorporated
successfully into the templated titania network structure. To make a comparison, the
nanoparticles are also incorporated into a metal oxide phase which is derived from EGMT
at low temperatures. The sol-gel process at low temperatures is described in section 4.2.2.
The detailed information of the incorporation of the nanoparticles is given in section 4.2.2.
After solution preparation, the titania/PS-b-PEO composite films are deposited with
spray coating. The parameters for spray deposition are listed in section 4.2.3. The meso-
porous titania films are obtained by the removal of polymer template via UV irradiation
and solvent extraction. In the present work the sol-gel-synthesized TiO2 and TiO2 from
pre-synthesized nanoparticles have a weight ratio of 1:1. This mesoporous titania sample
is denoted as 50 % EGMT.

Figure 8.8: Plan-view of the 50 % EGMT film at a) low and b) high magnifications and b)
corresponding cross-section SEM image.
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The surface morphology of the 50 % EGMT film is investigated by SEM and the results
are shown in figure 8.8. A rough surface is obtained as a result of the spray depostion.
Moreover, some tiny cracks are present in the surface (figure 8.8a). When zoomed in, a
mesoporous nature of the sponge-like morphology is observed in figure 8.8b. The mesopore
sizes are in the range of 10 nm to 20 nm. However, some pores are connected to form
macropores. The cross-section SEM image gives a proof that the polymer template is
extracted completely.

The inner film morphology is investigated with the time-of-flight grazing incidence
small-angle neutron scattering (TOF-GISANS). The measurement was performed at the
beamline REFSANS of the Helmholtz Zentrum Geesthacht at FRM II, Garching. An
incident angle of 0.45 ◦ and a sample-detector distance of 10.534 m were set for the
experiment. The wavelengths of the neutrons ranges from 2.00 Å to 14.93 Å. Due to
gravity for neutrons, the real incident angle needs to be corrected. Selected 2D GISANS
data with various wavelengths are illustrated in figure 8.9. As noted, the position of the

Figure 8.9: Selected 2D GISANS data. The wavelengths are labeled in each image. The
dashed line in the first image indicates the sample horizon. The specular peak, the Yoneda
peak and the direct beam are labeled in the second image.

Yoneda peak moves upwards with increasing wavelength of the neutron beam. This is
caused by the proportional relationship between the critical angle of the probed materials
and the neutron wavelength. The vertical line cuts obtained from the 2D TOF-GISANS
data are performed at qy = 0 and the results are shown in figure 8.10a for the probed
wavelengths of 4.45 Å, 4.92 Å, 5.44 Å, 6.01 Å, 6.98 Å, 7.71 Å, 8.12 Å, 8.97 Å, 9.92 Å and
10.96 Å. The position of the specular peaks remain unchanged at αi + αf ≈ 0.9, whereas
the Yoneda peaks of the titania and silicon shift towards higher αi + αf values with
increasing neutron wavelengths. Determined by the Yoneda peak positions, the critical
angles of the silicon substrate and the probed 50 % EGMT film are plotted in figure 8.10b
as a function of neutron wavelengths. By a linear fitting function, both scattering length
densities (SLDs) can be extracted via equation 2.28. The SLD of the silicon substrate is
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Figure 8.10: a) Selected vertical line cuts obtained from 2D TOF-GISANS data. The curves
are shifted along the intensity axis with increasing wavelength from bottom to top. The cor-
responding wavelengths are 4.45 Å, 4.92 Å, 5.44 Å, 6.01 Å, 6.98 Å, 7.71 Å, 8.12 Å, 8.97 Å,
9.92 Å, 10.96 Å. The position-shifting trend of the Yoneda peaks of titania and silicon are
labeled by dashed lines. The arrow indicates the specular peak. b) The wavelength-dependent
critical angles of the silicon substrate (red triangles) and the 50 % EGMT film (black rect-
angles) obtained from the vertical cuts in a). Red and black lines are their corresponding
linear fits.

determined to be (2.06 × 10−6 ± 2.68 × 10−7) Å−2, which fits quite well to the theoretical
value (2.07 × 10−6 Å−2). The SLD of the 50 % EGMT sample (ρ) is calculated to be
(8.97 × 10−7 ± 1.76 × 10−7) Å−2. According to previous studies, the SLD of a compact
titania layer (ρc) is 2.41 × 10−6 Å−2 [183]. Since the porosity (Φ) can be calculated via
equation 2.34, a porosity of (62.8 ± 7.3) % is obtained for the 50 % EGMT sample.

Information about lateral structures can be obtained from horizontal line cuts which
are performed at the position of the titania Yoneda peak. The selected horizontal line
cuts are displayed in figure 8.11 with the same wavelengths as for the vertical line cuts.
It is noteworthy that, the whole film volume is probed when the neutron wavelengths
are smaller than 9 Å in the present work. If they are larger than 9 Å the penetration
depth of neutrons reduces exponentially and surface structures are probed instead. In
order to parametrize the lateral structures in the 50 % EGMT film, the horizontal line
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cuts are fitted with the same model for used for GISAXS measurements as described
in section 5.1.2. From modeling, two characteristic structure sizes are extracted. In
detail, lateral structure radii of (8.8 ± 1.6) nm and (40.0 ± 8.9) nm with center-to-center
distances of (30.0 ± 6.6) nm and (175.0 ± 40.6) nm are obtained. Therefore, the pore sizes
of (12.4 ± 6.8) nm and (95.0 ± 41.6) nm can be calculated via equation 5.1. Furthermore,
it is noted that the horizontal line cuts for all wavelengths give the same information about
the lateral structures, which means that surface structures are similar to structures in the
volume of the film.

Figure 8.11: Selected horizontal line cuts obtained from 2D TOF-GISANS data. The curves
are shifted along the intensity axis with increasing wavelength from bottom to top. The
corresponding wavelengths are 4.45 Å, 4.92 Å, 5.44 Å, 6.01 Å, 6.98 Å, 7.71 Å, 8.12 Å,
8.97 Å, 9.92 Å, 10.96 Å. The red lines represent the fits to the data.

8.2 P3HT-backfilled titania films

As an exciton is excited by the absorption of a photon in P3HT and subsequently the
exciton is only split at the titania/P3HT interface over a built-in gradient in the elec-
trochemical potential, a successful backfilling of P3HT into mesoporous titania films is
of great importance for the performance of the final device. The experimental details
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regarding backfilling are described in section 4.2.4. The P3HT-backfilled titania film,
named as active layer, is the core part of hybrid solar cells which is responsible for the
charge carrier generation and transport.

8.2.1 Active layer morphology

To obtain a more crystalline P3HT film, the backfilled sample is post-annealed at 120 ◦C
for 10 min under nitrogen atmosphere.

Figure 8.12: a) SEM image of the P3HT back-filled hierarchical titania films measured at a
tilt angle of 54 ◦ and b) corresponding cross-section SEM image.

Figure 8.12a shows the surface morphology of the hierarchical titania films (with meso-
pores and artificial superstructures) backfilled with P3HT. To yield a better view, the
sample stage is tilted with respect to the electron beam. After backfilling with P3HT, the
mesoporous titania film is covered with P3HT and the artificial superstructures are pre-
served instead of being filled completely. A similar observation is reported by Ding et al.,
who forged nanodome-superstructures onto mesoporous titania films and backfilled then
with spiro-OMeTAD as a hole transport material [293]. It was shown that the preserved
nanodomes after backfilling give a significant enhanced light-harvesting capability in the
active layer. Therefore, the preservation of NIL-induced patterns is of importance. If the
P3HT capping layer is too thin, the top electrode might contact with titania photoanodes
directly, leading to shunting paths. If the capping layer is too thick, the pitch-like super-
structures might be filled with P3HT completely, which results in less light harvesting in
the active layer. Later on, gold electrodes need to be deposited on top of the active layer
to finalize solar cells. To investigate the superstructure conditions after gold deposition,
SEM is used to probe the sample. The sample stage is tilted as well. Figure 8.13 shows
that the NIL-induced pattern on the active layer are still preserved after gold deposition.

The thickness of the active layer is revealed by cross-section SEM images (figure 8.12b).
A very thin layer of about 170 nm is observed. Moreover, the cross-section image shows a
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Figure 8.13: SEM image of the superstructured active layer with gold contact on top. The
sample is measured at a tilt angle of 54 ◦.

good infiltration of P3HT into the mesoporous titania films. As SEM measurements only
provide the surface information, the inner morphology of the active layer is investigated
with GISAXS measurements. The 2D GISAXS data of the superstructured active layer
is displayed in figure 8.14a. As seen from the images, an arc locates at the high qz re-
gion, which is identified as the (100) Bragg reflection of P3HT crystals. To characterize
P3HT infiltration, a horizontal line cut is performed at the position of the P3HT Yoneda
peak instead of the titania Yoneda peak. The cut along with the corresponding fit are
presented in figure 8.14b. From data modeling, characteristic radii of (4.6 ± 0.2) nm and
(9.5 ± 0.4) nm with center-to-center distances of (24.6 ± 2.9) nm and (47.1 ± 8.3) nm are
determined for P3HT domains. From the GISAXS measurements on the nano-imprinted
titania film after polymer extraction, the pore size is computed to be (19.0 ± 3.3) nm,
which agrees well with the large-sized P3HT domains, suggesting a fairly good infiltration
of P3HT into large-sized mesopores. In contrast, the small P3HT domains are slightly
smaller than the small-sized pores, elucidating that P3HT infiltrates the small-sized meso-
pores not perfectly. Moreover, the distances between P3HT domains can be calculated
via equation 5.1 as well, to be (15.4 ± 2.7) nm and (28.1 ± 7.9) nm. Both values are
commensurate with the small- and large-sized titania domains after polymer extraction,
implying that the P3HT backfilling process does not influence the pre-existing titania
nanostructures.

8.2.2 Optical properties of the active layer

To evaluate the enhancement of light harvesting in the superstructured active layer, the
light absorption is investigated at various angles of light incidence. To make a comparison,
the angular-dependent light absorption in the original active layer is measured as well.
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Figure 8.14: a) 2D GISAXS data of the active layer with artificial superstructures. b) The
black curve represents the horizontal line cut obtained from the 2D GISAXS data. The grey
line indicates the fit to the data.

For UV/Vis measurements, the active layers are fabricated on glass substrates and the
light is shone through the glass substrate to mimic the real situation of illumination for
solar cells. In order to eliminate the influence of the glass surface reflection, the UV-Vis
absorption spectra of the pure glass is deducted from the spectra of glass-substrate/active-
layer sample at each angle of incidence. The corrected UV/Vis absorption spectra of the
active layers at various angles of incidence are shown in figure 8.15. For both active layers
(without and with superstructures), the main absorption is in the wavelength region of
400 - 600 nm, which is assigned to the absorption characteristics of P3HT [123]. Moreover,
all spectra have a similar shape and the peak positions stay nearly unchanged, indicating
that the NIL pattern does not lead to remarkable changes in the optical properties.

Under standard conditions (at 0◦ light incident angle), the maximum absorbance of
both active layers at 525 nm is approximately 0.54. The absorption resemblance implies
that the light absorption at 0◦ incidence is not affected by the artificial superstructures,
which is due to the fact that the incident light is perpendicular to the pitch-like super-
structures in the hierarchical titania film and thereby no obvious scattering occurs. In
addition, both active layers show a similar thickness, (154 ± 9) nm for the original sample
and (157 ± 19) nm for the non-imprinted active layer. The thickness is measured with
height profilometry, as described in section 3.1.1. With increasing incidence angles, the
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Figure 8.15: Angular dependent UV/Vis absorption spectra. The data are recorded every
5◦: a) Original active layer and b) superstructured active layer.

active layers behave quite differently with respect to the degree of light absorption. Only
a slight increase of light absorption is formed in the original active layer whereas a signif-
icant enhancement of light absorption is present in the nano-imprinted active layer. For
the original active layer, the increase arises from a geometrically elongated pathway at
nonzero angles. The light path with a certain incident angle is schematically illustrated in
figure 8.16. In the present study, the refractive index of titania and P3HT is 2.2 and 2.37,

Figure 8.16: Schematic illustration of the light path in the active layer. Black arrows indicate
the light path, X and L indicate the light traveling distances at nanozero and zero incidence
angle, respectively. θ1 and θ2 represent incidence angle and refraction angle, respectively.

respectively. The porosity of mesoporous titania films is about 0.62, which is determined
by white light interferometry. The refractive index of the active layer can be calculated
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to be 2.30 via a so-called Bruggeman effective medium approximation which is described
in literature [311]. The relation between θ1 and θ2 can be interpreted by Snell’s law:

n1sinθ1 = n2sinθ2 (8.1)

For example, the light incident angle is assumed to be 45 ◦, by knowing n1 = 1 for the
air and n2 = 2.30 for the active layer, the θ2 can be computed to be about 18 ◦. Thus,
X = 1.051 L is obtained. From theoretical calculation, the light pathway at 45 ◦ incident
angle is 5.1 % longer than that at zero incident angle. The UV/Vis measurements show
that the absorbance at 45 ◦ incident angle is 5.8% higher as compared to 0 ◦ incident
angle. The increased absorbance agrees well with the calculated elongated light pathway,
confirming that the changes of absorption in the original active layer are caused by the
distance changes of the light pathway.

For the nano-imprinted active layer, the absorbance at 45 ◦ incident angle is about
0.66 at 525 nm, i.e. almost 20 % enhancement as compared to 0 ◦ absorbance. Besides
the longer light travel path (about 6 %), the rest of 14 % enhancement of the light
absorption originates from scattering in the active layer superstructures. Moreover, it is
noticed that the first prominent increase in light absorbance occurs at 35 ◦ incident angle
(figure 8.15b), indicating this angle is a threshold for large amount of light scattering in
this specific film with special superimposed structural order.

8.3 Current-voltage characteristic

Hybrid solar cells (dye-free) are fabricated and discussed in the present section prepared
from the aforementioned nano-imprinted active layers. The full device is prepared accord-
ing to the procedure explained in section 4.2.4. It is important to note that, the electron
blocking layer is not incorporated into the hybrid photovoltaic device as the main focus
of this study is on investigating the influence of artificial superstructures on solar cell
performance at various angles of light incidence, as optimization lies out of scope of this
work. Moreover, the addition of an electron blocking layer or spacer layer between P3HT
and the gold electrode might destroy the situation that the gold contact replicates the
superstructure patterns from the P3HT layer. In order to confirm the feasibility and prac-
ticality of the superimposed structural order on hybrid solar cells, the original solar cells
(without superstructures) are manufactured for a comparative analysis. The photographs
of both hybrid solar cells (as prepared) are shown in figure 8.17. As seen from the im-
ages, there is no big difference between the two types of solar cells with respect to their
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macroscopic appearance. Both devices have four gold electrode pixels with similar sizes.
The only difference is that there is a mark made by the NIL master in the nano-imprinted
solar cells (figure 8.17a).

Figure 8.17: Real images for a) nano-imprinted and b) original hybrid solar cells. The
semicircle in a) is caused by imprinting master under high pressure. The silver spot in both
a) and b) are the silver paste, which is used to improve the contact between the measuring
device and gold electrode.

After preparation, hybrid solar cells are tested immediately under simulated AM 1.5G
illumination with 100 mW cm−2 intensity. During illumination, current–voltage (I-V )
sweeps are recorded at various angles of light incidence. Figure 8.18 compares the I-
V characteristics of the original and nano-imprinted solar cells at 0 ◦ incident angle.
From I-V curves, related photovoltaic parameters such as PCE, short-circuit current
density (Jsc), open-circuit voltage (Voc), and fill factor (FF ) can be extracted. For the
original hybrid solar cells, Voc of (0.63 ± 0.02) V, Jsc of (0.46 ± 0.03) mA cm−2 and FF

of (30.4 ± 1.0) % are obtained, resulting in a PCE of (0.09 ± 0.004) %. The photovoltaic
performance of the nano-imprinted hybrid cell is slightly better with Voc of (0.65± 0.03) V,
Jsc of (0.51 ± 0.03) mA −2 and FF of (30.1 ± 1.1) % anf PCE of (0.10 ± 0.003) %. In
general, the obtained device efficiencies are only very moderate as compared to current
DSSCs technology. Nevertheless, a PCE over 0.1% is achieved for the first time in a dye-
free TiO2/P3HT hybrid solar cell in particular when low-temperature routes are applied,
as to the best of our knowledge. From the analysis of UV/Vis measurements the light
absorption of both active layers is similar at 0 ◦ incident angle, but the Jsc and PCE for
the nano-imprinted devices are slightly higher than those for the original solar cells. The
slight improvement can be attributed to two factors. On the one hand, more efficient light
back reflection is given by the superstructured metal contact, which is reported by Ding
et al. in case of ssDSSCs [293]. On the other hand, the travel distances of charge carriers
are reduced in the structured solar cells, which benefits from the structured top electrode
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Figure 8.18: Photovoltaic performance of dye-free hybrid solar cells. I-V curves of original
(magenta) and nano-imprinted (blue) hybrid solar cells measured at 0 ◦ of light incidence.

as already verified in P3HT:[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM)
system with superstructured metal electrodes [312].

The external quantum efficiency (EQE) spectra of these two cells are probed and
displayed in figure 8.19. Both EQE curves constitute a similar shape and the peak
positions since the same ingredients are presented in both devices. However, a lower
EQE is observed in the original solar cells, which agrees well with the results from J-
V measurements. By integrating the photoresponse over the solar spectrum, the Jsc in
original and nano-imprinted hybrid solar cells are evaluated to be 0.45 mA cm−2 and
0.52 mA cm−2, respectively, which are in good agreement with the Jsc values obtained
from I-V curves.

To show the dependency between angular incidence of light and device performance,
all photovoltaic parameters are normalized to the values of the original solar cells at 0 ◦

of light incidence. The normalized results are shown in figure 8.20. In general, PCE
for nano-imprinted hybrid solar cells is higher than for the original hybrid solar cells at
various angles of light incidence (from 0 ◦ to 45 ◦). The performance improvement mainly
originates from the enhanced Jsc as Voc and FF are similar for each angular incidence. For
the original hybrid solar cells, the PCE and Jsc remain almost unchanged in the angular
range of 0 ◦ to 10 ◦ and then experience a continuous decrease from 15 ◦ to 45 ◦. For the
nano-imprinted hybrid solar cells, the PCE and Jsc increase slightly before they decrease
from 15 ◦ on with a similar tendency as the original solar cells. The Voc values are almost
unchanged up to 30 ◦ and then decrease slightly at higher incident angles, whereas the
FF values stay stable irrespective of different angles of light incidence.
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Figure 8.19: External quantum efficiency (EQE) spectra of original (magenta) and nano-
imprinted (blue) hybrid solar cells measured at 0 ◦ of light incidence.

Putting all information together, we conclude that the device performance is closely
related to the light angular incidence. The decrease of Jsc from 15 ◦ to 45 ◦ in both
solar cells is due to the fact that the light reflection of the glass substrate increases
with increasing the angle of oblique incident light thereby less light reaches active layers.
However, the nano-imprinted hybrid solar cells have a higher Jsc in this range of angular
incidence. As revealed by UV/Vis measurements, more light absorption in the nano-
imprinted active layers contributes to the higher Jsc as compared to the original hybrid
solar cells. From 0 ◦ to 10 ◦, the Jsc only have subtle variations in the original hybrid
solar cells since the back reflection of glass substrate is similar in this angular region. In
contrast, for the nano-imprinted hybrid solar cells the Jsc increases for the region between
5 ◦ and 10 ◦ as compared to 0 ◦ of light incidence. The increase up to 20% is ascribed to
the presence of artificial superstructures, which enhance light harvesting in the active later
and promote back-reflection from gold electrodes. The slight decrease in Voc from 35 ◦ on
might be caused by the negative impact of increasing temperature along with sustained
illumination [80]. The unchanged FFs in both cells have a value of about 30%, which are
lower than previously reported values of P3HT based hybrid solar cells [189,269,283]. The
low FF is probably caused by insufficient P3HT infiltration into titania small-sized pores
(revealed by GISAXS measurements), where the tiny gap between P3HT and titania could
be a charge recombination center therewith reducing the opportunity for charge carriers
reaching the electrodes. Moreover, the intrinsic defects in titania crystal structures could
also result in a reduced FF .
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Figure 8.20: Angular dependence of photovoltaic parameters. For clarity of the presentation,
all parameters are normalized to the values of the original solar cell measured 0 ◦ of light
incidence. a) PCE, b) Jsc, c) Voc, and d) FF. The blue hollow squares and the magenta
hollow circles represent nano-imprinted and original hybrid solar cells, respectively. The
dashed lines are guides to the eyes.

8.4 Summary

Hierarchically structured titania films are successfully achieved by the polymer-template-
assisted sol-gel synthesis in combination with the NIL process at low temperatures. A
complete transfer of the relief structures to the composite films has been confirmed us-
ing SEM and AFM measurements. The inner film morphology is revealed by GISAXS
measurements, which show that the NIL process only transfers the artificial superstruc-
tures (on the submicrometer scale) into the film but does not influence mesopores and
titania nanostructures. This phenomenon is observed for the first time with quantitative
evidence. Ordered hierarchical titania structures have been demonstrated by Yang et
al. with very large produced structure sizes in the length scales of sub-micrometer and
micrometer [289]. The larger structures typically have a smaller surface-to-volume ratio.
Kaune et al. have reported small multiple length scales, but the superstructures were
distributed over the entire film in an arbitrary manner [146]. The present hierarchically
structured titania films combine periodicity with small length scales in a decent way,
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which is beneficial for photovoltaic applications. Moreover, a low-temperature route has
been successfully established to fabricate superstructured titania photoanodes, which has
a great significance with respect to energy saving and lowering production costs. With
respect to the introduction of pre-synthesized nanoparticles into nanostructured titania
network, mesoporous nature and a high porosity of (62.8 ± 7.3) % are observed in the
50 % EGMT film. Since the existence of pre-synthesized nanoparticles can efficiently
improve the photoactivity of titania photoanodes [109], the 50 % EGMT film is consid-
ered to have a great potential to enhance the performance of hybrid solar cells that are
fabricated at low temperatures.

The nano-imprinted mesoporous titania film couples with P3HT to form the active layer
of hybrid solar cells. A significant enhancement of light absorption in the nano-imprinted
active layer at various angles of light incidence is verified with UV/Vis measurements.
To give a proof of practicability, hybrid solar cells are made out of the nano-imprinted
active layers at low temperatures. The nano-imprinted hybrid solar cells perform better
than the original solar cells at each angle of light incidence, suggesting that the additional
superstructures in titania photoanode can enhance the device performance. The similarity
of Voc and FF in reference and nano-imprinted hybrid solar cells indicates that the Voc
and FF are not influenced by the incorporated superstructures. The improved PCE is
mainly from the enhanced Jsc in the present work. This finding is in good agreement
with the observation from Ding et al, who demonstrated a 16 % enhancement of Jsc in
nanodome-patterned ssDSSCs [293]. Moreover, it is the first time to achieve a PCE

over 0.1% in a dye-free TiO2/P3HT hybrid solar cell based on low temperature process.
Although some relatively higher efficiencies have reported (still lower than 1 %), most of
these hybrid devices were produced under the condition of high-temperature processing.

In summary, a low-temperature route is established successfully to fabricate hierarchi-
cally structured titania films for dye-free hybrid solar cells. This is of high significance
to optimize the current DSSC technology with respect to energy efficiency and lower
production costs.





9 Conclusion and outlook

In the present thesis, the main focus is on custom-tailoring of titania photoanodes for
the performance optimization of solar cells. For solid-state dye-sensitized solar cells (ss-
DSSCs), a high-temperature processing is employed in the fabrication of mesoporous
titania films. The device performance is affected by the modification of the titania nanos-
tructures with pre-synthesized crystalline titania nanoparticles and by the mesopore size.
For hybrid solar cells, the hierarchically structured titania films are produced based on a
low-temperature route. The impact of artificial superstructures on the device performance
is studied on basis of angular dependent efficiencies of light harvesting.

In order to improve crystallinity of titania photoanodes and thereby device perfor-
mance, the pre-synthesized crystalline titania nanoparticles are incorporated into the
sol-gel-synthesized titania network structures. The modified mesoporous titania films are
prepared using a novel structuring route of block copolymer assisted sol-gel synthesis in
combination with a large-scale film deposition technique namely spray coating. Such a
manufacturing process allows for an up-scale in production of mesoporous titania films
with a high degree of control over nanostructures and meopores, which is demonstrated
for the first time for application in ssDSSCs. Regarding the nanoparticle incorporation,
the pore size, specific surface area, pore volume and conductivity of the titania films in-
crease significantly with increasing the concentration of nanoparticles under the condition
of 500 ◦C calcination. The improvement of the film properties is very beneficial for the so-
lar cell performance. Therefore, the ssDSSCs based on the modified titania photoanodes
give a better performance than the solar cells with the pure sol-gel-synthesized titania
photoanodes. Particularly, the 50 wt% NPs cells give a PCE of (2.7 ± 0.1) %, which is
capable of competing with the ssDSSCs in which the titania photoanodes are typically
fabricated using hydrothermal synthesis in combination with screen-printing.

Although the length scales of the nanostructures and the thickness of the titania films
can be tuned effectively via spray coating, this deposition technique contains kinetic
processes with great complexity. In the present work, the structural evolution of the
titania/PS-b-PEO composite films is successfully monitored by in situ grazing incidence
small angle x-ray scattering (GISAXS) measurements during spray deposition. This is the

159



160 Chapter 9. Conclusion and outlook

first time to document the spray-coating kinetics upon a block copolymer assisted sol-gel
system. The GISAXS results show that irrespective of nanoparticle incorporation the size
of the small titania/PEO clusters stays constant, whereas the size of the large titania/PEO
clusters decreases over time. Also, the influence of different deposition methods for spiro-
OMeTAD layers on the photovoltaic performance of ssDSSCs is studied. The results
demonstrate that solution casting gives a higher degree of spiro-OMeTAD infiltration
than spin coating, and thereby a better photovoltaic performance. Depending on the
modification of titania photoanodes with nanoparticles and solution casting of the spiro-
OMeTAD layer, the performance of ssDSSCs is optimized. The investigation shows that
ssDSSCs can be manufactured with large-scale manufacturing methods, namely spray
coating and solution casting which are examined in the present thesis.

Aside from titania nanostrutures, the influence of mesopores of titania photoanodes on
solar cell performance and stability is studied as well. The different pore sizes of titania
films are realized by applying the template polymers with different chain lengths in the
block copolymer assisted sol-gel synthesis. Not only a precise control over the pore size
is achieved, but also the ordered pore arrays are established in this work. After P3HT
backfilling, the evolution of the polymer crystalline order under continuous solar illumi-
nation is investigated by in situ grazing incidence wide angle x-ray scattering (GIWAXS)
measurements. The stability of the P3HT crystalline order is compared for the first time
under different confinement effects (inside two differently sized mesopore scaffolds). The
results show that the P3HT crystallization inside the small titania mesopores is similar to
that in P3HT:PCBM films and the volume fraction of P3HT crystalline regions decreases
along with solar illumination, while the large pores induce P3HT polymorphism, i.e. two
types of crystals are present, and the volume fraction of P3HT crystalline regions stay
unchanged over illumination time. As a consequence, ssDSSCs featured with large pores
have a higher Jsc stability than the small-sized ssDSSCs. In addition, the solar cells with
the large pores give a PCE of 2.95 %, which is top-ranking in terms of TiO2-D149-P3HT
based ssDSSCs.

With aim for lowering production costs and environmental impact, a low-temperature
route is established to fabricate hybrid solar cells. Due to lack of dye molecules, the thick-
ness of the active layer is around 150 nm for hybrid solar cells, which is much thinner than
for ssDSSCs. Therefore, artificial superstructures are introduced to mesoporous titania
films to obtain more efficient titania photoanodes for hybrid solar cells. A comparison
of nano-imprinted and original titania films is made, and the results show that titania
nanostructures and mesopores are not affected by the nano-imprinting process. While a
better ability of light harvesting is observed in the nano-imprinted active layer than in
the original active layer. As a result, the nano-imprinted hybrid solar cells present higher
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PCE than the original hybrid solar cells at various angles of light incidence. Moreover,
the nano-imprinted hybrid solar cells have a PCE of 0.12 % at 5◦ incident angle of light,
which is the first time to reach a PCE value over 0.1 % in dye-free titania/P3HT hybrid
solar cells based on purely low-temperature processes.

On the basis of the present studies, several feasible aspects can be explored in future
investigations. Firstly, since pre-synthesized crystalline titania nanoparticles have been
successfully incorporated into template titania nanostructures in the present thesis, fur-
ther modification of titania photoanodes is possible using nanoparticles with relatively
larger size and different crystal phase such as rutile. The anatase crystals with a size in
the range of 10 nm to 20 nm usually are more favorable for photovoltaic applications.
The mixture of anatase and rutile titania, like P25, has demonstrated an excellent per-
formance in photocatalysis applications. Secondly, a successful route of spray coating has
been already established in fabrication of titania-based solar cells. Other large-scale de-
position processes like inkjet printing or slot-die coating are surely promising methods for
future investigations. Finally, hybrid solar cells have been successfully produced without
high-temperature processing. Manufacturing hybrid solar cells on flexible polymer sub-
strates would be an intriguing project. As most polymer substrates are not UV-resistant,
other techniques are required to explore to extract polymer template from nanostruc-
tured titania films at low temperatures. The crystallinity of low-temperature-synthesized
titania films is still too low, and therefore a route to improve the crystallinity, such as
incorporating pre-synthesized crystalline titania nanoparticles into titania films at low
temperatures, would be attractive as well.
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[28] L. Corvazier, L. Messé, C. L. Salou, R. N. Young, J. P. A. Fairclough, and A. J.
Ryan, “Lamellar phases and microemulsions in model ternary blends containing
amphiphilic block copolymers,” J. Mater. Chem., vol. 11, no. 11, pp. 2864–2874,
2001.

[29] G. Strobl, The Physics of Polymers: Concepts for Understanding their Structures
and Behavior. Springer Berlin Heidelberg, 3 ed., 2007.

[30] C. Deibel and V. Dyakonov, “Polymer-fullerene bulk heterojunction solar cells,”
Rep. Prog. Phys., vol. 73, no. 9, p. 096401, 2010.

[31] A. Yamakata, T.-a. Ishibashi, and H. Onishi, “Time-resolved infrared absorption
study of nine tio2 photocatalysts,” Chem. Phys., vol. 339, no. 1-3, pp. 133–137,
2007.

[32] M. Xu, Y. Gao, E. M. Moreno, M. Kunst, M. Muhler, Y. Wang, H. Idriss, and
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[235] J. Krüger, R. Plass, M. Gräzel, and H.-J. Matthieu, “Improvement of the photo-
voltaic performance of solid-state dye-sensitized device by silver complexation of the
sensitizer cis-bis(4,4’-dicarboxy-2,2’bipyridine)-bis(isothiocyanato) ruthenium(II),”
Appl. Phys. Lett., vol. 81, no. 2, pp. 367–369, 2002.

[236] L. Schmidt-Mende, S. M. Zakeeruddin, and M. Grätzel, “Efficiency improvement in
solid-state-dye-sensitized photovoltaics with an amphiphilic ruthenium-dye,” Appl.
Phys. Lett., vol. 86, no. 1, p. 013504, 2005.

[237] L. Schmidt-Mende, U. Bach, R. Humphry-Baker, T. Horiuchi, H. Miura, S. Ito,
S. Uchida, and M. Grätzel, “Organic dye for highly efficient solid-state dye-sensitized
solar cells,” Adv. Mater., vol. 17, no. 7, pp. 813–815, 2005.

[238] H. J. Snaith and M. Grätzel, “Enhanced charge mobility in a molecular hole trans-
porter via addition of redox inactive ionic dopant: Implication to dye-sensitized
solar cells,” Appl. Phys. Lett., vol. 89, no. 26, p. 262114, 2006.

[239] H. J. Snaith and L. Schmidt-Mende, “Advances in liquid-electrolyte and solid-state
dye-sensitized solar cells,” Adv. Mater., vol. 19, no. 20, pp. 3187–3200, 2007.

[240] S. Ren, L.-Y. Chang, S.-K. Lim, J. Zhao, M. Smith, N. Zhao, V. Bulović,
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D. Indari, T. Fröschl, N. Hüsing, T. Haeberle, P. Lugli, S. Bernstorff, P. Müller-
Buschbaum, “A Low Temperature Route toward Hierarchically Structured Titania
Films for Thin Hybrid Solar Cells”, Adv. Funct. Mater., vol. 26, pp. 7084–7093,
2016.
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