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Abstract
Excitonic solar cells are an emerging technology which holds the great promise of generating
clean and sustainable photovoltaic power at lower cost than conventional silicon solar cells. In
excitonic solar cells, the light is absorbed by organic semiconductors and dye molecules, which
typically exhibit higher exciton binding energies than inorganic semiconductors. Therefore, free
charge carriers can be generated only at interfaces between donor and acceptor materials. These
interfaces can provide sufficient energy to overcome the exciton binding energy, resulting in free
charge carriers, which then have to be transported towards the external electrodes. Since typical
exciton diffusion lengths in organic materials do not exceed 10 nm, a sophisticated design of the
internal morphology of the photoactive layer is necessary in order to allow loss-free diffusion
of excitons to the separating interface while simultaneously providing consistent pathways for
charge transport.

This requirement can be met when employing metal oxide semiconductors like TiO2 as acceptor
materials in combination with absorbing organic donors in so-called hybrid solar cells. TiO2 is
an abundant, non-toxic, and cheap material and there are several well-established strategies to
cover large areas with TiO2 nanostructures. In hybrid solar cells, these structures are decorated
with self-assembled monolayers of dye molecules and infiltrated with conducting polymers.
This results in a nano-phase separated donor-acceptor structure, which provides short exciton
diffusion pathways towards interfaces but works as a consistent charge transport network. A
general overview of different types of excitonic solar cells is given in Chapter 2, while working
mechanisms of hybrid solar cells and fabrication routes for TiO2 nanostructures are described
in more detail in Chapter 3.

Two of the main challenges in hybrid solar cell research are the optimization of 1) the inter-
face between organic and inorganic compounds and 2) the nano-geometry of the metal oxide
electrode, i.e., the internal morphology of the active film. Topic 1) is adressed in the first part
of this thesis, where the impact of interfacial properties on the mechanisms of charge separa-
tion, collection, and recombination is investigated for hybrid solar cells based on TiO2 as the
metal oxide electrode and polythiophene as the organic hole transporter. The introduction
of a conducting polymer between photoactive film and metal top contact as interfacial layer is
discussed in Chapter 5. This coating establishes an Ohmic contact between organic semiconduc-
tor and metal electrode, which is favorable for charge collection. Three different self-assembled
monolayers of dye molecules and a thin coating of Sb2S3 as modifiers at the interface between
TiO2 and polythiophene are presented in Chapter 6. Choice of the modifier allows to partly
control charge recombination kinetics at the hybrid interface. In Chapter 7 fine-tuning of the
properties of the TiO2-dye-polymer interface with pyridine derivatives is discussed. It is found
that a combination of 4-tert-butylpyridine and 4-mercaptopyridine enhances photocurrent and
photovoltage simultaneously.

The second part of the thesis adresses topic 2). As a model system for excitonic photoactive
layers with different donor-acceptor morphologies polymer:fullerene bulk heterojunction solar
cells are investigated in Chapter 8. In this chapter, the kinetics of charge recombination and
extraction are analyzed as a function of the internal morphology of the devices. Chapter 9
presents a synthesis route for large area fabrication of TiO2 nanotube arrays on transparent
conducting oxides with good control over nanostructure dimensions like tube spacing, diameter,
and wall thickness. These structures are highly interesting for applications in hybrid solar cells
since they allow a donor-acceptor nano-geometry with fine phase separation, enabling efficient
exciton separation by still providing direct pathways for charge transport.
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Zusammenfassung

Eine der vielversprechendsten Technologien um konventionelle Silizium-basierte Solarzellen, die
typischerweise teuer und energieaufwändig herzustellen sind, abzulösen, stellen sogenannte exzi-
tonische Solarzellen dar. Lichtabsorption findet in exzitonischen Solarzellen in organischen Hal-
bleiter oder in Farbstoffmolekülen statt, in denen die Bindungsenergien für Exzitonen erheblich
höher sind als in anorganischen Halbleitern. Diese hohen Exzitonen-Bindungsenergien sind
dafür verantwortlich, dass freie Ladungsträger nur an Grenzschichten zwischen Donator- und
Akzeptor-Materialien erzeugt werden können. Die Bindungsenergie wird dabei durch den En-
ergieunterschied zwischen den höchsten besetzen bzw. niedrigsten unbesetzten Zuständen der
Donator- und Akzeptormoleküle bereitgestellt. Die daraufhin erzeugten freien Ladungsträger
müssen dann durch die photoaktive Schicht der Solarzelle zu den äußeren Elektroden trans-
portiert werden. Üblicherweise zeigen organische Halbleiter Exzitonendiffusionslängen von
weniger als 10 nm, was spezielle Ansprüche an die innere Morphologie der aktiven Schicht
stellt. So muss bewerkstelligt werden, dass einerseits die Durchmischung von Donator- und
Akzeptormaterial fein genug ist, um effizient Exzitonen auftrennen zu können und andererseits
Domänen von Donator bzw. Akzeptor zusammenhängende Transportwege für Löcher respek-
tive Elektronen zu den Elektroden darstellen.

Diesen Anforderungen kann durch die Verwendung von halbleitenden Metalloxiden wie TiO2
begegnet werden, die in Kombination mit organischen Lochleitern in sogenannten Hybrid-
solarzellen zum Einsatz kommen. TiO2 ist ein ungiftiges, günstiges und in ausreichender
Menge vorkommendes Material. In der Literatur werden bereits einige etablierte Metho-
den beschrieben um TiO2 Nanostrukturen unter Verwendung von Selbstorganisationsprozessen
großflächig herzustellen. In Hybridsolarzellen werden diese Nanostrukturen mit selbstorgan-
isierenden Monolagen von Farbstoffmolekülen dekoriert und anschließend mit halbleitenden
Polymeren befüllt. Die resultierenden photoaktiven Schichten weisen dann aufgrund ihrer Nano-
Phasenseparation kurze Diffusionswege für Exzitonen, aber gleichzeitig direkte Ladungstrans-
portwege auf. Eine Übersicht über verschiedene exzitonische Solarzellen wird in Kapitel 2
dieser Arbeit gegeben. Eine detailliertere Beschreibung der Funktionsmechanismen von Hy-
bridsolarzellen sowie verschiedener TiO2-Nanostrukturen findet sich in Kapitel 3.

Zwei der größten Herausforderungen in Bezug auf Effizienzsteigerung von Hybridsolarzellen
sind die Optimierung sowohl 1) der Grenzschicht zwischen organischem und anorganischem
Halbleiter als auch 2) der Nano-Geometrie der Metalloxidelektrode, welche die Morpholo-
gie der photoaktiven Schicht festlegt. Punkt 1) wird im ersten Teil dieser Arbeit behan-
delt, der sich um die Grenzschicht zwischen TiO2 und Polythiophen dreht und in welchem
grundlegende Mechanismen wie Ladungserzeugung, -transport und -rekombination diskutiert
werden. Die Verwendung eines leitfähigen Polymers als selektivem Kontakt zwischen pho-
toaktiver Schicht und äußerem Silberkontakt wird in Kapitel 5 beschrieben. Diese zusät-
zliche Polymerschicht stellt einen ohmschen Kontakt zur äußeren Elektrode her. In Kapi-
tel 6 wird der Einfluss dreier verschiedener selbstorganisierender Monolagen von Farbstoff-
molekülen sowie einer dünnen Beschichtung mit Sb2S3 zwischen TiO2 und Polythiophen auf
die Solarzellen-Performance untersucht. Über die Wahl dieser Grenzschicht-Modifikation ist es
möglich, die Kinetik der Ladungsträgerrekombination zu kontrollieren, was sich auch in erhe-
blichen Unterschieden zwischen den resultierenden Leerlaufspannungen sowie den resultierenden
Kurzschlussströmen widerspiegelt. Kapitel 7 geht auf die Feinjustierung der Grenzschichteigen-
schaften mittels Dekoration der Grenzschicht mit Pyridinderivaten in TiO2-Farbstoff-Polymer-

x



Hybridsolarzellen ein. Insbesondere wird gezeigt, wie eine Kombination von 4-Mercaptopyridin
und 4-tert-Butylpyridin zu einer gleichzeitigen Erhöhung von Photostrom und -spannung führt.

Der zweite Teil der Arbeit dreht sich um Punkt 2). In Kapitel 8 werden Polymer-Fulleren-
Solarzellen als Modellsysteme für exzitonische Solarzellen mit verschiedenen Donator-Akzeptor-
Morphologien herangezogen. Die Kinetiken von Ladungsträgerextraktion aus der Solarzelle
sowie von Ladungsträgerrekombination in der photoaktiven Schicht werden dabei in Ab-
hängigkeit dieser Morpholgien untersucht. Kapitel 9 beschreibt einen Syntheseweg für die
Beschichtung von transparenten Elektroden mit Arrays von TiO2 Nanoröhrchen. Durch die
Wahl geeigneter Fabrikationsparameter ist es möglich, den Abstand zwischen den Röhrchen
sowie den Röhrchendurchmesser und die Wandstärke separat einzustellen.

1
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1 Introduction

This chapter is partly based on the book chapter Hybrid Solar Cells from Ordered Metal
Oxide Nanostructures (J. Weickert and L. Schmidt-Mende, 2013).[1]

1.1 World Energy Consumption and CO2 Emission

One of the main challenges of our society is the growing demand for energy. Not only is
the world’s population growing rapidly, but also the energy consumption per capita is
increasing due to more and more nations becoming industrialized. Superlinear growth
of the world energy consumption since the 19th century has led to today’s vast energy
need of approximately 469 · 1018 J per year, or, in terms of power, 15 TW, which is
approximately 10 times as much as 100 years ago.[2] Most probably, additional 30 TW
of new power will be needed by 2050.[3]
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Figure 1.1: World Energy Consumption. World energy consumption since 1965, stratified by
world regions. Based on data of [2].

Figure 1.1 shows the world energy consumption during the last 45 years, stratified by
geographic regions. The consumed energy has tripled since 1965. Although already
highly industrialized by 1965, North America and Europe almost doubled their energy
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1.1 World Energy Consumption and CO2 Emission

consumption. Even stronger growth is apparent for the Middle East, South and Central
America, Africa and especially Asia. By pushing the industrialization in these regions
the power need increases accordingly. Further growing energy consumption can be ex-
pected when keeping in mind that today Africa and large parts of Asia are industrialized
only to a very small fraction. Approximately 30% of the world population still remain
with insufficient electricity, which will probably change during the next decades.[3]
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Figure 1.2: Atmospheric CO2 concentration and earth surface mean temperature since
1880. The plot is based on data from [4–6].

To date, by far the biggest fraction of the world’s power supply relies on burning fossil
carbon sources, leading to the emission of the greenhouse gas CO2. Accordingly, the
concentration of CO2 in the atmosphere increased dramatically during the past 100
years. At the same time, the world’s mean temperature increased, suggesting that the
greenhouse effect can already be observed in our days. Figure 1.2 depicts the earth
surface mean temperature and the atmospheric CO2 concentration during the past 130
years. The parallelism of the two is striking.

Another indication that global warming is a fact is the shrinking arctic sea ice extent.
As reported by the National Snow and Ice Data Center (NSIDC), in 2007 the sea
ice extent hit another total minimum since the earliest measurements in 1979, after a
record minimum was already observed in 2005.[7] These two minima and the median
minimum extent for the years 1979-2000 are indicated in Figure 1.3. In September
2012, the NSIDS reported another absolute minimum, which was 18% lower than the
2007 minimum and 49% lower than the 1979-2000 median minimum.[8]

Considering the obvious effect of atmospheric CO2 on global warming and the rapidly
growing need for additional power there appears no alternative than switching to clean,
CO2-neutral energy sources in the near future. Best-suited concepts rely on converting
sunlight incident on the earth into usable energy. The mean intensity of sunlight on our
planet’s surface is approximately 165 W m−2 in total average over the whole surface area
and over one year. With 2/3 of the earth’s surface being oceans, where the installation
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Chapter 1. Introduction

Figure 1.3: Map of the arctic sea ice. The three lines indicate the minimum extent of the arctic
sea ice in 2005 (green), 2007 (red) and the median minimum extent during the years 1979-2000
(yellow). Figure taken from [7].

of sunlight harvesting power plants is complicated or impossible, this still remains over
1100 times more power than mankind will be consuming by 2050.[3, 9] Finding a way
to make use of this enormous power resource will be the great challenge for the next
decades.

1.2 Photovoltaics

One of the most promising approaches for solar light harvesting is the use of photo-
voltaics, which directly convert incident solar light into electric energy. Today, the
photovoltaic industry is almost completely dominated by solar cells based on Si. Si
photovoltaics exhibit high power conversion efficiencies (PCEs) in the order of 30% for
research solar cells and can be operated for several years or even decades. However,
although Si is the second most abundant element on earth, it almost never occurs as
free element but rather as oxide SiO2.[10] Extraction of elementary Si is highly energy
consuming and only high-purity and nicely crystalline Si is suited for high performance
photovoltaics. Accordingly, fabrication of Si solar cells is expensive and the energy
payback time, i.e., the period for which the cell must be operated to convert as much
energy as its fabrication consumed, is in the order of one or two years, which appears
relatively long.[11] Considering the lifetime of Si photovoltaic devices and the energy
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1.2 Photovoltaics

consumption during fabrication, the CO2 equivalent of operation of a Si solar cell is
in the order of 100 g kWh−1. This value is significantly better than for gas or coal
power plants with around 400 or 900 g kWh−1, respectively, but still in the same order
of magnitude.[12, 13] New photovoltaics requiring less energy-intensive and less costly
fabrication processes are desirable.

Since the middle of last century alternative materials for photovoltaic devices have
been extensively studied. Impressing high efficiencies have been realized with inorganic
III-V semiconductor solar cells.[14] Although these photovoltaics are used for special-
ized applications like powering of orbiting satellites as in the case of GaAs-solar cells,
fabrication is also costly and energy consuming as in the case of Si.

Today, promising candidates for low-cost alternatives to Si photovoltaics are rather
based on organic compounds and metal oxides. Organic materials can be potentially
synthesized at low costs and technical grade purities suffice for mass production. The
same holds for metal oxides, which usually can be purified easier and at lower energy
consumption than elemental materials. During the past 25 years solar cells based on
both organic materials and metal oxides have reached remarkable PCEs. Fully organic
photovoltaics (OPV) offer the additional advantage that they can be realized on flexible
substrates using roll-to-roll processing and low-cost techniques like inkjet printing.[15,
16] The most common metal oxide-based solar cells utilize monolayers of organic dye
molecules adsorbed to large band gap n-type metal oxide nanoparticles, most commonly
TiO2. Materials for these so-called dye-sensitized solar cells (DSCs) as introduced by
O’Regan and Grätzel in 1991 are highly abundant and can also be processed using
cheap and upscalable fabrication techniques like screen printing or doctor blading.[17,
18] Currently, DSCs exhibit higher efficiencies than OPVs and are more stable when
operated at ambient conditions but rely on a hole-conducting liquid electrolyte, which
requires rigid substrates and makes solar cells damageable by leaks. To overcome these
limitations, there are also approaches to replace the electrolyte with a solid-state hole
conductor in so-called solid state dye-sensitized solar cells (SS-DSCs). To date, SS-DSCs
reach only about half the PCE of DSCs.

During the past few years new concepts were introduced combining materials from
DSCs and OPV in so-called hybrid solar cells (HSCs), which are the subject of this
dissertation. HSCs rely on nanostructured metal oxides and absorbing hole conductors.
Thus, they are supposed to benefit from the advantages of both OPVs and DSCs.
Especially ordered nanostructures hold great promise for this novel type of photovoltaics
as will be discussed in the following sections.

One advantage of HSCs over OPV lies in the inverted geometry of these solar cells.
The direction of current in conventional OPVs is the opposite of the current in HSCs.
Therefore, noble metal top contacts can be used in HSCs compared to easily oxidiz-
ing contacts like Al or Mg in OPV. This inverted geometry improves the stability of
solar cells if operated in ambient air and allows the fabrication of long-term stable
photovoltaics.[19–22]

However, the main advantage lies in the combination of consistent charge transport
pathways due to interconnected metal oxide nano-networks on the one hand, similar to
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Chapter 1. Introduction

the situation in SS-DSCs, but simultaneously outstandingly high extinction coefficients
of the photoactive films due to the implementation of highly absorbing conjugated
polymers developed for OPV. The combination of self-assembled monolayers of dye
molecules on the metal oxide nanostructure and conjugated polymers further allows
to finetune the absorption spectra of the involved materials leading to complementary
absorption regions, which enables light harvesting over a broad spectral range.

Two of the most important topics in hybrid solar cell research are

(1) the interface between inorganic and organic compounds and

(2) the nano-geometry of the metal oxide.

The interface determines how efficiently excited states can be separated into free charge
carriers. Furthermore, the interface determines the local kinetics of charge carrier re-
combination. On the other hand, the nano-geometry of the metal oxide electrode de-
termines the morphology of the hybrid donor-acceptor interface as well as the geometry
of donor and acceptor domains. Therefore, it has a direct impact on charge transport
towards the external electrodes of the solar cell as well as back to the interface, which
in turn influences the charge recombination kinetics.

1.3 Outline of the Thesis

This thesis adresses the impact of interfacial properties and nano-geometry on the device
physics of polymer-fullerene and especially polymer-metal oxide solar cells. Chapter 2
summarizes the fundamental working principles of the most important types of excitonic
solar cells, i.e., organic, dye-sensitized and hybrid solar cells. Chapter 3 discusses the
mechanisms of light absorption, charge generation, and charge transport in hybrid solar
cells as well as loss mechanisms and the impact of the nano-geometry of donor-acceptor
interfaces in more detail. A short description of experimental methods is given in
Chapter 4.

The first interface which has been investigated in more detail during this Ph.D. project
is the interface between photoactive organic film and metal top contact. As discussed in
Chapter 5. It has been found that application of a thin interfacial film of a conducting
polymer improves the charge extraction from the photoactive film by providing an
Ohmic contact.

The following two chapters describe investigations of the interface between organic
and inorganic semiconductor in hybrid solar cells. Chapter 6 discusses the impact
of different self-assembled monolayers of dye molecules decorating the TiO2 in flat
junction hybrid devices on charge separation and recombination. Furthermore, the
charge separating properties of a Sb2S3-polymer interface are investigated since thin
interfacial coatings of Sb2S3 have attracted remarkable research interest over the past
five years.
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In Chapter 7 the hybrid interface of solar cells based on dye-sensitized nanostruc-
tured TiO2 and polythiophene as hole transport material is further modified by a self-
assembled monolayer of two different pyridine derivatives. One of these pyridines has
been reported to induce a potential shift of the conduction band of TiO2 via its dipole
moment, while the other leads to reorientation of the polythiophene at the interface
due to molecular interactions. It is shown that there is a synergistic interplay of these
pyridines, which enhances photocurrent and photovoltage for hybrid devices with three
different sensitizing dyes.

The topic of the last two research chapters of the thesis is the geometry of the donor-
acceptor interface. Chapter 8 presents a detailed study on the impact of active layer
morphology on charge extraction and recombination in polymer-fullerene solar cells.
These solar cells are chosen as a model system for excitonic solar cells with a nano-
phase separation of donor and acceptor domains.

A synthesis route towards controlled TiO2 nanotube arrays for hybrid solar cells is
presented in Chapter 9. Nanotubes are grown using electrochemical anodization of
thin Ti films, which represents a well-controllable self-assembly process. Careful analysis
of the anodization process allows for the control of both diameter and spacing of the
nanotubes as well as their length, which makes the resulting arrays highly interesting
for hybrid photovoltaic devices with a controlled nano-geometry.

Finally, general conclusions are drawn in Chapter 10 and an outlook for future research
is given. Additionally, a short summary of all publications which originated from this
Ph.D. project is given in Chapter 11 (half a page each).

8



2 Excitonic Solar Cells

This chapter is based on the introduction part of the book chapter Controlled Nanos-
tructures in Organic and Hybrid Solar Cells (J.A. Dorman, T. Pfadler, J. Weickert and
L. Schmidt-Mende, 2013).[23]

The fundamental mechanism of photo-conversion in solar cell materials is the generation
of excited states upon photon absorption. In inorganic solar cells, such as silicon or
GaAs photovoltaics, these excited states - typically Wannier excitons - are immediately
separated into free electrons and holes due to their low binding energies, which are in
the order of kBT.[24, 25] In contrast, excitons are Frenkel-type in organic materials due
to their low dielectric constant and their binding energies by far exceed kBT so that
spontaneous charge separation is highly unlikely.[26, 27] Therefore, charge separation
takes place only at interfaces, which can provide energy steps between electronic states.
Accordingly, apart from charge transport towards the external electrodes, diffusion of
excitons to this charge separating interface is an important process in excitonic solar
cells, which has to be understood, addressed during the design, and optimized in order
to achieve high PCE.

Two classes of excitonic solar cells are currently intensively investigated, namely OPV,
with organic donor and acceptor type molecules, and DSCs, with a dye-decorated,
high surface area metal oxide electrode infiltrated with a hole transporting electrolyte.
Exciton diffusion only plays a role in the former, since the absorption in DSCs takes
place only in self-assembled monolayers of dye molecules so that excitons are always
located directly at the charge separating interface. An alternative solar cell design
closely related to DSCs is the concept of extremely thin absorber solar cells (ETA-
SCs). In these types of solar cells, the dye layer is replaced by a thin coating of
absorbing inorganic crystals. Depending on the binding energy of the excited states in
the inorganic coatings, ETA-SCs are not necessarily excitonic since photon absorption
can lead to the immediate formation of free charge carriers. However, these structures
are conceptually similar to OPVs and DSCs and the same limitations apply. Therefore,
ETA-SCs are included in the discussion. Furthermore, if organic materials are used
as hole transporters, light absorption in these materials can lead to the formation of
excited states, which can contribute additional photocurrent.

In the following paragraphs working mechanisms of these different solar cell concepts
are shortly summarized.
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2.1 Organic Solar Cells

Photovoltaic devices with organic light absorbers were already investigated in the 1970s.
Initially, research focused on thin layers of one organic material sandwiched between a
transparent metallic front contact, a thin metal film or a transparent conducting oxide
(TCO), and a metallic back contact.[15, 28, 29] These Schottky-type photodiodes pro-
vided only very limited efficiencies, mainly due to low fill factors (FF s) and inefficient
exciton separation. A very important conceptual step forward was the introduction of a
heterojunction between organic donor and acceptor molecules in the 1986 by Tang.[30]
Tang used a layered configuration similar to the geometry shown in Figure 2.1 (a). In
this device, a transparent front electrode consisting of an indium-tin oxide (ITO) sub-
strate and a spin coated film of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is covered with a thin film, approximately 10 to 50 nm, of an organic
donor material, such as copper phtalocyanine. On top of this film an organic acceptor
material, such as C60, is evaporated to form a heterojunction before the solar cell is
finalized by evaporation of a metallic top electrode.
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Figure 2.1: Organic Photovoltaic. Schematics of the geometry of (a) an organic flat hetero-
junction solar cell and (b) an organic bulk heterojunction solar cell. The energetic landscape in a
heterojunction device is shown in (c).

The energetic situation in such a flat heterojunction organic solar cell is shown in Fig-
ure 2.1 (c). An exciton is formed upon absorption of a photon in the photoactive
materials. Depending on the material properties, the exciton usually moves via in-
termolecular hopping and has a diffusion length of up to a few 10s of nm.[16, 31–33]
However, it has also been reported that for organic materials with exceptionally high
crystallinities, the exciton is delocalized over a number of molecules and can move over
greater distances.[34] If the exciton reaches the donor-acceptor interface before it re-
combines, an energetically lower excited state at the interface can be populated, which
is often referred to as charge transfer state (CTS).[35–38] Recently, it has been shown
that direct excitation of these CTSs is possible.[39] Additional photocurrent can be
generated by photons with the energy in the range of these CTSs, although none of the
photoactive materials alone absorbs at these low energies. A CTS then separates into
a free electron in the lowest unoccupied molecular orbital (LUMO) of the acceptor and
a hole in the highest occupied molecular orbital (HOMO) of the donor. Subsequently,
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Chapter 2. Excitonic Solar Cells

holes and electrons are transported by donor to the anode and through acceptor to
the cathode, respectively, and a photocurrent is generated. If the device is operated at
open circuit condition, charges accumulate at the external contacts and a potential is
built up, known as the open circuit voltage (VOC).[40] The resulting electric field drives
electrons and hole towards the interface, where they can recombine. Accordingly, the
VOC describes the point on the current-voltage characteristic of a solar cell where gen-
eration current and recombination current are in equilibrium.[41] As shown by Brabec
et al. in 2001, the VOC is a function of the energy difference between HOMO of the
donor and LUMO of the acceptor and can exceed this gap only in exceptional cases.[42]
Typically, the VOC is significantly lower than the energy difference due to recombination
losses.[24, 27]

Due to the short range exciton diffusion length, organic bilayer solar cells only produce a
limited photocurrent since only photons which are absorbed close to the heterojunction
contribute to charge generation. Even though extinction coefficients in organic materi-
als can be exceptionally high, only a fraction of the incident photons can be absorbed by
films with a thickness of a few nm, conceptually limiting the bilayer configuration.[43]
To address this drawback of bilayer configuration, the bulk heterojunction (BHJ) con-
cept was introduced in 1995 by Yu et al. and Halls et al.[44, 45] The idea behind the
BHJ is to process an active film from a blend of donor and acceptor materials, max-
imizing the interfacial area and minimizing the recombination of excitons due to the
limited exciton diffusion length. A schematic of the device structure of a BHJ OPV is
shown in Figure 2.1 (b). BHJs are typically fabricated by solution casting a blended
solution of donor and acceptor molecules or by thermal co-evaporation. The use of
blend solutions is a facile approach to achieve intimate contact between the two active
materials while producing good intermixing. However, since the active layer in an OPV
acts as both absorber and charge transport layer, the internal morphology of a BHJ
plays a crucial role not only in determining how excitons separate, but also how charges
are transported and recombine.[46] A certain degree of phase separation between donor
and acceptor domains is necessary in order to provide consistent pathways for charge
transport through the active film. Partial control over this phase separation is possi-
ble by using appropriate donor-acceptor mixing ratios, casting from different solvents,
introduction of annealing steps, and choice of donor/acceptor materials.[47, 48]

Typical OPV materials, as used in state-of-the art BHJ solar cells, are summarized in
Figure 2.2. A combination of a conjugated polymer as donor and a fullerene derivative
as acceptor has been established as standard system for high performance OPVs.[49]
Fullerenes are outstanding electron acceptors and tend to crystallize, which induces a
beneficial phase separation between donor and acceptor in the active film.[50, 51] Most
commonly, [6,6]-phenyl-C61-butyric acid methyl ester (PC60BM) is used as acceptor
since it is an easy to synthesize, highly soluble C60 derivative. However, due to symme-
try forbidden optical transitions, C60 is a weak absorber, which can be addressed using
the unsymmetrical PC70BM as acceptor. PC70BM exhibits an almost identical HOMO-
LUMO structure and crystallization properties but shows a pronounced absorption in
the visible region, which is utilized to enhance the overall absorption of the device, es-
pecially if combined with near-IR absorbing polymers. Aside fullerenes, more and more
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Figure 2.2: Chemical structures of common photoactive materials used in OPVs and
DSCs. 1 P3HT; 2 PTB7; 3 Spiro-OMeTAD; 4 PC60BM; 5 PC70BM; 6 F8TBT; 7 Ru-complex dye
N719; 8 Indoline dye D102; 9 Squaraine dye SQ1; 10 Zn porpyirine dye YD2-O-C8; 11 Triarylamine-
thienothiophene dye C206
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Chapter 2. Excitonic Solar Cells

research focuses on acceptor-type polymers due to their potentially higher charge carrier
mobilities and tunable absorption properties.[52–54] As a model n-type polymer, the
polyfluorene copolymer F8TBT1 is well-established. Furthermore, other small molecu-
lar acceptors, such as perylene and subphtalocyanine derivatives, have been described
in literature as alternatives to commonly used fullerene acceptors.[55–58]

In contrast to the relatively limited number of acceptor materials employed in OPV,
almost a countless number of conjugated polymer donors have been synthesized for BHJ
solar cells. Initially, research focused on polyphenylene vinylenes (PPVs), which were
used as model polymers for almost a decade. New record efficiencies have been achieved
using poly(3-hexylthiophen) (P3HT), which was shown to allow internal quantum effi-
ciencies close to 100 % in 2002 by Schilinsky et al.[59] P3HT has a strong tendency to
crystallize and forms 3D network structures.[60] It is therefore the decisive factor in de-
termining the internal morphology of a blend with PC60BM. The relatively good control
over the donor-acceptor morphology makes active layer thicknesses of more than 200 nm
feasible, in contrast to film thicknesses around 80 nm commonly used for polymer-
fullerene blends.[52, 61, 62] Since 2005, P3HT:PC60BM was repeatedly reported to give
PCEs beyond 5 %, which is one of the reasons why this material combination is still
an important standard system in the OPV and HSC communities.[63, 64] Even higher
efficiencies with P3HT were reported in combination with an indene-C60 bisadduct
PC60BM derivative by Zhao et al.[65] Due to the higher LUMO of the fullerene, they
were able to improve the resulting VOC from 0.59 to 0.84 V, giving PCEs of 6.5 instead
of 3.84 %.

Further efficiency improvements were achieved when employing push-pull polymers with
smaller bandgaps as donor materials.[66–69] This new class of polymers features an
electron withdrawing and an electron affine moiety, which allows for the controlled lo-
calization of the excitons in these polymers and reduces exciton recombination losses.
Additionally, the reduced HOMO-LUMO gap of these polymers allows for the absorp-
tion of photons typically up to 800 nm wavelength, so that a broader range of the
solar spectrum can be used for power conversion. A huge variety of moieties and side
groups have been combined and PCEs have reached almost 10 % under solar illumi-
nation, opening the door for commercialization. Today, one of the most important
push-pull polymers is PTB72.[70] PTB7 belongs to the family of polymers with alter-
nating thieno[3,4-b]thiophene and benzodithiophene units, which have been introduced
in 2009 by Liang and co-workers.[71] It has been used for several high-performance solar
cells and achieved a certified record efficiency of 9.2 %, using a so-called inverted device
structure where light passes through the TCO, as reported by He et al. in 2012.[72]

1poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-2’,2”-diyl)
2poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)
carbonyl]thieno[3,4-b]thiophenediyl]]
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2.2 Dye-sensitized Solar Cells

Since the introduction DSCs by O’Regan and Grätzel in 1991, DSCs have always been
the most efficient excitonic solar cells, even though the gap has been narrowed by OPVs
during the past 3 years.[17] One of the reasons for the outstanding high efficiencies is
that DSCs are in a way ideal excitonic solar cells since exciton diffusion does not play
a role in photoconversion and losses attributed to exciton recombination are virtually
not existent.[18] The concept of DSCs relies on a high surface area of the intercon-
nected TiO2 nanoparticles, which are decorated with a self-assembled monolayer of
dye molecules as depicted in Figure 2.3. Typical dyes of different molecule families are
shown in Figure 2.2. The absorption spectrum of the device can be tuned via the choice
of the dye, which is attractive for semi-transparent colored solar cells. Alternatively,
a high-efficiency device dye, the so-called black dye (N749), has been developed which
efficiently harvests photons between 350 and 900 nm, and was reported to yield PCEs
of 11.1 % as early as 2006.[73] Initially, research focused on dyes with Ru complex chro-
mophores, similar to the dye used by O’Regan and Grätzel.[74, 75] The still widely
used Ru dye N719 is a close relative of the N3 dye, introduced in 1993 by Nazeeruddin
and co-workers. It was the first dye that produced PCEs beyond 10 % in DSCs.[76, 77]
However, state-of-the-art is to use mainly organic dyes or push-pull dyes, such as the
high efficiency porphyrine dye YD2-O-C8.[78, 79]
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Figure 2.3: Dye-sensitized solar cell. (a) Schematic of the geometry of a typical solid state
dye-sensitized solar cell. (b) Energetic landscape in a typical solid-state dye-sensitized solar cell.

The electron-collecting electrode of a typical DSC consists of a 10− 20 µm thick film of
TiO2 nanoparticles, approximately 20 nm in diameter, which are sintered on fluorine-
doped tin oxide (FTO). Other intrinsic n-type metal oxides, i.e. ZnO, SnO2, Nb2O5,
have been used as alternative materials but so far are unable to match the highest
efficiencies achieved with TiO2.[80] The dye modified TiO2 films increase the overall
light absorption despite the fact that only a single monolayer of the dye is bonded to
the surface, due to the high surface area that is obtained from the sintered nanoparticles,
typically in the order of 50− 100 m2 g−1 TiO2.[81, 82] Photons that are absorbed in
the dye generate excitons that are immediately separated via rapid injection of an
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electron into the TiO2.[83] Subsequently, the dye is regenerated by a liquid electrolyte
containing a hole-shuttle, such as I- or a cobalt tris(bipyridine) complex, which is easily
oxidized.[84] The shuttle molecule then diffuses to the top contact of the device, typically
a Pt coated FTO substrate, which acts as a catalytic center for reduction of the shuttle,
so that effectively holes are collected at that electrode.

Besides the conceptual localization of excitons close to the charge separating interface,
another advantage of DSCs is their outstandingly slow charge carrier recombination.
Since recombination occurs across the solid-liquid interface it is limited by diffusion
of hole-shuttle molecules towards that interface.[85] Recombination lifetimes can be
up to seconds for the iodine electrolyte since the reduction reaction, which happens
during charge recombination, is a two electron process (I3-+ 2e-→ 3I-).[86] Nevertheless,
highest PCEs have been reported using the cobalt complex electrolyte since its oxidation
potential is lower than that of the iodine oxidation, resulting in higher VOCs.[77]

The major drawbacks of DSCs are technical limitations due to the liquid compound.
DSCs have to be carefully sealed in order to avoid leakage of the electrolyte, which
causes breakdown of the device. For this reason it is also demanding to fabricate
DSCs on flexible substrates, which is easily achieved for OPV. In 1998, Bach and
co-workers introduced the SS-DSC, where the liquid electrolyte is substituted by the
transparent organic hole transporting medium (HTM) Spiro-OMeTAD3.[87] A similar
concept was proposed by Tennakone et al. in 1995, using solid CuI to back-infiltrate
the dye-sensitized nanostructure.[88] A schematic of the energetic landscape in a typical
SS-DSC is shown in Figure 2.3 (b). Similar to DSCs, after photon absorption in the
dye occurs, an electron is injected into the metal oxide and a hole into the HTM.
However, in contrast to liquid electrolyte DSCs, electron and hole transfer happen
on comparable timescales, so that charge separation can occur both between TiO2
and the dye as well as between the dye and the HTM.[89] This additional mechanism
has to be considered for both the choice of the dye and the HTM. In addition to
Spiro-OMeTAD, other HTMs like PEDOT and the inorganic salt CuSCN have been
described in literature for use in SS-DSCs.[90–93] Even though remarkable PCEs beyond
7 % have been shown for SS-DSCs with Spiro-OMeTAD-infiltrated dye-sensitized films,
their efficiency is limited since only thinner films of metal oxide can be used in SS-
DSCs compared to DSCs.[94] This is owing mainly to limitations of pore filling for
thicker films and faster charge carrier recombination (one electron process) across the
metal oxide-HTM interface, which dominates the device performance depending on the
charge transport distances.[95]

A combination of the SS-DSC concept and OPV materials has led to the development of
the HSCs.[96–99] In HSCs, the HTM is a conjugated polymer, most commonly P3HT,
which simultaneously absorbs light, enabling much higher extinction coefficients in these
solar cells. As a consequence, only thinner active films are required for complete photon
harvesting, which simultaneously addresses issues with the HTM infiltration as well as
with charge carrier recombination due to shorter charge transport pathways. However,
as a relatively new technology, conversion efficiencies of HSCs cannot compete against

3(2,2(,7,7(-tetrakis-(N,N-di-p-methoxyphenylamine)9,9(-spirobifluorene)
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those achieved with OPVs, DSCs or SS-DSCs, with reported state-of-the-art efficiencies
near 4 %.[100, 101] One of the remaining challenges is to understand and optimize
the photocurrent contribution of the polymer, an issue that is essential to take full
advantage of the HSC concept.[102, 103]

Furthermore, there are other HSCs more closely related to organic BHJ solar cells. In
these devices, metal oxide nanoparticles are directly blended with a conjugated poly-
mer and a mixed film is solution processed, similar to blend films of polymer and
fullerene.[104–106] This approach leads to good contact between polymer and metal
oxide and incomplete pore filling cannot occur. However, the missing interconnection
between the metal oxide nanoparticles can lead to unfavorable donor-acceptor mor-
phologies, enhancing charge carrier recombination and limit the device efficiencies.

2.3 Extremely Thin Absorber Solar Cells

ETA-SCs are closely related to SS-DSCs and have been extensively studied during the
past decade. Instead of a self-assembled monolayer of dye molecules, a thin coating
(typically less than 10 nm) of a highly absorbing crystalline inorganic material is used
in order to create a p-i-n-like device structure.[107–109] Combination of absorbing layers
with nanostructured metal oxide electrodes and infiltrated hole transporters allows the
use of absorbers with high extinction coefficients and broad spectrum but poor electronic
properties since charge transport through the absorber is necessary only over very short
distances.
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Figure 2.4: Extremely thin absorber solar cell. (a) Schematic of the geometry of an ETA solar
cell with a TiO2 nanoparticle film as n-type electrode. (b) Energy landscape of a typical ETA solar
cell.

The device geometry of a typical ETA-SC is shown in Figure 2.4 (a). A TiO2 nanopar-
ticle film similar to the electrodes used in DSCs and SS-DSCs is coated with absorbing
materials, such as CdSe, CdTe, CuInS2, or Sb2S3.[109–114] The electrodes are then in-
filtrated with a HTM, most commonly Spiro-OMeTAD, CuSCN, or P3HT. Depending
on the absorber material, ETA-SCs are not necessarily excitonic, since excited states
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might be able to thermally separate into free electrons and holes. However, since the
absorber coating is thin, similar to DSCs, exciton diffusion does not play a role even if
exciton separation occurs only at interfaces. Nevertheless, an important difference to
DSCs is that charge traps in the inorganic absorber can promote charge carrier recom-
bination, which is believed to be the reasons why ETA-SCs to date operate with VOCs
that are significantly lower than the theoretical built-in potentials.[115, 116]

A relatively new class of ETA-SCs features organic-inorganic perovskites as absorbers.
Impressive efficiencies beyond 9 % were reported in 2012 by the groups of Snaith
and Grätzel.[117, 118] The Grätzel group used a (CH3NH3)PbI3 perovskite on TiO2
nanoparticle film with Spiro-OMeTAD as HTM, yielding PCEs of 9.7 %. A similar ap-
proach was used by the Snaith group for the mixed halide perovskite (CH3NH3)PbI2Cl.
Interestingly, the latter perovskite exhibits n-type properties and gave even higher effi-
ciencies, up to 10.9 %, if used on an insulating network of Al2O3 nanoparticles instead
of TiO2. Further optimization of these devices by the Grätzel group lead to certified
record efficiencies beyond 14 % in 2013. Technically, these devices are not ETA-SC,
since the perovskite can play a dual role as absorber and n- or p-type electrode.
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3 Working Mechanisms of
Nanostructured Hybrid Solar Cells

This chapter gives a more detailed overview over the working principles of solid-state
dye-sensitized and hybrid solar cells. Loss mechanisms in these devices are discussed and
work on nanostructured metal oxide electrodes, which potentially help to overcome these
loss mechanisms, is summarized. The chapter is based on the book chapter Solid state
dye-sensitized solar cells (J. Weickert and L. Schmidt-Mende, 2013), the book chapter
Metal Oxides: New Science and Novel Applications (J. Weickert and L. Schmidt-Mende,
2013), the review article Nanostructured Organic and Hybrid Solar Cells (J. Weickert
et al., Advanced Materials 2011) and the perspective article Hybrid Solar Cells: How
to Get the Polymer to Cooperate? (J. Weickert and L. Schmidt-Mende, APL Materials
2013).[1, 96, 119]

3.1 Light Absorption and Charge Separation in Solid-State
Dye-Sensitized Solar Cells

Besides sufficiently thick dye-sensitized films the absorption profile of the dye itself is
crucial for a high photon harvesting efficiency. Since solar cells are operated under
illumination with sunlight, the absorption has to be optimized especially in spectral
regions where the power input of the sun on the earth is strong, i.e., in the visible
and near IR. Since light absorption takes place only in a monolayer of dye, absorption
coefficients have to be as high as possible. Over the past 20 years, tremendous effort
has been put into increasing the extinction of DSC dyes and efficiency improvements
could be mostly attributed directly to more complete light harvesting. Nevertheless,
still mesoporous films of 10− 20 µm thickness are necessary in order to absorb almost
all incident photons covered by the absorption spectrum of the dye.

Many dyes for SS-DSCs are well-known from applications in conventional DSCs. Fig-
ure 3.1 shows the chemical structures of commonly used dyes. N3 is a Ru complex dye
and was the first material, which allowed to realize PCEs beyond 10 % in conventional
DSCs since it absorbs strongly in the visible (13900 l mol−1 cm−1 at 541 nm) and up
to 800 nm.[76] Owing to its absorption spectrum it reaches theoretical photocurrents of
more than 25 mA cm−2 under AM 1.5G solar illumination.[120] Today, there is a huge
variety of N3 derivatives as nicely summarized in the DSC review article by Hagfeldt et
al.[18] Figure 3.1 also shows chemical structures of the two most important N3-based
dyes, N719 and Z907. N719 is today’s standard dye for application in conventional
DSCs, whereas Z907 has proven to be better suited for SS-DSCs.
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Figure 3.1: Chemical structures of the most common hole conductor for SS-DSCs Spiro-
OMeTAD and important Ru dyes. N3 was the first Ru dye which allowed efficiencies of about
10 % in conventional DSCs. To date, its derivative N719 is the most widely used dye for DSC
applications and established as a standard material. For SS-DSCs, the Z907 dye has proven more
efficient due to its two alkyl side moieties, which serve as physical spacers and help to reduce charge
carrier recombination in these solar cells.

indoline dye 
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Figure 3.2: Chemical structures of two typical organic dyes, an indoline dye and a squaraine
dye. Organic dyes have proven highly efficient and show performances even superior to Ru metal
complex dyes in SS-DSCs.

Besides metal complex dyes, fully organic metal-free dyes have emerged during the
past years. Organic dyes like indoline or squaraine dyes exhibit even higher extinction
coefficients than their conventional counterparts and allow PCEs comparable to val-
ues achieved with Ru dyes in liquid electrolyte-based DSC.[120, 121] Typical chemical
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structures of two important classes of organic dyes are exemplarily shown in Figure 3.2.
In SS-DSCs, even higher performances were possible when using organic dyes instead
of metal complex materials, suggesting that this class of dyes is especially well-suited
for applications with solid state hole transporters.[101, 122]
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Figure 3.3: Schematic representation of the mechanism of charge separation in a SS-
DSC. Light is absorbed in the dye and an exciton is formed. Provided there are sufficient energy
offsets, this exciton can then be separated either via electron injection into the TiO2 or hole tranfer
to the HTM. Free electron (e-) and hole (h+) are subsequently transported through the TiO2 and
the HTM, respectively, and collected at the external contacts.

Since the dye is located directly at the TiO2-HTM interface, it is not only responsible
for light absorption, but also plays a crucial role in the mechanisms of charge separation,
which is schematically shown in Figure 3.3.[33, 103] Following to the absorption of a
photon in the dye chromophore, an excited state is forming within the dye. This excited
state can either directly separate into free charges via ultrafast electron injection into
the TiO2 or relax to the lowest excited energetic state via emission of a photon. The
binding energy of the resulting excitons is typically much larger than kBT (in the order of
0.3 eV), so charge separation cannot be thermally induced as in the case of conventional
Si solar cells. Instead, the energy necessary for charge separation is provided by the
energy difference between the lowest unoccupied molecular orbital (LUMO) of the dye
and the conduction band of the TiO2. This energy is the minimum driving force for
electron injection, denoted as Einj. Electron injection from the LUMO of the dye into
the conduction band of TiO2 happens on timescales of ps or fs, which is extremely
quick compared to the lifetime of excited states in the dye, which is in the order of
20− 60 ns.[123–127] After electron injection, the positively charged dye molecule is
regenerated by the HTM, i.e., the hole residing in the highest occupied molecular orbital
(HOMO) of the dye is transferred to the HOMO of the HTM. This transfer is driven
by the energy difference between the two HOMO levels and is denoted as Ereg.
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In addition to the described mechanism of charge separation it is also possible that
the hole transfer occurs quicker than the electron transfer. In conventional DSCs, dye
regeneration via the liquid electrolyte is a two electron process, which is significantly
slower than electron injection from the dye’s LUMO into the conduction band of the
TiO2. In SS-DSCs, however, where the HTM is a solid organic material, the hole transfer
can also be very quick.[89, 128–130] The charge separation is then mainly driven by Ereg.
The final state, where the electron has reached the conduction band of the TiO2 and
the hole is in the HOMO of the HTM allows a net energy conversion of Enet as shown
in Figure 3.3. In a non-kinetic case Enet/q is also the maximum open circuit voltage
(VOC) that can be generated by the solar cell (where q is the elementary charge). Since
this voltage depends on Ereg, it can be tuned by shifting the HOMO of the HTM
with respect to the HOMO of the dye. This is an advantage of SS-DSCs compared to
liquid electrolyte DSCs, since the properties of the HTM can be chemically adjusted in
order to minimize potential losses. However, the commonly used I-/I3- electrolyte in
conventional DSCs exhibits electronic properties that lead to relatively large values of
Ereg for most common dyes. Therefore, once optimized, higher values of VOC should be
possible for SS-DSCs compared to their liquid electrolyte counterparts.

Even though the final state is the same for both pathways of charge separation, there is a
huge difference depending on which type of charge carrier is transferred first. If electron
injection is the quicker mechanism, i.e., the electron is in the conduction band of the
TiO2 and the hole remains in the HOMO of the dye, the Coulomb interaction between
electron and hole is weak due to the high dielectric constant of TiO2. Accordingly,
spatial separation of the charge carriers is relatively easy. On the other hand, if the
hole is transferred first, both charge carriers reside in organic materials with rather low
dielectric constants resulting in a strong Coulombic attraction between them. In this
case, the probability of recombination of the resulting electron-hole pair is enhanced and
spatial separation becomes less likely.[131] Therefore, not only HOMO and LUMO levels
are important, but also their location inside the dye and the chemical structure of the
dye, e.g. the presence of spacing moieties like alkyl chains. In so-called push-pull dyes,
in the excited state the LUMO is located close to the TiO2, whereas the HOMO points
towards the HTM.[89, 132] Thus, electron injection and subsequent complete charge
separation becomes more likely since electron and hole are already partly separated
in the excited state of the dye. It should be noted, however, that push-pull dyes are
optimized for liquid electrolyte DSCs, i.e., for a situation, where electron injection is
much quicker than hole transfer to the electrolyte as HTM. If the latter occurs first,
the LUMO location of the dye has to be close to the conduction band of the TiO2 even
if the dye is in its reduced state, i.e., negatively charged after the hole is transferred.
It might therefore be necessary to design new types of push-pull dyes especially for
applications in SS-DSCs.

Additionally, physical spacers like alkyl side chains can influence the time constants for
charge separation and recombination. For SS-DSCs, where the hole transfer from the
dye to the HTM is quick, also the back reaction becomes more likely, i.e., hole move-
ment from the HTM to the HOMO of the dye inducing charge carrier recombination.
Therefore, Z907 is the better suited N3 derivative than N749, the standard in liquid
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Figure 3.4: Possible mechanisms of charge separation in HSCs. a) Light is absorbed in the dye
and charges are separated either via electron injection into the TiO2 or hole transfer to the HTM.
b) Upon light absorption in the HTM, an exciton is forming. The excited state then travels into
the dye molecule via an energy transfer from the HTM to the dye and charges are separated as in
case a). c) Excitons that are formed in the HTM can also be directly separated between HTM and
dye or HTM and TiO2.

electrolyte DSCs, due to its alkyl side chains, which point away from the TiO2 and
build a physical spacer between electrons in the TiO2 and holes in the HTM.[133]

In contrast to SS-DSCs with transparent HTM there is another possible mechanism of
charge separation in HSCs. Since light is not only absorbed in the dye but mainly in
the hole conducting polymer, excitons are also generated in the HTM. Possible routes
towards charge separation in HSCs are depicted in Figure 3.4. If light is absorbed in
the dye, as in Figure 3.4 a), charge separation is initialized either by electron injection
into the TiO2 or hole transfer into the HTM as described for SS-DSCs (with trans-
parent HTM). However, light absorption in the HTM itself can result in two different
mechanisms of charge separation. Necessary for this, of course, is that the exciton is
generated within the exciton diffusion length away from the dye-decorated TiO2 - oth-
erwise, the exciton recombines directly without separating into free charge carriers. For
matching energy levels and close proximity of the excited region and the dye molecules,
the excited state can be transferred from the HTM into the dye molecule as depicted
in Figure 3.4 b). The underlying mechanism of Förster Resonance Energy Transfer
(FRET) demands for overlapping emission and excitation spectra of the polymer and
the dye, respectively, and is conceivable, e.g., for a visible light absorbing HTM and a
near-IR dye.[134–136]

As shown in Figure 3.4 c) it is also possible that charges are separated directly between
the HTM and the dye, i.e., an electron is transferred from the LUMO of the HTM into
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the LUMO of the dye and subsequently injected into the TiO2. Besides, for bulky dye
molecules, which do not homogeneously cover the TiO2, the polymer might be in direct
contact with the TiO2 and charges can be separated via electron injection form the
polymer’s LUMO into the conduction band of the TiO2.[137]

3.2 Charge Transport in Solid-State Dye-Sensitized Solar
Cells

Once absorbed photons are converted into free charge carriers. These carriers have
to reach the external contacts of the solar cell in order to generate photocurrent and
photovoltage, that is, convert power. In SS-DSCs, the electrons have to move through
the TiO2 towards the TCO contact, whereas holes are travelling through the HTM to
the nobel metal top contact.

a) b) 

dye 

TCO 

CB 

EFn 

TiO2 

hn 

Figure 3.5: Mechanisms of charge transport in TiO2. a) TiO2, especially mesoporous films,
are commonly polycrystalline. Crystal grains with different crystal orientation are adjacent to each
other with grain boundaries between them. Electrons can move relatively easily within grains of
one crystallinity but have to overcome traps and energetic barriers at these grain boundaries, which
limits the net electron mobility in polycrystalline TiO2. b) Diagram of the energetic situation at
the dye-TiO2 interface. TiO2 exhibits many sub-bandgap states, represented as dashes. Below the
quasi-Fermi level for electrons these states are filled with electrons (represented as black dots). If
an electron is injected from the dye into the conduction band of TiO2 (red dots), it is transported
through the TiO2 via trapping and de-trapping and is effectively hopping between trap states close
to the conduction band edge.

Electron transport through TiO2 is not fully understood yet, although the scientific
and technological implications of this topic are of high relevance. Charge transport in
TiO2 therefore still is a field of high scientific interest where a lot of work is focused on.
Most commonly, TiO2 is used in its anatase crystalline structure and the TiO2 layers
are strongly polycrystalline. This implies the presence of a lot of grain boundaries
between differently oriented crystal domains, which have to be overcome by electrons
when traveling through TiO2. Since trap states are mainly present at grain boundaries
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and at the surface of TiO2 structures, the electron movement through polycrystalline
TiO2 occurs as shown in Figure 3.5 a).[138–140] Electrons move relatively freely through
domains of a certain crystallinity but get trapped at the boundary between two grains.
Once they leave these traps, they are again transported easily until they encounter
the next grain boundary. The overall electron transport can thus be described as a
sequence of trapping and de-trapping events in sub-band gap states as depicted in
Figure 3.5 b).[141–144] Trap states below the electron quasi-Fermi level Efn are filled,
but states above Efn and below the lower edge of the conduction band are available.
Once an electron is injected from the dye into the conduction band of the TiO2, it
travels through the conduction band until it reaches the next trap state. Before it can
move further, it first has to become de-trapped by gaining a small quantity of additional
thermal energy. Therefore, many TiO2 structures show effects of photo doping, i.e., the
conductivity of the TiO2 changes under illumination.[22] After filling more and more of
the deeper trap states, additional electrons can travel unhamperedly above these traps
and the overall mobility of electrons increases.

The average grain size in mesoporous TiO2 can be partly controlled by adjusting the
sintering temperature. As shown by Guldin et al. for TiO2 networks assembled using
block copolymers, higher temperatures result in larger crystallites, which directly results
in higher photocurrents for SS-DSCs due to a quicker electron transport and according
lower charger carrier recombination.[145] In this mentioned work, however, the average
domain size did not exceed 25 nm, which still means that electrons have to overcome
quite a number of grain boundaries when travelling through a 1 or 2 µm thick film.
Besides, for TiO2 networks assembled from nanoparticles, the maximum achievable
grain size is supposed to be the diameter of the nanoparticles since neighboring particles
are unlikely to form one common crystallite with the same crystal orientation.

This conceptual drawback of mesoporous TiO2 might be overcome by sophisticated
implementation of ordered TiO2 nanostructures. When changing to rutile TiO2, single
crystalline nanowires extending over several µm can be grown. These structures exhibit
outstandingly high electron mobilities reaching 1 cm2 V−1 s−1, which is approximately
1000 times higher than for polycrystalline material.[146, 147] Large crystallites have
also been found for nanotubular TiO2, which – in contrast to single crystal nanowires
– is anatase and can also be grown directly on TiO2 blocking layers on TCO glass
thus allowing the fabrication of SS-DSCs with the same geometry as for TiO2 networks
assembled from TiO2 nanoparticles.[148, 149] Domain sizes in the order of 100− 200 nm
suggest about 10 times less grain boundaries and a respective gain in electron mobility.

Since the HTM in SS-DSCs usually is an organic semiconductor, the mechanism of hole
transport is completely different from the electron transport in the inorganic TiO2. In
Spiro-OMeTAD, holes travel via hopping of polarons from one molecule to the other
as schematically illustrated in Figure 3.6 a).[150] Organic materials exhibit distinct
HOMO and LUMO levels and do not form valence and conduction bands like inorganic
semiconductors.[151] Therefore, when holes are transported through Spiro-OMeTAD,
they have to “hop” from one molecule’s HOMO to the other, which makes hole transport
relatively slow resulting in charge carrier mobilities in the order of 10−4 cm2 V−1 s−1

for pristine material. However, Spiro-OMeTAD can be effectively doped using additives
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b) 

a) 

Figure 3.6: Mechanisms of charge transport in organic HTM. a) Spiro-OMeTAD is an amor-
phous material and there is no π-π overlap between individual molecules. Thus, charges are trans-
ported via hopping of polarons from one molecule to another. b) Polymeric HTM used in HSCs are
typically conjugated, i.e., there is a large system of delocalized π electrons. In the most common
polymer HTM, P3HT, charges can be transported as polarons or bipolarons, that can move relatively
freely along the polymer backbone. These (bi)polarons can also move from one polymer strand to
another in the case of crystalline material, which exhibits π-π stacking (i.e., in the direction normal
to the plane of the thiol groups). Besides, bipolarons can transfer across the alkyl side chains via
hopping as in non-conjugated materials.

like bis(trifluoromethylsulfonyl) amine lithium salt (Li-TFSI), which results in 10-fold
increased hole mobilities.[152]

A more efficient mechanism of hole transport is present in conjugated polymers, which
are also implemented as HTM in HSCs. There, upon hole transfer into the HTM, either
polarons or bipolarons can be forming (the formation of a bipolaron is examplarily
shown in Figure 3.6 b) for P3HT).[154, 155] Due to the pronounced conjugation, the π-
electron system extents throughout the hole backbone of the polymers and polarons and
bipolarons can move relatively freely along this backbone. Thus, charge transport within
the polymer does not rely on polaron hopping as in the case of small molecule HTM
like Spiro-OMeTAD and resembles more the band-like charge transport mechanism in
inorganic semiconductors.
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(1) 
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(2) 

Edge on Face on Vertical 

Figure 3.7: Possible orientations of P3HT crystals on a substrate. Sheets of P3HT can orient
vertically, in a face on or edge on conformation. Hole mobilities throughout the crystal are highest
along the polymer backbone (1), moderate along theπ-π stacking direction (2) and lowest across
the alky side chains (3). Figure reproduced based on Ref. [153]

For highly crystalline materials like P3HT, π-π stacking between polymer strands is
possible and polarons can transfer from one polymer strand to the other. Besides,
polarons can hop across the alkyl side chains of P3HT. Thus, multi-dimensional charge
transport through P3HT crystallites is possible, which is one of the major advantages
of the material.[153, 156] However, charge mobilities along the different dimensions of
a P3HT crystal differ significantly and the orientation of the crystal has important
implications if applied as HTM in SS-DSCs. Figure 3.7 displays possible orientations
of P3HT crystals with respect to the substrate. P3HT tends to form sheets of parallel
polymer strands with interdigitated alkyl side chains. These sheets form stacks due to π-
π interactions between thiophene units in neighboring sheets. The resulting crystals can
orient vertically, face on and edge on depending on the properties of the substrate and
possible confinement inside nanostructures or capping of thin films.[157, 158] The crystal
orientation plays a crucial role in the mechanism of charge transport due to differences
in the charge carrier mobilities. These are highest along the polymer backbones (since
no hopping of polarons is necessary), still moderate in π-π direction (due to overlapping
orbitals of polymer strands in neighboring sheets) and lowest across the alkyl side chains
(where polarons have to overcome relatively large distances of approximately 1.7 nm via
hopping).[153]

3.3 Loss Mechanisms in Solid-State Dye-Sensitized Solar
Cells

As mentioned before, SS-DSCs cannot compete with conventional liquid electrolyte-
based DSCs yet and efficiencies are also lower than for the best reported fully organic
BHJ solar cells. In order to further increase the PCE of SS-DSCs, it is necessary to
carefully analyze the loss mechanisms present in this type of photovoltaics. During the
past two decades a lot of work has focused on this topic and three main loss channels
can be identified, which are schematically summarized in Figure 3.8. In short, these
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are (1) insufficient overlap of the absorption spectrum of the solar cell with the solar
spectrum, (2) incomplete light absorption due to transmission and (3) recombination of
already separated charge carriers, which consequently do not reach the external contact.
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Figure 3.8: Schematic of the three most prominent loss mechanisms in SS-DSCs. (1) in-
sufficient overlap of dye absorption with the solar spectrum, (2) incomplete light harvesting due to
thin active layers and (3) charge carrier recombination

Mechanism (1) can be mainly attributed to two facts. Firstly, most SS-DSCs utilize
one type of dye molecule, which is responsible for the overall absorption of the incident
light. Even though sophisticated chemical engineering has led to dyes with outstand-
ingly high extinction and impressively broad absorption spectra (e.g., the N3 derivative
N749, the so-called “black dye” can absorb light up to 900 nm), complete coverage of the
solar spectrum, at least in the regions of the most prominent power input, i.e., between
wavelengths of 300 and 1500 nm, cannot be achieved by using only one absorbing or-
ganic material. In contrast to inorganic absorbers, organic materials commonly do not
absorb photons with energies much larger than the HOMO-LUMO gap very efficiently.
Therefore, a combination of different absorbing materials (as in fully organic BHJ so-
lar cells, where ideally donor and acceptor materials with complementary absorption
spectra are used) is necessary in order to cover broad spectral regions.

Secondly, the high exciton binding energy of organic materials does not allow the suc-
cessful implementation of low energy gap materials. For inorganic semiconductors with
their sharp absorption onset and the efficient absorption of high energy photons, there
is the so-called Shockley-Queisser limit to the PCE of about 34 % for a one-absorber
system.[159] This limit results from the assumption, that every absorbed photon can
at most generate one free electron-hole pair with a potential energy of the band gap,
since high energy excited states first relax to the state where the electron sits at the
lower edge of the conduction band and the hole at the higher edge of the valence band.
Therefore, by decreasing the band gap of the absorber further and further, the plus of
absorbed photons does not outweigh the loss of potential at a certain point and there is
an optimized band gap around energies corresponding to 1100 nm. However, this only
holds for exciton binding energies in the order of kBT. In organic materials, excitons are
bound with approximately 0.3 eV, an energy, which usually is provided by the energy
offsets Einj and Ereg as discussed for Figure 3.3 in section 3.1. Accordingly, at least
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0.3 eV of resulting convertible energy have to be subtracted from the energy difference
between HOMO and LUMO of the dye in order to yield free charge carriers.

The Shockley-Queisser limit can be adapted to multi absorber systems.[160] Due to their
strong absorption of all photons with energies bigger than the bandgap, for inorganic
materials the light has to be incoupled through the high band gap material first before
it hits lower band gap materials in order to avoid energy loss through relaxation of
highly excited states to lower energetic excited states.

Sophisticated cell designs are necessary in order to really achieve this. For heterojunc-
tion solar cells like OPVs and DSCs, where charge carriers commonly have to travel
through the absorbing materials, the maximum achievable energy conversion usually
depends only on the final energetic state of electron and hole. In other words, if the cell
consists of sub-cells with complementary absorption, either photocurrents or photovolt-
ages add up. The latter can only be realized in so-called tandem cells with a carefully
designed recombination interlayer.[161] For DSCs or SS-DSCs, there is the approach of
using two dye molecules with complementary absorption spectra in order to increase the
PCE, a concept which is called co-sensitization. This is achieved by either decorating
the TiO2 matrix simultaneously with two different dyes or by transferring differently
sensitized films onto each other.[162, 163] Thus, the total photocurrent contains contri-
butions from photons absorbed in both dyes, but the total photovoltage will always be
determined by the smaller of the two photovoltages each of the dyes contributes. The
same is true for the use of energy relay dyes, i.e., implementation of a second dye, which
can transfer energy via FRET to the main dye. This concept has been implemented
by either attaching a second chromophore to a conventional Ru dye or by simply incor-
porating a second dye in the liquid electrolyte of a DSC.[164, 165] HSCs also benefit
from two different absorbing materials, namely the dye and the HTM itself, and offer
the potential to convert photons over a broad spectral range.

The second prominent loss mechanism in SS-DSCs is also related to the device ab-
sorption. As mentioned before, mesoporous TiO2 layers of 10− 20 µm thickness are
necessary in order to achieve an absorbance close to 100 % for wavelengths covered by
the dye absorption spectrum. However, due to issues of incomplete structure filling, to
date thicknesses of only 1− 2 µm can be applied in SS-DSCs.[166, 167] Thus, a signifi-
cant fraction of the incident light is transmitted, especially at the on- and offsets of the
absorption spectra, where the relative extinction coefficients are smaller. In addition, if
the mesoporous TiO2 is completely sensitized with the dye but only partly infiltrated
with the HTM, the dye which is not in contact with the HTM acts as a filter for the
dye molecules that can actually contribute to the current generation, thus reducing the
effective light intensity inside the active layer. Therefore, complete filling with HTM
commonly is a prerequisite for high PCEs.

Although the overall absorption per µm active layer is much higher in HSCs due to
the additional absorption of the HTM, this is also an important issue in HSCs owing
to the highly demanding infiltration of polymers into nanostructures. Commonly, the
length of a single polymer strand is comparable to the structure diameter and complete
filling can be difficult to achieve. However, during the past years more and more work
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Figure 3.9: Schematic representation of pathways for charge carrier recombination in SS-
DSCs. See text for detailed description.

is focusing on this topic and techniques like in-situ polymerization and vacuum melt
or heat infiltration have been developed in order to sufficiently fill TiO2 nanostructures
with conjugated polymers.[101, 157, 168–170]

Finally, the third important loss channel is recombination of free charge carriers. Charge
carrier recombination can significantly lower the short circuit current (JSC), the VOC
and especially the fill factor (FF ) of a solar cell (FF is the ratio of JSC ·VOC divided
by the product of the current and the voltage at the point of maximum power output
of the solar cell).[43]

Even if a sufficient fraction of the incident sunlight is absorbed and photons are suc-
cessfully converted to free charges at the metal oxide-dye-HTM interface, electrons and
holes have to travel through the TiO2 and the HTM, respectively, in order to reach the
external contacts and cause a macroscopic current. In contrast to fully organic BHJ
solar cells, charge trapping in islands of donor or acceptor materials is no problem in
SS-DSCs due to the network of TiO2, which is entirely electronically interconnected.
However, charge carriers have to travel over relatively long distances up to a few µm,
always within a few 10 nm to their electrical counterparts. Thus, on their way to
the external electrodes charge carriers have a certain probability of recombining. In
conventional DSCs, charge transport over tens of µm is possible without strong re-
combination losses due to the liquid electrolyte and the before mentioned mechanism
of dye regeneration, which is a slow two electron process and accordingly makes the
back reaction, i.e., recombination, also slow.[171] In SS-DSCs, however, single electrons
can be transferred and there are no charge screening effects due to a liquid electrolyte.
Therefore, charge carrier recombination is significantly quicker and can occur on a mi-
crosecond time scale.[172] Even though this is still slower than the electron injection
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into the TiO2 or hole transfer from the dye to the HTM, it is sufficiently quick to cause
significant losses if the solar cell is not optimized.

In SS-DSCs there are different possibilities for how charge carrier recombination is ini-
tiated. Figure 3.9 gives an overview over mechanisms involved in charge recombination.
Generally, electrons and holes are injected into the TiO2 and the HTM, respectively, at
certain injection rates kinj and kreg. These rates depend on the energy gains Einj and
Ereg for electron and holes, respectively, as well as on the spatial positions of HOMO
and LUMO and other properties of the dye as discussed before. Both electrons and
holes can transfer back to the dye molecules at rates k-inj and k-reg, respectively. These
rates not only depend on the properties of the dye but also on its current state – the
back transfer of charge carriers apparently is different depending on the excitation and
the charged state of the dye (if the dye is in its reduced state, transfer of an additional
electron is highly unlikely, whereas electron back transfer from TiO2 might be promoted
if the dye is oxidized, i.e., positively charged).

Assuming that charge carriers meet in the dye molecule as recombination center, two
different rates can be ascribed to recombination depending on how the recombination
is initialized. Either an electron is first transferred to the uncharged dye where it waits
for a hole to recombine with it or vice versa. These two mechanisms correspond to
recombination rates kred and kox, depending on whether the dye is initially reduced or
oxidized. Besides, if the TiO2 is not densely decorated with dye and/or the HTM is
small enough to intercalate between dye molecules, electrons and holes can recombine
directly, either by transferring an electron from the conduction band of the TiO2 into the
LUMO of the HTM or vice versa. This mechanism of direct recombination is accounted
for with kdir.

From these considerations it is apparent that ideally both electron and hole transfer
rates are fast and charged dye species only have very short lifetimes, i.e., the oxidized dye
tends to rapidly transfer the hole to the HTM and the reduced dye is quickly injecting its
electron into the TiO2. These properties can be influenced by tuning HOMO and LUMO
of the dye with respect to the conduction and valence band energies of the TiO2 and the
HOMO and LUMO of the HTM: large values of Einj and Ereg are supposed to result in
fast charge transfer rates kinj and kreg. However, since the maximum convertible energy
gets smaller with increasing Einj and Ereg there commonly is a trade-off between high
JSC (higher injection energies resulting in more efficient charge separation) and high
VOC (smaller energy losses for charge injection resulting in larger resulting potential).

As mentioned before, not only the energy levels of the dye can be tuned but also the
spatial distribution of HOMO and LUMO and the chemical structure of hydrophilic or
hydrophobic side moieties. For the Z907 dye (see Figure 3.1), the introduction of long
alkyl side chains has proven to significantly reduce charge carrier recombination, proba-
bly because hole back-transfer from the HTM to the dye is suppressed across the bulky
side groups. Accordingly, higher VOC could be realized using this dye.[133, 173] Spa-
tially separating HOMO and LUMO of the dye has also proven to be a valid strategy
to increase injection rates and decrease charge carrier recombination. As mentioned
before, these push-pull dyes have been successfully implemented in liquid electrolyte
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DSCs, but implications of such a dye design for SS-DSCs still have to be investigated in
detail. The same holds for so-called dyads. Dyads are sophisticated interface molecules,
which utilize an electron-donating domain close to the dye chromophore and are also
used as self-assembled monolayers in DSCs. Due to their chemical structure, after elec-
tron injection into the TiO2 the chromophore is immediately regenerated by an electron
from the donor domain of the dyad. Accordingly, electron and hole are spatially more
separated and the hole transfer to the HTM might occur more slowly without causing
higher recombination. Even though not implemented yet in SS-DSCs, recombination
times in the order of seconds have been found in liquid electrolyte DSCs using dyads,
underlining the possibilities for future substitution of dye molecules with these donor-
acceptor dyads.[86] However, applying these promising dyads successfully is a challenge,
because they need to be assembled in an ordered way and in the right orientation at
the interface between TiO2 and HTM.

3.4 Solid-State Dye-Sensitized Solar Cells with
Spiro-OMeTAD as Hole Transporter

As discussed above, different inorganic and organic transparent materials have been
successfully used as HTM in SS-DSCs. However, by far the most common material is
surprisingly still Spiro-OMeTAD. Even though this material has been introduced more
than 10 years ago, it is still the benchmark for SS-DSCs and therefore the most widely
used HTM.[83]

One of the reasons for the good performance of Spiro-OMeTAD might be its versa-
tility in concerns of nanostructure filling. Forming completely amorphous films, there
appear to be no mechanisms like steric effects counteracting the infiltration of Spiro-
OMeTAD molecules into small nanostructures. Besides, Spiro-OMeTAD is highly sol-
uble in organic solvents, which is favorable for structure filling since high concentra-
tions commonly yield better infiltration results.[174] Filling of nanostructures can be
achieved by simple wetting and subsequent spincoating of the substrate and no tem-
perature or high vacuum steps are necessary in contrast to polymeric HTM, which
are more complicated to infiltrate, especially in case of high molecular weight.[175]
Successful filling of 1− 2 µm thick mesoporous TiO2 has been described in literature,
whereas for thicker films even infiltration of the small molecular Spiro-OMeTAD be-
comes problematic.[95, 166, 167] Currently, this fact has been identified as the main
reason for the substantially lower performance of SS-DSCs compared to their liquid elec-
trolyte counterparts, which utilize up to 10 times thicker active layers with accordingly
significantly higher absorption.

As mentioned before, Spiro-OMeTAD can be successfully doped using lithium salts thus
increasing the hole mobility, which is otherwise moderately compared to other organic
HTM. Surprisingly, other triphenyldiamine HTM with higher hole mobilities did not
outperform Spiro-OMeTAD, suggesting that the limited hole mobility of the material is
balanced by its other favorable properties.[176] The same was the case for triarylamine
HTM without a Spiro linker unit.[129]
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Spiro-OMeTAD is unlikely to be the ideal HTM for SS-DSCs, mainly because of its
moderate hole mobility and its transparency for visible light, which does not allow gen-
eration of additional charge carriers. However, the combination of favorable properties
like its small molecular size, its non-crystallinity and its versatility for concerns of struc-
ture filling still render it the material of choice to date. Nevertheless, new HTM with
the possibility to outperform Spiro-OMeTAD will have to be developed in the future in
order to allow that SS-DSCs can still compete with OPVs and conventional DSCs.

3.5 Hybrid Solar Cells with Absorbing Hole Conductors

As discussed in section 3.1, HSCs resemble SS-DSCs in the utilization of a high sur-
face area network of TiO2 nanoparticles but the transparent HTM, typically Spiro-
OMeTAD, is replaced with a visible light absorbing HTM, most commonly conjugated
polymers. The advantage of the concept is the dramatically higher effective extinction
coefficient of the active layer.

ECDeVy

b3p0

b4p0

b5p0

b6p0

T
iO

2

in
do

lin
e

sq
ua

ra
in

e

P
3H

T

400 500 600 700
0

10

20

30

40

50

IP
C

E
CD

t
y

WavelengthCDnmy

0p0

0p5

1p0

IndolineCDye P3HT
SquaraineCDye

N
or

m
pCA

bs
or

pt
io

nC
Da

pu
py

Figure 3.10: Absorption and incident photon to current conversion efficiency spectra for
HSCs based on P3HT as HTM and two different dyes, a squaraine dye and an indoline
dye. The upper graph shows the normalized absorption spectra of the photoactive materials. Nor-
malized incident photon to current conversion efficiency (IPCE) spectra for hybrid solar cells with
dye-sensitized TiO2 nanoparticle films infiltrated with P3HT as hole transporter are shown in the
lower graph.
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3.5 Hybrid Solar Cells with Absorbing Hole Conductors

However, in order to take advantage of the hybrid solar cell concept it is imperative
to seek combinations of dyes and polymers which allow both absorbing compounds to
play an active role in the photocurrent generation. Figure 3.10 illustrates the situation
for an indoline dye and a squaraine dye, which have been employed in hybrid solar cells
in combination with P3HT as polymeric compound. The incident photon to current
conversion efficiency (IPCE) spectrum for the hybrid solar cell with the indoline dye
clearly shows that the polymer does not contribute any photocarriers. The reason is
that electron injection from the polymer into the dye is energetically unfavorable due
to its higher lowest unoccupied molecular orbital. In contrast, for the squaraine dye the
IPCE clearly features dye and polymer contribution.

The generally higher potential of such a dye-polymer couple is directly apparent as
the incoming light is efficiently converted into current over a broad spectral range.
High short circuit currents can only be achieved if both dye and polymer contribute,
ideally in complementary spectral regions. In contrast, if the dye blocks photocurrent
contribution from the polymer, photons absorbed by the polymer are lost for charge
generation and any spectral overlap between polymer and dye absorption reduces the
short circuit current.

Therefore, the first approach to boost the photocurrent contribution of the polymer is to
directly match energy levels of the polymer and the dye. This fosters charge separation
via electron injection into the dye and hole transfer to the polymer. The tremen-
dous potential of energy level tuning has been demonstrated using a model system of
cyanoacrylic acid-based interfacial modifiers in TiO2-P3HT hybrid solar cells.[177] By
shifting the energy levels of the sensitizer the photocurrent contribution of the polymer
can be directly switched on and off and the device efficiency is boosted to 2.9 %.

As an alternative to direct charge transfer, the photocurrent contribution of the polymer
can also be activated via an energy transfer from the polymer to the sensitizer. Upon
photon absorption in the polymer the excitation energy can thus migrate to the dye,
followed by electron injection into the metal oxide and hole transfer to the polymer.
Such a mechanism has been proposed for a combination of P3HT with a porphyrine dye,
which allows outstandingly high short circuit current densities beyond 12 mA cm−2, four
times more than with a transparent hole transporter.[178]

Furthermore, for crystalline polymers like P3HT the orientation of the polymer at the
interface plays an important role in the charge generation process, since it influences
the contact between the photoactive materials as well as local charge carrier mobilitites.
Recently it has been shown that face-on orientation of P3HT on TiO2 can be achieved
by modification of the hybrid interface with mercaptopyridines, which directly enhances
the photocurrent contribution of the polymer.[179]

With a tremendous amount of research concerned with hybrid solar cells there is the
potential that an optimized dye-polymer combination will be found, allowing efficiencies
exceeding 10 %. As discussed, an ideal dye for hybrid solar cells has to be matched to
the employed polymer and plays multiple roles. For a high efficiency solar cell the
sensitizer should

• exhibit a high extinction coefficient and absorb complementary to the polymer,
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• foster photocurrent contribution from the polymer via suitable energy levels, ei-
ther via charge injection or energy transfer from the polymer to the sensitizer,

• induce favorable orientation of the polymer at the interface.

If these requirements are kept in mind when searching for new dye-polymer combina-
tions, efficiencies outperforming dye-sensitized solar cells and organic photovoltaic are
a realistic goal.

One of the first examples for the successful implementation of the HSCs approach was
presented in 2003 by Coakley an co-workers. Using mesoporous TiO2 as acceptor matrix
and P3HT as HTM, PCEs of 1.5 % could be realized (measured under monochromatic
light).[169] In this work, however, no dye-sensitization was used but P3HT was infil-
trated into a bare TiO2 structure. Even though the concept is simpler without dye,
there are hints that charge injection from P3HT into TiO2 does not work as efficiently
as from P3HT into the organic acceptor PC60BM, which is the standard electron ac-
cepting material in OPVs since its introduction in 1995.[33, 180] Significantly improved
charge generation efficiencies and higher VOC can be achieved using Ru dyes like Z907
known from applications in conventional DSCs and SS-DSCs.[103] However, as for SS-
DSCs organic dyes usually have higher extinction coefficients and seem to be more
suitable for applications in HSCs. In 2009 Zhu et al. could show remarkable efficien-
cies of 2.5 % for TiO2-P3HT solar cells using metal-free dyes.[181] In this work, both
4-tert-butylpyridine (tBP) and Li-TFSI were employed to modify the charge separating
interface and yield higher JSC and VOC . Although both additives are well known from
applications in SS-DSCs, the underlying working mechanisms are not completely clari-
fied yet. tBP is supposed to cause an upward shift of the conduction band of the TiO2
at the interface thus decreasing the potential loss upon charge injection and allowing
higher VOC . Instead, Li-TFSI seems to lower the conduction band energy at the surface
of TiO2 thus allowing a more rapid and efficient electron injection. However, as shown
by Abrusci et al. in 2011, in contrast to previous interpretations the TFSI-anion plays
a crucial role in this mechanism rather than the Li cationes.[182]

An interesting alternative to dye molecules as interfacial modifiers has been suggested
by Vaynzof et al.[183] Using carboxylated PC60BM, which can form self-assembled
monolayers on HSCs metal oxides like ZnO or TiO2, they were able to show significantly
improved JSC and VOC in HSCs based on ZnO and P3HT. In this case, the mechanism of
charge separation is supposed to be the same as in conventional P3HT-PCBM BHJ solar
cells. Once a free electron and hole reside in the fullerene and the polymer, respectively,
the electron is then transferred to the metal oxide. Significantly increased photocurrents
using this carboxylated PCBM has also been shown for TiO2 and P3HT.[103]

I will first summarize work on unordered nanostructures (mesoporous films and metal
oxide-polymer blends) and then focus on the most important classes of ordered nanos-
tructures, which are arrays of nanowires and nanotubes.
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3.6 Nanostructured Metal Oxides for Solid-State
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During the past years, alternative geometries have been suggested for the TiO2 ma-
trix in SS-DSCs and HSCs. Instead of a mesoporous film assembled from nanopar-
ticles, ordered nanostructures of TiO2 can be used, which exhibit the advantages of
more directed charge transport and potentially larger TiO2 crystallites and resulting
higher charge carrier mobilities.[96] Formation of TiO2 nanostructures is relatively easy
and one-dimensional nanostructure arrays consisting of nanopores, nanowires or nan-
otubes can be realized utilizing different self-assembly mechanisms.[184, 185] These
nanostructures can be directly implemented in conventional DSCs, SS-DSCs and HSCs
since structures can be grown directly on TCO substrates and the processing for dye-
sensitization, HTM infiltration and top contact finalization is the same as for solar
cells based on mesoporous TiO2. Besides TiO2, ZnO has emerged as interesting al-
ternative since it shows relatively similar electronic properties and is a wide band gap
material that can be easily nanostructured. However, ZnO structures are not discussed
in detail in this chapter and the interested reader is referred to other reviews like the
articles by Hochbaum and Yang or Gonzales-Valls and Lira-Cantu.[186, 187] There are
also reports about other alternative metal oxides like SnO2, which can be implemented
for solar cell applications, but we will focus on the most common and to date most
successful materials TiO2 and ZnO.

3.6.1 Metal Oxide-Polymer Blends

HSCs with an unordered active layer have also been fabricated via an approach simi-
lar to organic BHJ solar cells. By blending metal oxide nanoparticles with conjugated
polymers, a hybrid active layer can be solution processed. In contrast to infiltration
of organics into nanostructures, a complete filling and an improved inorganic-organic
contact can be guaranteed.[98] Best efficiencies for hybrid blends have been shown with
PbS or CdSe nanoparticles. In 2002 Huynh et al. reported 1.7 % efficient devices using
CdSe and P3HT.[188] However, in contrast to metal oxides like TiO2 or ZnO, these ma-
terials contain toxic compounds such as Cd or Pb. Beek et al. reported efficiencies of
1.4 % and 0.9 % for blends of ZnO nanoparticles and MDMO-PPV (Poly[2-methoxy-5-
(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene]) or P3HT, respectively.[104, 105] Lower
performances are reported for blends of surface treated TiO2 nanorods and P3HT.[106]
Although the metal oxide’s electronic properties and crystallinity can be better con-
trolled in this approach, the insufficient connection between nanoparticles and uncon-
trolled morphology of the blend lead to trapped charges and low photocurrents.

3.6.2 Nanowires

As discussed above, the ideal morphology for excitonic solar cells is still unknown.
However, the interpenetrating donor-acceptor interfaces and directed charge transport
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pathways present in metal oxide nanostructure-based HSCs are considered to be con-
ductive to efficient exciton separation and charge transport. Metal oxide nanowires
exhibit excellent regularity, orientation and crystallinity properties and can be grown
several micron long on conducting glass. Application of metal oxide nanowires for
energy conversion is also summarized in the review by Hochbaum and Yang.[186]

TiO2 nanowires are fabricated in a so-called hydrothermal process.[189] The resulting
wires are rutile single crystals and therefore provide excellent electron percolation path-
ways. In liquid electrolyte DSC these structures showed impressive efficiencies of 6.9 %
for 33 µm long wires.[190] Even structures of only 2− 3 µm length showed efficiencies
of 5 %.[146] Since the TiO2 surface area is much smaller in these structures than in
∼10 µm thick mesoporous TiO2 as commonly used in liquid electrolyte DSCs, this is
a striking hint that the superior charge transport properties of TiO2 wires allow high
electron mobilities, ideal percolation pathways and accordingly highly efficient solar
cells.

Hydrothermal growth of TiO2 nanowires also facilitates homogeneous doping of the
metal oxide. Since the growth is a self-organized process at equilibrium conditions,
dopants can be easily added to the hydrothermal bath. Feng et al. reported a 15 %
increase of the VOC in a DSC due to Ta doping of TiO2 nanowires. The achieved VOC of
0.87 V is close to the theoretical maximum, showing that optimized metal oxide wires
exhibit almost loss-free electron transport.[191]

Figure 3.11: SEM cross-sectional view of P3HT infiltrated into hydrothermally grown TiO2
nanowires on FTO coated glass. Only a few air inclusions are present and the nanostructure is
almost completely infiltrated with the polymer.

To date there are only very limited studies on HSCs composed of single crystalline TiO2
nanowires and conjugated polymers. However, impressive power conversion efficiencies
of 3.1 % have been shown by Liao and co-workers in 2012 using a hierarchical dendrite
structure based on rutile TiO2 nanowires as nanostructured electrode in indoline dye-
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P3HT hybrid solar cells.[192] In general, the electronic properties of rutile TiO2 are
considered to be less favorable for this type of solar cell than anatase TiO2. Therefore,
rutile single crystal TiO2 nanowires demand surface treatments or core-shell structures
as discussed in section 3.7. Ensuring that the TiO2 nanowire matrix is completely filled
with the hole-conducting material presents a challenge to device fabrication. Currently
we are able to almost completely fill the pores of arrays of 1 µm long TiO2wires on
FTO with P3HT (see Figure 3.11), which is a first important step towards efficient
HSCs. With optimized processing we are currently able to fabricate hybrid solar cells
with reproducible efficiencies of around 2 % using rutile single crystal nanowires with a
squaraine dye as sensitizer and P3HT as hole transporter.

Besides hydrothermal synthesis, template-assisted fabrication methods for TiO2 nanowires
are also possible. Kuo et al. reported TiO2-P3HT HSCs from anodized aluminum ox-
ide (AAO) directed TiO2 nanowires.[193] Here, AAO is fabricated via the anodization
of 200 nm thick Al films that are evaporated directly on the ITO. TiO2 is then de-
posited using a sol-gel method. After heat curing, the AAO is removed yielding free
standing TiO2 nanowires. Compared to flat TiO2 films a significantly increased JSC
is observed, which can be attributed to the larger donor-acceptor interface. However,
between the nanowires, ITO is directly exposed to the P3HT. Since ITO effectively
collects both electrons and holes, this causes pronounced charge carrier recombination
in the nanostructure cell compared to the flat junction device which is reflected in the
lower VOC and the apparently low shunt resistance. The highest efficiency so far for
TiO2 nanowires-P3HT solar cells have been reported by Williamson et al. Wires were
fabricated via sol-gel deposition onto nanosphere lithography templates. Structures of
30 to 100 nm in height and 30 to 65 nm in spacing filled with P3HT resulted in power
conversion efficiencies of up to 0.6 %.[194]

Figure 3.12: SEM cross-sectional view of TiO2 nanowires grown via electrodeposition onto
an anodized alumina membrane The wires are free standing on a compact TiO2 layer on an ITO
substrate.

Another approach for TiO2 nanowire fabrication is to electrochemically deposit TiO2
from a TiCl3 precursor into AAO templates, as opposed to the above sol-gel deposition
method. This was described by Musselman et al. for AAOs on ITO using thin Ti and W
layers between the ITO and the Al as blocking and adhesion layers, respectively.[195]
In our lab, we optimized the synthesis of TiO2 nanowires following this method. A
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typical cross-sectional SEM micrograph of these structure is shown inf Figure 3.12. It
is possible to fabricate free standing TiO2 nanowires directly on a compact layer of
TiO2, which functions as an anodization blocking layer as well as an Al adhesion layer.
The length and diameter of the wires can be controlled via the AAO template and
aspect ratios of 1:6 have been realized. TEM studies reveal that after heat curing at
450 ◦C these wires are polycrystalline anatase TiO2.

Extensive studies have also been carried out on ZnO, another promising material for the
fabrication of n-type nanowires for HSCs. Some recent results are summarized in the
review article by Gonzales-Valls and Lira-Cantu.[187] Similar to TiO2, ZnO nanowires
can be easily grown using hydrothermal methods. For ZnO nanowires, the fabrication
commonly consists of two steps. First, a seed layer is formed from ZnO nanoparticles
of approximately 10 nm diameter. These particles work as nucleation sites for wire
growth, which is carried out in the second step.[196] By choosing appropriate synthesis
conditions, control of quality and dimensions of the wires is possible. ZnO nanowires
are usually grown at temperatures below 100 ◦C making them interesting for low-cost
mass production.[197]

Generally, HSCs based on ZnO nanowires show relatively low performances at present.
Law et al. reported efficiencies of 1.5 % for liquid electrolyte DSC based on ZnO
nanowires in 2005.[198] It is likely that the lower efficiency compared to conventional
DSCs based on mesoporous metal is due to their reduced interfacial area. However, as
outlined by Law and co-workers, ZnO nanowires offer the potential to achieve almost
loss-free electron transport. When comparing ZnO and TiO2 nanoparticle cells exhibit-
ing different layer thicknesses and roughness factors with ZnO nanowire devices, the
JSC is found to increase linearly with the metal oxide surface area for ordered struc-
tures. In contrast, for nanoparticle cells, insufficient charge transport seems to limit the
device performance above a certain layer thickness.

Devices composed of ZnO nanowires and conjugated polymers like P3HT have demon-
strated efficiencies between 0.2 % and 0.5 %.[199–201] It has only been possible to in-
crease the efficiency of these devices (up to 3 %) through the addition of an organic ac-
ceptor like PCBM.[202, 203] However, this is not considered to be an intrinsic drawback
of ZnO nanowires, which exhibit beneficial crystallinity and high electron mobility. To
date, dimensions of ZnO nanowires are not completely optimized. Nanowire arrays show
relatively large wire spacing and diameters resulting in lower surface area compared to
mesoporous structures. Since the dimensions do not match the exciton diffusion length
of typical organic donors, geminate recombination is a severe problem of recent ZnO
nanowire arrays. More advanced surface engineering is necessary to enhance the VOC
in HSCs based on ZnO nanowires. Growing attention is paid to core-shell structures as
discussed in section 3.4.

Another very interesting approach to study the properties of ZnO nanowires has been
recently presented by Briseno and co-workers.[204] By grafting modified P3HT to ZnO
nanowires they were able to realize single nanowire cells. Detailed analysis of such
structures might allow insight to principle working mechanisms of ZnO-based HSCs
and could reveal design rules for improved devices.
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Currently, there are only very limited studies on metal oxide nanowires of materials
different than TiO2 or ZnO. Schwenzer et al. reported on HSCs composed of p-type
nanowires of Co5(OH)8(NO3)2 · 2H2O and the n-type polymer poly(3-butylthiophene)
(P3BT).[205] Although these devices exhibit a low FF of 26 % and JSC of 9 µA cm−2,
a VOC of 1.38 V can be measured, very close to the theoretical maximum. Recently,
Yu et co-workers showed that ITO nanowires efficiently enhance the hole transport
in polymer-fullerene BHJ. Incorporation of 100 nm long structures yielded efficiency
improvements of 10 % and 34 % under simulated one sun and five suns illumination,
respectively. Especially at high illumination intensities, the improved hole extraction
has a significant impact on the device performance.

3.6.3 Nanotubes

A geometry which has generated remarkable scientific interest during the past years is
the nanotube array. Similar to nanowires, tubular structures provide excellent path-
ways for directed charge transport. In addition, nanotubes exhibit almost twice the
surface area as rod-like structures of similar dimensions. This makes metal oxide nan-
otubes especially interesting for application in HSCs, where large surface areas for dye
adsorption and large donor-acceptor interfaces are demanded.

Figure 3.13: SEM cross-sectional view of typical TiO2 nanotubes on an ITO substrates. The
nanotube array was fabricated by anodization of a sputtered Ti film in a NH4F solution in ethylene
glycol.

By far the most common metal oxide for tubular structures is TiO2. Progress in the
field of these structures is summarized in the reviews of Mor et al. and Ghicov and
Schmuki.[184, 206] Utilizing self-organization processes, TiO2 nanotubes are usually
formed by anodization of metallic Ti in fluoride ion containing electrolytes, either aque-
ous HF solutions or NH4F containing ethylene glycol baths.[207, 208] For the latter,
360 µm long nanotubes with aspect ratios above 2000 have been realized when an-
odizing high purity Ti foils.[209] The tubes are hexagonally packed and are forming at
growth velocities of 15 µm h−1. TiO2 nanotubes can also be grown directly on trans-
parent conducting glass substrates by sputtering high quality Ti films and subsequent
anodization.[210] A cross-sectional SEM micrograph of a typical TiO2 nanotube array
on ITO glass is shown in Figure 3.13. This offers the advantage that conventional cell

40



Chapter 3. Working Mechanisms of Nanostructured Hybrid Solar Cells

geometries with front illumination (through the glass substrate) can be realized, which
is especially interesting for solid state HSCs. Paulose et al. reported on backside illu-
minated DSCs assembled from Ti foils and found a significant loss in light intensity and
performance due to the partial opaqueness of the Pt covered counter electrodes.[211]
By adjusting the anodization process parameters, good control over the tube length,
diameter, wall thickness and spacing can be achieved.[148]

Remarkable efficiencies above 6 % have been reported for liquid electrolyte DSCs based
on anodized Ti foils.[208, 212] Although this is lower than performances of DSCs with
mesoporous TiO2 films, tubular structures are considered to offer great potential. Aside
from the non-ideal backside illumination, the lower efficiencies are mainly attributed to
a lower dye uptake due to the smaller surface area. However, the favorable charge trans-
port properties of ordered tubular structures may give rise to record efficiencies DSSs
in the future. In contrast to single crystalline nanowires, nanotubes from anodization
of Ti are polycrystalline with typical grain sizes of 30− 40 nm and have to be annealed
at temperatures above 450 ◦C to yield anatase crystallinity.[213] Due to crystal domain
sizes being only slightly larger than in mesoporous TiO2, only a small difference in
the electron mobility is expected. However, ordered structures enhance electron life-
times due to optimized percolation pathways and therefore reduce recombination losses.
Future research may also yield nanotubular structures with enlarged grain size.

One of the most impressive examples of the high potential of TiO2 nanotubes was
presented by Mor et al. in 2006.[214] Using only 360 nm long TiO2 tubes on conducting
glass they realized DSCs with efficiencies of 2.9 % and JSC of 7.9 mA cm−2. The overall
dye absorption is relatively low in such small structures, which limits the photocurrent.
However, the impressive efficiencies could be directly attributed to increased electron
lifetimes and optimized transport pathways compared to mesoporous TiO2.

To our knowledge, there are no systematic studies on SS-DSCs based on nanotubular
TiO2 yet. However, TiO2 nanotubes have been used in highly efficient HSCs with
conjugated polymers. In 2009 Mor and co-workers reported on TiO2-P3HT HSCs based
on nanotubular films of a few 100 nm on FTO glass.[101] By using a dye with absorption
in the near infrared and utilizing nanotube geometries that almost match the exciton
diffusion length of P3HT, they were able to achieve efficiencies up to 3.8 %, which is the
highest performance reported so far for metal oxide-conjugated polymer HSCs. These
high efficiencies were possible only after TiCl4 treatment of the nanotubes and the use
of tBP. TiO2 nanotube arrays infiltrated with blends of P3HT and PC71BM still show
slightly higher efficiencies, suggesting that additional surface engineering and further
optimization of the TiO2 geometry is necessary if the organic acceptor is completely
replaced by the TiO2.[215]

In addition to the anodization of Ti foil, other methods for the fabrication of TiO2
nanotubes are available. Foong and co-workers reported on a template-directed growth
of TiO2 nanotubes using atomic layer deposition (ALD) onto AAO membranes.[168]
The method is sketched in Figure 3.14 a). AAO membranes on thin TiO2 blocking
layers on ITO are grown via anodization of sputtered Al films (1-2). Using atomic
layer deposition, homogenous coatings of a few nm thick TiO2 are grown on these
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Figure 3.14: Growth of TiO2 nanotubes on TCO via atomic layer deposition (ALD) onto
anodized aluminum oxide (AAO) membranes. a) Schematic of the synthesis route. (1) A layer
of aluminum is sputter deposited onto TiO2-coated TCO and (2) anodized to yield a nanoporous
structure. (3) The structure is coated with TiO2 via ALD and (4) the overlayer of TiO2 on top
of the AAO is removed via Ar sputtering. (5) Finally, the AAO is removed in sodium hydroxide
solution to yield free-standing nanotubes. b) SEM top view of TiO2 nanotubes grown via ALD into
AAO (scalebar corresponds to 500 nm). For this experiment, ALD and subsequent Ar etching has
been carrier out by Robert Zierold in the group of Prof. Nielsch at UHH Hamburg, Germany.

structures (3) and the resulting overlayer of TiO2 is removed via reactive ion etching or
bombardment with Ar plasma (4). Finally, the AAO membrane is dissolved in NaOH
solution, yielding free-standing TiO2 nanotubes directly on the dense TiO2 blocking
layer (5). An SEM top view image of TiO2 nanotubes grown via this synthesis route is
shown in Figure 3.14 b).

Optimized anodization conditions for AAO membranes allow the formation of highly
ordered hexagonally packed nanostructures.[216] Thus, nanotubular TiO2 thin films
could be realized in the future. Additionally, ALD allows the fabrication of tubes with
small wall thicknesses below 5 nm.

Another interesting method of tube synthesis was presented by Na et al. in 2008.[217]
Via electrodeposition onto ITO, a template of ZnO nanorods can be fabricated. TiO2 is
then deposited onto this template from a sol-gel and then undergoes a heat treatment.
Finally, the ZnO is removed, resulting in free standing TiO2 nanotubes on conducting
glass. Sol-gel deposition also results in a thin compact TiO2 layer which makes the
structures highly interesting for use in HSCs.

Compared to TiO2 there are only very limited studies on nanotubular structures of ZnO.
Similar to TiO2, nanotubes are fabricated via self-organization processes. Using a low
temperature liquid phase method, hexagonal ZnO nanotubes have been fabricated on Zn
foil.[218] By choosing appropriate conditions, ultrathin ZnO nanowires have also been
synthesized on a ZnO compact layer on Si in a hydrothermal process.[219] Martinson et
al. reported on liquid electrolyte DSCs based on ZnO nanotubes.[220] These structures
were fabricated by ALD onto AAO membranes. Even though only moderate efficiencies
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of 1.6 % have been achieved, their results show that ZnO nanotubes provide excellent
and almost loss-free electron transport over several µm.

3.7 Metal Oxide Modifications and Core-Shell Structures

Several reports on various systems agree that the interface between donor and acceptor
plays a crucial role for processes of charge separation and recombination. The commonly
used solution processing for fully organic solar cells does not allow direct control of this
interface. In contrast, metal oxide nanostructures can be easily modified in HSCs. Sur-
face treatments, doping and the application of core-shell structures offer the potential
to increase charge separation yield, reduce recombination and enhance both VOC and
JSC , resulting in more efficient devices. In addition to the full control of the interface
morphology, this is another advantage of HSCs compared to fully organic BHJ.

Usually, all kinds of TiO2 nanostructures show better efficiencies in HSCs after a TiCl4
treatment.[221] TiCl4 is supposed to fill Ti voids at the TiO2 surface, fill cracks and
repair defects. Additionally, a TiCl4 treatment slightly increases the TiO2 surface area
yielding a greater interface for dye adsorption.

For mesoporous TiO2, TiO2 nanocrystal bulk heterojunction cells and HSCs based on
nanotubular TiO2, it has been shown that the choice of suitable sensitizers can efficiently
reduce recombination and improve VOC and device efficiency.[101, 106] However, the
sensitizer materials have to be chosen carefully. Liu et al. were able to change the
work function of planar TiO2 by modification with carboxylated polythiophenes and
tested the metal oxide’s properties in P3HT-based HSCs.[222] Although they could
significantly improve the exciton separation yield, interfacial dipoles caused a band offset
shift at the metal oxide-polymer junction, reducing the VOC . Surface modifications can
also be used to influence the interfacial morphology. Lloyd and co-workers investigated
P3HT crystallinity at the heterojunction in ZnO-P3HT HSCs.[223] Untreated ZnO
shows a strong interaction with the P3HT and hinders crystallization of the polymer.
However, if ZnO is modified with an alkanethiol monolayer, the polymer shows enhanced
crystallinity in a region extending up to a few nm from the ZnO interface, leading to
reduced recombination, improved JSC and efficient solar cells.

An interesting approach for P3HT-based HSCs is the use of carboxylated polymer
dyes based on P3HT.[224] A monolayer of this polymer dye grafted to the metal oxide
surface might work as a crystallization seed layer and induce favorable P3HT alignment
along the nanostructure. Due to a similar HOMO and LUMO structure, both efficient
energy and charge transfer should be possible between the P3HT and the polymer
dye. Another very promising sensitizer for P3HT-metal oxide devices was presented
by Vaynzof et al.[183] By covering flat ZnO films with a carboxylated PCBM they
were able to improve the VOC , JSC and FF compared to non-modified ZnO. Since the
combination of P3HT and PCBM is well known to facilitate efficient charge separation,
PCBM-based sensitizers might allow high performance HSCs in the future, especially for
carboxylated PC70BM, which should show a broader absorption in the visible spectrum
than PC60BM.[225]
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Besides surface modifications, doping of metal oxides is a versatile method to influence
charge transport properties and location of valence and conduction band. Olson et
al. were able to achieve almost doubled VOC for ZnO-P3HT hybrid devices by doping
ZnO with Mg.[200] An alloy of ZnMgO results in a reduced band offset and therefore
allows an increased potential. For Mg contents between 0 % and 25 % they were able to
decrease the effective work function from −4.2 eV to −3.9 eV resulting in an increase
of VOC from 0.5 V to more than 0.9 V. As mentioned above, similar effects have been
reported for TiO2 doped with Ta or N.[191, 226] For N-doping, Vitiello et al. were also
able to show enhanced photoactivity of TiO2 nanotubes in the visible range.[227]

To simultaneously optimize both the surface of the metal oxide and the charge transport
properties of the nanostructure, core-shell morphologies have been considered. Metal
oxide nanostructures are coated with a thin layer of another material thus combining
high mobility of the inner material with high charge selectivity of the coating.

Law et al. reported liquid electrolyte DSCs featuring coated ZnO nanowires.[228] Com-
paring different thicknesses of ALD-coatings with Al2O3 and TiO2, they present a
pathway towards highly efficient DSCs. Both materials reduce recombination since the
back-transfer of electrons from the ZnO into the dye is hindered. However, improved
performances were only found for TiO2. As an insulator, Al2O3 reduces the probability
of electrons tunneling in both directions, towards the ZnO and the dye. In contrast,
due to excellent hole-blocking properties in combination with high electron mobilities,
TiO2 coatings help to transfer electrons from the dye to the ZnO by simultaneously
constraining the back-reaction.

ZnO-TiO2 core-shell structures have also been applied in P3HT-based HSCs. Greene
and co-workers reported on ALD coatings of ZnO nanowires with TiO2.[229] Even
though the overall efficiencies are relatively low and do not exceed 0.3 % in this study,
they were able to show a six-fold increase in performance for TiO2-coated nanowires.
This is especially remarkable when considering that no dye was used in this work.

Recently, Hao et al. reported on an interesting system of two-shell nanowires.[230] By
subsequent electrodeposition of CdSe and thiophenes onto ZnO nanowires, they were
able to significantly improve the performance of liquid electrolyte DSCs compared to
ZnO-CdSe core-shell structures. Additional charge carriers are generated at the P3HT-
CdSe p-n junction and broadening of the absorption spectrum due to P3HT leads to
significantly higher JSC and even slightly increased VOC .
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4 Experimental Methods

This chapter describes the standard procedures used during sample preparation and
introduces the setups used for steady state and time resolved optical and electronic
characterization. Details about sample preparation and characterizations including the
exact fabrication and measurement parameters as well as specific fabrication techniques
are given in the experimental section of the individual chapters.

4.1 Materials, Chemicals and Substrates

Chemicals, Metals and Metal Oxides. Unless otherwise noted all standard chemicals
like solvents, salts, precursor solutions, etc. were purchased from Sigma Aldrich, VWR,
or Alpha Aesar at high purity grade and used without further purification. Only for
substrate cleaning technical grade chemicals were used. Metals and metal oxides for
sputtering and thermal evaporation were purchased from Testbourne, Sigma Aldrich,
or Allgemeine Gold. TiO2 nanoparticle paste (P25, particle diameter ∼20 nm) was
purchased from Dyesol.

Polymers and Dyes. Suppliers for polymers and dyes were: Rieke Metals (P3HT,
∼20 kDa), Merck Chemicals (P3HT, ∼60− 80 kDa), Sigma Aldrich (MDMO-PPV), 1-
Material (PCPDTBT), Solarmer (PBDTTT-C-T), H.C. Starck (PEDOT:PSS), Nano-
C (PC60BM), Solenne (PCBA PC70BM), Solaronix (SQ2),Mitsubishi Chemicals (D131,
D205), and BASF (D102). For Z907 an older batch (∼2006) was used, which had been
synthesized for the Grätzel group (EPFL) by Solaronix.

Substrates. Regular microscope glass slides were purchased from Carl Roth or VWR.
ITO substrates (10− 15 Ω �−1, 1.1 mm substrate thickness, precut to 14×14 mm2)
were purchased from PGO, Kintech, or Lumtech. FTO glass (10 Ω �−1, 1.1 mm sub-
strate thickness) was purchased from Solaronix and cut using a glass cutter. Quartz
glass substrates (0.8 mm substrate thickness, precut to 14×14 mm2) were purchased
from PGO.

4.2 Sample Preparation

Substrate Cleaning. All substrates were cleaned in three subsequent ultrasonic baths
of water with commercial dishwashing detergent, acetone and isopropanol for at least
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4.2 Sample Preparation

5 min each and excessively washed with the respective solvents between the baths. If
necessary, a 7 min O2 plasma cleaning was carried out in a Diener Femto plasma cleaner.

TiO2 Spray Pyrolysis. TiO2 thin films as used for hole blocking layers in photovoltaic
devices were deposited using spray pyrolysis of a titanium diisopropoxy bisacetonate
precursor solution diluted 1:10 (vol:vol) in ethanol. Clean substrates were put on a
hotplate and heated to 450 ◦C during 15 min. The precursor solution was then manually
applied using a spray nozzle. Substrates were kept at 450 ◦C for 15 min and slowly
cooled to room temperature (during approximately 2 h).

Synthesis of TiO2 Nanoparticle Films. The Dyesol TiO2 nanoparticle paste was di-
luted in ethanol using 5 µL ethanol per mg paste. The dilute paste was then spincoated
onto clean substrates, typically at 2000 rpm for 60 s yielding a film thickness of approx-
imately 500 nm. Films were allowed to dry in air for at least 10 min before sintering at
450 ◦C for 1 h with a heating and cooling ramp time of 1 and 2 h, respectively.

Synthesis of TiO2 Nanotube Films. TiO2 nanotube arrays were fabricated on cleaned
PGO ITO glass via subsequent sputtering of TiO2 and Ti films followed by anodization
and sintering. Films of TiO2 and Ti were DC sputtered in a Surrey NanoSystems
Gamma 1000C sputter system at Ar working pressures of 3− 5 mTorr and powers of
100− 300 W. Anodization was carried out in a self-made solvent-tight teflon holder
with a teflon-sealed window exposing the center of the substrate to the anodization
bath. The substrate was contacted with four gold pins at the corners, where the Ti
film was not exposed to the bath. As anodization bath, typically a 0.3 M solution
of NH4F in ethylene glycol containing 2 wt% H2O was used. The bath was used for
several months and stirred for at least 1 h prior to anodization. The anodizing potential
was applied with a Keithley 2400 sourcemeter using a self-written LabView program.
After anodization, samples were taken out of the holder, rinsed excessively with ethanol
and slowly dried in air. Nanotube arrays were then sintered using the same sintering
program as for nanoparticle films (see above).

TiCl4Treatment. To enhance the surface area of nanostructures and reduce the amount
of crystal defects at the surface of TiO2 a TiCl4 treatment was typically performed with
TiO2 nanostructures. A 20 mM TiCl4 solution in H2O was prepared by diluting a 2 M
stock solution and the bath was heated to 70 ◦C, either in an oven or in a water bath
on a hotplate. Substrates were put on teflon holders and immersed in the bath for
1− 18 h. Subsequently, a sintering was carried out at 450 ◦C for 30 min using heating
and cooling ramps of 30 and 120 min, respectively.

Dye-Sensitization. For dye-sensitization of TiO2 substrates were put in teflon holders
and immersed in a dilute bath of the respective dye for at least 2 min. Dye bath
concentrations differed for different dyes and can be found in the experimental sections
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of the respective chapter. After the dye bath, samples were rinsed in an appropriate
solvent for approximately 20− 30 s to remove excess dye and yield only a self-assembled
monolayer on the TiO2. Samples were then dried in a N2 stream.

Spincoating and Thermal Annealing of Organic Semiconductors. Polymeric hole
transporters on TiO2 for HSCs as well as polymer-fulleren blends for inverted OPV
were spincoated on clean substrates from solutions in organic solvents like chloroben-
zene, chloroform, or dichlorobenzene at concentrations of 0.1− 40 mg mL−1. In some
cases a prewetting of the substrate was done using the same solvent as used in the
polymer solution. If necessary, samples were thermally annealed by putting them on a
hotplate, typically in ambient air. Details about solution concentrations, mixing ratios,
spincoating parameters, and annealing parameters can be found in the experimental
section of the respective chapter.

Chemical Bath Deposition of Sb2S3. Deposition of Sb2S3 coatings on TiO2 are car-
ried out in a chemical bath cooled to 0 ◦C in an ice bath. For a typical bath, 650 mg
SbCl3 were dissolved in 2.5 ml acetone and 4 mg Na2S2O3 in 25 ml H2O. Both solutions
were then cooled in an ice bath. To start the deposition reaction, both solutions are
added to 75 ml of ice cooled H2O. The solution was stirred until the initially forming
flocculation was dissolved and samples were then put into the deposition bath on a
teflon holder. Deposition time was measured starting from the point where the chemi-
cal bath changed its color to orange. After depositing for the designated time samples
were excessively rinsed with H2O and carefully dried in a N2 stream. Samples were sub-
sequently transferred to a N2 filled glovebox and annealed at 325 ◦C for 30 min using a
heating ramp time of approximately 10 min and a cooling ramp time of at least 1 h.

Deposition of PEDOT:PSS Coatings on Organic Films. PEDOT:PSS was applied
on top of polymer and polymer:fullerene blend films as hole selective contact. An emul-
sion of PEDOT:PSS (1.2− 1.4 % in H2O) was diluted 1:10 (vol:vol) in isopropanol. The
sample was then placed in a spincoater, excessively wetted with the PEDOT:PSS solu-
tion using a spray nozzle and immediately spincoated, typically at 1000− 2000 rpm.
Subsequently, samples were subjected to a short annealing treatment, typcially at
140 ◦C for 1 min. The processing is described in Detail in chapter 5.

Thermal Evaporation of Top Electrodes. Top contact materials like WO3 and Ag
were thermally evaporated using a shadow mask, which defines where the individual
solar cell pixels are located on the substrate. Evaporations were carried out at base
pressures <4 · 10-6 mbar at deposition rates between 0.1 and 2 Å s−1. Samples were
kept behind a metal shutter while adjusting the deposition rate and the shutter was
opened only after the designated rate had stabilized. In cases where PEDOT:PSS
was substituted with WO3, typically 8 nm WO3 were deposited. Typical Ag electrode
thicknesses ranged between 80 and 150 nm.
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4.3 Electron Microscopy and XRD

Absorption and Photoluminescence Samples. Absorption and photoluminescence
spectra were recorded either directly from the solar cell samples prior to top contact
deposition or from absorption samples on microscope or quartz glass substrates. Details
are given in the experimental sections of the respective chapters.

4.3 Electron Microscopy and XRD

XRD. X-ray diffraction (XRD) measurements have been carried out by Mihaela Nedelcu
and Johann Szeifert in the group of Prof. Bein, Department of Chemistry, LMU Munich
using a Bruker D8 Diffractometer with Cu Kα radiation at 40 kV and 40 mA.

SEM. Scanning electron microscopy (SEM) was carried out at three different micro-
scopes (LEO, Zeiss, both LMU Munich; Zeiss, University of Konstanz) at acceleration
voltages of 1− 10 kV and working distances of 1− 5 mm. In case of image drifts due
to charging of the sample fast scanning speeds were chosen in order to avoid under- or
overestimation of the dimensions of nano-objects upon compression or stretching of the
resulting image, respectively. Samples were put on steel stubs using carbon tape and
approximately 2 nm Au were sputtered onto the samples to avoid charging if necessary.
Cross-sectional samples were scratched from the backside using a diamond pen and
cleaved manually. If necessary, samples were cooled in liquid nitrogen beforehand.

TEM. All transmission electron microscopy (TEM) including all sample preparation
was carried out by Markus Thomann and Andreas Wisnet in the group of Prof. Scheu,
Department of Chemistry, LMU Munich using a Jeol JEM 2011 operated at 200 kV
and a FEI Titan (S)TEM 80–300 operated at 300 kV. Details can be found in the
experimental section of chapter 9. A good introduction into the working principles of
TEM imaging and the preparation especially of cross section samples can be found in
the diploma thesis of Andreas Wisnet.[231]

4.4 Optical Characterization

UV-vis Absorption Measurements. All absorption spectra were recorded in transmis-
sion mode with an Agilent Technologies 8453 UV-vis spectrometer, i.e., the transmission
(T ) of the sample was measured and the absorption (A) was estimated as A = 1 − T .
Therefore, light scattering cannot be distinguished from absorption. Although the error
is assumed to be small since only weakly scattering samples are fabricated, all absorp-
tion data is therefore given in arbitrary units and not as absolute values.

Photoluminescence Measurements. Steady state photoluminescence (PL) was mea-
sured using a Horiba Jobin Yvon Fluorolog spectrometer with a 500 W halogen lamp
in T-configuration (first emission channel for UV-vis to near-IR, second channel for IR
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up to 1700 nm). Samples were illuminated from the front side (i.e., not through the
glass substrate) under an angle of 30◦ and the signal was detected under an angle of
60◦ in order to avoid direct reflection of the exciting light into the emission channel.
Additionally, appropriate long pass filters were placed in the emission channel. Spectra
were typically recorded with step width of 1− 5 nm and integration times of 0.1− 2 s
per data point. All measurements were done at room temperature.

4.5 Electronic Characterization

J-V Measurements. Current density-voltage (J-V ) curves were measured using a
Keithley 2400 sourcemeter controlled by a self-written LabView program (the program
was designed and written by Holger Hesse and extended by Andreas Jakowetz, both
LMU Munich). J-V curves were recorded in the dark and under illumination with a
LOT Oriel LS0106 solar simulator with an AM 1.5G spectrum. Light intensity was
calbrated using a Si reference solar cell with a KG5 filter, which in turn was calibrated
with a Si reference solar cell with a KG5 filter certified by the Fraunhofer Institute.
For standard J-V measurements under simulated one sun conditions the light intensity
was adjusted to 100 mW cm−2. For light intensity dependent J-V characterization the
intensity was reduced using appropriate neutral density filters. During measurements,
solar cells were kept in a light tight metal box to avoid residual current signals due to
scattered light and illuminated only through a shadow mask, which defined the active
area (0.125 cm2). J-V curves were recorded from reverse to forward bias at a step size
of 10 mV and a sweep rate of approximately 50 mV s−1.

IPCE Measurements. Incident photon to current conversion efficiency (IPCE) spectra
(also called external quantum efficiency (EQE) spectra) were measured with a Keithley
2400 sourcemeter using the same sample holder and LabView code as for J-V mea-
surements. A 150 W Xe lamp was focused into a monochromator yielding a light spot
of approximately 5×7 mm2 on the tested sample. The illumination intensity was cali-
brated using a Fraunhofer Institute certified Si reference solar cell with a KG5 filter and
the calculation of the IPCE from the current raw data was implemented in the LabView
program. Spectra were recorded with stepsizes of 2− 5 nm and integration times of ap-
proximately 50 ms per data point. Since IPCE measurements were performed without
a white light background, the convolution of the measured spectrum with an AM 1.5g
spectrum was calculated and the resulting current density was compared to the current
density at short circuit under simulated one sun illumination. In case of a mismatch,
the IPCE was normalized to the measured short circuit current density of the solar cell
in order to get a better estimate of the IPCE under solar illumination.

PVD/PCD Measurements. For transient photovoltage decay (PVD) and photocur-
rent decay (PCD) measurements a Tekscope DPO 7254 digital oscilloscope was used
and solar cells were kept in a sample holder similar to the holder used for J-V and
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IPCE characterization. The tested sample was background illuminated with a LOT
Oriel LS0106 solar simulator and the intensity was adjusted using appropriate neutral
density filters. A small perturbation was generated using a pulsed Nd:YAG laser (2nd
harmonic: 532 nm wavelength, pulse length ∼2 ns, repetition rate 18 Hz), which was
defocused in order to yield a more homogenous illumination of the sample. The laser
intensity was adjusted to approximately 1− 5 mW cm−2 using appropriate filters. For
PVD measurements, the potential drop across the 1 MΩ termination resistance of the
oscilloscope was measured in order to keep the solar cell at quasi-open circuit conditions.
For PCD measurements the 50 Ω termination resistance was used, assuring quasi-short
circuit conditions and the transient current was calculated from the measured potential
using Ohm’s law. For a typical transient, the average over 200 acquisitions was taken.

Impedance Spectroscopy. Impedance spectra were recorded with an Ecochemie Au-
tolab Potentiostat/Galvanostat. The tested device was put in a light-tight grounded
metal box and illuminated with a white light diode at different light intensities or kept
in the dark. The diode intensity was adjusted using a silicon reference diode. Measure-
ments were performed at varying bias with a small AC perturbation using frequencies
between 0.1 Hz and 1 MHz and an amplitude of 10 mV with a code written in the
Autolab software Nova. Data modeling is done using the software ZView.
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5 External Electrodes for Inverted Solar
Cells

This chapter is based on the article Spray-deposited PEDOT:PSS for inverted organic
solar cells (J. Weickert et. al, 2010).[20] For this study I fabricated all solar cells and did
all measurements for data shown in the publication. Haiyan Sun did initial experiments
and solar cell characterization during the optimization of the PEDOT:PSS processing.
I wrote the manuscript and was responsible for editing.

This chapter presents a versatile method to fabricate PEDOT:PSS coatings on organic
films. These PEDOT:PSS layers can be employed as hole-accepting interlayers between
the active layer and the metal top contact for both inverted organic as well as hybrid
solar cells. In P3HT:PC60BM bulk heterojunction solar cells the application of this
PEDOT:PSS interlayer improves the device efficiency immediately after fabrication,
where solar cells without PEDOT:PSS need an aging step of approximately 10 days
before they reach their peak performance.

5.1 Introduction

In common HSCs as well as in so-called inverted fully organic BHJ solar cells a TiO2 bot-
tom electrode is introduced. TiO2 renders the electrode selective for electrons since it
is intrinsically n-type and blocks holes.[232–234] Furthermore, inverting the solar cell
geometry is a pathway towards increased air stability.[235] In this geometry it is pos-
sible to use noble metals as top electrodes and avoid performance losses due to top
contact oxidation. Thus, solar cells can be stored and measured in air, and consecutive
measurements can be performed on the same device without significant degradation,
facilitating systematic research.

Best efficiencies for inverted solar cells are gained with Ag top contacts. However,
similar to Cu top contacts, the device performance is not constant for bare Ag since
the metals work function changes with time.[236] Consequently, research becomes more
complicated as time evolution effects have to be taken into account.

One possible work-around is the usage of a thin layer of poly(3,4-ethylenedioxythiophene):
poly(styrene-sulfonate) (PEDOT:PSS) underneath the top contact. PEDOT:PSS is a
conductive polymer with the potential to substitute metal contacts in the future and
allow low-cost production, roll-to-roll processing and the fabrication of large-area solar
panels.[237–239]
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5.2 Experimental

PEDOT:PSS exhibits a constant work function of 5.0 eV and is commonly used in
non-inverted organic solar cells to enhance the hole-collecting behavior of the bottom
electrode. The use of PEDOT:PSS is also reported in inverted solar cells, where the
layer is mostly spincoated at 5000-6000 rpm.[240, 241] However, PEDOT:PSS has to be
applied on top of the active layer and wetting of the organic material is often insufficient
due to the hydrophilic character of the PEDOT:PSS suspension in aqueous solution.

Here we report on efficient inverted P3HT-PCBM solar cells with lifetimes exceeding
100 days for storage under ambient conditions in the dark. Cell fabrication is per-
formed completely without the use of a nitrogen glove box. We study the influence of a
PEDOT:PSS interlayer on device performance and device time evolution. A novel depo-
sition method is presented that allows the controlled deposition of a thin, homogenous
PEDOT:PSS film onto organic materials.

5.2 Experimental

Device Fabrication

Solar cells in this study are produced on ITO coated glass substrates purchased from
Kintech (10 Ω �−1). ITOs are cleaned consecutively by ultrasonication for 30 min in
acetone, 30 min in 2-propanol, 30 min in acetone and 30 min in 2-propanol.

Substrates are rinsed with ethanol, dried in a nitrogen stream and treated for 7 min in
a Diener Femto plasma cleaner. Approximately 100 nm of TiO2 are deposited by spray
pyrolysis at 450 ◦C from a 1:10 solution of di-isopropoxytitanium bis(acetylacetonate)
in ethanol and samples are cured at this temperature for 15 min. The heating and
cooling rates are 30 and 2.5 ◦C min−1, respectively. TiO2 layers are ultrasonicated
for 5 min in acetone, rinsed with ethanol and dried in a nitrogen stream. P3HT and
PCBM are used as bought from Merck Chemicals and Nano-C, respectively. P3HT and
PCBM solutions are prepared in chlorobenzene (Sigma Aldrich, high purity) at 30 and
24 mgml−1, respectively, mixed at a 1:1 volume ratio and spincoated at 600 rpm. For
PEDOT:PSS (H.C. Starck 1.2− 1.4 % in H2O) deposition the sample is mounted on a
spincoater and abundantly sprayed with a 1:10 solution of PEDOT:PSS in 2-propanol
using a glass nozzle. Immediately after wetting the sample is spincoated at 600 rpm
to yield a homogenous layer of PEDOT:PSS. Thickness of the PEDOT:PSS can be
easily varied using different spin speeds. Deposition of PEDOT:PSS via spray-coating
before spinning is necessary to yield homogenous films since other methods like drop-
casting lead to insufficient wetting.[242] 100 nm thick silver top contacts are either
thermally evaporated or DC sputtered onto the organic material through a shadow
mask. Evaporation is performed at 0.1 Å s−1 for the first 10 nm and at 1.0 Å s−1

for the remaining 90 nm. Sputtering is performed in five sputter cycles of 4 min at
1 · 10-2 mbar in an argon plasma. After top contact deposition solar cells are annealed
at 140 ◦C for 5 min in ambient air.
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Solar Cell Characterization

Current density-voltage (J-V ) characteristics are acquired with aKeithley 2400 sourceme-
ter using a self-made LabView program. Curves are measured in dark or under illumi-
nation with an AM 1.5G solar simulator. Light intensity is calibrated with a Fraunhofer
Institute certified silicon reference cell with a KG5 filter and adjusted to 100 mW cm−2 .
Solar cells are illuminated through a shadow mask, yielding an active area of 0.125 cm2

. During long-term measurements solar cells are stored in dark in ambient air.

5.3 Results and Discussion

To examine the influence of a PEDOT:PSS interlayer between the polymer-fullerene
blend and the top contact solar cells are fabricated with and without spray-deposited
PEDOT:PSS of approximately 40 nm thickness. Additionally, two different methods
are used to apply the metal top contact, namely thermal evaporation and sputtering.

Figure 5.1: Energy levels for an inverted P3HT-PCBM solar cell. Electrons are collected at
the TiO2 bottom electrode and holes at the Ag top contact. Work function of the PEDOT:PSS
interlayer matches the HOMO level of P3HT.

Figure 5.1 gives an overview of the energy levels in an inverted P3HT-PCBM solar
cell. Hole-blocking TiO2 collects electrons from the acceptor PCBM whereas holes are
transported through P3HT towards PEDOT:PSS. The work functions of PEDOT:PSS
and TiO2 are close to the highest occupied molecular orbital (HOMO) of P3HT and
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5.3 Results and Discussion

Table 5.1: Calculated characteristics from current density-voltage data acquired under sim-
ulated solar illumination. Values are given for solar cells with and without PEDOT:PSS and with
thermally evaporated and sputtered Ag top contact.

Solar Cell Type PCE [%] VOC [V] JSC mA cm−2 FF [%] Rsh [ Ω · cm2] Rs [ Ω · cm2]

no PEDOT, Ag evap 0.92 0.41 6.29 34.1 231 26.9

PEDOT, Ag evap 1.96 0.58 6.32 51.7 638 17.6

no PEDOT, Ag sput 0.96 0.42 6.34 34.7 154 14.7

PEDOT, Ag sput 2.44 0.58 7.11 56.9 1019 2.6

the lowest unoccupied molecular orbital (LUMO) of PCBM, respectively. This allows
efficient electron injection into TiO2 whereas holes are collected at PEDOT:PSS.
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Figure 5.2: Current-voltage characteristics under illumination with simulated AM 1.5G solar
light. Data is shown for devices with PEDOT:PSS (circles:thermally evaporated Ag; stars: sputtered
Ag) and without PEDOT:PSS (squares:thermally evaporated Ag; triangles: sputtered Ag). Devices
with PEDOT:PSS exhibit higher VOC and FF.

Current-voltage curves acquired under simulated solar illumination (100 mW cm−2)
for different top contacts are shown in Figure 5.2. The calculated characteristics are
summarized in Table 1. The fill factor (FF ) is defined as

FF =
VMPP · JMPP

VOC · JSC
(5.1)

where JSC denotes the short circuit current density, VOC the open circuit voltage, and
JMPP and VMPP are the current density and voltage at the maximum power point,
respectively. Shunt resistance (Rsh) and series resistance (Rs) are obtained following
the generalized Shockley diode model and calculated from linear fits to the J-V curves
at small reverse bias and moderate forward bias, respectively.[243]
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Both devices without PEDOT:PSS exhibit reasonable photocurrents but low FF of
about 35 %, low VOC of about 400 mV and overall power conversion efficiencies (PCEs)
below 1 %. In contrast, the devices utilizing PEDOT:PSS provide PCE values of 1.96 %
and 2.44 % and FF above 50 % and 55 % for evaporated and sputtered Ag, respectively.
Additionally, the VOC is enhanced to almost 0.6 V for both metal contacts due to the
introduction of a PEDOT:PSS interlayer (see table 5.1).

We attribute the significantly better performance with PEDOT:PSS to two different
effects. Ideally, the donor’s HOMO and the acceptor’s LUMO match the work functions
of the hole and electron-collecting electrodes, respectively. Ohmic contacts between
the active materials and the external electrodes allow high photocurrents due to good
charge extraction and high VOC .[244] PEDOT:PSS exhibits a work function of −5.0 eV
matching the HOMO of P3HT better than the bare silver contact, which has a work
function between -4.5 and -4.7 eV (compare Figure 5.1).[245] Besides, PEDOT:PSS
is known to accept holes from various donor materials even if the respective HOMO
level does not match its work function.[246] The improved energy-level matching is also
reflected in relatively lower Rs values for the devices with PEDOT:PSS.

The second effect caused by PEDOT:PSS might be the protection of the P3HT-PCBM
layer during the top contact deposition. Sputtered Ag-atoms are assumed to have
higher energy when hitting the organic film (deposition rate about 1.0 Å s−1). Ad-
ditionally, when sputtering, Ag clusters of different sizes are deposited next to single
atoms.[247] Therefore, silver might penetrate into the active layer, especially in the case
of sputtering.[248] This is also reflected in low Rsh, indicating leakage of currents that
limit the device performance and reduce the FF . Rsh is only 231 Ω · cm2 for the evapo-
rated Ag and even lower (154 Ω · cm2) for the sputtered Ag, probably due to the deeper
penetration into the organic layer during the sputtering. Leakage currents are known
to also affect VOC if Rsh is reduced to a certain point, which also might partly explain
the observed low VOC values for the devices without PEDOT:PSS.[249] However, we
attribute the lower VOC mainly to a non-ideal work function of the freshly prepared Ag
top contact as discussed later.

The higher photocurrent observed for the sputtered top contacts compared to the evap-
orated top contacts with PEDOT:PSS is attributed to a better contact between silver
and PEDOT:PSS. Very likely, sputtered Ag penetrates deeper into the PEDOT:PSS
than the slowly evaporated Ag, allowing for an unhampered hole injection into the silver
electrode. This is also reflected in lower Rsh values for the sputtered top contacts for
both solar cell types, with and without PEDOT:PSS. The reduced Rsh is also the main
reason for the high FF of the device with PEDOT:PSS and sputtered Ag.

Further hints for better hole collection with PEDOT:PSS are provided by the dark
J-V curves in Figure 5.3. The devices with PEDOT:PSS allow a much higher current
in forward direction and an enhanced rectifying behavior. Moreover, the differences
in shape of the J-V curves with and without PEDOT:PSS at moderate forward bias
indicate space charge limits in the devices without PEDOT:PSS[250, 251]. Since the
electron collection in the TiO2 should be similar with and without PEDOT:PSS, and
P3HT-PCBM solar cells are known to be space charge limited mainly due to slow hole
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Figure 5.3: J-V characteristics acquired in the dark. Devices with PEDOT:PSS (circles: ther-
mally evaporated Ag; stars: sputtered Ag) show higher currents in forward direction, a shape
indicating no space charge limits. Contrarily, cells without PEDOT:PSS (squares: thermally evap-
orated Ag; triangles: sputtered Ag) seem to be space charge limited and allow only significantly
lower forward currents.

transport, we attribute this to space charge forming at the organic-silver interface if no
PEDOT:PSS is used.[252] In contrast, if the PEDOT:PSS interlayer ensures an ohmic
contact between the P3HT and the top electrode holes can exit the device unham-
peredly.

The observed variations of reverse current in the dark J-V curves also correspond
to deeper penetration of sputtered Ag into the organic layers. The device without
PEDOT:PSS and the sputtered Ag exhibits the highest current at reverse bias, i.e., the
highest leakage, whereas reverse current is significantly reduced if PEDOT:PSS protects
the organic layer during sputtering.

The overall relatively low performance of about 2.5 % compared to record values of
5− 6 % is attributed to two facts. First, our fabrication does not include any processing
steps in an inert nitrogen atmosphere; both spincoating and annealing are performed in
ambient air. Secondly, the substrates used suffer at the elevated temperatures used for
spray pyrolysis of the TiO2 layers. This increases series resistances caused by ITO which
loses conductivity at high temperatures during TiO2 spray pyrolysis. Additionally, our
active area of 0.125 cm2 is relatively large.

To investigate the influence of PEDOT:PSS on time evolution of device performance, a
second experiment is carried out. Cells with evaporated Ag top contacts are fabricated
and J-V characteristics are tested frequently under simulated solar light. Between
the measurements, the cells are kept in the dark in ambient air. Figure 5.4 shows
changes of the VOC with time for representative devices with and without a PEDOT:PSS
interlayer. The device with PEDOT:PSS exhibits a VOC of 0.57 V immediately after
production, which stays stable during the period of 10 days. Contrarily, the cell without

56



Chapter 5. External Electrodes for Inverted Solar Cells

0 1 2 3 4 5 6 7 8 9 1 00 . 2 0
0 . 2 5
0 . 3 0
0 . 3 5
0 . 4 0
0 . 4 5
0 . 5 0
0 . 5 5
0 . 6 0

V OC
 [V

]

T i m e  [ d ]

 n o  P
 P

Figure 5.4: Time evolution of VOC for devices with (circles) and without (squares) PE-
DOT:PSS. Devices are fabricated with a thermally evaporated Ag top contact.

PEDOT:PSS shows a low VOC of around 0.25 V on the first day. During the following
days the VOC increases significantly but still remains below 0.5 V after 5 days. About
7 days after production the VOC finally reaches 0.55− 0.6 V. This is attributed to slow
oxidation reactions of the Ag, which should decrease the top contact’s work function,
yielding better matching of the P3HT HOMO level.

Figure 5.5: Schematic of the layer structure and the energetic situation in an arbitrary
inverted solar cell. The investigated external electrodes (electron collecting TiO2 and hole collecting
PEDOT:PSS can be employed for a huge variety of fully organic and hybrid active layers due to
suitable energy levels and processing steps that are compatible with different synthesis routes.

Both cell types with and without PEDOT:PSS are long-term stable if stored in air. No
significant changes in performance are observed after 80 days although the devices were
not encapsulated or kept in a controlled atmosphere but stored in ambient atmosphere.
Although PEDOT:PSS is known to cause quick degradation in non-inverted solar cells,
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this is not confirmed for our inverted devices with and without PEDOT:PSS.[253] Thus,
for the inverted structure, PEDOT:PSS helps to gain full performance immediately after
fabrication, but has no detrimental effect on device stability.

5.4 Conclusion and Outlook

A spray-deposition technique for the application of aqueous solutions of PEDOT:PSS on
hydrophobic surfaces is presented. This technique allows the fabrication of homogenous
PEDOT:PSS layers on top of P3HT-PCBM, which is beneficial for inverted solar cells.
Devices with PEDOT:PSS exhibit full performance immediately after fabrication and
allow slightly higher JSC . PEDOT:PSS allows efficient hole collection and protects
the organic material during the top contact deposition. Both, cells with and without
PEDOT:PSS, show long-term stability and do not significantly decrease after 80 days
of storage in air. The techniques presented are a further step towards easy and cheap
roll-to-roll fabrication. P3HT-PCBM and PEDOT:PSS are solution processed and no
inert nitrogen atmosphere is needed.

The presented device geometry with an electron selective TiO2 frontcontact and a hole-
extracting PEDOT:PSS top electrode as shown in Figure 5.5 can be readily used in all
types of inverted organic and hybrid solar cells since PEDOT:PSS is compatible with
most organic donor materials. Spray-deposited PEDOT:PSS is therefore used as top
electrode material for most solar cell devices in the following chapters of this thesis,
whereas a compact thin film of TiO2 is chosen as electron selective front contact.
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6 Hybrid Interfaces I: Interfacial
Modifiers

This chapter is based on the article Characterization of Interfacial Modifiers for Hybrid
Solar Cells (J. Weickert et al., 2011).[103]. I made all solar cell devices for this study,
did all measurements, wrote the manuscript and was responsible for editing. Florian
Auras (LMU Munich) introduced me to the chemical bath deposition of Sb2S3 and
helped with initial experiments.

The most essential prerequisite for a high performance hybrid solar cell is a well-
functioning metal oxide-polymer interface, since it is the location of both polaron gener-
ation and recombination and determines the energetic landscape of the heterojunction.
The interface therefore determines the efficiency of photocurrent generation as well as
the magnitude of open circuit potential that can be built up. In comparison to fully or-
ganic, i.e., polymer-fullerene interfaces as studied in Chapter 8, TiO2-polymer interfaces
are typically less efficient in terms of charge generation and allow only moderate open
circuit voltages and fill factors. However, modification of the TiO2 with self-assembled
monolayers of dye molecules or thin coatings of inorganic absorbers can significantly
enhance the performance of hybrid solar cells.

This chapter summarizes results from a detailed study on interfacial modifiers for TiO2-
P3HT hybrid solar cells. A flat junction configuration is chosen over a nanostructured
TiO2 electrode in order to minimize the effects due to light absorption in the modifiers
and focus directly on the interplay of metal oxide and polymer.

6.1 Introduction

A promising approach combining the advantages of DSCs and OPV are hybrid solar
cells (HSCs).[96] A high surface area metal oxide nanostructure (commonly TiO2 or
ZnO), which replaces the organic electron acceptor, is infiltrated with absorbing poly-
mers like poly(3-hexylthiophene) (P3HT) or polyphenylene vinylenes (PPVs), which
serve as donor materials.[104, 112, 254] Thus, the morphology of the donor-acceptor
interface can be controlled via the geometry of the metal oxide, and good percolation
pathways can be established. Especially the use of ordered structures like nanowires or
nanotubes is promising since control over structural geometry is possible and electron
transport can be directed along one dimension over several micrometers which reduces
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charge carrier recombination.[148, 191, 214] HSCs therefore may overcome morpholog-
ical limitations of the BHJ concept and allow thicker active layers. This should lead
to full harvesting of incident photons. However, even though the concept is appealing,
HSCs cannot yet compete with BHJ solar cells or DSSCs. During the past few years,
several studies have dealt with this topic. It was suggested that the most likely reason
for the relatively low efficiency of HSCs is that fullerenes, which are predicted to allow
power conversion efficiencies of 10 % in combination with suitable polymers, still work
better as electron acceptors than TiO2 or ZnO.[246] Therefore, sophisticated surface
treatments of the metal oxides are necessary to enhance the probability of charge sepa-
ration at the organic-inorganic interface and thus the efficiency of the solar cell. Goh et
al. systematically investigated the influence of surface modifiers in TiO2 bilayer solar
cells and compared them to three Ru(II) dyes known from applications in DSSCs.[33]
They were able to influence the resulting open circuit voltage (VOC) by changing the
effective work function of the TiO2 via different dipoles introduced at the interface.
Besides, they pointed out that alkyl chains attached to the dye can act as spacers
between the TiO2 and the polymer which significantly slow down charge carrier recom-
bination. In 2009, Mor et al. were able to show a new record efficiency for TiO2-dye-
P3HT devices by introducing a monolayer of a near-IR absorbing dye onto nanotubular
TiO2.[101] A dramatic increase in performance (power conversion efficiency) from 0.3 %
to 3.8 % was established when modifying the TiO2 with the dye, which could not only
be attributed to the broadened absorption spectra of the dye-sensitized HSCs due to
additional near-IR absorption. Instead, they identified matching energy levels and a
beneficial molecular structure of the dye as the main reason for the impressive efficien-
cies. Only recently, performances beyond 5 % have been realized by Chang et al. using
thin layers of Sb2S3as surface modification in HSCs based on mesoporous TiO2 and
P3HT.[110] Sb2S3 seems to match nicely with the energy levels of TiO2 and P3HT and
allows high fill factors (FF ) and short circuit currents (JSC). However, photocurrent
is generated mainly upon excitation of the strongly absorbing Sb2S3, whereas charge
separation between Sb2S3and P3HT seems to be negligable.

There are still many open questions concerning the ideal TiO2-organic interface. The
optimal modifier is still unknown, even though a number of desired properties can
be listed. The probability of charge separation has to be maximized to convert a
high number of photons to charges by simultaneously maintaining low charge carrier
recombination. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the modifier should match with HOMOs and LUMOs of
the conducting polymer and with the conduction and valence band of the TiO2. Offset
energies should be in the order of exciton binding energies to allow charge separation
but still small enough to yield high VOC . Ideally, the modifier itself is absorbing, thus
allowing for better light harvesting.

Here, we exemplary investigate four different surface modifiers for TiO2-P3HT hybrid
photovoltaic cells. We focus on mechanisms of charge separation and recombination
and attribute the results directly to the properties of the different modifiers. For easier
data analysis, we focus on bilayered solar cells with a flat, distinct TiO2-polymer inter-
face. Thus, also the absorption of the modifiers is small. Besides, there are no issues of
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Chapter 6. Hybrid Interfaces I: Interfacial Modifiers

incomplete polymer infiltration into nanostructures. Due to the small exciton diffusion
lengths in P3HT, which are supposed to be in the order of 5− 10 nm, only low efficien-
cies can be realized in our bilayered geometry. However, findings of this study can be
directly applied to nanostructured HSCs, where the geometry of TiO2 better matches
with the exciton diffusion length of P3HT. Besides untreated TiO2, we investigate self-
assembled monolayers of the Ru(II) dye Z907, which has been shown to allow high
efficiencies and reduced recombination in solid state DSSCs.[255] Additionally, a car-
boxylated P3HT, poly[3-(5-carboxypentyl)thiophene-2,5-diyl] (P3HT-COOH), is used
as an interface modifier which is also supposed to form monolayers due to binding of
COOH to TiO2. The material carries a carboxylic group at the end of each alkyl chain
of P3HT and was shown to allow efficient charge generation and high photocurrent in
HSCs based on mesoporous TiO2 and P3HT.[256] The third interfacial layer investi-
gated in this study is phenyl-C61-butyric acid (PCBA), a fullerene derivative similar
to 1-(3-methoxycarbonyl)propyl-1-phenyl6,6C61 (PCBM) which is also modified with a
carboxylic group and can therefore bind to TiO2. Vaynzof et al. were using PCBA on
ZnO which yielded improved short circuit current density (JSC), open circuit voltage
(VOC), and fill factor (FF ) resulting in an overall increased PCE.[183] We also inves-
tigate the properties of Sb2S3coatings on TiO2 since the material has shown promise in
nanostructured next-generation solar cells.[110, 112] Sb2S3 shows a strong and broad
absorption in the visible allowing for efficient photon harvesting in photovoltaics.[257]
Sb2S3-P3HT solar cells therefore might combine the benefits of HSCs with the extremely
thin absorber (ETA) approach, where nanostructures are coated with nanometer thin
layers of strong absorbers and infiltrated with transparent (high bandgap) hole conduc-
tors like CuSCN.[111] In this study, however, we are mainly interested in the properties
of Sb2S3 as an interface modifier which enables charge separation between P3HT and
TiO2. We therefore focus on very thin layers with negligible absorption resulting in
P3HT being the main absorber in our system.

6.2 Experimental Methods

Device Fabrication

Indium tin oxide (ITO) coated glass substrates (Kintech, 10 Ω �−1) and glass slides
were successively cleaned in ultrasonic baths of deionized water with commercial dish-
washing fluid, acetone, and isopropanol for 15 min each, rinsed with ethanol, and dried
in a nitrogen stream. Samples were further cleaned in an oxygen plasma for 7 min. Thin
layers of TiO2 were deposited onto the samples via spray-pyrolysis from a 1:10 solu-
tion of di-isopropoxytitanium bis(acetylacetonate) in ethanol (EtOH) at 450 ◦C. After
spray pyrolysis, samples were kept at 450 ◦C for 15 min and cooled in air at a cooling
rate of 3 ◦C min−1. TiO2 layers were approximately 100 and 10 nm thick for solar cell
samples and glass slides, respectively. TiO2 was immersed in a 20 mM aqueous solution
of TiCl4 for 18 h at room temperature, carefully rinsed with water, and again heated
at 450 ◦C for 15 min. For monolayer attachment, samples were placed vertically in so-
lutions of the materials for 48 h (Z907: 40 mM in EtOH; P3HT-COOH: 1 mg mL−1 in
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dimethylformamide; PCBA: 0.2 mg mL−1 in chlorobenzene (CB)). Sb2S3 was deposited
for 10 min from a chemical bath as described in section 4.2. Sb2S3 was heated at 325 ◦C
for 30 min in nitrogen atmosphere and slowly cooled to room temperature before being
exposed to ambient air. Prior to spincoating with P3HT, all dye-sensitized samples
were rinsed with the respective solvents, and the samples with nonsensitized TiO2 were
heated at 150 ◦C for 5 min to remove adsorbed water. For solar cells, P3HT (Merck
Chemicals) was spincoated from a 30 mg mL−1 solution in CB at 1200 rpm. On glass
slides, P3HT was spincoated from a 4 mg mL−1 solution in CB at 3000 rpm. For solar
cells, a thin layer of PEDOT:PSS (Clevios) was spray-deposited from a 1:10 solution
in isopropanol as described elsewhere.[20] PEDOT:PSS was dried at 140 ◦C for 1 min
in ambient air. Ag top contacts were DC sputter-deposited at a rate of approximately
0.08 nm s−1 from Ar plasma with 1 · 10-2 mbar. The complete samples (solar cells and
glass slides) were annealed again at 140 ◦C for 1 min in ambient atmosphere to improve
the contact between the individual layers.

Device Characterization

Absorption spectra were acquired in transmission mode in an Agilent Technologies 8453
UV-vis spectrometer. PL measurements were performed with a Horiba Jobin Yvon
Fluorolog spectrometer with a 500 W halogen lamp. A Keithley 2400 SourceMeter was
used for current density-voltage (J-V ) and EQE characterization and controlled with
a self-written LabView program. Cells were illuminated through a shadow mask with
a resulting active area of 0.125 cm2. A Fraunhofer Institute certified Si reference solar
cell with a KG5 filter was used for calibration. For EQE measurements a LOT-Oriel
Omni 150 monochromator in combination with a 150 W Xe lamp was used. JV charac-
terization under illumination was performed using a LOT-Oriel LS0106 solar simulator.
By linear fits to JV curves under solar illumination, series and shunt resistances are
determined as slopes of these fits. For series and shunt resistances, the curve is fitted
at moderate forward and reverse bias, respectively. For photovoltage decay (PVD) and
photocurrent decay (PCD) measurements, a pulsed laser (10 Hz, 532 nm) was focused
onto the tested sample. The sample was background-illuminated with a LOT-Oriel
LS0106 solar simulator with a light intensity of approximately 60 mW cm−2. Signals
were recorded with a Tekscope DPO 7254 digital oscilloscope. Termination resistances
1 MΩ and 50 Ω were used for PVD and PCD measurements, respectively.

6.3 Results and Discussion

6.3.1 Photoluminescence

To gain insight into the mechanism of charge separation at the TiO2-P3HT interface
upon excitation of the polymer, photoluminescence (PL) quenching measurements were
conducted. PL quenching experiments were suggested as a valuable tool to estimate
exciton diffusion lengths and the efficiency of charge separation or population of charge
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Chapter 6. Hybrid Interfaces I: Interfacial Modifiers

transfer states.[34, 258] PL samples were realized on thin TiO2 (10 nm) to avoid artifacts
and interference effects.[136] As a reference, P3HT was spincoated onto a glass slide
without TiO2. Since P3HT layers were only 5− 10 nm in thickness, most excitons in
the P3HT are generated within the exciton diffusion length away from the TiO2.
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Figure 6.1: Photoluminescence emission spectra of P3HT on TiO2 with different modifi-
cations. Excitation wavelength was 500 nm. The presented spectra are proportional to counts of
emitted photons at the specified wavelength. For P3HT on a glass substrate without TiO2 or any
modifier, the spectrum is devided by a factor of 2, i.e., twice as many counts were detected than
represented in the graph.

PL emission spectra for the different TiO2 modifications resulting from excitation of
the P3HT at 500 nm are shown in Figure 6.1. Spectra are normalized to the optical
density of the respective sample at 500 nm. The highest PL is exhibited by the control
sample with P3HT on glass. If applied on TiO2 with or without surface modifications,
the PL of P3HT is significantly quenched, which is attributed to excitons either being
converted to charge transfer states at the interface or being completely separated to
free charge carriers. Since recombination of both charge transfer states and free charge
carriers is supposed to be either nonradiative or exhibiting different emission spectra
than recombination of excitons, this is a hint that excitons are energetically modified
at the interface and might be separated into free charges.

The most efficient PL quenching of the P3HT layer results from PCBA modification of
TiO2, whereas higher PL intensities are detected for Z907 and P3HT-COOH. This sug-
gests that population of charge transfer states and charge separation is most efficient for
PCBA. Nevertheless, Z907 and P3HT-COOH exhibit more efficient PL quenching than
bare TiO2, suggesting that charge separation at a neat TiO2-P3HT interface is insuffi-
cient. In the case of P3HT-COOH, covalent binding of the material to the TiO2 seems to
enhance charge transfer between the donor and acceptor. However, P3HT-COOH shows
a slightly different shape of its emission spectrum. We attribute this to the PL of P3HT-
COOH itself. During the sensitization process, different P3HT-COOH strands compete
for the available binding sites on TiO2. Therefore, single strands might attach only with
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a certain fraction of their carboxylic linkers, whereas the rest of the strand points away
from the substrate and coils with other strands. Effectively, there is more than only a
monolayer of thiophenes on top of TiO2 which then contribute a significant PL to the
overall spectrum. A higher PL contribution at smaller wavelengths is also consistent
with the idea of coiled (and therefore noncrystalline) P3HT-COOH strands. A coiled
structure might inhibit interchain interactions and trap excitons, which are consequently
less efficiently quenched. Disordered (regiorandom) polythiophenes have been reported
to absorb and emit more in the blue than ordered (regioregular) polythiophenes.[259]
We therefore attribute the additional PL at lower wavelengths to disordered P3HT-
COOH. Besides, coiled P3HT-COOH residues might induce a less-ordered structuring
of the P3HT which is in direct contact with the interface and accordingly also emits at
higher energies. Nevertheless, PL quenching around 725 nm is more efficient for P3HT-
COOH than for Z907, suggesting that P3HT-COOH promises high charge separation
yield if coiling of the polymer strands could be avoided.

The highest PL in our study is exhibited in the case of Sb2S3. Although being only
a few nanometers thick, the Sb2S3 layer shows a slight PL emission. Therefore, we
corrected the signal by the emission of Sb2S3 without P3HT on top. Nevertheless, the
resulting spectrum is normalized to the overall absorption of the sample, and the PL
of P3HT is therefore probably still slightly underestimated. This result suggests that
there are significantly less charge transfer states at the Sb2S3-P3HT interface than for
other modifiers investigated in this study. This might be due to nonmatching energy
levels of the involved materials. However, since all our samples are processed in air,
we mainly attribute the lower PL quenching to a thin Sb2O3 layer between Sb2S3 and
P3HT which instantly forms if Sb2S3 is exposed to air.

From PL measurements, the most efficient exciton separation is expected for PCBA,
whereas Sb2S3 as the interfacial layer seems to be detrimental even when compared
to nonmodified TiO2. This is mainly attributed to the presence of Sb2O3 on top of
Sb2S3. In turn, matching energy levels and intimate contact between P3HT and the
surface modifier seem to promote charge separation. The alkyl side chains of Z907
are probably spacing apart donor and acceptor leading to less efficient PL quenching
than PCBA. P3HT-COOH seems to allow efficient charge separation, probably because
exciton transfer between P3HT and P3HT-COOH is possible and covalent binding of
P3HT-COOH to TiO2 leads to fast electron injection. However, misalignment of P3HT
and insufficient binding of P3HT-COOH to TiO2 lead to nonoptimized PL quenching.

Note that P3HT shows an overall weak PL emission even on glass when no quenching
at a charge separating interface is possible. Most excitons generated in P3HT relax
nonradiatively, which is not the case for other p-type polymers like PPVs, where even
the intensity of the emission of charge transfer states is still detectable.[37] In the
case of P3HT, however, population of charge transfer states or complete separation of
these excitons cannot be monitored by PL measurements. Nevertheless, the emission
spectrum of P3HT resembles the absorption spectrum and is mainly shifted to the red,
suggesting that a small fraction of excitons of all possible energies contribute to the PL.
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6.3.2 Current Density-Voltage Characterization

To investigate the properties of the different modifiers in solar cells, we built bilayered
devices with the structure ITO/TiO2/Modifier/P3HT/PEDOT:PSS/Ag. Typical J-V
curves under illumination with simulated AM 1.5G light at 100 mW cm−2 are shown
in Figure 6.2 a), and characteristics are summarized in table 6.1.
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Figure 6.2: Measured and idealized current density-voltage curves of bilayered devices a)
Current density-voltage characteristics for different TiO2 modifications tested under simulated AM
1.5G illumination at 100 mW cm−2. b) Current density-voltage curves acquired in the dark shifted
by the reverse saturation photocurrent under 1 sun illumination (estimated from the current density
under solar illumination at −0.5 V).

Mean values and standard deviations are given for six individual solar cells of each
type. The highest VOC is exhibited by Z907 samples, which in turn show slightly lower
photocurrents than untreated TiO2. PCBA allows the highest JSC and FF which is
in good concordance with the pronounced PL quenching. Only a low VOC is achieved
with P3HT-COOH and Sb2S3. Note that higher VOC and photocurrents up to several
mA cm−2 are achieved for thicker layers of Sb2S3(not shown). However, in this case
charge carriers are supposed to be mainly generated upon excitation of the Sb2S3. As
shown in Figure 6.3 external quantum efficiency (EQE) spectra normalized to resulting
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Table 6.1: Characteristics calculated from J-V measurements under illumination with sim-
ulated sunlight. Mean values and standard deviations are given for six individual solar cells of each
type.

Cell type VOC [V] JSC [mAċm-2] FF [%] Rsh [kΩċm2] Rs [kΩċm2] PCE [h]

TiO2 0.36±0.02 0.16±0.03 49.0±1.3 10.2±2.5 36.3±3.6 0.28±0.06

Z907 0.57±0.03 0.13±0.01 44.4±3.5 12.2±1.2 69.4±9.9 0.32±0.05

P3HT-COOH 0.25±0.04 0.10±0.02 42.5±1.3 9.6±1.5 58.9±7.5 0.11±0.04

PCBA 0.40±0.01 0.22±0.02 53.2±2.6 10.4±0.1 38.9±2.8 0.46±0.06

Sb2S3 0.23±0.03 0.17±0.02 40.7±1.3 4.4±0.8 25.8±2.3 0.16±0.03

photocurrents resemble each other and follow the absorption spectrum of P3HT for the
five different TiO2 surfaces used in this study. In contrast, if thicker Sb2S3 is used,
the shape of the EQE spectrum changes significantly and no longer reflects prominent
P3HT features (see Figure 6.3). As supported by PL measurements (see above), this
suggests only poor charge injection from P3HT into Sb2S3. Since we focus on charge
separation between P3HT and TiO2, we are using only thin layers of Sb2S3with very
low absorption. Note, however, that due to the broad absorption spectrum of Sb2S3 it
is not possible to exclude that there is current contribution from Sb2S3 to the EQE. The
higher photocurrent for Sb2S3 than for untreated TiO2 might therefore also be caused
partly by the Sb2S3 itself.

All cells show relatively low performances, even when compared to bilayered cells with
similar compounds as reported by Goh et al.[33] However, instead of processing and mea-
suring inside a nitrogen glovebox, which is highly expensive for potential up-scaling, our
fabrication as well as all measurements are performed in ambient atmosphere. Besides,
our P3HT layers are approximately 150 nm thick. This simplifies data analysis since
light reflected at the top contacts can be neglected. Note, however, that significant
improvements of device performance are possible if more light is reflected and optical
spacers are used to achieve a maximum field intensity at the charge-separating inter-
face, especially in the case of a bilayered solar cell.[64] Additionally, Goh et al. used a
different synthesis route for TiO2.

Although providing large shunt resistances (Rsh) in the order of 10 kΩ · cm2, all devices
suffer from leakage currents under solar illumination which are relatively high with
respect to the photocurrents. This significantly affects the FF which does not exceed
53 % for any of the modifications. Besides, relatively large series resistances (Rs) are
found. This is partly attributed to a decrease in ITO conductivity during spray pyrolysis
of TiO2 at 450 ◦C. Additionally, for concerns of reproducibility and stability of devices,
we chose a P3HT thickness of approximately 150 nm. This relatively thick layer might
also contribute to Rs.

Figure 6.2 b) shows JV curves obtained from shifting curves measured in the dark by
the reverse saturation photocurrent which was estimated from the current at −0.5 V.
The resulting curves represent idealized IV response in the absence of photoshunts and
at optimized charge separation without any recombination.[260] At −0.5 V, excitons
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Figure 6.3: External quantum efficiency spectra of bilayered devices with different TiO2
modifications. Spectra are normalized to the calculated JSC, i.e., the convolution of the EQE with
the solar spectrum. These spectra represent the contribution of specific wavelengths to the overall
photocurrent.

are not only separated by the energy offset between donor and acceptor but also in
the external electric field. Since the resulting virtual photocurrents are higher than
JSC values measured under solar illumination, we conclude that charge separation is
nonideal for all TiO2 modifications. However, the effect is less pronounced in the case of
PCBA and Z907 than for Sb2S3 and P3HT-COOH, where the virtual JSC increases by
approximately 50 %. Besides, the virtual VOC differs significantly from the measured
VOC for some modifications. Especially for P3HT-COOH, a VOC increase of 100 % is
found for the shifted dark curves compared to the 1 sun measurements. This suggests
that P3HT-COOH enables pronounced charge carrier recombination upon illumination
which reduces the VOC and probably even the JSC .

Complete dark curves are exemplarily shown in Figure 6.4 and suggest the presence
of injection barriers introduced by some of the TiO2 modifications. Good blocking
at reverse bias and comparably low reverse currents are found for all modifications
except Sb2S3. In contrast, there are significant differences in forward currents suggesting
barriers for charge injection. All modifications except Sb2S3 allow systematically lower
forward currents than bare TiO2, which is also the case under 1 sun illumination (not
shown). The presence of an additional material at the TiO2-P3HT interface seems
to slow down the recombination of holes from P3HT and electrons from TiO2 at far
forward bias, thus generating a space charge which limits charge injection and forward
current.[261]

However, especially in the case of P3HT-COOH, this reduced recombination does
not lead to a higher VOC under 1 sun illumination. The shifted dark curve yields a
VOC which is significantly larger than for bare TiO2 and does even exceed the VOC of
PCBA. The recombination limitations for P3HT-COOH apparent from low FF and
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Figure 6.4: Current density-voltage curves of bilayered devices with different TiO2 modifi-
cations tested in the dark.

VOC under illumination seem to occur mainly at small bias. In concordance to PL
data, we attribute this to randomly coiled P3HT-COOH strands close to the interface.
These coils might provide traps for holes resulting from charge separation at the P3HT-
TiO2 interface. Holes cannot leave these traps toward the P3HT and thus serve as
recombination centers which are easily accessible from the TiO2. If this is the case,
also the transfer of holes from P3HT to P3HT-COOH might be slowed down leading to
low forward currents. Holes which are already located in P3HT-COOH coils recombine
quickly with electrons from the TiO2, whereas holes from P3HT are transferred slowly
to P3HT-COOH and TiO2. Besides, as discussed in the PL section, unordered P3HT-
COOH might disturb crystallization of P3HT close to the interface resulting in lower
hole mobilities.

In contrast, Z907, which exhibits the lowest forward currents, seems to slow down
charge carrier recombination both in the dark and under illumination. This is in good
accordance with earlier reports and is attributed to Z907’s alkyl side chains which
work as physical spacers between TiO2 and P3HT. PCBA, which allows the highest
photocurrents, also leads to the highest forward currents of all modifications, suggesting
that both charge separation and injection work properly between P3HT and PCBA-
modified TiO2. This can be attributed to both intimate contact between P3HT and
PCBA and matching energy levels of the materials. Besides, slightly lower forward
currents for PCBA than for bare TiO2 are in accordance with the slightly higher VOC of
PCBA.

The overall highest currents in both forward and reverse direction are exhibited by
Sb2S3-modified TiO2. Charge carrier recombination seems to be a serious issue for
Sb2S3 devices, which show significantly reduced shunt resistances even in the dark. From
experiments with thicker Sb2S3 we conclude that efficient charge separation between
Sb2S3 and TiO2 is possible, but recombination is also strong since we detect high
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photocurrents but low FF and Rshunt. Therefore, the characteristic of Sb2S3-modified
TiO2-P3HT devices is mainly determined by the Sb2S3-P3HT interface. Even though
charge separation between Sb2S3 and P3HT seems to be insufficient compared to other
modifiers, charge transfer across the P3HT-Sb2S3interface seems to be quick, resulting
in high dark forward currents. This is in good concordance with low Rsh, VOC , and
FF found for Sb2S3-modified devices.

6.3.3 Transient Photocurrent and Photovoltage Decay Measurements

To further investigate the mechanisms of charge carrier extraction and recombina-
tion, transient photovoltage (PVD) and photocurrent decay (PCD) measurements are
performed. Figure 6.5 a) shows PCD transients obtained for different TiO2 modifi-
cations upon pulsed laser excitation at 532 nm and background illumination with a
60 mW cm−2 solar simulator. The laser pulse generates additional photocharges, which
can either recombine or exit the device via the external contacts and the oscilloscope’s
50 Ω termination resistance. Charge carrier recombination as determined from PVD
measurements (see below) is 50-100 times slower than the time scale for PCD. There-
fore, PCD characteristics are mainly attributed to charge extraction. Laser intensity is
adjusted via appropriate filters to yield similar peak values for the transient photocur-
rent which makes comparison of resulting signals easier for different TiO2 modifications.
PCD transients are appropriately fitted by a monoexponential function

I(t) = I0 · exp(−kPCD · t) (6.1)

where I0 is the amplitude of the transient and kPCD the decay rate. Typical PCD
lifetimes obtained as τPCD = 1/kPCD are summarized in Table 6.2. Note that we find
similar trends when exciting the tested devices all with a fixed laser intensity.

The shortest lifetimes are found for bare TiO2 and PCBA, whereas charge carrier ex-
traction is slightly slower for P3HT-COOH. This is in good accordance with the IV
results discussed above. Charge separation is supposed to be comparably quick for
bare TiO2, PCBA, and P3HT-COOH. However, holes might get temporarily trapped
in P3HT-COOH coils before being transferred to P3HT and transported to the Ag
contact, which consequently causes a higher extraction lifetime. Compared to TiO2,
PCBA, and P3HT-COOH, slow charge extraction is found for Z907 and Sb2S3. Both
modifications show extended transient photocurrents, which, however, still decay mono-
exponentially with time. Four mechanisms are conceivable, causing extended extraction
times: (1) the presence of long-lived excited states leads to the generation of charge car-
riers late after the laser pulse, (2) charge transport is slow through the electron and/or
the hole conductor, (3) injection barriers at one or both of the external contacts slow
down transfer of charges from the photoactive material to the contacts, and (4) charges
get quickly separated at the interface, but transfer of one or both types of charge car-
riers from the interface to the electron or hole conducting material is slow. For (1), an
extended rise time of the photocurrent transient would be expected. Since this is not
the case for Sb2S3 or Z907, we suppose that no long-lived excited states are present
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Figure 6.5: Transient signals of a) photocurrent decay and b) photovoltage decay measure-
ments for devices with different TiO2 modifications.

in our devices or play at least a very minor role. Furthermore, we exclude (2) and (3)
since electron and hole conducting material as well as the external contacts are the same
for all devices tested and cannot explain differences among the surface modifications.
Accordingly, we suggest that charges, most likely holes, remain located close to the
interface within the modifier, and transfer to P3HT is relatively slow.

On the basis of the HOMO and LUMO levels of P3HT and Z907, the mechanism of
charge generation might contain an energy transfer from P3HT to Z907 and a subse-
quent charge separation between Z907 and TiO2.[262, 263] The hole then remains rela-
tively long in the Z907 compared to other modifiers, which could be attributed Z907’s
alkyl side chains which physically separate the modifier from P3HT. As discussed above,
for Sb2S3 charges might be separated at both interfaces, TiO2-Sb2S3and Sb2S3-P3HT.
In either case, one type of charge carrier has to travel through the Sb2S3 (holes in the
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Table 6.2: Lifetimes and proportional amplitudes for PCD and PVD. Values are obtained from
monoexponential and biexponential fitting of PCD and PVD data, respectively

cell type τPCD [µs] τPV D,fast [µs] APV D,fast [%] τPV D,slow [µs] APV D,slow [%]

TiO2 1.93 37.7 63.3 384.6 36.7

Z907 3.07 414.0 73.0 3906.1 27.0

P3HT-COOH 2.22 60.3 50.4 593.5 49.6

PCBA 1.91 118.1 86.5 1104.5 13.5

Sb2S3 3.12 79.6 74.5 296.1 25.5

former, electrons in the latter case). Low charge carrier mobilities in the Sb2S3 might
therefore cause the slower charge extraction compared to bare TiO2 or PCBA.

To analyze recombination mechanisms for different modifiers, we also performed tran-
sient PVD measurements. In addition to an offset caused by background illumination
with a solar simulator, a transient voltage signal is generated by a laser pulse, and
the decay is monitored. Similar to PCD measurements, the laser intensity is adjusted
to yield similar peak voltages. Again, the same trends as discussed here are found if
devices are excited at a fixed laser intensity.

Since solar cells are held at quasi-open circuit conditions during the measurement by
using the oscilloscope’s 1 MΩ termination resistance, no charge carriers can exit the
device, and recombination is the only mechanism which reduces the voltage to its equi-
librium value after laser excitation. Note that since a PVD measurement detects only
completely separated charge carriers, which have already reached the external contacts,
not all recombination mechanisms present in organic or hybrid excitonic solar cells can
account for the shape of the PVD transient.[260] Geminate recombination of excitons,
i.e., recombination of the charge transfer state before its separation to free electron and
hole, cannot be detected. Nevertheless, geminate recombination might be a major loss
mechanism if charge separation occurs relatively late after population of charge transfer
states or if free charges are moving away from the separating interface slowly.

All PVD transients found cannot be properly fitted using a single exponential function.
We therefore choose a biexponential fit

V (t) = V0 · (Afast · exp(−kfast · t) +Aslow · exp(−kslow · t)) (6.2)

where V0 is an amplitude; kfast and kslow are exponential rates for the fast and slow part
of the decay, respectively; and Afast and Aslow are proportionality factors determining
the contribution of the fast and the slow exponential to the decay, respectively. Typical
PVD lifetimes calculated as τfast = 1/kfast and τslow = 1/kslow as well as Afast and
Aslow are summarized in Table 6.2. At this point, the exact origin of the biexponential
behavior is unknown. However, we suppose that the fast decay mainly determines
the cell’s properties at working conditions under solar illumination. There, charge
generation and recombination already are in equilibrium, and the fast mechanism should
outcompete the slow mechanism.
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The fastest recombination is found for bare TiO2 in contact with the P3HT hole con-
ductor, suggesting that the introduction of modifiers at the TiO2-P3HT interface slows
down charge transfer across the interface in either case. This partially explains the rel-
atively low VOC found for TiO2, especially in the case of the shifted dark curve, where
recombination due to photogenerated charge carriers is neglected. Fast recombination
is also found for P3HT-COOH. This might be attributed to P3HT-COOH coils which
trap holes and enhance surface state recombination.[260] Nevertheless, recombination
is slower than for bare TiO2, probably because P3HT-COOH coils provide a transport
barrier for holes. Sb2S3 exhibits relatively fast recombination, which might account for
the low VOC found for this modifier. The precise nature of this quick recombination
in combination with slow charge extraction for Sb2S3 is currently investigated in our
group. However, PCD and PVD measurements are in good concordance with JV results
and can partly explain low VOC and FF .

Extended lifetimes are found for PCBA and especially for Z907, which both exhibit
high VOC . PCBA assembles between TiO2 and P3HT with HOMO and LUMO aligning
between the energy levels of TiO2 and P3HT. This introduces an additional energetic
step for electron and hole transfer, which guides separated charge carriers quickly away
from the interface but slows down recombination as apparent from PCD and PVD
data, respectively. For Z907, probably the same mechanism which slows down charge
extraction is significantly reducing recombination. Z907 introduces a physical spacer
between TiO2 and P3HT, which can screen free electrons and holes and leads to slower
recombination and high VOC .

Note that due to its bulky character and low solubility full coverage of TiO2 during
sensitization with PCBA cannot be assured. This might result in P3HT being in direct
contact with TiO2 reducing recombination lifetimes and VOC .

6.4 Conclusion

Four different surface modifiers were exemplarily tested in bilayered TiO2-P3HT solar
cells and compared to cells with untreated TiO2. Even though Sb2S3 has shown great
promise in nanostructured hybrid solar cells, this is most likely due to its own high
absorption and energy levels which match nicely with TiO2. If thicker Sb2S3 layers are
used, which contribute significantly to the device absorption, highly efficient HSC can
be realized as already shown by Chang et al.(1) In such devices, formation of a thin
oxide layer on top of Sb2S3 seems to be beneficial since charge carrier recombination is
reduced.(14, 39) Even if crystallization of Sb2S3 is carried out in an inert atmosphere,
samples are commonly cooled quickly in ambient air to yield controlled oxidation of
the surface of the Sb2S3 layer. However, very thin layers of Sb2S3 with negligible
absorption appear to be detrimental for device performance if this oxide layer is present
since charge injection from the donor into TiO2 is inhibited. The Sb2O3 very likely
functions as a blocking layer at the interface, which on the one hand reduces charge
carrier recombination but on the other hand does not allow charge injection from the
hole transporting material. For a cell design as in the present study, where the surface
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modifier should promote charge injection, Sb2S3 seems not to be the material of choice.
Even though interfacial coatings with highly absorbing materials hold promise for good
light harvesting and high efficiencies, energy levels have to be adjusted carefully to
avoid introduction of injection barriers. P3HT-COOH seems to be detrimental to device
efficiency at least in bilayered devices. This is mainly attributed to a nonhomogenous
coating of TiO2 with the material, leading to P3HT-COOH coils, which serve as charge
traps resulting in slower charge extraction and fast recombination. Besides, the low
order of P3HT-COOH might induce low order of the adjacent P3HT in turn. In our
study, the highest efficiencies are realized with Z907 and PCBA. The former allows high
VOC but lower photocurrents due to its alkyl side chains, which slow down charge carrier
recombination but also lead to slower charge extraction. PCBA cannot compete with
the VOC of Z907 but significantly slows down charge carrier recombination compared
to bare TiO2. Moreover, the highest photocurrent can be realized with PCBA, which
is attributed to the fullerene’s outstanding properties as an electron acceptor.

From our results, we infer the following design rules for interfacial modifiers in metal
oxide-polymer hybrid solar cells:

(1) Energy levels of the interfacial modifier should be adjusted to allow either effi-
cient charge injection or energy transfer from the hole conductor as shown for
PCBA. The donor and interfacial modifier should be in intimate contact, and
complete and homogeneous coverage of the metal oxide with the modifier should
be established, which apparently was not the case for P3HT-COOH.

(2) Physical spacers like alkyl side chains can help to efficiently reduce charge carrier
recombination and enhance open circuit potential as found for Z907. However,
charge or energy transfer should still be possible across the spacers to allow high
photocurrents.

(3) Surface modifiers have to be selected carefully to avoid introduction of charge
traps at the interface as in the case of P3HT-COOH coils. Besides, high order
and good crystallization of the polymer should not be disturbed by the modifier.

(4) A combination of the hybrid concept and the principles of extremely thin absorber
cells holds great promise. Dense, compact layers of highly absorbing interfacial
layers like Sb2S3 can be realized. However, charge transfer and exciton separation
should be possible between TiO2 and the interfacial layer as well as between the
interfacial layer and polymer, thus requiring matching energy levels.

Partial control over the hybrid solar cell’s JSC and VOC is possible by choice of the
appropriate modifier. Matching energy levels as in the case of P3HT and PCBA allow
efficient exciton separation. In addition, our results can likely be transferred to different
hole conductors like PPVs. Chemical modification of PCBA with alkyl side chains might
offer a route toward further improving the efficiency of TiO2-P3HT hybrid solar cells.
Thus, high photocurrents could be combined with increased VOC . Besides, molecules
comprising PCBA with chemically bound dyes like Z907 might be interesting for future
applications in hybrid photovoltaics. Such molecules might enable both energy transfer
and subsequent charge separation as well as direct charge separation at the interface.
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7 Hybrid Interfaces II: Polymer
Alignment

This chapter is based on the manuscript Synergistic Effects of Interfacial Modifiers En-
hance Current and Voltage in Hybrid Solar Cells (J. Weickert et al., 2013). I fabricated
all solar cell devices and samples for this study. Eugen Zimmermann did all impedance
spectroscopy measurements and helped with the evaluation and interpretation of data.
Julian Reindl did initial experiments on hybrid solar cells. I wrote the manuscript and
was responsible for editing.

To unleash the full potential of hybrid solar cells, it is imperative to obtain significant
photocurrent contribution from both the sensitizing dye and the polymeric hole trans-
porter. Here we report on the interfacial modifier 4-mercaptopyridine (4-MP), which
induces controlled orientation of P3HT, the most widely used hole transporting polymer
for hybrid solar cells, at the interface. 4-MP optimizes the charge separating interface
between P3HT and a squaraine dye-decorated TiO2, inducing enhanced contribution
to photocurrent generation by the polymer. In combination with 4-tert-butylpyridine,
which enhances the open circuit potential in dye-sensitized and hybrid solar cells but
reduces the photocurrent, a synergistic effect is observed and it is possible to enhance
both open circuit voltage and photocurrent simultaneously. Similar effects on device
performance are also found for two other commonly used dye molecules, a fullerene
derivative and a high performance indoline dye.

7.1 Introduction

Hybrid metal oxide-polymer solar cells represent an emerging technology that holds the
advantage of pronounced difference in dielectric constants of electron donor and acceptor
compounds, controllable phase separation and chemical stability compared to conven-
tional organic photovoltaic.[24, 96, 264] A widely used geometry for hybrid solar cells
consists of a dye-sensitized nanostructured TiO2 electrode processed from a nanoparticle
paste, which is infiltrated with a strongly absorbing hole transporting polymer.[100, 181]
Tyipcally, this polymer is a polyphenylene vinylene[104, 254, 265, 266] or poly(3-
hexylthiophene) (P3HT)[178, 182, 267], which is the current baseline donor polymer
in organic solar cell research.[43, 49, 61, 65] P3HT forms highly ordered crystallites
when in its region-regular configuration.[156] Crystalline P3HT exhibits additional ab-
sorption features due to π-π stacking between polymer chains, extending the absorption
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spectrum up to 650 nm.[268] Furthermore, the hole mobility of P3HT is increased signif-
icantly during crystallization, especially in π-π stacking direction and along the polymer
backbone.[153] In order to maximize the efficiency of P3HT-based photovoltaics, it is
imperative to control the orientation of the P3HT crystallites. Recently, Canesi et
al. reported on a massive efficiency improvement of hybrid solar cells based on bare
TiO2 and P3HT using the modifier 4-mercaptopyridine (4-MP).[179] This pyridine self-
assembles into a monolayer on the TiO2 surface and induces a face-on alignment of
P3HT, giving rise to significantly improved charge separation efficiencies and resulting
in improved short circuit current density (JSC). Thus, they were able to boost the
efficiency from 0.37 to 0.95 % and even further to 1.13 % after thermal annealing of the
polymer.

Here we report on the application of 4-MP in hybrid solar cells based on dye-sensitized
TiO2 electrodes with P3HT as hole transporter. In our devices, incorporation of 4-MP
enhances photocurrent generation and reduces charge carrier recombination, which we
attribute to favourable orientation of P3HT at the interface. Our results show that 4-
MP can be employed as interfacial modifier in addition to other widely used interfacial
modifiers, specifically 4-tert-butylpyridine (tBP), to enhance the open circuit voltage
(VOC) by inducing a shift of the TiO2 conduction band edge.[33, 269, 270] While this
enhanced VOC usually comes at the price of a reduced photocurrent, we find that tBPand
4-MP show a synergistic effect that simultaneously improves JSC and VOC , especially for
dyes which allow photocurrent contribution from the polymer. Enhancing the current
contribution of the polymer is an important step towards increased efficient hybrid solar
cells, which to date rely mainly on the contribution of the dye.

7.2 Experimental Methods

P3HT (molecular weight 20-40 kDa, regioregularity > 95 %) was purchased from Rieke
Metals, SQ2 from Solaronix, D131 from Mitsubishi Chemicals, PCBA from Solenne. All
other chemicals were purchased from Sigma Aldrich in high purity grade. All chemicals
were used without further purification.

Solar Cell Preparation Fluorine doped tin oxide (FTO) glass substrates (Solaronix,
< 10 Ω �−1) were subsequently cleaned for 5 min each in ultrasonic baths of deionized
water with commercial dishwashing detergent, acetone and isopropyl alcohol (IPA).
A compact TiO2 layer was deposited via spray pyrolysis from a 1:10 solution of di-
isopropoxytitanium bis(acetylacetonate) in ethanol. Substrates were ramped to 450 ◦C
in 15 min, hold at this temperature for 15 min and slowly cooled to room tempera-
ture. A Dyesol TiO2 nanoparticle paste (DSL 18NR-T, average particle size 20 nm)
was mixed with ethanol at a ratio of 1 mg paste per 1 µL ethanol and spincoated at
2000 rpm for 1 min yielding films of approximately 500 nm thickness (probed by scan-
ning electron microscopy cross sections). Particle films were then sintered at 450 ◦C
for 1 h (heating and cooling time 1 and 2 h, respectively). Subsequently, samples were
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immersed in a TiCl4 bath (20 mM in deionized water) at 70 ◦C for 1 h and again sin-
tered at 450 ◦C for 30 min. Substrates were allowed to cool to 70 ◦C and immediately
put in a dye bath for at least 1 h (SQ2 bath: 2 mM in EtOH; D131 bath: 2 mM in
acetonitrile; PCBA bath: 0.2 mg mL in chlorobenzene). After dye bath samples were
rinsed with IPA and dried in a nitrogen stream. In case of PCBA substrates were
immersed in pure chlorobenzene for 1 min prior to IPA washing. tBP and 4-MP solu-
tions were prepared at 50 mM in acetonitrile. tBP samples were spincoated with tBP
solution at 2000 rpm for 1 min. 4-MP samples were spincoated with 4-MP solution at
2000 rpm at 1 min, subsequently washed with IPA for a few seconds and again spin-
coated at 2000 rpm for 1 min. The washing step was necessary since 4-MP is a solid
at room temperature so that more than a monolayer of 4-MP is deposited onto the
nanostructures during spincoating. Samples with both tBP and 4-MP were first spin-
coated with tBP before the 4-MP deposition was performed as described. For D131,
additional lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) was used on all sam-
ples. Li-TFSI was prepared at 50 mM in acetonitrile. For tBP samples it was mixed
with tBP solution at 1:1 vol ratio and used as described above for the tBP solution on
SQ2 and PCBA samples. For D131 samples with 4-MP and without pyridines Li-TFSI
solution was directly spincoated at 2000 rpm. After pyridine decoration samples were
wetted with orthodichlorobenzene (DCB) for at least 15 min. Samples were then spin-
coated at 2000 rpm for 5 s and immediately wetted with P3HT solution (Rieke Metals,
20 mg mL in DCB). After a waiting step of 1 min samples were then spincoated at
2000 rpm for 2 min. As top contacts, 8 nm WO3 and 150 nm Ag were deposited via
thermal evaporation at deposition rates of 0.1− 2 Å s−1).

Preparation of photoluminescence samples Substrates for photoluminescence mea-
surements were prepared analogous to solar cells but on microscope glass slides instead
of FTO substrates. Also, the TiO2 compact layer was omitted and TiO2 nanoparticles
were directly spincoated onto the substrates.

JV measurements Solar cells were illuminated with a AM 1.5G solar simulator and
the light intensity adjusted to 100 mW cm−2 using a Fraunhofer Institute certified Si
referenece diode with a KG5 filter. JV curves were acquired with a Keithley 2400
sourcemeter controlled by a self-written LabView program. For light intensity depen-
dent measurements light intensity was reduced using neutral density filters. Solar cells
were placed in a light tight metal box and illuminated through a shadow mask defining
an active area of 0.125 cm2.

IPCE measurements IPCE was measured using the same solar cell holder and shadow
mask. As illumination source a 150 W Xe lamp was used in combination with a
monochromator. Monochromatic light was focused on the solar cell with a spot size
larger than the active area of the device. Since our setup performs IPCE measurements
without a white light background acquired spectra were normalized to the short circuit
current density under 100 mW cm−2 solar illumination in order to avoid overestimation
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of the IPCE, i.e., the spectra were corrected by the quotient of measured short circuit
current density and the short circuit current density under one sun illumination esti-
mated from the IPCE measurement by convolution of the IPCE curve with an AM 1.5G
spectrum.

Impedance spectroscopy measurements and data fitting. Impedance spectra were
recorded with an Autolab potentiostat/galvanostat. The tested device was put in a
light-tight grounded metal box and illuminated with a white light diode. The diode
intensity was set to approximately 100 mW cm−2 using a silicon reference diode. Mea-
surements were performed at a DC bias of 0 V with a small AC perturbation using
frequencies between 1 Hz and 1 MHz and an amplitude of 10 mV, which is well below
the thermal voltage at room temperature. Impedance spectra were fitted with an equiv-
alent circuit similar to the model used by Zhang et al. but extended by one parallel
combination of a constant phase element (CPE) and a resistor. These additional ele-
ments were necessary to get consistently good fit results for the four different pyridine
configurations and is attributed to contact between P3HT, WO3 and Ag and the bulk
of P3HT since the capping layer thickness was not optimized in our experiments and is
probably thicker than necessary.[100] A schematic of the equivalent circuit is shown in
section 7.3. For all fits a fixed length of 100 CPE-R elements was used. Data modeling
is done using the software ZView and fit results are summarized in the following table.

Charge collection efficiency measurements. In order to determine the charge collec-
tion efficiency ηcoll photocurrent decay (PCD) and photovoltage decay (PVD) curves
were measured. An AM 1.5G solar simulator was adjusted to approximately 100 mW cm−2

and focused onto the tested device as background light source. A small perturbation
was generated with a pulsed laser (532 nm, approximately 5 mW cm−2, ns pulses, rep-
etition rate 18 Hz) and the signal was acquired with a digital oscilloscope. For PVD
measurements, the solar cell was operated at quasi-open circuit by measuring the po-
tential drop over the oscilloscope’s 1 MΩ termination resistance. PCD curves were
determined via Ohm’s law from measurements across the 50 Ω termination resistance
of the oscilloscope. Since PVD/PCD measurements are performed at small perturba-
tions the data can be fitted with single exponentials as described in the literature.[271]
From the resulting decay rates kPVD and kPCD the charge collection efficiency ηcoll
was estimated as

ηcoll =
kPCD

kPV D + kPCD
(7.1)

in accordance with literature.[272]

Photoluminescence measurements. Photoluminescence (PL) spectra were recorder
with a Horiba FluoroLog Spectrometer. As illumination source a 350 W Xe lamp in
combination with a double monochromator is used and focused onto the sample under
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an angle of 60◦. The emitted spectra are recorded under an angle of 30◦ through a
second double monochromator with a photodetector and spectra are corrected for the
detector’s quantum efficiency and the excitation light intensity.

7.3 Results and Discussion

A schematic of the geometry of solar cells fabricated is shown in Figure 7.2 a). A dye-
sensitized TiO2 nanoparticle film (approximately 500 nm film thickness) is deposited
over a TiO2 compact layer on a fluorine-doped tin oxide substrate. The TiO2 electrode
is infiltrated with P3HT, processed from an ortho-dichlorobenzene solution and used
without any annealing steps. A hole selective 8 nm thick WO3interlayer is thermally
evaporated[273] and the solar cell is finalized with an evaporated 150 nm thick Ag
electrode.

SQ2

D131

PCBA

C8H17
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N

O

O
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Figure 7.1: Chemical structures of dye molecules used in this study.

In this study we show the positive effect of 4-MP on the device performance for three
different dye molecules, a squaraine dye (SQ2), a yellow dye (D131), and a fullerene
derivative (PCBA). SQ2 is chosen since it is a close relative of SQ1, which has shown
remarkable efficiencies in combination with P3HT on TiO2 nanotubes as reported by
Mor et al.[101] Additionally, D131 has been reported by Zhang and co-workers to al-
low efficiencies approaching 4 %, the highest value to date for a TiO2-dye-P3HT hy-
brid device.zhang2011high Finally, PCBA, introduced by Vaynzof et al, is a modified
PC60BM Buckminsterfullerene with a carboxyl linker group. It has shown more than
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100 % enhanced charge injection from P3HT into ZnO.[183] Using PCBA, significantly
increased photocurrent has also been shown for P3HT on TiO2 as discussed in the previ-
ous chapter. In 2012, Grancini and co-workers showed efficient hybrid solar cells using a
carboxylated fullerene as sensitizer on TiO2 using PCPDTBT1 as hole transporter.[102]
Chemical structures of the three dye molecules used in this study are shown in Fig-
ure 7.1. Energy levels of the materials are shown in Figure 7.2 b).

Four different configurations were tested for each dye molecule to evaluate the impact of
4-MP on the device performance. Specifically, the four configurations are: no interfacial
modifier as a reference, modification with tBP, modification with 4-MP, and finally a co-
modification with both tBP and 4-MP. The 4-MP layer is applied after dye-sensitization
via spincoating and subsequent washing in order to form a self-assembled monolayer.
Chemical structures of tBP and 4-MP are shown in Figure 1c). Atomistic simulations
performed by Canesi et al. showed that 4-MP forms a highly ordered monolayer with
the sulfhydryl groups pointing away from the TiO2, enabling the alignment of the
P3HT alkyl side chains along the thiol rows with the polymer backbone lying planar
on the TiO2 surface.[179] Therefore, the P3HT assembles in a face-on configuration,
implying intimate contact between the polymer chromophores and the charge separating
interface, as well as high hole mobility through the P3HT crystal perpendicular to the
interface.
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Figure 7.2: Geometry, energy landscape and pyridine modifiers of solar cells used in this
study. a) Schematic of the solar cell geometry. b) Energy diagram of TiO2, PCBA, D131, SQ2 and
P3HT. Energy levels from refs.[43, 100, 101, 181] c) chemical structures of the two pyridines tBP
(left) and 4-MP (right) used as interfacial modifiers.

Current density-voltage curves under illumination with a 100 mW cm−2 AM 1.5G solar
simulator are shown in Figure 7.3 for the different configurations. PCE, VOC , JSC
and FF for all devices are summarized intable 7.1. The measurements show enhanced
VOC after a tBP post-treatment of the TiO2 for all dyes (VOC increases by 21 %, 29 %

1Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-
2,6-diyl]]
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and 28 % for SQ2, D131 and PCBA, respectively), which is consistent with literature.
A significant reduction of the JSC by 28 % and 7 % is measured for SQ2 and PCBA
respectively, whereas the JSC is not affected in case of D131. We attribute this to
the position of the different lowest unoccupied molecular orbital (LUMO) levels of the
dyes with respect to the P3HT For D131, charge injection from the P3HT is impossi-
ble due to the lower LUMO of P3HT, which has already been discussed by Zhang et
al.[100] However, for SQ2 and PCBA, the polymer can contribute to the photocurrent
generation, as apparent from incident photon to current conversion efficiency (IPCE)
plots shown by Mor et al. and Vaynzof et al., respectively.[101, 183] For the fullerene,
the polymer comes into play via charge injection into the PCBA, whereas a Förster
resonance energy transfer is supposedly occuring between the SQ2 and P3HT.
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Figure 7.3: Current density-voltage curves for solar cells with different pyridine configura-
tions and dye molecules. Data is shown for SQ2, D131 and PCBA (from top to bottom).
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Table 7.1: JV characteristics for solar cells with SQ2, D131 and PCBA as sensitizer and
different pyridine configurations.

PCE (%) VOC (V) JSC (mA cm-2) FF (%)

SQ2, no pyridine 1.30 546 4.32 55.2

SQ2, tBP 1.24 663 3.09 60.5

SQ2, 4-MP 1.63 596 4.75 57.6

SQ2, 4-MP + tBP 1.81 643 4.59 61.6

D131, no pyridine 1.03 551 3.14 60.0

D131, tBP 1.36 712 3.16 60.7

D131, 4-MP 1.23 647 3.27 58.1

D131, 4-MP + tBP 1.61 704 3.38 68.1

PCBA, no pyridine 0.38 391 1.88 51.3

PCBA, tBP 0.50 502 1.74 57.9

PCBA, 4-MP 0.54 421 2.18 58.6

PCBA, 4-MP + tBP 0.54 492 2.05 54.1

When using 4-MP as interfacial modifier, we find a systematic increase in both VOC and
JSC , consistent with the results for bare TiO2.[179] For SQ2 and PCBA, which allow
contribution from the polymer, the JSC is enhanced by 10 % and 9 %, respectively,
whereas for D131 the increase is only 4 %. Additionally, a significantl improvement in
FF was measured for PCBA with 4-MP modification.

The striking result of this study is that the best solar cells are obtained for a combination
of tBP and 4-MP. Using a 1:1 mixture of the two pyridines, the VOC can be increased
by 18 %, 28 % and 26 % for SQ2, D131 and PCBA, respectively. Furthermore, when
co-modifying with the two pyridines the JSC simultaneously increases, in contrast to
modification only with tBP. Thus PCE enhancements of at least 40 % were measured for
the tBP and 4-MP combination, compared to solar cells without pyridine modifiers. We
attribute this to a synergistic effect of the two pyridines, where tBP induces an increased
VOC while 4-MP maintains a high JSC , supposedly due to favourable orientation of the
P3HT at the interface.

The impact of 4-MP on the photocurrent generation is also apparent from IPCE spectra,
as shown in Figure 7.4. SQ2 and D131 both absorb complementary to P3HT, D131 in
the blue and SQ2 in the red. Therefore, the contribution of dye and polymer can be
easily distinguished in the IPCE. For SQ2, there is a clear P3HT feature in the IPCE
next to the SQ2 peak. Interestingly, for solar cells with 4-MP, the relative contribution
of P3HT is enhanced, whereas the dye contributes relatively more than the polymer
in devices without pyridine and with tBP. We attribute this to 4-MP induced polymer
orientation at the interface, which enables more efficient charge separation upon P3HT
excitation. In contrast, the shape of the IPCE is not affected by the choice of pyridines
for D131. The total absence of a P3HT feature suggests that charge injection from the
P3HT into the dye is still energetically forbidden even if the polymer is nicely oriented.
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Figure 7.4: Typical IPCE and absorption spectra for SQ2 and D131 devices. Absorption
spectra of P3HT on glass and TiO2 nanoparticle films sensitized with SQ2 and D131 are shown
on top, and IPCE spectra of solar cells with different pyridine configuration with SQ2 and D131 as
sensitizer are presented below.

We also performed photoluminescence (PL) spectroscopy measurements on samples
with SQ2 and different pyridine configurations. PL quenching can give a hint on how
efficiently charge separate at interfaces.[37, 188, 274, 275] For our samples we find the
lowest PL emission without pyridine and similar, slightly higher PL intensity with
pyridines (see Figure 7.6. We attribute this to reduced direct contact between P3HT
and TiO2 due to the presence of additional pyridine covering the TiO2 between the
dye molecules. Direct contact between TiO2 and P3HT quenches the polymer’s emis-
sion, although a TiO2-P3HT interface does not separate charges very efficiently without
additional interfacial modifiers.[33, 103] Further investigation with time resolved spec-
troscopy is necessary in order to identify mechanisms involved in charge separation at
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Figure 7.5: Impedance spectra and the model used for data fitting for SQ2 solar cells. a)
Nyquist plot of impedance spectra recorded for SQ2 solar cells with different pyridine configurations.
Data is acquired at 0 V bias and under white light illumination with approximately 100 mW cm−2.
Curves are offset in 500 Ω steps in -Z” direction. Lines represent fit results using the b) equivalent
circuit model for a mesoporous hybrid solar cell (fits are performed with ZView).

4-MP modified dye-polymer interfaces. This, however, is not within the scope of this
communication.

In order to characterize the electronic properties of the pyridine modified interfaces,
impedance spectroscopy measurements were performed for the SQ2 sensitized devices.
Spectra were recorded at 0 V bias and under illumination with a white light diode
at approximately 100 mW cm−2. A Nyquist plot of the recorded spectra is shown in
Figure 7.5 a). Data was fitted using an equivalent circuit model similar to the one
used by Zhang et al. for TiO2-D131-P3HT hybrid solar cells.[100] In order to get
good fit results the model was extended by one additional R-constant phase element
(CPE) component, which is associated with the polymer capping layer and the interface
between polymer and top contact, in accordance with literature.[276] The resulting
equivalent circuit is shown in Figure 7.5 b). The TiO2-organic interface is described by
the parallel R-CPE units in the transmission line part of the equivalent circuit, where
Cmu describes the chemical capacitance of the interface and RR is associated with a
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Figure 7.6: Photoluminescence emission spectra for TiO2 nanoparticle films with SQ2,
pyridines and P3HT. Emission is normalized to the excitation light intensity and proportional to
the logarithm of the detector’s photon counts but in arbitrary units. Features at doubled and tripled
excitation wavelength are artifacts and no data is acquired for emission wavelengths smaller than
the respective excitation wavelength.

recombination resistance.[277] Fit results for these elements along with a complete set
of fit parameters is summarized in table 7.2. Our results show that modification of
the interface with 4-MP leads to significantly increased recombination resistances as
compared to bare TiO2 and tBP. High RR is also maintained when 4-MP is combined
with tBP. Furthermore, the chemical capacitance is significantly reduced in presence
of 4-MP and the CPE characteristic is closer to that of an ideal capacitor, which is
reflected in the higher values of n. Although further research is necessary to clarify the
origin of this behavior, we believe that the 4-MP-induced P3HT alignment can lead
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Table 7.2: Fit parameters and uncertainties as found using ZView and the described equiv-
alent circuit with 100 CPE-R elements.

no pyridine tBP 4-MP 4-MP + tBP

CB (nC) 8.56 ± 1.41 12.20 ± 1.52 4.80 ± 0.28 3.76 ± 0.20

nB 0.883 ± 0.019 0.970 ± 0.017 0.877 ± 0.008 0.872 ± 0.007

RB (Ω) 152.2 ± 11.6 146.2 ± 8.7 269.3 ± 6.1 338.2 ± 7.4

RT (Ω) 0.132 ± 0.023 0.185 ± 0.027 0.558 ± 0.027 0.337 ± 0.022

Cµ (nC) 55.09 ± 3.24 46.55 ± 2.31 9.90 ± 0.44 5.50 ± 0.27

nµ 0.574 ± 0.008 0.571 ± 0.007 0.740 ± 0.005 0.787 ± 0.006

RCT (kΩ) 181.1 ± 2.7 244.1 ± 2.9 417.7 ± 5.6 400.7 ± 5.3

Table 7.3: Decay rates and calculated charge collection efficiencies from PVD/PCD mea-
surements.

no pyridine tBP 4-MP 4-MP + tBP

kPCD (1/s) 140426 340655 298737 269086

kPVD (1/s) 23509 28725 25789 28422

ηcoll (%) 85.7 92.2 92.1 90.4

to a lower number of interface trap states and the crystallinity of the polymer at the
interface is supposed to improve the local charge mobility, which reduces charge carrier
recombination.[115, 260, 278, 279]

The reduced interfacial recombination suggested by impedance measurements is also
supported by slightly improved charge carrier collection efficiencies ηcoll. As described
in the experimental section, transient photocurrent and photovoltage decay experiments
were performed on SQ2 samples in order to estimate ηcoll from exponential decays.[272]
Without pyridine modification ηcoll was found to be 85.7 %, whereas higher values
of 92.2 %, 92.1 % and 90.4 % can be achieved with tBP, 4-MP and mixed pyridines,
respectively. Decay rates are summarized in .

Further insights into the properties of the modified interfaces are provided by light
intensity dependent current density-voltage measurements. Figure 7.7 shows the JSC
of SQ2 solar cells with different pyridine configurations as a function of illumination
intensity. Data is subjected to a power law fit JSC = β ·Pα0 , where P0 is the illumination
intensity and α and β are fit parameters. As described in literature, the exponent α
typically ranges between 0.75 and 1, where smaller values indicate limitations due to
charge carrier recombination and built-up of space charge.[59, 252, 280]

For 4-MP modified interfaces we find slightly higher values of α indicating reduced
recombination and more rapid charge transport away from the interface. Note that
while differences in α among the tested devices are small, 100 ·α increases by 5.2 %
and 3.3 % for modification with 4-MP and mixed pyridines, respectively, compared to
the device without pyridine. This implies that for light intensities in the order of one
sun (100 mW cm−2) these small differences in α reflect noticeable differences in short
circuit current generation.
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Figure 7.7: JSC as a function of incident light intensity for SQ2 solar cells with different
pyridine configurations. Lines represent results from power law fits.

7.4 Conclusion and Outlook

In conclusion we show that significant performance increases can be achieved in hybrid
solar cells with different sensitizer dyes and P3HT as hole transporter using the interfa-
cial modifier 4-MP. We attribute this to favorable orientation of the P3HT at the TiO2-
polymer interface. When combining 4-MP with tBP, it is possible to simultaneously
enhance JSC and VOC of the devices. Especially for dyes which allow a photocurrent
contribution from the hole transporter the synergistic effect of the two pyridines plays
an important role in pushing the efficiency. Contribution of the polymer to the charge
generation is a prerequisite for taking advantage of the hybrid solar cell concept, making
the combination of 4-MP and tBP interesting for this type of photovoltaic devices. Our
detailed study on devices with a squaraine dye as a model system for such solar cells
indicate that 4-MP improves the electronic properties of the inorganic-organic interface
by promoting charge separation and reducing charge recombination. From our findings
we predict that design of suitable interfacial modifiers, which induce alignment of the
hole transporter, is a pathway towards increased efficiencies of hybrid solar cells also
for other p-type polymers as hole transporters.
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8 Charge Extraction and Recombination
in All-Organic Polymer-Fullerene Bulk
Heterojunction Solar Cells

This chapter is based on the manuscript Light Intensity Dependent Charge Extraction
from Polythiophene:Fullerene Solar Cells (Weickert et al., 2013).[281] For this study
I fabricated all solar cell devices and photoluminescence samples. Andreas Jakowetz
(LMU Munich) performed all PVD/PCD and light intensity dependent J-V measure-
ments and helped with the interpretation of the data. I performed photoluminescence
measurements, evaluated all the data and wrote the manuscript.

An important starting point for the deeper understanding of the physics of hybrid metal
oxide-polymer solar cells is a careful analysis of fully organic photovoltaics (OPV) based
on fullerene electron acceptors. Fullerenes are well-investigated acceptor materials and
form complex interfaces with polymer donors if processed as bulk heterjunctions. If the
impact of the active layer morphology is understood for a donor polymer in combination
with a model acceptor like PC60BM this understanding can be readily transferred to
solar cells with structured TiO2 acceptors, i.e., hybrid solar cells.

This chapter summarizes results from a study on inverted P3HT:PC60BM solar cells
with different active layer thicknesses and different internal active layer morphologies,
which are realized using two different solvents for the donor:acceptor blend solution.

8.1 Introduction

Due to relatively high exciton binding energies in organic materials in the order of
0.5 eV, organic solar cells comprise donor and acceptor materials with a certain offset
between their highest occupied molecular orbitals (HOMOs) and their lowest unoccu-
pied molecular orbitals (LUMOs). This offset provides the necessary energy for exciton
separation if donor and acceptor molecules are in intimate contact. After charge sep-
aration, holes are transported through the donor materials and electrons through the
acceptor. Phase separation of donor and acceptor materials has to be in the order of
the exciton diffusion length – excitons, which do not encounter a donor-acceptor inter-
face within their lifetime recombine and are effectively lost for charge separation. Since
typical exciton diffusion lengths are below 10 nm and extinction coefficients of OPV
materials do not allow complete light absorption within such a short range, films of
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donor and acceptor blends are widely used to meet the demands for phase separation
and active layer thickness in one attempt.[33, 67, 282, 283] Mainly, conjugated poly-
mers are used as donors, whereas C60 and C70 fullerenes have proven their suitability
as acceptor materials. Blend layers are commonly spincoated from mixtures of donor
and acceptor materials, resulting in 80 to 200 nm thick films. These layers can absorb a
significant portion of incident light, and separation of almost all generated excitons into
free charges is achieved. The latter is possible due to separation of donor and acceptor
phases on the nm length scale. However, although exciton recombination is suppressed
in this approach, recombination of free charges is a severe problem since the random
morphology of blend layers does not necessarily provide percolated pathways for both
types of charge carriers, electrons and holes.[284]

Nevertheless, simple mixing of donor and acceptor materials is appealing since it eases
the fabrication of OPVs and is suitable for up-scaling. For blend films of donor and
acceptor the morphology can be partly influenced by choice of solvents, thermal anneal-
ings and other post-production treatments.[51, 285, 286] Thus, domain size and spatial
orientation of donor and acceptor phases can be partly controlled. In order to find the
ideal morphology, it is of fundamental importance to understand the influence of active
layer morphology on the device physics of the solar cell. This is necessary in order to
predict desirable donor-acceptor phase separation and focus on processing techniques,
which allow the implementation of active layers with properties close to these idealized
morphologies.

Despite much research has focused on polymer-fullerene blend solar cells, their working
mechanisms are still a hotly debated topic and unambiguous design rules for this type
of solar cell have not been found yet. However, the most widely investigated polymer-
fullerene combination of P3HT and PC60BM is believed to exhibit almost ideal prop-
erties in terms of donor-acceptor phase separation, charge transport and electron-hole
recombination.[61, 246] Thus, the combination of P3HT and PC60BM is the benchmark
for OPVs and the most important starting point when developing new materials and
OPV concepts. Even though solar cells with higher efficiencies have been reported,
this has mainly be attributed to broader absorption spectra of the alternative materials
like in the case of PC70BM and benzodithiophene polymers.[70] Therefore, the P3HT-
PC60BM system remains highly interesting for the OPV community, since scientific
findings on this system are supposed to be readily transferable to other donor-acceptor
combinations.

In the present study, we aim to shed light onto the mechanisms of charge carrier extrac-
tion and recombination in P3HT-PC60BM solar cells. In order to monitor the impact of
the active layer morphology we use two different solvents for blend processing, chloro-
form (CF) and chlorobenzene (CB). Using CF, rather fine donor-acceptor intermixing
can be achieved due to the low boiling point of the solvent.[287, 288] During spincoat-
ing, the isotropic distribution of P3HT and PC60BM in the solvent phase is effectively
frozen into the film since film formation takes only a few seconds. Thus, crystallization
of P3HT is inhibited as well as clustering of PC60BM, both of which can take place
only if the drying process is slowed down. Due to characteristic absorption features of
P3HT its crystallinity can be indirectly monitored via absorption measurements. In
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contrast to CF, larger domain sizes and a coarser donor-acceptor phase separation is
expected for the CB casted films since CB dries more slowly during spincoating due
to its significantly higher boiling point.[47] Besides, we subject CB samples to thermal
treatments at 140 ◦C for 10 min, which allows additional reorientation of the materials
and equilibrates the morphology.[289] Studying different active layer thicknesses and
morphologies using photoluminescence spectroscopy, light intensity dependent current
density-voltage (J-V ) measurements and photocurrent decay (PCD) and photovolt-
age decay (PVD) experiments with varying background light intensity, we derive time
constants for charge carrier extraction and recombination and discuss possible mecha-
nisms of charge carrier recombination, which in our case seems to be rather trap-state
mediated than Langevin-type.

8.2 Experimental Section

Solar cell fabrication

All fabrication steps were performed in ambient air. Indium-tin-oxide (ITO) coated
1 mm thick glass substrates (Kintech, 10 Ω �−1) were successively cleaned in ultrasonic
baths of de-ionized water with commercial dishwashing fluid, acetone and isopropanol
for 30 min each and dried in a nitrogen stream. Samples were further cleaned in O2
plasma for 7 min. Approximately 60 nm TiO2 were sputter deposited at Ar pressure of
5 mTorr and room temperature. Samples were then baked at 450 ◦C in ambient air for
1 h with heating and cooling rates of 5 ◦C min−1 and 2.5 ◦C min−1, respectively. Solu-
tions of P3HT and PC60BM were prepared at different concentrations in chlorobenzene
(40, 30, 20, 10 mg mL) and chloroform (25, 20, 15 mg mL), mixed at 1:1 volume ratio
and spincoated at 700 rpm for 1 min to fabricate the photoactive layers. Approximately
40 nm of poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) were
deposited on top of the P3HT-PC60BM films using a spray-deposition technique de-
scribed elsewhere.[20] In short, PEDOT:PSS (HC Starck, 1.2− 1.4 %in H2O) was di-
luted 1:10 in isopropanol, sprayed onto the samples and spincoated at 1000 rpm. 100 nm
Ag were thermally evaporated onto the samples (pressure <4 · 10−6 mbar) through a
shadow mask to finalize solar cells. To improve the morphology of the P3HT-PC60BM
blend films, chlorobenzene samples were annealed at 105 ◦C for 1 min in ambient air
after both the spincoating of the active layer and the deposition of the PEDOT:PSS.
Besides, chlorobenzene samples were annealed at 140 ◦C for 10 min in ambient air af-
ter top contact deposition. No heat treatments were carried out with the chloroform
samples. Three identical samples of each type of active layer were fabricated resulting
in a total of nine individual solar cells (three on each substrate).

Fabrication of PL samples

Photoluminescence (PL) samples were prepared on 0.5 mm thick glass slides. Samples
were cleaned according to the procedure described above for ITO substrates. Immedi-
ately after plasma cleaning P3HT-PC60BM was spincoated with the same parameters
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as for solar cell substrates. Chlorobenzene samples were also annealed twice at 105 ◦C
for 1 min and at 140 ◦C for 10 min in ambient air, whereas CF samples were kept
untreated to assure the same annealing history as for solar cells.

Device characterization

All measurements were performed at room temperature in ambient air. Absorption
spectra were acquired in transmission mode in an Agilent Technologies 8453 UV-vis
spectrometer. For PL measurements a Horiba Jobin Yvon Fluorolog spectrometer with
a 500 W halogen lamp was used. Samples were excited at 490 nm and PL emission
was detected between 530 and 1100 nm. A Keithley 2400 SourceMeter was used for
current density-voltage (J-V ) characterization and controlled with a self-written Lab-
View program. Cells were illuminated through a shadow mask with a resulting active
area of 0.125 cm2. A Fraunhofer Institute certified Si reference solar cell with a KG5
filter and a shadow mask of the same area was used for calibration. JV characterization
under illumination was performed using a LOT-Oriel LS0106 solar simulator. The light
intensity of the solar simulator was adjusted using neutral density filters. Characteris-
tics like JSC , VOC , FF and PCE are taken from individual J-V curves before average
values are calculated. Shunt and series resistances (Rsh and Rs) were estimated from
linear fits to the J-V curves at moderate reverse and forward bias, respectively. For
external quantum efficiency (EQE) measurements a 150 W Xe lamp is focused onto a
monochromator illuminating the solar cells with approximately 1− 3 mW cm−2. The
resulting short circuit current is measured using a Keithley 2400 sourcemeter controlled
by self-written LabView program and the setup is calibrated using a Fraunhofer Insti-
tute certified Si reference solar cell with a known spectral response. A pulsed laser
(10 Hz, 532 nm, pulse width ∼4 ns) was expanded to a spot size larger than the cell’s
active area and focused onto the sample for transient photocurrent decay (PCD) and
photovoltage decay (PVD) measurements. The laser intensity was adjusted using neu-
tral density filters resulting in an approximate light power of 7 mW cm−2. The sample
was background-illuminated with a LOT-Oriel LS0106 solar simulator. Neutral density
filters with optical densities up to 4.0 were used to adjust the background light inten-
sity. Signals were recorded with a Tekscope DPO 7254 digital oscilloscope controlled
with a self-written LabView program. Termination resistances 1 MΩ and 50 Ω were
used for PVD and PCD measurements, respectively. To avoid effects due to incomplete
photodoping of the TiO2 blocking layers,[22, 290] EQE solar cells are illuminated under
a solar simulator for at least 1 min prior to EQE measurements and all light inten-
sity dependent measurements are performed starting with high intensities. Active layer
thicknesses were determined via cross-sectional scanning electron microscopy images of
cleaved solar cell samples.
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Table 8.1: Fabrication parameters solvent (solv.), concentration (c) and annealing (A.) and
resulting active layer thicknesses (d) for CB and CF samples. P3HT and PCBM are prepared
at listed concentrations and blended at 1:1 volume ratio.

Type solv. c (mg/ml) A. d (nm)

CB10 CB 10 yes 90 ± 10

CB20 CB 20 yes 173 ± 24

CB30 CB 30 yes 229 ± 14

CB40 CB 40 yes 314 ± 22

CF15 CF 15 no 87 ± 6

CF20 CF 20 no 203 ± 14

CF25 CF 25 no 250 ± 20

8.3 Results and Discussion

This study comprises seven different active layers, four CB spun films (CB10, CB20,
CB30, CB40) and three CF spun films (CF15, CF20, CF25), fabricated from blends of
P3HT and PC60BM of different concentrations resulting in different film thicknesses.
Fabrication parameters and active layer thicknesses are summarized in table 1. CF sam-
ples are prototypes for a non-ideal morphology of too small donor-acceptor domains,
where excitons are separated, but charges find no persistent pathways towards the
external electrodes. In contrast, CB samples are supposed to exhibit a desirable mor-
phology with more pronounced donor-acceptor phase separation, where excitons can
still be efficiently separated while consistent charge carrier percolation pathways are
present. This more optimized morphology is further supported by thermally annealing
the CB samples as described in the experimental section. All solar cells characterized
in this study are fabricated in a so-called inverted geometry, i.e., electrons are collected
at the transparent front contact and holes at the metallic backside. For this purpose,
the indium tin oxide glass substrates are coated with a thin film of sputter deposited
TiO2, rendering the electrode electron selective. As top contact, Ag is evaporated on
an interfacial layer of spray-deposited PEDOT:PSS. The inverted design is chosen since
it allows fabrication of air durable solar cells, which can be tested for extended times
and stored in the dark for several weeks in ambient atmosphere without significant loss
of performance.[20] Three identical active layers of each type were fabricated, resulting
in nine individual solar cells for each parameter (three on each substrate).

8.3.1 Characterization of the Bulk Morphology

In order to monitor the phase separation between P3HT and PC60BM, blend films
are fabricated on glass substrates using the same fabrication parameters as for solar
cells and absorption spectra as well as photoluminescence (PL) emission spectra are
recorded. Absorption spectra show significant differences between CF and CB samples.
The additional absorption feature between 550 and 600 nm, which is characteristic
for crystalline P3HT, is only present for CB samples but independent of active layer
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thickness (data not shown). This is in good accordance with literature and gives a hint
that P3HT does not form larger crystallites if the blend is processed from CF.[51, 291]
It is therefore assumed that domains of crystalline P3HT are present only in our CB
samples, whereas for CF P3HT is either more amorphous within its domains or strongly
intermixed with PC60BM. In both cases π-π-stacking of polymer chains to P3HT sheets,
which assemble P3HT crystallites, seems to be inhibited.[153]
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Figure 8.1: Photoluminescence emission spectra for the different P3HT-PCBM blend lay-
ers. Significantly lower PL signals are detected for CF samples than for CB samples due to more
demixing of donor and acceptor for CB processing.

Morphological differences between CB and CF samples are further supported by PL
measurements. Figure 8.1 shows PL emission spectra for the different active layers
upon excitation at 490 nm, where both CB and CF films show prominent absorption.
First, emission intensities are dependent on the active layer thickness for both solvents
with thicker films emitting more photons. However, more importantly, the emission
intensity is significantly different for CB and CF samples (note the logarithmic y-scale).
About ten times more PL photons are emitted by the CB samples, whereas the number
of absorbed photons at the excitation wavelength only differs slightly between CB and
CF samples of similar thickness. Since the emission spectra resemble the spectra of
pure P3HT (not shown) but photon counts are significantly lower, this is attributed to
differences in the PL quenching efficiency for CB and CF samples. In both cases the
presence of PC60BM dramatically reduces the PL emission of P3HT. PC60BM absorbs
only slightly at 490 nm, naturally shows a less pronounced PL emission and there-
fore contributes only marginally to the spectra shown.[292] The P3HT PL quenching
is attributed to formation of charge transfer states at the P3HT-PC60BM interface or
complete separation of excited states into free charges since the subsequent recombi-
nation mechanisms are supposed to be non-radiative or contribute further red-shifted
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photons, which are not recorded within the detection range of our experiment (as re-
ported by Hallermann et al., the PL emission through the charge transfer state between
P3HT and PC60BM is relatively weak and located at around 1050 nm).[293] From this
result we conclude that the probability of exciton separation is higher in CF samples,
suggesting a more intimate contact between P3HT and PC60BM. In this case, exci-
tons have to travel shorter distances before reaching a donor-acceptor interface, where
they can be separated instead of relaxing radiatively and contributing to the PL signal.
This effect can be promoted by two morphological properties, a smaller average P3HT
and PC60BM domain size leading to effectively more domains and larger interface or
the presence of mixed phases of P3HT and PC60BM, where the materials are blended
on a molecular level. Of course, both situations can coincide, i.e., smaller and more
intermixed phases might be present in CF compared to CB films.

Besides the emission intensity, the shapes of PL spectra resemble each other among
one solvent but differ between CB and CF samples. For CB, the emission feature at
725 nm is more pronounced than the feature at around 630 nm, which is the opposite
case for CF. In parallel with the absorption spectra the longer wavelength emission is
attributed to more crystalline P3HT, suggesting that P3HT is more ordered in annealed
CB samples than in CF samples.[294, 295]

From spectroscopic analysis of CB and CF spun active layers we assume that relatively
larger donor and acceptor domains or at least more demixed phases and more crystalline
P3HT are present in CB samples, whereas in CF layers the net interfacial area between
P3HT and PC60BM is larger. From our results it is not possible to conclude for average
domain sizes, especially since it is not clear whether the active layers consist of pure
phases of P3HT and PC60BM of certain dimension or if all domains are mixed phases
to a certain degree. However, literature indicates that P3HT-PC60BM blends tend to
form both, domains of pure materials and mixed phases, where PC60BM is intercalating
domains of P3HT.[288, 296] Therefore, we assume smaller average diameters of pure
phases and more intermixing in CF samples than in CB samples.

8.3.2 Solar Cell Operation at Solar Illumination

As a starting point for our analysis of the dependence between active layer morphology
and physical processes in the solar cells, photovoltaic samples are tested under simu-
lated sunlight at approximately 100 mW cm−2. Typical J-V curves for CB and CF
samples are shown in Figure 8.2 and characteristics calculated from these J-V curves
are summarized in table 2 as mean values for sets of nine individual solar cells of each
type. Details on the calculations of these characteristics are given in the experimental
section.

In good accordance with literature the thermally annealed CB samples perform sig-
nificantly better than the quickly dried CF films, mainly due to higher short circuit
current densities (JSC) and fill factors (FF ).[297] Among the CB samples, there is a
trend towards higher JSC for thicker active layers, suggesting that the higher fraction of
absorbed photons is translated into a higher number of photogenerated charge carriers.
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Figure 8.2: Typical current density-voltage characteristics under simulated solar illumination
for CB and CF solar cells.

Table 8.2: Characteristics calculated from J-V measurements under simulated solar illumi-
nation for the different active layers.

Type VOC (V) JSC ( mA cm−2) FF (%) Rsh ( Ω cm2) Rs ( Ω cm2) PCE (%)

CB10 0.54 5.6 46.8 345 3.6 1.45

CB20 0.57 6.5 53.0 615 3.6 1.94

CB30 0.57 6.9 53.1 1020 4.0 2.07

CB40 0.55 7.4 43.0 1076 4.4 1.78

CF15 0.57 2.3 31.6 292 67 0.42

CF20 0.56 1.6 30.8 417 109 0.27

CF25 0.57 1.2 30.3 716 148 0.21

From spectrally resolved external quantum efficiency measurements (EQE) we conclude
that additional charges in thicker films are generated over the whole solar spectrum,
since EQE curves show no significant differences in their shape for the different CB
samples and resemble the absorption spectra (data not shown).

In contrast, for CF samples decreasing JSC is found for increasing active layer thick-
ness. Even though more photons are absorbed in thicker films, less photogenerated
charges are detected. Since PL measurements suggest intimate contact between P3HT
and PC60BM, which should result in efficient charge separation, we attribute this to
enhanced recombination of free charges in thicker films. If phase separation between
P3HT and PC60BM is too fine to enable consistent pathways towards the external elec-
trodes for both types of charge carriers, only a fraction of the generated free charges
can contribute to the photocurrent. The potential mechanism is depicted in figure 3.
Assuming persistent P3HT and PC60BM domains for CB samples, charges separated
at an arbitrary donor-acceptor interface can travel to the external electrodes with a rel-
atively low probability for bimolecular recombination. As reported by Park et al., this

96



Chapter 8. Charge Extraction and Recombination in OPV

probability is close to 0 for very thin films of polymer-fullerene blends at short circuit
conditions, which is apparent from an internal quantum efficiency (IQE) approaching
100 %, i.e., each absorbed photon is converted to an electron-hole pair, which subse-
quently is collected at the external contacts.[67] For increasing film thickness, however,
the probability of charge recombination increases due to the increased distance for
charge transport and the formation of islands of either donor or acceptor. Due to very
fine phase separation, the formation of islands is probably the main reason for the low
photocurrents and the inverse dependence of JSC on the active layer thickness in case of
CF samples. Figure 8.3 exemplarily shows the resulting mechanism of charge transport
mediated through multiple trapping and recombination events in acceptor islands. In
this case, charges are separated at various sites, but electrons become trapped since
the acceptor does not form a consistent network. At the bottom electrode, an elec-
tron is collected, which has been generated close to the electrode. However, the hole is
transported through a series of generation and recombination events, which take place
closer and closer to the top until a hole can finally reach the external electrode. In
the depicted case, five charge separation events account for only one collected electron-
hole pair, corresponding to an IQE of only 20 %. In our CF samples, probably both
P3HT and PC60BM are forming islands. In addition, it is conceivable that PC60BM is
intercalated between P3HT strands, meaning that there are almost no pure but only
mixed phases. However, the net effect is the same as for the mechanism exemplarily
described. The resulting photocurrent is effectively generated only very close to the ex-
ternal contacts, since charge carriers generated in the center of the active layer cannot
reach the contacts and recombine. Furthermore, the photocurrent is probably limited
by the amount of carriers generated adjacent to the top contact, where the light inten-
sity and accordingly the generation rate is smaller (light is incident from the bottom).
Accordingly, the generation rate close to the top contact depends on the active layer
thickness and is smaller for thicker films, which probably accounts for the smaller JSC
for thicker CF films.

In contrast to JSC , only small differences are found for VOC values among the different
active layers. Only CB10 and CB40 show slightly reduced VOC but from our set of data
it is not possible to conclude for a significant effect and all values are comparable to
values reported in literature.[233, 235, 273] However, this is only the case at one sun
illumination. Effects determining the VOC at reduced light intensities will be discussed
in detail in section 2.4.

Significant variations are found for the FF of the different active layers. All CF sam-
ples show similar and relatively small FF around 30 %. Besides, all CF films show
resistance-like behaviors both in forward and reverse bias. On the one hand, this is re-
flected in shunt and series resistances (Rsh, Rs), since Rsh and Rs dominate the shape
of the J-V curves in reverse and forward bias. For CF samples, both resistances vary
systematically with the active layer thickness. Additionally, a resistance-like character-
istic is also apparent from J-V curves acquired in the dark as exemplarily shown in
Figure 8.4. There, even higher reverse than forward currents are found and the curves
show similar shapes over the shown voltage range and differ only by a scaling factor
among the active layer thicknesses.
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Figure 8.3: Possible mechanisms of charge transport in CB and CF solar cells. Due to large
donor and acceptor domains in the CB samples, charge carriers travel through consistent pathways
from the site of charge separation to the external contacts. For CF, the fine phase separation leads
to the formation of donor and acceptor islands and charge carriers are transported via multiple
charge separation and charge recombination steps since electrons and holes can travel only small
distances within the small domains. Accordingly, the net photocurrent is reduced.

CB active layers allow a FFup to 53 % for CB20 and CB30, whereas lower values of
46.8 and 43.0 % are found for CB10 and CB40, respectively. In the case of CB10 we
attribute this to leakage currents due to the thin active layer rather than a different
active layer geometry, since PL, absorption and EQE measurements suggest that the
phase separation between P3HT and PC60BM and the crystallinity of P3HT are similar
for all CB samples. This fact is also reflected in the low shunt resistance of CB10 solar
cells. In contrast, for CB40 the reduced FF is probably related to the increased distance
for charge transport.

This is also apparent from dark JV curves shown in Figure 8.4. With increasing active
layer thickness, the diode behavior becomes more pronounced among the CB samples,
mainly due to lower reverse currents, which are in good accordance with the higher
Rshunt values. Leakage currents are in the order of 3 mA cm−2 at −0.5 V for CB10
samples but at least a factor of 10 lower for CB40. Effects of the active layer thickness
are also apparent in forward direction. For all CB samples the forward part of the dark
J-V shows three different regimes. At low voltage, there is an exponentially rising part
with small slope. After a kink, a second exponential rise with a steeper slope is present.
Finally, at high forward bias, all CB samples allow similar currents and the J-V curves
are dominated by Rs, which is relatively small and depends only slightly on the active
layer thickness. At low voltage, the current level is higher for thinner films, which is
attributed to the smaller Rsh values. Additionally, the position of the kink between
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Figure 8.4: Typical current density-voltage characteristics in the dark for different P3HT-
PCBM layers. The upper plot shows CB samples, the lower plot CF samples. Note the different
y-scales in both plots.

the two exponential rises is shifted towards lower voltages with increasing active layer
thickness. In the case of CB40 the steep rise starts already at around 0.3 V and the
onset is less spontaneous, which mainly accounts for the lower FF . Position of the
kink at around 0.5 V for CB10 shows the potential of this active layer for a high FF ,
which, however, is outweighed by the dominantly low Rsh and the resulting upward
shifted forward current. These considerations underline the differences in the origin of
the reduced FF for CB10 and CB40. CB20 and CB30 both show relatively spontaneous
onsets of the steep exponential part in combination with relatively low reverse currents,
resulting in the observed high FFand, in combination with high photocurrents, PCEs.
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8.3.3 Charge Collection Probability

The impact of morphology and active layer thickness on the mechanisms of device
operation are further analyzed by estimation of the probability for charge collection
at varying forward bias. For this purpose, we use the method described by Street et
al.[260] The current of a solar cell, J , under illumination can be expressed as

J (V ) = JD (V )− qPC (V )GPh (8.1)

where q is the elementary charge and GPh is the absorbed intensity that contributes to
charge generation. Accordingly, qPC (V )GPh is the (voltage dependent) photocurrent.
Thus, PC (V ) is the photocurrent normalized to the illumination level GPh, i.e., PC (V )
is the probability of charge collection as a function of the bias. For an ideal solar cell,
PC (V ) = 1 for all V , but in a real device it is ≤ 1 and voltage dependent due to
recombination of charge carriers. We calculate values of PC (V ) for the different active
layers by subtracting the dark J-V curve from the J-V curve measured under one sun
illumination and normalizing to an estimate for JGsat = qGPh, which is the saturation
photocurrent for a given GPh in the absence of any recombination. In our cells, we
estimate JGsat from the current density at moderate reverse bias, where separated
charge carriers are driven out of the solar cell by the external field, which lowers the
recombination. Especially for CF samples this estimate is not perfect, since charge
carriers trapped in islands of donor or acceptor might not be able to leave the device
even under reverse bias. However, for CF the slope of reverse current with increasing
reverse bias is significantly higher under illumination than in the dark. We therefore
suppose that additional pathways for charge transport become available if an extracting
electrical field is applied (e.g. additional charges can travel through mixed phases of
P3HT and PC60BM without recombining).

Figure 8.5 shows typical calculated curves of PC (V ) for the different active layers.
For CB20, CB30 and CB40 collection efficiencies between 90 and 95 % are found at
short circuit, whereas CB10 shows a smaller value, only slightly above 80 %. Since the
dark J-V curves are subtracted from the curves acquired at one sun illumination, this
cannot be directly related to the higher leakage currents found for CB10 samples. This
suggests that the JSC of CB10 is not only limited by the lower absorption but also by
enhanced charge carrier recombination. Since PL measurements suggest a similar inner
morphology of all CB samples, this is surprising. However, it is conceivable that charge
carrier recombination occurs through the same channels that cause the leakage currents
in the dark, i.e., separated charge carriers reach the external electrodes but recombine
through shunt channels. Additionally, the voltage at which PC (V ) reaches 0 is slightly
smaller for CB10 than for CB30 and CB40, which is in accordance with the slightly
reduced VOC . Interestingly, the PC (V ) curves suggest that a FF similar to the FF of
CB20 and CB30 should be possible for CB10. Again, we attribute the fact that the
measured FF for CB10 indeed is lower than that of CB20 and CB30 to shunts in the
very thin active layer. The charge collection probability also gives an explanation for the
low FF in CB40. Although the maximum PC is even slightly higher than for CB20 and
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Figure 8.5: Probability of charge collection PC(V) for CB (top) and CF (bottom) sam-
ples. Curves are calculated from the data shown in Figure 8.2 and Figure 8.4.

CB30, PC (V ) drops more quickly with increasing bias. Thus, at increasing bias charges
probably still become separated but cannot overcome the additional potential given by
the applied electric field and do not reach the external contacts but recombine within
the active layer. Instead, in CB20 and CB30 charge carriers have to travel only shorter
distances to reach the external electrodes, which is reflected in the more desirable shape
of the PC (V ) curves.

In contrast to CB samples, almost no effect of the active layer thickness on the charge
collection probability is found for CF. This is in good accordance with the FF , which
does not change significantly among the different CF films. Note, however, that the
estimate for JGsat does not account for charge carriers, which are recombining due to
trapping in donor or acceptor islands as long as this trapping is not affected by the
external bias. Thus, the estimate for JGsat is decreasing with increasing active layer
thickness, in compliance with the considerations in Figure 8.3. These results again
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suggest that the behavior of CF films is determined only by the regions close to the
external contacts and relatively independent of events occurring in the center of the
active layer. Additionally, the shape of the PC (V ) curves, which is in accordance with
the low FF s, suggests that charge collection depends on the applied bias even close
to the contacts, which is another hint for very fine phase separation and formation of
donor or acceptor islands in the CF films. Accordingly, differences in JSC are attributed
only to a different distribution of light intensity inside the films of varying thickness.

8.3.4 Light Intensity Dependent Solar Cell Operation

In order to characterize the different active layers in varying working regimes, solar
cells are tested dependent on the incident light intensity. In total, 30 different light
intensities are applied, ranging from 0.02 to 100 mW cm−2, i.e., spanning four orders
of magnitude.
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Figure 8.6: Mean JSC values as function of light intensity measured for CB and CF samples
in double-logarithmic representation.

Figure 8.6 shows JSC as a function of the incident light intensity I0 for the different
active layers. Most commonly, the correlation between JSC and I0 can be described by
a power law[59]

JSC = β · Iα0 (8.2)

For an ideal solar cell α = 1, whereas smaller values of α are supposed to indicate space
charge limitations.[280] We find almost identical slopes α for CF and CB active layers
for low light intensities up to 10 mW cm−2. In our case, α is slightly higher than 1,
around α = 1.05. The origin for this is not clear, but it might be correlated to the fact
that we are using an inverted solar cell geometry with TiO2 blocking layers as bottom
electrodes. TiO2 is known to show increasing conductivity with increasing light intensity
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due to so-called photo doping.[22, 290] However, it is questionable if this effect creates
a linear contribution to the photocurrent for varying light intensities over three orders
of magnitude. Interestingly, the behavior of the JSC is different for CB and CF samples
for high light intensities above 10 mW cm−2. No change in slope is found for CB films,
whereas the slope is significantly reduces for CF samples. Apparently, CF films reach
a different working regime at higher illumination levels. In accordance with Koster et
al. we attribute this to formation of space charge in CF films.[280] At high incident
light intensities the charge carrier density is increasing and the absence of percolated
pathways for charge transport due to fine phase separation leads to accumulation of
charge carriers within in the active layer and slows down charge extraction. The similar
slopes and the onset of the second working regime at around 10 mW cm−2 for CF10,
CF20 and CF30 again suggests that the film thickness does not affect the physical
processes, which appear to be determined only by contact adjacent regions of the active
layer.
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Figure 8.7: Mean PCE and Fill Factor values as function of light intensity measured for CB
and CF samples.
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The presence of different working regimes is also apparent from Figure 8.7, which shows
PCE and FF as a function of I0. For all active layers the PCE is approaching zero at
very low light intensities and is rising at least up to 10 mW cm−2. There, however, a
significant difference between CF and CB is observed. All CF samples reach a plateau in
efficiency at around 10 mW cm−2, whereas a steep rise in PCE is found for CB samples.
The onset of this plateau is at around the same light intensity for all CF samples and
in good accordance with the kink in JSC-I0 curves in figure 6. Comparing the behavior
of PCE and FF at changing light intensity suggests that for CF the plateau in PCE
is not directly correlated to the FF , which similarly rises as log (I0) for CF10, CF20
and CF30. Since VOC also rises as log (I0) for all CF samples (vide infra) and the PCE
depends on FF , VOC and JSC as

PCE = FF ·VOC · JSC (8.3)

this suggests that the kink in the JSC-I0 plot mainly is responsible for the plateau of
PCE as function of I0. When CF samples reach this second working regime, α from
equation equation (8.2) is significantly smaller than 1. As mentioned before, this is
ascribed to space charging effects. Accordingly, even if an increasing number of free
charge carriers is generated at increasing illumination intensity, the built-up of space
charge reduces the fraction of collected charges and thus the photocurrent and the
PCE.

Figure 8.7 further suggests that dependence of PCE and FF on I0 is different for
CF and CB samples. In contrast to CF solar cells, for CB samples the PCE seems
to be mainly determined by the FF for varying I0. This is further apparent from
the behavior of JSC and VOC (vide infra), which both increase as I0 and log (I0),
respectively, for intensities between 1 and 100 mW cm−2. For CB30 and CB40 the
FF peaks at around 10 and 30 mW cm−2, respectively, whereas it is increasing up to
100 mW cm−2 for CB10 and CB20. This is also reflected in the PCE-I0 plot. CB20,
CB30 and CB40 show similar peak efficiencies, but reach their maximum at increasing
light intensities for decreasing active layer thickness. Apparently, with increasing active
layer thickness efficient charge collection is only possible for decreased illumination
intensity, i.e., charge carrier density. In principle, charges can travel even through
the thick CB40 film, which is also reflected in the high charge collection efficiency at
V = 0 V (see section 2.3). However, for increasing illumination intensity and under
applied bias, charge recombination appears to reduce the fraction of collected charges,
leading to reduced FF and PCE. Since the distance of charge transport and thus the
probability of recombination varies with the active layer thickness (assuming similar
morphologies), the peak in FF is shifted to lower I0 for thicker films.

Nevertheless, at this point of our analysis the nature of charge carrier recombination
cannot be determined. Qualitatively, the dependence of FF and PCE on I0 is also
found for a solar cell following the relatively simple Generalized Shockley model.[243]
Such a solar cell is described by the Generalized Shockley equation (GSE)

104



Chapter 8. Charge Extraction and Recombination in OPV

Table 8.3: Ideality factors (n) and slopes (S) of exponential fits of the VOC as a function
of the incident light intensity for CB and CF samples. All data obtained at room temperature
(300 K).

Type n S

CB10 4.22 5.53

CB20 3.87 3.59

CB30 4.01 2.71

CB40 4.16 1.72

CF15 11.55 2.80

CF20 8.37 4.17

CF30 7.07 4.44

J (V ) =
Rsh

Rs +Rsh

(
JS

(
exp

(
qV − J (V )Rs

nkBT

)
− 1

)
+

V

Rsh
− JPh

)
(8.4)

where JS is the reverse saturation current, n the diode ideality factor, T the temper-
ature, kB Boltzmann’s constant and JPh the photocurrent. Note that Rs and Rsh do
not dependent on the illumination intensity and JPh is constant for all V .

To illustrate the dependence of PCE and FF for a GSE solar cell, we model J-V curves
for solar cells with Rs and Rsh values as found for CB samples for I0 between 0.01 and
1000 mW cm−2. We model JPh assuming a power law dependence as in equation (8.2)
with α = 1 and chose β such that JPh at 100 mW cm−2 equals the experimentally found
JSC for the different CB solar cells. Ideality factors n are estimates using the method
described by Koster et al. from the slope of the exponential rise of the moderate forward
bias part of the dark J-V curve.[280] Mean values of n as used in our simulations are
summarized in table 8.3.

Simulated PCE and FF as a function of I0 are given in Figure 8. Even though simulated
curves do not exactly match with the experimentally found values, the principle shape
of PCE and FF curves as well as the trends among the different CB samples are
reproduced by the model. Note, however, that peaks in PCE and FF can be modeled
using various values and combinations of Rs and Rsh. Besides, the experimentally found
trends for CF samples cannot be modeled using the GSE.

Apparently, our solar cells are not sufficiently described by the Generalized Shockley
model, probably because the recombination mechanism cannot be modeled by a simple
intensity independent shunt resistance. We therefore focus on a more detailed analysis
of charge carrier recombination.

8.3.5 Mechanisms of Charge Carrier Recombination

Since charge carrier recombination seems to be determining the operational principles
of our solar cells at varying illumination intensity, we discuss possible mechanisms of
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Figure 8.8: Simulated PCE and FF as a function of the incident light intensity. Data is
simulated for solar cells following the GSE with Rs, Rsh and JPh values as experimentally found for
CB samples. Ideality factors are estimated as described in the text and JS=2 · 10-5 mA cm−2 is
used.

recombination. First, we note that genuine recombination, i.e., recombination of excited
states before separation into free charges, is supposed to cause losses in all our solar cells.
However, this type of recombination is mainly lowering the photocurrent and does not
affect the J-V characteristics, which are determined through already separated charge
carriers only.[298, 299] In addition, Auger recombination can be neglected in OPVs due
to the short lifetime of excitons and the mechanism of formation of charge transfer
excitons and their recombination has no effect on the electrical behavior of the solar
cells at illumination intensities lower than approximately 2.5 suns.[260, 272, 300] We
therefore concentrate on recombination of already separated charge carriers, which can
be monitored by electrical measurements.
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One of the most important parameters for recombination analysis is the VOC of the
solar cell, which describes the point where charge carrier generation rate G and charge
carrier recombination rate R are in equilibrium. Since the charge generation for a given
solar cell can be triggered directly by the illumination intensity, i.e.,

G ∝ I0 (8.5)

we analyze VOC as a function of I0. For an ideal diode, i.e., Rs = 0 and Rsh →∞, the
GSE reduces to the simple diode equation[301]

J (V ) = JS

(
exp

(
qV

nkBT

)
− 1

)
− JPh (8.6)

According to equation (8.6) the slope of the VOC as a function of log(I0) in units of
kBT/q thus is the ideality factor n. For good diodes, i.e., Rsh � Rs, the exponential
forward part of the J-V curve is only slightly affected by Rs and Rshand n can be
estimated using the method by Koster et al. as for the values in table 8.3.[280] However,
especially high Rs can lead to overestimation of n, which is probably the reason for the
high values found for CF samples.

From table 8.3 approximately the same slope of VOC with I0 would be expected for
CB samples when considering them as GSE solar cells (simulated curves of VOC as
a function of I0 are shown in Figure 8.10). However, we find significant differences
in the experimentally determined slopes S as shown in Figure 8.9 and summarized
in table 8.3. S is obtained from a logarithmic fit VOC = S log (I0) + V0 with V0 as
offset. For CB samples, decreasing S is found for increasing active layer thickness,
which does not concur with the almost constant ideality factors. For CF solar cells,
the slope is increasing with increasing active layer thickness, whereas the fitted ideality
factors decrease. This further supports our assumption that the GSE fails in accurately
describing our solar cells.

In order to clarify the nature of charge carrier recombination that determines the depen-
dence of VOC on I0, we first consider purely Langevin-type recombination. In this case,
both electrons and holes migrate freely through the active layer and recombine with
a certain probability if the Coulomb attraction is strong enough to enable interaction
between two opposite charges. Apparently, in this case the recombination rate depends
on both charge carrier densities and can be written as[302]

RL = γ (np− nintpint) (8.7)

where γ is the Langevin coefficient, n and p are electron and hole density, and nint and
pint denote the intrinsic carrier concentrations of electrons and holes, respectively. For
pristine materials, γ depends on both electron and hole mobility, µn and µp, respectively,
as[302]

γ =
q

ε
(µn + µp) (8.8)
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Figure 8.9: Experimental VOC values (mean values) obtained at different illumination in-
tensities. Data for CB (top) and CF samples (bottom) is shown along with logarithmic fits (lines)

where ε is the dielectric constant of the material. In contrast, for a donor-acceptor
blend, Langevin recombination is dominated by the slower charge carrier since the
faster carrier effectively has to wait at the interface prior to recombination. In this
case, the recombination constant is[303]

γ =
q

ε
min (µn, µp) (8.9)

For charge generation rate G and charge separation probability P , the rate equation
for the one-dimensional current (in z-direction, i.e., towards the external electrodes) is
[280]

1

q

∂

∂z
J (z) = PG− (1− P ) (8.10)
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Figure 8.10: Simulated VOC as a function of light intensity for CB solar cells. Data is obtained
from the same GSE simulations as in Figure 8.8

which simplifies to

G =
1− P
P

R (8.11)

at VOC , where the current is 0 and the cell is in thermal equilibrium. For purely
Langevin-type recombination, RL from equation (8.7) can be used. Assuming that
quasi-Fermi levels for electrons and holes are constant at open circuit (which is the case
since drift and diffusion current densities cancel out and are effectively zero), the quasi-
Fermi levels for electrons and holes (Φn and Φp, respectively) are equal to the potentials
at the external contacts, i.e., their difference is the VOC , and constant throughout the
device.[304] The Langevin recombination rate can then be written as

RL = γn2
int exp

(
q (Φp − Φn)

kBT

)
= γn2

int exp

(
qVOC
kBT

)
(8.12)

Thus, by solving equation (8.12) to VOC , a logarithmic dependence of VOC on the
generation rate, i.e., the illumination intensity, is found as

VOC =
Egap
q
− kBT

q
log

(
(1− P ) γN2

C

PG

)
(8.13)

with effective density of states NC and band gap energy Egap, which in this case denotes
the energy difference between the HOMO of P3HT and the LUMO of PC60BM.[280, 305]
Accordingly, for Langevin recombination, a slope of S = 1 would be expected for all
active films, and the material properties – described by Egap, γ, NC and P – do not
affect the dependence of VOC on I0. Based on these considerations, we cannot exclude
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that Langevin recombination plays a role in our devices. However, our values of S,
which significantly deviate from S = 1, suggest that Langevin recombination is not the
dominating mechanism in our devices. All our active layers show a stronger dependence
of VOC on I0 than in the Langevin case. Furthermore, as discussed before, this cannot
be explained with the Generalized Shockley model.

The observed behavior of the VOC might be partly attributed to the presence of addi-
tional trap states at the P3HT-PC60BM interface.[278] Especially hole traps in conju-
gated systems have been described in literature, whereas the small molecular PC60BM
is supposed to be rather trap-free.[306] However, mixed phases of P3HT and PC60BM
probably exhibit rather complicated energetic landscapes and might induce additional
traps. Furthermore, formation of donor and/or acceptor islands in the bulk heterojunc-
tion functions as additional charge traps.

In the case of trap-assisted charge recombination, the solar cell operation can be de-
scribed by the Shockley-Read-Hall (SRH) equation and the recombination rate RT is
[307, 308]

RT =
CnCpNC (pn− pintnint)

Cn (n+ nint) + Cp (p+ pint)
(8.14)

where Cn and Cp denote the density of electron and hole traps, respectively. For a
combination of Langevin and trap-assisted recombination the overall recombination
rate then becomes

R = RL +RT (8.15)

and equation (8.12) cannot be solved analytically. However, the dependence of VOC on
G is still approximately logarithmic, only with a slope S 6= 1, i.e.,

VOC ∝ S
kBT

q
log (G) (8.16)

with larger values of S indicating a stronger impact of trap-assisted recombination.[278,
306] According to these considerations, the empirically found values of S (see table 3)
suggest that charge carrier recombination is more trap-assisted in thinner active layers
in the case of CB and vice versa for CF. For CB this is surprising considering additional
trap sites due to donor or acceptor islands: with increasing active layer thickness the
probability of formation of donor or acceptor domains, which are not connected to the
respective external electrode, is increasing. Accordingly, the total number of trap sites
as well as the trap density should be increasing. Besides, more of these island traps
should be present in the case of CF with the fine donor acceptor phase separation,
which would result in higher values of S. We therefore conclude that recombination in
our devices is also not accurately described by the SRH model, which is valid only for
homogenously distributed electron and hole traps.
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Figure 8.11: S as a function of the active layer thickness for CB samples. The dashed
line represent a logarithmic fit to the data. Active layer thicknesses and respective error bars are
determined from SEM cross-sectional images.

However, the VOC apparently is influenced by morphology and thickness of the active
layer and not only by the energy levels of donor and acceptor as described for poly(2-
methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene solar cells.[42] Especially for
CB solar cells the active layer thickness seems to have a systematic influence on how VOC
changes with I0. This is apparent from Figure 8.11, where S is plotted as a function of
the active layer thickness for CB samples. Within the error of the determined thicknesses
there seems to be a logarithmic dependency between S and the thickness of the active
film. Although the compliance of experimental data and fit seems to be striking, we
note that due to experimental limitations we are only probing a relatively narrow range
of active layer thicknesses and are dealing with only four data points. Therefore, the
strict logarithmic dependence might be given only for moderate active layer thicknesses.

8.3.6 Charge extraction and recombination kinetics

For further analysis of the mechanisms of recombination that might be responsible for
behavior of VOC , solar cells are objected to time resolved PVD and PCD measurements.
Solar cells are tested at the same illumination intensities used for J-V characterization
and a small perturbation is generated with a short 532 nm laser pulse (the laser intensity
is kept fixed for all background illumination intensities). Cells are tested at open and
short circuit conditions by using the 1 MΩ and 50 Ω termination resistance of an oscil-
loscope, respectively. Since the perturbation is small especially at higher background
illumination intensities, the signal decay subsequent to the laser pulse is approximately
exponential. As described in literature, these decays can be exponentially fitted to gain
decay rates and lifetimes.[33, 271, 287, 299] However, here we choose a more empirical
method by smoothening the decays via a moving average and taking the decay’s half-
life as characteristic lifetimes in order to account for the fact that our decays are not
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exclusively mono-exponential at all background light intensities (in case of a strictly
mono-exponential decay the characteristic lifetime, which usually is one over the expo-
nential rate, is nothing but the 1/e lifetime, whereas we take the 1/2 lifetime in our
analysis).

Experimentally determined PVD lifetimes for CB and CF solar cells as a function of
background light intensity are shown in Figure 8.12. Since the solar cell is at quasi-
open circuit conditions during a PVD measurement, charge carrier recombination is
the only mechanism that accounts for the voltage decay, since no charges can exit the
device via the external contacts. PVD lifetimes therefore can be directly associated
with recombination lifetimes.[271] It is important to note that PVD monitors only the
recombination of charges that have already reached the external contacts. Charges,
which recombine before they reach top or bottom contact cannot be detected and do
therefore not contribute to either the PVD peak or the subsequent decay.
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Figure 8.12: PVD lifetimes for CB (top) and CF (bottom) samples as a function of light
intensity.
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Generally, shorter recombination times are found for increasing light intensities. This
is directly attributed to the higher charge carrier density, which is reflected in the
higher VOC at the respective background illumination. The increase in charge density
means that more charges are available for recombination, which accelerates the decay
of the photovoltage after the short laser perturbation. Besides, significantly shorter
PVD lifetimes are found for CF samples than for CB samples. Owing to the fine
phase separation in CF films charges have to travel shorter distances before they meet
oppositely charged carriers, which are generated throughout the whole active layer due
to the background illumination. In contrast, more pronounced donor-acceptor phase
separation in CB films leads to an increase in mean free path for both electrons and
holes and consequently an increased recombination lifetime.

For both CB and CF solar cells there is tendency towards slower recombination for
thicker films. This is surprising, since charge transport is supposed to be less effi-
cient in thicker films due to morphological issues, since the formation of donor-acceptor
islands becomes a more and more severe problem. However, for CB samples the recom-
bination lifetimes are in accordance with the different slopes of VOC as a function of I0.
Thin films exhibiting high S also show high PVD recombination rates. As mentioned
before, at open circuit conditions there is an equilibrium between charge generation
and recombination, i.e., excitons are constantly separated and most charges recombine
with opposite charges on their way towards the external electrodes. In thicker films the
light intensity at the front and back electrode differs significantly and thus the charge
generation rate. This leads to an inhomogeneous charge carrier density shortly after
the laser pulse, i.e., more separation and recombination events take place in proximity
of the TiO2 electrode than the PEDOT:PSS top contact. When considering the solar
cell as capacitance C, the VOC is a linear function of the charge at the electrodes Q,
VOC = Q/C. Furthermore, the number of charge generation events is a linear function
of the incident light intensity. However, as discussed in the previous sections, the VOC
depends only logarithmically on I0 (apparently because at open circuit most charges
do not reach the external electrodes to build up a potential but recombine instead).
Accordingly, when increasing the background bias, the number of charges at the elec-
trodes increases as log (I0), whereas the charge generation rate and thus the amount of
charges available for recombination increases as I0. We therefore conclude that at low
light intensities the charge generation density within the active layer is relatively low
and charges have long mean free paths before they recombine when traveling from the
external electrodes back into the active layer, which is the case after the laser pulse,
when the potential at the electrodes is higher than the equilibrium potential. Due to
the inhomogeneous distribution of light intensity in z-direction the mean free path of
holes (which accumulate at the top contact) is especially long in thick films, where
less charge separation events take place close to the top contact. However, at high I0

the number of charge separation events and thus charges available for recombination
is sufficiently high throughout the whole active layer since it grows linearly with I0 in
contrast to the number of charges at the contacts, which grows as log (I0). Since we
observe systematically higher recombination lifetimes for thicker active layers for both
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CB and CF samples, we conclude that this mechanism is rather independent of the
active layer morphology.

In contrast, at high background illumination the recombination seems to be governed
more by the morphology of the active layer, since charges only have to travel to the
nearest donor-acceptor interface to find charges available for recombination. Accord-
ingly, the recombination lifetime for CB10 and CB20 is slightly longer than for CB30
and CB40 at high I0. We ascribe this to the formation of more donor or acceptor islands
in thicker films, resulting in reduced mean free paths for charge carriers. Generally, re-
combination lifetimes around 10− 20 µs at one sun illumination are in good agreement
with literature and comparable to values determined by Leever et al. using impedance
spectroscopy measurements.[301]

For CF films, instead, there is no significant difference in the recombination lifetimes
at high background illumination intensity. This is in good agreement with the charge
collection probability, which did not differ among the CF films as discussed in section
2.3: since the behavior of CF solar cells seems to be mainly determined by regions very
close to the external contacts, no significant effect of the active layer thickness on charge
carrier recombination is observed provided the illumination intensity is high enough to
allow a sufficient amount of charge carrier separation events.

In order to get insight into the mechanisms of charge extraction we also analyze PCD
results at varying I0. Data for CB and CF samples is summarized in Figure 8.13. Again,
we find significant differences in the extraction times between CF and CB and also a
systematic dependence on the active layer thickness. Generally, quicker extraction
is present for CF samples. This is somewhat surprising considering the less ordered
morphology and the reduced P3HT crystallinity, which is supposed to result in lower
hole mobility.[252, 287] However, the shorter extraction lifetime is probably also related
to the fact that only the regions very close to top and bottom contact contribute to
charge collection. Therefore, charges that are actually collected have to travel much
shorter distances than in CB films.

Interestingly, a trend towards quicker charge extraction for thicker films is found for CB
samples at low and moderate I0 and even up to one sun for CF. Taking into account the
increasing charge transport distances in thicker films this is surprising. Two mechanisms
are conceivable that enable the increased current signal to level off to equilibrium after
the laser pulse. First, charge carrier recombination within the active layer can also
occur at short circuit conditions. Besides and more importantly, charges can exit the
solar cell via the external contacts and recombine inside of the oscilloscope, or at one
of the external contacts after passing through the whole circuit. For instance, electrons
exit the solar cell via the TiO2, travel through the oscilloscope and recombine with holes
in the Ag top contacts. This second mechanism is accessible since the cell is shorted
across the 50 Ω termination resistance instead of operating at quasi-open circuit as in
the case of PVD. Since typical PCD lifetimes are much shorter than PCD recombination
plays only a very minor role and charges are collected at the electrodes quickly enough
to avoid recombination within the active film. Note, however, that this again is only
true for charge carriers that have already reached the external electrodes. Especially
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Figure 8.13: PCD lifetimes for CB (top) and CF (bottom) samples as a function of light
intensity.

in CF films charges are likely to recombine even during PCD due to the formation
of many donor and acceptor islands. However, since these charges are not detected
even in the very beginning of the PCD, the PCD characteristic is only determined by
charge carriers that can reach the external contacts. Since PVD also monitors only the
recombination of charge carriers that have already reached the external electrodes, we
focus our discussion on these charges only, since other recombination events are not
accessible via electronic measurements.

For both CB and CF samples we find much shorter PCD than PVD lifetimes, suggesting
that trends among the different active layer thicknesses are not related to charge carrier
recombination, especially at low light intensities, where PVD recombination is at least
four orders of magnitude slower than extraction.

Instead, we suppose that again the light intensity distribution and such the inhomo-
geneous charge generation plays an important role. Most carriers are generated at the
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bottom electrode, whereas the generation density is smaller close to the top contact due
to the distribution of the incident light intensity in z-direction. If the cell is operated in
equilibrium at short circuit, the current is of course constant throughout the film and
the inhomogeneity of charge generation does not result in an inhomogeneous charge
distribution. However, shortly after the laser pulse there is a gradient in charge con-
centration, which is parallel to the photocurrent for holes but antiparallel for electrons.
This means that holes, which are collected at the Ag top contact, have to travel from
high hole density regions at the bottom contact towards lower hole density regions at
the top contact. In contrast, electrons have to travel towards the bottom contact, where
the electron density is high. However, since most electrons are generated close to the
bottom contact, we suppose that the PCD is mainly determined by holes (more charge
is moved over longer distances as holes than as electrons). Since the gradient for hole
concentration is stronger in thicker films, we assume that there is a stronger driving
force for holes to move towards the top electrode in thick active layers resulting in the
observed shorter PCD lifetimes.

Since the laser intensity is kept fixed, the perturbing signal becomes relatively weaker
at high background illumination levels. Accordingly, also the gradient in charge density
is reduced and differences in PCD lifetimes become smaller at increasing I0 for both
CB and CF. For the latter, however, extraction remains slowest from the thinnest
film even at one sun illumination, whereas the trend among the different active layer
thicknesses is reversed for CB. There, quicker extraction from thinner films is found once
the background light intensity reaches a certain level. In this case the overall charge
density is high enough so that the additionally generated charges do not introduce a
significant gradient. Accordingly, extraction lifetimes are governed mainly by diffusive
charge transport, resulting in slower extraction from thicker films, where charges have
to travel longer distances. Since current generation is less efficient in CF samples,
probably even higher illumination intensities would be necessary in order to observe
such an effect. Besides, since only regions very close to the external contacts mainly
determine the characteristics of the solar cell, charge transport over longer distances is
only possible by consecutive charge generation and recombination events as discussed
in section 2.2. Therefore, a reversed trend towards slower extraction from thicker films
is probably not expected for CF films.

PVD and PCD results can also be combined in order to estimate charge carrier collection
efficiencies.[272] Using PVD and PCD lifetimes, τPV D and τPCD, respectively, the ratio

ηcoll =
τPV D

τPV D + τPCD
(8.17)

can be defined, which gives the efficiency of charge collection, since the PVD lifetime is
directly associated with charge carrier recombination and the PCD lifetime with charge
carrier collection.[309] Furthermore, by calculating a transient capacitance from the two
decays,

∆C =
∆Q

∆V
(8.18)
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where ∆V is the maximum additional voltage generated by the laser pulse during PVD
and ∆Q is the transient charge calculated from the integral of the PCD, the charge
carrier density inside of the active layer can be estimated using the method described
as differential charging (under the assumption that charge carrier recombination can be
neglected at short circuit).[271] The charge density is then given as

n =
1

Aqd

VOC∫
0

∆CdV (8.19)

where A is the active area of the device and d the film thickness. For real measurements,
the integral changes to a sum over all transient charges obtained at different background
illumination intensities.
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Figure 8.14: Charge collection efficiency as a function of charge density for CB and CF
solar cells.
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Using equations equation (8.17) and equation (8.19) the charge collection efficiency
is plotted as a function of the charge carrier density in Figure 8.14. For all solar cells
there is a clear dependence between ηcoll and the charge density with less efficient charge
collection found at higher densities. Since charge recombination is more likely if more
charges are available, i.e., at higher charge carrier density, this is in good agreement
with previous consideration. Furthermore, it is evident that higher charge densities are
reached in CB samples, which is in concordance with the higher photocurrents. The
more favorable morphology of CB samples is also reflected in the fact that there is a
tendency towards higher collection efficiency for a given charge density, i.e., data points
are shifted towards lower charge densities for CF. Besides, at high charge densities
charge collection seems to be more efficient from thinner active layers both for CF
and CB films. For CB samples this has already been suggested from the PC plots in
Figure 8.5 and is directly attributed to more ideal charge transport in thinner films
due reduced formation of donor or acceptor islands. In contrast, for CF samples this
is mainly attributed to calculated higher charge densities due to the thinner active
layer: the fundamental mechanisms of charge carrier recombination and extraction are
probably almost identical in all active films since mainly determined by regions very
close to the external contacts as discussed before. However, due to the thinner active
films the ηcoll - charge density plots are shifted towards higher densities for thinner
films.

Generally, as already mentioned before, Figure 8.14 reflects only the behavior of al-
ready collected carriers, i.e., carriers that have reached the external electrodes and thus
contribute to PCD or PVD characteristics. The collection efficiency is therefore over-
estimated, especially in the case of CF, where many charge carriers recombine within
the active layer even during the PCD measurements.

8.4 Conclusion and Outlook

Although the bulk heterojunction concept seems to be the most promising approach
for high performance OPVs, the device physics of solar cells based on this concept are
by far not fully understood yet. Especially the impact of the donor-acceptor phase
separation and the resulting active layer morphology is still not completely clear. Even
though basic operation and partly even light intensity dependence of our devices could
be modeled using the relatively simple Generalized Shockley approach, this model fails
in accurately describing different bulk heterojunction morphologies. Our analysis shows
that the morphology not only influences charge separation, but also how charge carriers
travel through the active film towards the collecting electrodes and especially how they
recombine with other charges. If phase separation is too fine as in case of CF spun
films, charges appear to be efficiently separated but charge transport is rather a con-
secutive series of charge generation and recombination events resulting in low overall
performances. Interestingly, the active layer thickness has only small impact on the
device physics, since the characteristics of the solar cell seem to be determined mainly
by regions very close to the external contacts. Instead, in CB films with a coarser phase
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separation charge transport is possible even through active films of several 100 nm thick-
ness. However, charge extraction is more bias dependent in thicker films and the overall
charge collection probability is reduced. Interestingly, the active layer thickness also
seems to play an important role in determining the cell’s open circuit potential and its
behavior at varying charge generation rates.

Our analysis shows that certain knowledge of the active layer morphology and thick-
ness is necessary in order to understand the cell’s response to electrical characteri-
zation. However, based on our detailed analysis of the well-known standard system
P3HT:PC60BM it is possible to learn about the morphology of active films composed
of novel materials since footprints of fine or coarse phase separation and recombination
or charge transport limited solar cells could be identified. Thus, results are supposed
to be directly transferable if the same characterization techniques are applied to new
materials. This is not limited to fully organic solar cells, but also holds for metal
oxide-polymer hybrid devices as investigated in the following chapters.
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9 TiO2 Nanotube Arrays

This chapter is based on the articles Controlled Growth of TiO2 Nanotubes on Conduct-
ing Glass (J. Weickert et al., 2011), and Nanoscale investigation on large crystallites
in TiO2 nanotube arrays and implications for high-quality photodiodes (A. Wisnet, M.
Thomann, J. Weickert et al., 2012). The former is presented in total, whereas only the
transmission electron microscopy part of the latter is included.

For Controlled Growth of TiO2 Nanotubes on Conducting Glass I fabricated all samples
shown in the manuscript, did all scanning electron microscopy (SEM), fabricated solar
cell devices and evaluated all data. Claudia Palumbiny (LMU Munich) did many initial
experiments with TiO2 nanotubes including full SEM analysis. Mihaela Nadelcu (LMU
Munich) did the XRD measurements. I wrote the manuscript and was responsible for
editing.

For Nanoscale investigation on large crystallites in TiO2 nanotube arrays and impli-
cations for high-quality photodiodes I fabricated the TiO2 nanotube substrates, wrote
the paragraph on solar cells of the manuscript and helped with the interpretation of
the results. Markus Thomann (LMU Munich) helped with the preparation of TEM
cross-sections and did a lot of initial TEM characterization. Andreas Wisnet prepared
TEM cross-sections, performed TEM measurements, evaluated the data, wrote the
manuscript and was responsible for editing.

One of the main advantages of hybrid solar cells over OPV is the possible direct con-
trol of the active film morphology through nanostructuring of the metal oxide. Among
the most promising nanostructures are TiO2 nanotubes, which can be grown in self-
assembled arrays with a simple electrochemical anodization process. This chapter sum-
marizes results from a study on TiO2 nanotube arrays on ITO substrates, which are
fabricated via anodization of sputtered thin films of Ti. The presented synthesis route
allows the fabrication of free-standing nanostructures directly on a transparent con-
ducting oxide substrate, which can be readily used in hybrid solar cells. The obtained
results enable a deeper understanding of the anodization process, enabling good control
over nanotube dimensions like tube diameter, spacing between tubes, tube length, and
tube wall thickness by fine-tuning of the processing parameters.

A detailed TEM study on the resulting TiO2 nanotube arrays further reveals the pres-
ence of large crystallites in the nanotubes, pointing towards the applicability of these
arrays for rapid electron transport, which potentially reduces charge carrier recombina-
tion in hybrid solar cells.
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9.1 Introduction

Titania nanotubes have proven to be a highly promising material for application in
various fields. Recent publications indicate that nanotubular TiO2 can be used in
sensing, photocatalysis, photoelectrolysis, and photovoltaics.[168, 211, 262, 310–319]

A suitable method for fabrication of TiO2 nanotubes is anodization of metallic Ti. Com-
monly, high purity Ti foils are used and anodized in aqueous HF-containing solutions
or NH4F-containing ethylene glycol electrolytes.[207, 208] Pore sizes and wall thick-
nesses can be varied for anodized foils, and tube lengths of several hundreds of nm are
reported.[184, 320] In contrast, there are only limited studies concerning thin films of
anodized Ti sputtered on silicon or conductive glass substrates, and there is no compre-
hensive study about controlling the above-mentioned parameters in thin films.[321, 322]

However, especially for photovoltaic devices, TiO2 nanotubes on conducting glass are
of particular interest. Thin films of nanostructured TiO2 would allow cell geometries
similar to fully organic bulk heterojunction solar cells.[61, 323] Besides, hybrid devices
as well as solid state dye sensitized solar cells can be realized.[215, 324] Structures
on conducting glass substrates allow frontside illumination, i.e. illumination from the
substrate side, resulting in reduced loss of incident light intensity compared to cells
fabricated from foils.[208, 325, 326]

Here we report on anodized Ti thin films on indium tin oxide (ITO) coated glass sub-
strates. The Ti serves as feed substrate for the formation of highly regular TiO2 nan-
otubes. Anodizations are carried out in NH4F-containing ethylene glycol baths. We
introduce a sputtered compact TiO2 layer underneath the Ti. This compact TiO2 is
applicable as hole-blocking layer and allows the fabrication of photovoltaic cells with
selective external contacts and is commonly used in inverted organic solar cells.[235]
Additionally, the TiO2 layer protects the ITO from corrosion during the anodization
process to maintain its conductivity.

The anodization process is analyzed in detail and different phases of the anodization –
visible in the current-time anodization plot – can be identified. This allows controlled
anodization and simplifies data analysis if new anodization parameters are applied. The
influence of anodization bath temperature and anodization voltage are examined, and
tubes of different length are grown using different Ti thicknesses.

In the last section, hybrid TiO2-dye-P3HT solar cells are fabricated to investigate the
advantages of nanotubular structures with high surface area in comparison with flat
bilayer solar cells.

9.2 Experimental Methods

All solvents were purchased from Sigma Aldrich at high purity grade. P3HT was pur-
chased from Merck Chemicals.
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Ti Anodization

ITO covered glass substrates (Kintech; 10 Ω �−1) were cleaned with commercial dish-
washing detergent using an ultrasonic toothbrush. Subsequently, ITOs were ultrason-
icated for 15 min each in acetone and 2-propanol, rinsed with ethanol, and dried in a
nitrogen stream. Prior to loading the sputter system, a 7 min oxygen plasma cleaning
was performed. Approximately 50 nm of TiO2 as a blocking layer and 0.2− 2 µm of Ti
were DC sputtered at 500 ◦C with a Surrey NanoSystems Gamma 1000C sputter sys-
tem at Ar pressures of 5 mTorr and 4 mTorr, respectively. Subsequently, the substrates
were allowed to slowly cool down in high vacuum. Anodization was carried out using a
two electrode setup with a Pt counter electrode in an ethylene glycol bath containing
0.4 wt% NH4F (Sigma Aldrich). No water was added but the solution was stirred for at
least 1 h in ambient air prior to anodization so the solution might contain some water.
Samples were anodized at different temperatures between 273 and 338 K, varying an-
odization voltages between 10 and 25 V and for different times between 1 min and 2 h.
If not otherwise noted anodizations were carried out at room temperature on 400 nm Ti
samples. After anodization the samples were rinsed with water and ethanol and dried
in air. A heat curing was performed at 450 ◦C for 1 h with heating and cooling rates
of 3 ◦C min−1 in ambient atmosphere.

XRD Characterization

X-ray diffraction (XRD) analysis was performed with a Bruker D8 Diffractometer with
Cu Kα radation at 40 kV and 40 mA. Start and end angles were 20◦ and 70◦, respec-
tively, with an increment of 0.05◦ and a scanning speed of 3 s per step.

SEM Imaging

For scanning electron microscopy (SEM) cross-sectional view samples were scratched
with a diamond glass cutting pen, cooled in liquid nitrogen, and cleaved. Approximately
2 nm Au were sputtered on all SEM samples to avoid charging effects.

TEM Imaging

TEM cross-sectional specimens have been prepared via standard route by gluing a sand-
wich of the layers into a brass tube, cutting of slices, grinding, dimpling, and ion milling
according to Strecker et al.[327] For TEM investigation, a Jeol JEM 2011 operated at
200 kV and a FEI Titan (S)TEM 80–300 operated at 300 kV have been used. The Ti-
tan is equipped with an EDAX detector for energy dispersive X-ray analysis. Off-axis
dark-field (DF) images have been taken without use of beam-tilting.
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Solar Cell Production

Solar cells were produced from TiO2 flat layers and samples with 400 nm Ti anodized
at 15 V vs. a Pt electrode. TiO2 flat layers of approximately 50 nm were DC sputtered
at 500 ◦C onto ITO substrates precleaned as described above. Both, TiO2 flat layers
and nanotubes were heat treated at 450 ◦C for 1 h with heating and cooling rates of
3 ◦C min−1 in ambient atmosphere. Subsequently, the samples were sensitized with the
ruthenium dye Z907[255] by immersion in a 4 mM dye bath in ethanol for 18 h. Prior
to P3HT deposition samples were rinsed with ethanol and dried in a nitrogen stream.
P3HT solutions were prepared at concentrations of 30 mg ml−1 in chlorobenzene and
stirred at room temperature for 18 h. For P3HT filling, the nanotube samples were
put in a vacuum chamber, P3HT was drop-cast and left on the substrate for 4 min.
Subsequently, the still wet sample was spincoated at 800 rpm. Bilayer devices were di-
rectly spincoated without using a vacuum process. An approximately 50 nm thick layer
of poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) was spray-
deposited onto the P3HT as described in chapter 5.[20] PEDOT:PSS (H.C. Starck)
was used as received and diluted 1:10 in isopropanol and spincoated at 1000 rpm after
spray-deposition. 100 nm of Ag were sputtered through a shadow mask as top contacts.
Finally, the fully assembled solar cells were annealed at 140 ◦C for 10 min in ambient
air.

Solar Cell Characterization

Photovoltaic devices were tested under simulated solar light using a solar simulator
with a Xe-lamp and AM 1.5G filters. Light intensity was adjusted to 100 mW cm−2

using a Fraunhofer Institute certified Si reference cell with a KG 5 filter. For EQE
measurements a 150 W xenon lamp in combination with an Omni150 (LOT-Oriel)
monochromator (incident power at 490 nm 0.3 mW cm−2) was used. Current-voltage
characteristics and external quantum efficiencies (EQE) were recorded with a Keithley
2400 sourcemeter using a self-written LabView program.

9.3 Results and Discussion

9.3.1 Anodization Process

To gain a better understanding of the time vs. current anodization curve and the time
evolution of the anodization process, anodization was stopped after different times,
and samples were analyzed in the SEM. Anodization was carried out at 20 V vs. Pt
electrode and at room temperature for this experiment. Figure 9.1 shows an SEM top
view image of a Ti film after anodization for 1 and 11 min. In the beginning pore
formation occurs mainly at the Ti grain boundaries. However, after a few minutes not
all pores are evolving further, and the pores are distributed more homogenously over
the substrate.
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Figure 9.1: SEM top views of anodized Ti after a) 1 min and b) 11 min of anodization. Scale
bars are 500 nm.

Note that top view images show rather a porous instead of a tubular structure, whereas
cross-sectional views clearly reveal the presence of TiO2 nanotubes. A thin layer is
forming on top of the anodized sample similar to the barrier layer reported by Sadek
et al.[321] This is discussed later in detail.

Figure 9.2 shows SEM cross-sectional views for increasing anodization times. Respec-
tive anodization current vs. time plots are given in the insets. The series reveals an
anodization mechanism similar to the one proposed by Mor et al.[184] for anodization
of Ti foils. During the first seconds the Ti is anodized (i.e., oxidized) at the top and a
compact TiO2 barrier layer is formed (Figure 9.2 a) following the equation

Ti → Ti4+ + 4e-

Small cracks, grain boundaries, and surface roughness then probably lead to field-
enhanced dissolution of the TiO2 similar to the mechanism for anodized alumina mem-
branes.[195] Dissolution of TiO2 is supposed to follow the equation proposed by Mor et
al.[328]

Ti4+ + 6F-
(aq) → [TiF6]2-

(aq)

After two minutes (Figure 9.2 b) the TiO2 barrier layer has moved deeper inside the
substrates and tubes have formed on top. While the tubes grow longer (Figure 9.2
c) the thickness of the barrier layer is maintained at around 100 nm. The relatively
thick barrier layer might be the reason why anodization of extremely thin Ti films of
100− 200 nm does not lead to regular tubular structures but rather to porous TiO2.[262,
322]

After anodization for 9 min the anodization current starts to drop as the barrier layer
gets thinner and only little Ti is left for anodization (Figure 9.2 d). After 11 min the
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Figure 9.2: SEM cross-sectional views of anodized Ti after anodization for a) 1 min, b) 2
min, c) 4 min, d) 9 min, e) 11 min, and f) 21 min at room temperature and 20 V vs. Pt
electrode. Scale bars correspond to 200 nm. The small dots are sputtered gold particles and might
not be confused with morphological features of the TiO2. Anodization current vs. time plots are
given in the insets.

anodization current is at a local minimum with no Ti being left for oxidation (Fig-
ure 9.2 e). However, field enhanced dissolution of the TiO2 still occurs, and tubes are
forming down to the compact TiO2 layer that is sputtered underneath the Ti. Subse-
quently, also this TiO2 compact layer gets dissolved. Accordingly, the ITO is exposed to
the anodization bath. A second peak in anodization current appears which is attributed
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to the anodization of ITO. Figure 9.2 f shows that after 21 min of anodization the ITO
is completely corroded by the NH4F, whereas the tubular structure is maintained and
not affected by the fluoride ions. Our experiments show that exposure of the structures
to NH4F for 1 h without applied voltage does not significantly corrode the TiO2.

As mentioned above a barrier layer is formed on top of the structures. The tubes clog
over a thickness of approximately 30− 50 nm where only the tube interiors (referred to
as pores) are exposed to the top, whereas the voids between the tubes are closed.
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Figure 9.3: Current vs. time plot for a long time anodization at 20 V vs. Pt electrode. (1-7)
label different phases of the anodization process as discussed in the text.

Figure 9.3 shows a detailed plot of anodization current vs. time for the 21 min anodized
Ti. Different phases of the anodization process which could be identified from the SEM
analysis (Figure 9.2) are also reflected in the current response.

During the first seconds a high anodization current is detected when the Ti at the
surface is oxidized. The current quickly drops to a local minimum once the barrier
layer is completely formed (1). The oxidation of Ti temporarily slows down before first
pores are forming due to field enhancement effects. The current peaks once all tubes
are regularly formed (2) and slightly decreases during the next minutes where the tubes
grow deeper inside the substrate (3). In this phase of the anodization the Ti oxidation
and accordingly the anodization current are limited by the field enhanced dissolution
of TiO2. The slightly decreasing current might be related to diffusion of fluoride ions
into the tubes which takes longer for elongated tubes.

The following significant current drop (4) is attributed to a complete consumption of
Ti, first locally and finally over the whole substrate. At this point the current reaches
a local minimum (5).

Once tubes have emerged also through the compact TiO2 layer, the ITO gets anodized
resulting in a second anodization peak (6). After complete corrosion of the ITO the
current drops to an overall minimum (7), and no further current features are detected
if the anodization is carried out for an additional hour (not shown).

We note that although formation of a TiO2 barrier layer and growth of tubes are
clearly visible from our data, it is impossible to infer whether tube forming occurs due
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to parallel formation of pores and voids as suggested by Mor et al. or because of tube
separation as described by Raja et al.[184, 329]

9.3.2 Anodization Temperature

In a second experiment we investigate the influence of anodization bath temperature
on structure and shape of the resulting nanostructures. Anodization was carried out at
20 V vs. Pt electrode at temperatures ranging from 273 to 338 K.

Figure 9.4: SEM cross-sectional view of Ti anodized at 273 K. The scale bar is 200 nm.

A less regular structure is forming if the anodization is carried out at 273 K. Figure 9.4
shows an SEM cross-sectional view of the respective sample revealing tubelike but
highly corroded structures. Apparently, TiO2 is also unselectively, i.e., not due to field
enhancement effects, dissolved leading to an eroded structure. Additionally, the tube
length is smaller than 400 nm, the thickness of the initial Ti substrate, which is a
further hint for unselective dissolution of TiO2. Usually, the resulting TiO2 structures
are about 20− 30 % thicker than the feed substrate

TiO2 nanotubes of very similar shape and structure are obtained between 298 and
338 K. No significant differences are found in pore diameter and pore-pore distance (see
table 9.1). However, the tube wall thickness is significantly affected by the anodization
temperature. This is in good accordance with results reported for anodization of Ti
foils.[330]

Figure 9.5 shows a plot of tube wall thickness vs. anodization temperature with the
273 K data point left out since it is not possible to obtain reliable values from the SEM
analysis of the corroded structure. Thickness of the tube walls decreases significantly
with increasing anodization bath temperature. For the investigated temperature range
the dependence is neither clearly linear nor exponential.

In addition to different tube wall thicknesses, the shape of the anodization curves is
significantly altered for increasing anodization temperatures. Figure 9.6 shows current
vs. time plots for anodization temperatures between 273 and 338 K. Except for the
273 K anodization all curves show a local current minimum after the first quick current
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Table 9.1: Pore-Pore Distance, Pore Diameter, and Tube Wall Thickness for Anodization
Temperatures Ranging from 273 to 338 K Mean values and error bars are gained from analyzing
SEM side view images.

Anodization Temperature [K] pore-pore distance [nm] pore diameter [nm] tube wall thickness [nm]

273 34.6±8.1 20±3.2 N/A

298 37.1±5.1 23.9±1.9 13.8±1.4

308 42.8±5.3 23.6±2.5 11.2±1.2

318 44.7±5.5 26±3.5 9.4±1.2

328 40.4±5.3 28.6±4.2 8.5±2.0

338 41.1±3.3 25.2±3.1 8.0±1.7
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Figure 9.5: Tube wall thickness depending on the anodization temperature. Mean values and
error bars are gained from analyzing SEM side view images. The dashed line is a guide to the eye.
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Figure 9.6: Anodization current vs. time plots for different anodization bath tempera-
tures. The thickness of the Ti feed substrate is 400 nm for all curves.

drop. Additionally, the slope of the current drop is steeper at higher temperatures and
becomes almost similar for temperatures above 308 K, suggesting that the first step,
the formation of the barrier layer, is less diffusion limited than the tube formation.

129



9.3 Results and Discussion

However, at low temperature and room temperature the transport of O2- ions toward
the anodized Ti might be relatively slower due to the high viscosity of the ethylene glycol
causing a slower oxidation of the Ti. The local maximum after the initial current is
more pronounced for increasing temperature. This is attributed to a much quicker tube
formation and accordingly a faster oxidation of new Ti underneath the TiO2 barrier
layer. This is consistent with overall shorter anodization times for higher temperatures.
At 338 K it takes only about 1 min to anodize the 400 nm of Ti. This corresponds to a
growth velocity of 24 µmh−1 which is even faster than values reported for tube growth
in Ti foils.[208]

9.3.3 Anodization Voltage

Ti films were anodized at different voltages to investigate the influence of this anodiza-
tion parameter. Andozations were carried out at room temperature.
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Figure 9.7: Pore-pore distance, pore diameter, and tube wall thickness at different anodiza-
tion voltages Dashed lines represent linear fits to the data.

Table 9.2 summarizes pore-pore distances, pore diameters and tube wall thicknesses
found for different anodization voltages. The data are plotted in Figure 9.7. A linear
dependence on the anodization voltage

D = a ·Vanodization + b (9.1)

is found in each case where D denotes the respective dimension (pore-pore distance,
pore diameter or tube wall thickness), a is the rate, and b is an intercept. Fitting
parameters a and b are summarized in table 9.3.

Figure 9.8 a-d shows SEM cross-sectional views of samples anodized at 10, 15, 20,
and 25 V, respectively. Highly regular structures of approximately 550 nm length are
obtained for 20 and 25 V. However, at 15 V tubular structures are slightly corroded,
and the effect is even stronger at 10 V. Additionally, structure length is significantly
reduced after anodization at 15 and 10 V with tube lengths of only approximately
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Table 9.2: Pore-pore distance, pore diameter, and tube wall thickness for different anodiza-
tion voltages Mean values and error bars are gained from analyzing SEM side view images.

Anodization voltage [V] Pore-pore distance [nm] Pore diameter [nm] tube wall thickness [nm]

10 29.1±4.0 17.1±2.9 6.8±0.9

15 38.3±4.0 21.2±2.9 10.5±2.4

20 51.6±5.5 28.3±4.8 13.8±1.4

25 63.0±9.8 34.7±3.4 14.7±2.4

Table 9.3: Parameters of linear fits. Values are given for different anodization voltages.

a [ nmV−1] b [nm]

pore-pore distance 2.2 5.9

pore diameter 1.2 4.5

tube wall thickness 0.6 0.8

350 and 300 nm, respectively. This is attributed to less selective (i.e., field enhanced)
TiO2 etching due to the lower electric field. Besides, the anodization takes less than
5 min at 25 V but more than 20 min at 10 V. Accordingly, the TiO2 is exposed to the
fluoride ions for an elongated time at lower anodization voltages. This combination
might reduce the tube lengths and erode the structure.

Anodization at low voltages also influences the surface morphology of the nanotubes.
Figure 9.8 e,f shows SEM top views of Ti films anodized at 15 and 25 V, respectively.
At 25 V only pores are visible from the top since the tubes clog together at the upper
ends forming a barrier layer as discussed above. In contrast, if the anodization is carried
out at 10 or 15 V tubular structures can be identified even from top views.

Since the tubes are even more clearly separated from each other if films of 1 or 2 µm are
anodized, meaning an overall longer anodization time (not shown), we suppose that the
barrier layer caused by the clogging tubes is etched away if the anodization is carried out
for sufficient times. Exposure of the structures to fluoride ions without applied electric
field, however, does not result in corroded structures even after 2 h in a NH4F bath.

We note that although highly regular tubes are not obtained at low anodization voltages
the resulting structures might be particularly interesting for hybrid solar cells. The
corroded TiO2 tubes should provide a large area but still perfectly connected charge
carrier percolation pathways, both being a prerequisite for efficient organic and hybrid
solar cells.[15]

9.3.4 Tube Length

We also anodized Ti layers of varying thicknesses. For thicknesses below 200 nm no
regular tubular structures but more porous films are obtained. For Ti layers of 400 nm
to 2 µm similar structures of different length are found. Figure 9.9 shows SEM images
of 2 µm Ti anodized at 20 V. As mentioned above the top view reveals tubes rather
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Figure 9.8: SEM cross-sectional view of Ti anodized at a) 10 V, b) 15 V, c) 20 V, and d) 25
V vs. Pt. e) and f) show SEM top views of a 15 V and a 25 V sample, respectively. Scalebars
correspond to 200 nm.

than pores after the relatively long anodization. Exposure of the top barrier layer to the
fluoride ions for a relatively long time during the anodization process and the continuous
presence of an electric field seem to remove the barrier layer and leave the tubes more
separated from each other.

Experiments reveal that structures of different length can be easily obtained by varying
the thickness of the Ti feed substrate.
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Figure 9.9: SEM images of 2 µm Ti anodized at 20 V vs. Pt. a) cross-sectional view (scale
bar 1 µm), b) top view (scale bar 200 nm).

9.3.5 TiO2 Crystallinity

As shown in figure Figure 9.10 X-ray diffraction measurements reveal anatase TiO2 struc-
ture after the 450 ◦C heat treatment. This is in good accordance with literature.[210,
331, 332]
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Figure 9.10: XRD spectrum of a typical nanotube sample after annealing at 450 ◦C. Miller
indices for anatase are indicated in the figure.
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9.3.6 TEM Investigation of TiO2 Nanotubes

In order to characterize the crystal structure of anodized TiO2 nanotubes in more detail
a TEM study was performed on nanotubes fabricated via anodization of 400 nm thick
Ti films at 15, 20 and 25 V as described above.

Bright-field (BF) overview images were taken to get information about the tube length,
ranging from 475 to 575 nm for increasing voltage (Figure 9.11). The values are in
accordance to the results from SEM analysis discussed before, although the tube length
at the 15 V sample is slightly larger than expected. The increasing length at higher an-
odization voltages could be confirmed. Wall thicknesses have been measured in slightly
higher magnified BF images (not shown) and result in averages of 9 (±1), 9 (±2) and
12 (±2) nm for 15, 20 and 25 V anodization voltages, respectively. Owing to the sam-
ple thickness, pore diameters were hardly distinguishable, but exemplary areas showed
inner diameters of around 30 nm for all anodization voltages with a slight tendency
to increase at higher voltages. Energy dispersive X-ray analysis (not shown) exhibits
that the tubes contain mainly titanium and oxygen, with some traces of sodium in all
samples and calcium in the 15 V sample only, which are probably residues from the
sample preparation.

Figure 9.11: Comparison of TiO2 tube length of three samples anodized at different volt-
ages. Higher voltages lead to increasing length. Note the gold particles stemming from SEM
characterization at the top of the 20 and 25 V samples.

For a better understanding of electronic behavior, further investigation of the crys-
talline structure and phases was performed. Electron diffraction (ED) patterns show
polycrystalline anatase. At specific areas, dark field (DF) images were taken to deter-
mine crystal sizes. Figure 9.12 shows BF images, their corresponding ED patterns and
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DF images. The ED patterns, which have been taken at circular areas of about 650 nm
diameter, show distinguishable major reflections in all cases, contrary to ring-like struc-
tures which would have been expected for fully polycrystalline samples. In accordance,
the DF images taken with the indicated (200), (101) and (101) reflections of anatase
confirm that a large grain size along the tube wall and a similar orientation over several
nanotubes is present. Thus, although these areas show no single crystal, they appear to
be composed of larger grains (including slight rotations) and some smaller grains filled
in between.

The crystalline appearance along the tube walls is assumed to be one of the most
important features allowing a high conductivity parallel to the tube axis. For the present
samples, the results indicate that the grain size along this axis is several 100 nm for
individual tubes. These large crystals can only be distinguished when they are oriented
near a zone axis and were observed at various positions within the sample. Groups of
nanotubes with similar crystal orientation extend up to 500 nm in diameter, like the one
shown in Figure 9.12 (c). Thus, adjacent tubes often appear with the same orientation.

BF images typically show Moiré patterns in wide areas, which indicate crystallites
slightly rotated by few degrees against each other. Since reflections with nearly similar
angle cannot be separated by the objective aperture in ED patterns, these overlapping
grains contribute to DF images, resulting in Moiré patterns here as well. Owing to their
appearance in clearly distinguishable nanotubes, like the one marked by an arrow in Fig-
ure 9.12 (c), it is assumed that the crystals of the transmitted front and back tube walls
are slightly rotated with respect to each other. In addition to these findings, a trend
toward developing a larger grain size at higher anodization voltages is observable. The
mean lengths of the 10 largest crystals found for each voltage are 210 nm (160− 260 nm;
15 V), 260 nm (230− 310 nm; 20 V), and 320 nm (250− 360 nm; 25 V).

For establishing further proof of the large crystal size, series of HRTEM micrographs
have been captured at various tubes. An exemplary one is given in Figure 9.13. The
left BF image shows large parts of a nanotube which has been cut at the top during
ion milling. Its darker appearance hints at an orientation parallel to a zone axis. At
the closed end just below box 4, Moiré patterns are visible again, and so nearly similar
crystal orientations are present. Boxes numbered from 1 to 4 are set at the positions
where the corresponding HRTEM micrographs, shown at the right side of Fig. 4, have
been taken. At all the four positions, the lattice planes indexed as (101),

(
101
)
and (002)

are clearly visible, resulting in a view along the 〈010〉 zone axis. Owing to the thickness
of the sample, the quality of their appearance is decreasing from top to bottom, or
1 to 4, respectively. For further illustration of the similar crystalline orientation, fast
fourier transforms (FFTs) have been calculated from images 1 to 4. Their center details
are shown as insets in the HRTEM images. Apart from their similarity, two features
deserve attention:

First, the FFT in image 2 shows spots adjacent to (002) and its related reflections. This
is attributed to the slightly rotated area at the left side of the HRTEM image which
is partly hidden by the FFT inset. As it is visible in the BF image, this part is near
the edge of the nanotube, which points toward some changes in crystal orientation in
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Figure 9.12: BF (left) and DF (right) images show typical grains found in samples anodized
at 15 V (a, b), 20 V (c, d), and 25 V (e, f). The arrow in image c shows that the sample has
been cut at this position. Corresponding ED patterns are given as insets in the BF images and the
reflections which have been taken for the according DF image, namely (200) (15 V), (101) (20 V)
and (101) (25 V) of anatase, are marked. Crystals which are slightly rotated to each other, but
whose reflections still lie within the aperture, appear bright in the DF image. Moiré patterns are
visible here, too. Selected area diffraction aperture for ED patterns corresponds to a sample area of
about 0.3 µm2.

this part of the tube wall. The second interesting feature is visible when comparing the
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Figure 9.13: Crystallinity of a TiO2 nanotube wall. The left side shows a BF image of a nanotube
from the 20 V sample which appears to be cut into halves lengthwise and has an orientation close to
〈010〉 zone axis. HRTEM micrographs 1–4 have been captured along the tube, and details of their
FFTs in the middle show a similar orientation. In area 4, the crystal is rotated about 2◦ compared
to the first three areas

FFT of image 4 to the other three FFTs. It is rotated by 2◦, which means that the
bottom of the tube is composed of a crystal slightly rotated compared with the rest of
the tube. The remaining reflections which do not belong to the main lattice show the
presence of smaller crystallites which can be part of the tube wall or may be located in
front or behind the investigated tube.

To get further impressions about the crystallographic appearance of the tube walls,
areas have been sought where these parts were visible edge-on. Figure 9.14 (a) shows
an area of the 25 V sample where the tube wall is clearly recognizable. The viewing
direction is parallel to the 〈111〉 crystallographic axis. A continuous visibility of the
(011) lattice planes indicates further material with nearly similar orientation. The
surface of the tube wall is faceted (emphasized by white lines) and terminated with
(101) planes, indicating a tube morphology with minimized surface energies.[333] Wall
thickness can be estimated to about 7− 10 nm with some visible variation.

Another important feature concerning the connection between adjacent nanotubes is
shown in Figure 9.14 (b), which has been taken at the 15 V sample. To get a better
impression of the surveyed area, its inset (Figure 9.14 (c)) shows the silhouette of the
tube end as depicted in Figure 9.14 (b). The black arrow points at a direct junction of
two nanotubes which clearly show the same crystallographic orientation. (101) lattice
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Figure 9.14: HRTEM micrographs of (a) the 25 V sample and (b) the 15 V sample. (a)
shows faceting with a surface in 〈101〉 direction. This is known to be a preferred orientation due
to minimized surface energies. (b) The area marked by a dashed white line shows a small crystal
rotated by about 4◦ against the rest of the tube. The black arrow points out the connection to an
adjacent tube. Inset (c) clarifies the tube’s boundaries.

planes of the tubes possess a direct contact. This area suggests that the present material
either separated into two tubes or that two adjacent nanotubes grew together during
annealing. As already indicated in the DF images of Figure 9.12, annealing also caused
the same crystal orientation in groups of adjacent nanotubes. A dashed white line in
Figure 9.14 (b) points out a small part of the tube wall which is slightly rotated by 4◦

against the remaining area. This means that some of the rotated crystals which have
been observed by Moiré fringes may also be caused by minor bending effects within the
tubes.

9.3.7 Photovoltaic Devices

We fabricated TiO2-dye-P3HT solar cells to test the application of our nanotubes in
hybrid photovoltaics. Solar cells were built from 400 nm Ti films anodized at 15 V and
on flat compact TiO2 layers similar to the blocking layer which is sputtered underneath
the nanotubes. Anodizations of the nanostructured devices were stopped between points
(4) and (5) of the anodization curve (see Figure 9.3) to maintain a compact hole blocking
TiO2 layer and make the bottom electrode electron selective.

Figure 9.15 shows current density-voltage characteristics of typical cells recorded under
illumination with simulated solar light. Similar open circuit voltages (VOC) around
550 mV are detected for both cell types, but large variations are found in power conver-
sion efficiency (PCE) and short circuit current density (JSC). PCE values of 0.02 %
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and 0.3 % and JSC of 0.1 mA cm−2 and 1.1 mA cm−2 are obtained for bilayered and
nanostructured devices, rexspectively. Similar trends are found in external quantum
efficiencies (EQE) which are around 1.5 % and 10 % for bilayer and nanostructure, re-
spectively (not shown). EQE data also reveal that current is generated not only from
exciting the dye but also from excitation of the P3HT.
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Figure 9.15: Current density-voltage characteristics for TiO2-P3HT hybrid solar cells. Data
is shown for a bilayered device with flat TiO2 (triangles) and for a device with nanotubes anodized
at 15 V (squares).

The significantly improved performance of the nanostructured device is attributed to
a larger donor-acceptor interface leading to enhanced charge separation and higher
photocurrents. Besides, the comparable VOC values for the two devices suggest that re-
combination losses are not significantly limiting the performance for the nanostructured
device.

The overall very low efficiencies are attributed to nonoptimized fabrication methods
and incomplete filling with P3HT. Besides, the energy levels of the Z907 dye are sup-
posed to be nonideal for the combination with P3HT since the dye has a slightly higher
lowest unoccupied molecular orbital (LUMO) and a slightly lower highest occupied
molecular orbital (HOMO). Further improvements in device performance could proba-
bly be gained after a TiCl4 treatment for the nanostructures, by using a dye with an
absorption complementary to P3HT or via treatments with lithium salts and 4-tert-
butylpyridine.[101, 181, 221] Nevertheless, direct comparison of bilayered and nanos-
tructured geometry reveals the high potential of the nanotubes for applications in hybrid
photovoltaic.

9.4 Conclusion and Outlook

Ti sputtering onto conducting glass substrates and subsequent anodization in NH4F-
containing ethylene glycol bath allows the controlled fabrication of ordered and highly
regular TiO2 nanotubes. By detailed analysis of anodization curves and SEM images the
anodization process of TiO2 is better understood and can be easier controlled. Structure
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9.4 Conclusion and Outlook

length, pore-pore distance, pore diameter, and tube wall thickness can be controlled via
Ti thickness, electric field, and anodization temperature. TEM characterization further
reveals the presence of large TiO2 crystallites inside the wires, which is expected to
result in high electron mobilities.

The obtained tubular structures on top of a compact TiO2 layer on conducting glass
facilitate the fabrication of solid state hybrid solar cells that can be illuminated from
the substrate side whereas anodization of Ti foils always requires backside illumination.
The presented structures offer the potential to fabricate high efficiency TiO2-dye-P3HT
solar cells as well as extremely thin absorber devices and solid state dye-sensitized so-
lar cells with adjustable TiO2 dimensions. Experiments show a large improvement for
P3HT hybrid devices if TiO2 nanotubes are used instead of flat TiO2 layers with signifi-
cant improvements of JSC and PCE. For future work it is planned to directly compare
nanotube devices with hybrid solar cells based on TiO2 nanoparticles in order to char-
acterize the impact of the electrode geometry and TiO2 crystallite size on fundamental
processes in the devices.
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10 Conclusion and Outlook

It was the aim of this Ph.D. project to shed light on the role of the donor-acceptor
interface and the nano-geometry of the photoactive film of metal oxide-polymer hybrid
solar cells. The hybrid interface is of outstanding importance for the function of a
hybrid solar cell, since both separation of excited states into free charge carriers, as
well as charge carrier recombination occur at this interface. Furthermore, the nano-
geometry of the donor-acceptor film plays a crucial role in determining how efficiently
excited states are transported to interfaces and how separated charge carriers can travel
towards the external electrodes.

Besides the hybrid interface and the active layer morphology, this thesis also adresses
the interface between the organic or hybrid photoactive film and the metal electrode.
In Chapter 5 a new synthesis strategy for an interfacial layer between the organic
layer and the metal contact was presented. A thin coating of the photoactive layer
with PEDOT:PSS was realized using a spray-deposition technique. This PEDOT:PSS
interlayer helps to form an Ohmic contact between the organic film and the metal
contact, reflected in the high open circuit voltage of the devices compared to reference
devices. Without this interlayer, devices need an aging step after top contact deposition,
supposedly because slow oxidation of the silver electrode lowers its work function, which
results in an Ohmic contact only after approximately 10 days of storage in air. Spray-
deposition of PEDOT:PSS as interfacial layer is found to be a versatile method to get
well-performing solar cells immediately after fabrication, which is employed in further
experiments with organic and hybrid solar cells.

The role of the TiO2-polymer interface in the fundamental mechanisms of charge gener-
ation and recombination was investigated in Chapter 6 and 7. First, different interfacial
modifiers, namely three different self-assembled monolayers of dye molecules and a thin
coating with Sb2S3 have been employed in flat junction TiO2-P3HT hybrid solar cells.
As discussed in Chapter 6 the choice of the interfacial modifier plays a crucial role in
determining 1) how efficiently free charges are generated at the hybrid interface and
2) the kinetics of charge carrier recombination. While Sb2S3 has been found to block
charge injection from the polymer into the TiO2, the fullerene derivative (PCBA) very
efficiently fosters charge separation at the interface, reflected in a significantly enhanced
photocurrent compared to a reference device without interfacial modifier. Furthermore,
if a modifier is used which slows down charge carrier recombination, enhanced open
circuit potentials can be realized, as found for the ruthenium complex dye Z907. Its
long alkyl side chains work as physical spacers between TiO2 and P3HT, which leads
to a reduced recombination rate as confirmed via photovoltage decay experiments.
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In Chapter 7 a strategy was presented which allows further fine-tuning of the interfacial
properties in TiO2-dye-P3HT hybrid solar cells by modification of the dye-sensitized
metal oxide surface with pyridine derivatives. While modification with 4-tert-butyl-
pyridine leads to a higher open circuit potential and reduced photocurrent due to the
dipole moment of the molecule, 4-mercaptopyridine induces a reorientation of the P3HT
at the interface, resulting in higher photocurrent and fill factor. It has been shown
that co-modification with both pyridines leads to a synergistic effect, which enhances
photocurrent and photovoltage simultaneously. This has been confirmend for three
different dye molecules, an indoline dye, a squaraine dye and a fullerene derivative.

The results presented in this thesis show that it is possible to partly control fundamental
mechanisms like charge carrier separation and recombination in hybrid solar cells. This
control can be gained by carefully adjusting the interfacial properties by choice of suit-
able self-assembled monolayers like dyes and small molecular modifiers. However, more
work including the design of new modifiers is necessary in order to further optimize
the TiO2-P3HT system. Although some findings can be transferred to other systems,
similar optimization including a full analysis of the fundamental physical processes of
charge generation and recombination is necessary when turning towards new materials
like ZnO instead of TiO2 and other polymers or small molecular hole transporters.

In the second part of the thesis the nano-morphology of the photoactive layer has been
addressed. A detailed study on the impact of morphology on charge separation and
recombination for the model system P3HT-PCBM has been presented in Chapter 8.
Two different active layer morphologies were realized using chloroform and chloroben-
zene as solvents for the polymer-fullerene blend solution, leading to morphologies with
fine and coarse separation between donor and acceptor domains, respectively. Further-
more, different active layer thicknesses were investigated. A fine phase separation has
been found to allow efficient charge separation, but leads to reduced charge collection
efficiencies due to faster recombination. Charge collection appears to be more field de-
pendent for thicker active films, where charge carriers have to travel longer distances
through the organic layer before reaching the external electrodes. Finally, the geomet-
rical capacitance of the solar cells seems to play a role in determining the light intensity
dependence of the open circuit potential.

Finally, a synthesis route for ordered TiO2 nanotube arrays on transparent conducting
oxide substrates has been developed and is presented in Chapter 9. Nanotube arrays
were grown via anodization of sputtered Ti films in an NH4F:ethylene glycol bath. These
nanotubes can be used in solar cells with hybrid metal oxide-polymer photoactive films
with a controlled donor-acceptor phase separation, allowing for efficient exciton sepa-
ration and consistent charge transport towards the external electrodes simultaneously.
By choice of appropriate processing conditions like anodization bath temperature, an-
odization voltage and thickness of the sputtered Ti film, it is possible to control wire
dimensions like length, diameter, spacing and wall thickness. The fabricated nanotube
arrays have been employed in proof-of-principle experiments showing promising results
with a ruthenium complex dye as sensitizer and P3HT as organic hole transporter.
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Chapter 10. Conclusion and Outlook

Integrating the results of this thesis it seems highly interesting to focus future work
on the combination of a well-controlled donor-acceptor geometry with a specifically
designed interface. It is expected that this combination will allow to separately address
charge generation, transport and recombination in hybrid solar cells. Potentially, this
results in overall improved devices and might render this fascinating technology more
interesting for future commercialization.
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11 Publication Overview

This chapter gives a short summary of each publication, which originated from this
thesis including a brief description of my contribution to the respective publication.

Publications during this thesis include two book chapters and six peer-reviewed papers
as first author, two peer-reviewed papers as second author, and one book chapter and
four peer-reviewed papers as co-author. My publications have been cited for a total of
188 times with an h-index of 7 (Web of Science Citation Report, November 11, 2013).
Collaborations with the following groups led to peer-reviewed publications:

• Prof. Thomas Bein, Department of Chemistry, LMU Munich, Germany

• Dr. Mahmud Al-Hussein, Department of Physics, University of Jordan

• Prof. Judith MacManus-Driscoll, Department of Materials Science, University of
Cambridge, UK

• Dr. Attila Mozer, Department of Physics, University of Wollongong, Australia

• Prof. Klaus Müllen, MPI for Polymer Research, MPI Mainz, Germany

• Dr. Bert Nickel, Department of Physics, LMU Munich, Germany

• Dr. Annamaria Petrozza, Center for Nano Science and Technology @Polimi, Isti-
tuto Italiano di Tecnologia, Milano, Italy

• Prof. Sebastian Polarz, Department of Physics, University of Konstanz, Germany

• Prof. Christina Scheu, Department of Chemistry, LMU Munich, Germany
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[Review Article] Nanostructured Organic and Hybrid Solar Cells

This progress report summarizes recent work on nanos-
tructured next generation solar cells. Experimental con-
cepts for fabrication of structured organic films as well
as methods to nanostructure semiconducting metal oxides
like TiO2 and ZnO are discussed. These nanostructures
can be employed in organic photovoltaics and hybrid solar
cells. Furthermore, routes towards nanostructured plas-
monic structures are described, which offer the potential
to enhance the light absorption efficiency of thin film so-
lar cells by sustaining their beneficial electronic properties
compared to thick films. The article discusses new con-
cepts and the resulting device physics. Parts of this review
article are presented in chapter 3.

For this review I wrote the section about hybrid solar cells
and was responsible for editing.

J. Weickert, R.B. Dunbar, H.C. Hesse, W. Wiedemann, L. Schmidt-Mende, Adv. Mater. 23 (16)
1810-1828 (2011)

[Book Chapter] Hybrid Solar Cells from Ordered Metal Oxide Nanostructures

Used with friendly permission from An-
dreas Wisnet, LMU Munich

This book chapter reviews recent work on nanostructured
metal oxides with applications in hybrid solar cells. It fo-
cusses on ordered nanostructure arrays of TiO2 and ZnO.
Fabrication techniques and properties of one-dimensional
nanopores, nanorods and nanotubes are discussed and a
short introduction to nanoparticle films is given. A moti-
vation for application of these structures in photovoltaics
is given by a detailed introduction into fundamental con-
cepts of hybrid metal oxide-organic solar cells. In particu-
lar, loss mechanisms in these devices are discussed, which
can be addressed via implementation of metal oxide nanos-
tructures in the solar cell geometry. Parts of this book
chapter are presented in chapter 3.

I wrote the book chapter, made all the figures and was
responsible for editing.

J. Weickert, L. Schmidt-Mende, book chapter in Functional
Metal Oxides. New Science and Novel Applications 2. Ed.,

Wiley-VCH 2013
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[Book Chapter] Solid-state Dye-sensitized Solar Cells
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The fundamental concepts of solid-state dye-sensitized so-
lar cells are summarized in this book chapter. The focus
lies on solar cells based on a transparent organic hole trans-
porter, which can substitute the liquid electrolyte used in
conventional dye-sensitized solar cells. Besides, applica-
tion of absorbing hole conductors in hybrid solar cells is
discussed. The chapter describes the fundamental mech-
anisms of light absorption in the photoactive compouds,
exciton separation at different interfaces and charge trans-
port through the metal oxide and the organic hole trans-
porter. Furthermore, typical loss mechanisms in this type
of solar cells are discussed. Parts of this book chapter are
presented in chapter 3.

I wrote the book chapter, made all the figures and was responsible for editing.

J. Weickert, L. Schmidt-Mende, book chapter in Organic Photovoltaics 2. Ed., Wiley-VCH 2013

[Book Chapter] Controlled Nanostructures in Organic and Hybrid Solar Cells

This book chapter highlights the implementation of or-
dered nanostructures in excitonic solar cells. The work-
ing principles and conceptual challenges of organic, hy-
brid, dye-sensitized and semiconductor-sensitized solar
cells are introduced and pathways towards more efficient
devices using nanostructuring are discussed. In particu-
lar, nanoimprint lithography is discussed, which can be
employed to structure the donor-acceptor interface in or-
ganic photovoltaics and fabricate light trapping structures
for thin film solar cell applications. Furthermore, the chap-
ter summarizes work on ordered metal oxide nanostruc-
tures, which can be used in dye-sensitized and hybrid so-
lar cells. Finally, strategies for absorption enhancements
in excitonic solar cells taking advantage of light scattering
are discussed. My contribution to this chapter is the in-
troduction part, which summarizes concepts and working
principles of organic, dye-sensitized and extremely thin absorber solar cells. The introduction
of this book chapter is presented in chapter 2.

For this book chapter I wrote the introduction on different types of excitonic solar cells.

J. Dorman, T. Pfadler, J. Weickert, L. Schmidt-Mende, book chapter in Nanotechnology for Energy,
Wiley-VCH 2013
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[Perspective Article] Hybrid Solar Cells: How to Get the Polymer to Cooperate
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During the past decade, a lot of attention has been paid
to metal oxide-organic hybrid solar cells. In these devices,
conjugated polymers replace the typically transparent hole
transporter as usually used in solid-state dye sensitized
solar cells in order to maximize the photon absorption ef-
ficiency. However, to unleash the full potential of hybrid
solar cells it is imperative to push the photocurrent contri-
bution of the absorbing polymer. This perspective article
comments on this issue. Aspects of this perspective are
presented in chapter 3.

I wrote this perspective and was responsible for editing.

J. Weickert, L. Schmidt-Mende, APL Materials 1 020901 (2013)

[Research Article] Spray-deposited PEDOT:PSS for Inverted Organic Solar Cells

A spray-deposition technique is used to realize PE-
DOT:PSS interfacial layers in inverted organic solar cells,
which optimize the work function of the hole-collecting
electrode. The interlayer is also found to protect the or-
ganic layer during metal top contact deposition and im-
prove the contact between active film and the Ag top
electrode. This is confirmed using two different metal-
deposition techniques; thermal evaporation and sputter-
ing. Cells with PEDOT:PSS show full open circuit poten-
tial and efficiency immediately after fabrication, whereas
devices without PEDOT:PSS exhibit low performance in
the beginning and improve significantly during the first 10
days after production. The presented PEDOT:PSS layers
are suitable for all kinds of inverted-type solar cells and
can also be employed in hybrid solar cells. This paper is
presented in chapter 5.

For this study I fabricated all solar cells and did all mea-
surements for data shown in the publication. H. Sun did initial experiments and solar cell char-
acterization during the optimization of the PEDOT:PSS processing. I wrote the manuscript
and was responsible for editing.

J. Weickert, H. Sun, C. Palumbiny, H.C. Hesse, L. Schmidt-Mende, Sol. Energ. Mat. Sol. C. 94
2371 (2010)

148



Chapter 11. Publication Overview

[Research Article] UV light protection through TiO2 blocking layers for inverted
organic solar cells

In this article the influence of the electron selective
TiO2 layer in inverted organic solar cells is discussed. The
TiO2 layer thickness significantly influences light absorp-
tion and illumination stability of the solar cells, as well
as the kinetics of photodoping. Even though TiO2 layers
as thick as 500 nm seem not to be detrimental for charge
transport, light intensity losses due to absorption in sub-
bandgap states limit the device performance. In turn, illu-
mination stability is better for thicker TiO2 layers, which
can serve as UV filters and protect the photoactive materi-
als from degradation, when compared to thin TiO2 layers.

All experiments and measurements for this study were per-
formed by H. Sun. I helped with interpretation of the data
and wrote most parts of the manuscript.

H. Sun, J. Weickert, H.C. Hesse, L. Schmidt-Mende, Sol. Energ. Mat. Sol. C. 95 3450 (2011)

[Research Article] Perylene sensitization of fullerenes for improved performance in
organic photovoltaics
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Herein we present the concept of dye sensitization of
fullerenes in OPV devices. The addition of an energy re-
lay dye to the fullerene results in increased light harvest-
ing on the electron acceptor side of the heterojunction.
The concept is exemplarily shown for a near infrared ab-
sorbing donor polymer and hexa-peri -hexabenzocoronene
(HBC), an UV absorbing small molecule. In both sys-
tems remarkably higher power conversion efficiency can
be achieved via perylene sensitization of the fullerene ac-
ceptor. Steady state photoluminescence, transient pho-
tocurrent decay and transient absorption studies reveal
the pathways of the additionally generated excited states
at the sensitizer molecule. Our findings support resonance
energy transfer from the dye to the fullerene. This energy transfer enables the decoupling of
light absorption and charge transport. The presented sensitization method can be seen as a
new concept for performance enhancement in organic photovoltaic devices.

All solar cell devices were fabricated by H.C. Hesse, who also did all measurements and data
evaluation except for transient photovoltage and photocurrent decay experiments and wrote
the manuscript. C. Hundschell was responsible for evaporation of organic materials. I did all
transient decay measurements and data evaluation and wrote the part on these measurements.

H.C. Hesse, J. Weickert, C. Hundschell, X. Feng, K. Müllen, B. Nickel, A.J Mozer, L. Schmidt-
Mende, Adv. Energ. Mater. 1 (5) 861-869 (2011)
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[Research Article] Controlled Growth of TiO2 Nanotubes on Conducting Glass
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This article describes fabrication and characterization of
TiO2 nanotube arrays on top of a compact TiO2 layer
on conducting glass substrates. Highly regular structures
are obtained from anodization of DC sputtered Ti films
of thicknesses between 0.2 and 2 µm in ammonium fluo-
ride containing ethylene glycol solutions. The influence
of different anodization parameters is systematically ana-
lyzed revealing that full control over tube length, diameter,
spacing, and tube wall thickness is possible. The resulting
TiO2 structures can be readily used in polymer-TiO2 hy-
brid solar cells and solid state dye sensitized solar cells. In
contrast to anodized Ti foils the presented geometry al-
lows the fabrication of photovoltaic devices which can be
frontside-illuminated (through the glass substrate). This
paper is presented in chapter 9.

C. Palumbiny did a lot of initial experiments on TiO2 nanotubes including SEM characteriza-
tion. M. Nedelcu did the XRD experiments on sintered TiO2 nanotube arrays. I fabricated all
nanostructures shown in this manuscript and made all SEM images, fabricated and measured
solar cell devices, wrote the manuscript and was responsible for editing.

J. Weickert, C. Palumbiny, M. Nedelcu, T. Bein, L. Schmidt-Mende, Chem. Mater. 23 (2), 155-162
(2011)

[Research Article] Structural Properties of the Active Layer of Discotic
Hexabenzocoronene/Perylene Diimide Bulk Heterojunction Photovoltaic Devices:
The Role of Alkyl Side Chain Length

Thin blend films of phenyl-substituted hexa-peri -
hexabenzocoronenes with various alkyl side chain lengths
and perylenediimide (PDI) are studied. These blends con-
stitute the active layers in small molecularbulk heterojunc-
tion organic solar cells, which have attracted great atten-
tion since 2001. Their structural properties are studied
by both scanning electron microscopy and X-ray diffrac-
tion measurements. The results support the evidence for
the formation of HBC donor–PDI acceptor complexes in
all blends regardless of the side chain length of the HBC
molecule. These complexes are packed into a layered struc-

ture parallel to the substrate for short side chain HBC molecules. The layered structure is
disrupted by increasing the side chain length of the HBC molecules and eventually a disor-
dered structure is formed for long side chains. This behavior is attributed to the size difference
between the aromatic parts of the HBC and PDI molecules.

M. Al-Hussein did all XRD experiments, evaluated and interpreted the data and wrote the
manuscript. H.C. Hesse helped with the interpretation and did SEM images. I fabricated the
samples. L. Dössel synthesized all HBC molecules.

M. Al-Hussein, H.C. Hesse, J. Weickert, L. Dössel, X. Feng, K. Müllen, L. Schmidt-Mende, Thin
Solid Films 520 (1), 307-313 (2011)
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[Research Article] Characterization of Interfacial Modifiers for Hybrid Solar Cells
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This article systematically investigates the influence of dif-
ferent TiO2 surface modifiers on the device properties of
TiO2-polythiophene hybrid solar cells to infer design rules
for interfaces in hybrid solar cells. Bare TiO2 is com-
pared to TiO2 modified with a ruthenium dye, a fullerene
derivative, a carboxylated polythiophene, and Sb2S3, re-
spectively. Photoluminescence quenching analysis is per-
formed for the different metal oxide-polymer interfaces to
gain insight into the mechanism of charge separation. For
further analysis, the different modifiers are tested in flat
junction solar cells. Detailed current density-voltage curve
analysis, photovoltage, and photocurrent decay measure-
ments reveal mechanisms of charge carrier recombination
and extraction. This paper is presented in chapter 6.

F. Auras introduced me to the chemical bath deposition
of Sb2S3 and helped with initial experiments. I made all solar cell devices for this study, did
all measurements, wrote the manuscript and was responsible for editing.

J. Weickert, F. Auras, T. Bein, L. Schmidt-Mende, J. Phys. Chem. C 115 15081 (2011)

[Research Article] Nanoscale investigation on large crystallites in TiO2 nanotube
arrays and implications for high-quality hybrid photodiodes

This article is a detailed transmission electron microscopy
study of TiO2 nanotube arrays on conducting glass.
TiO2 crystallites are found to be anatase and in size of
several hundred nanometers along tube walls with increas-
ing length for increasing anodization voltages. Inter-tube
connections with similar crystal orientations of adjacent
tubes are found. These give rise to large areas of uniform
orientation and a low number of grain boundaries. Using
the arrays, hybrid TiO2 solar cells are fabricated, which
show high fill factors indicating good electron transport.
Parts of this paper are presented in chapter 9.

A. Wisnet did all TEM imaging used in this study, pre-
pared the TEM samples and wrote the manuscript. M.
Thomann helped with the TEM sample preparation and
did initial TEM analysis. I fabricated all TiO2 nanotube
samples and solar cell, and helped with the data interpre-
tation.

A. Wisnet, M. Thomann, J. Weickert, L. Schmidt-Mende, C. Scheu, J. Mater. Sci. 47 6459 (2012)
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[Research Article] Temperature stable and optically transparent thin film zinc
oxide aerogel electrodes as model-systems for 3-D interpenetrating
organic-inorganic heterojunction solar cells

Nanostructured porous ZnO films with aerogel morphol-
ogy are presented in this article. Almost any substrate
including polymers, metals or ceramics can be coated us-
ing a method which is suitable for mass-production. The
filigree ZnO network is thermally stable and exhibits suf-
ficient electrical conductivity for advanced electronic ap-
plications. The latter is tested by realizing a highly de-
sired architecture of metal oxide-polythiophene hybrid so-
lar cells. After sensitizing of the ZnO with a purely or-
ganic squaraine dye the solar cell devices exhibit promis-
ing power conversion efficiencies under simulated sunlight
of up to 0.61 %.

Aerogel synthesis and characterization have been performed by Michael Krumm and Fabian
Pawlitzek. I fabricated and characterized hybrid solar cell devices based and helped with
interpretation of the data. M. Krumm wrote the manuscript.

M. Krumm, F. Pawlitzek, J. Weickert, L. Schmidt-Mende, S. Polarz, ACS Appl. Mater. Interfaces
4 (12) 6522 (2012)

[Research Article] High-speed atmospheric atomic layer deposition of ultra thin
amorphous TiO2 blocking layers at 100 ◦C for inverted bulk heterojunction solar
cells

Ultrafast, spatial atmospheric atomic layer deposition
(AALD), which does not involve vacuum steps and is com-
patible with roll to roll processing, is used to grow high
quality TiO2 blocking layers for organic solar cells. Dense,
uniform thin TiO2 films are grown at temperatures as low
as 100 ◦C in only 37 seconds ( 20 nm/min growth rate).
Incorporation of these films in P3HT-PCBM based solar
cells shows performances comparable to cells made using
TiO2 films deposited with much longer processing times
and/or higher temperatures.

D. Munoz Rojay, H. Sun and D.C. Iza fabricated solar cells
for this study and did measurements. D. Munoz-Rojas was

responsible for all atomic layer depositions and wrote the manuscript. I did initial solar cell
experiments and helped with the interpretation of the data.

D. Munoz-Rojas, H. Sun, D.C. Iza, J. Weickert, L. Chen, H. Wang, L. Schmidt-Mende, J.L.
MacManus-Driscoll, Prog. Photovolt. 21 (4) 393 (2013)
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[Research Article] Synergistic Effects of Interfacial Modifiers Enhance Current and
Voltage in Hybrid Solar Cells

Here we report on the interfacial modifier 4-mercapto-
pyridine (4-MP), which induces controlled orientation of
P3HT, the most widely used hole transporting polymer
for hybrid solar cells, at the interface. 4-MP optimizes the
charge separating interface between P3HT and a squaraine
dye-decorated TiO2, inducing enhanced contribution to
photocurrent generation by the polymer. In combination
with 4-tert-butylpyridine, which enhances the open cir-
cuit potential in dye-sensitized and hybrid solar cells but
reduces the photocurrent, a synergistic effect is observed
and it is possible to enhance both open circuit voltage and
photocurrent simultaneously. Similar effects on device performance are also found for two other
commonly used dye molecules, a fullerene derivative and a high performance indoline dye. This
paper is presented in chapter 7.

I fabricated all solar cell devices and did all measurements except for impedance spectroscopy
experiments, which were performed by E. Zimmermann, who helped with interpretation of
impedance spectra. J.B. Reindl did initial solar cell experiments. T. Pfadler and J. Dorman
helped with data interpretation. I wrote the manuscript and was responsible for editing.

J. Weickert, E. Zimmermann, J.B. Reindl, T. Pfadler, J. Dorman, A. Petrozza, L. Schmidt-Mende,
APL Materials 1 042109 (2013)

[Research Article] Nanostructured conformal hybrid solar cells: a promising
architecture towards complete charge collection and light absorption

This paper presents hybrid solar cells with an architec-
ture consisting of an electrodeposited ZnO nanorod array
coated with a conformal thin (<50 nm) layer of organic
polymer-fullerene blend and a quasi-conformal Ag top con-
tact. The performance of the thin conformal cells is di-
rectly compared to conventional hybrid cells in which the
same nanorods are completely coated with organic blend.
The conformal design absorbs at least as much light as the
reference devices, while charge extraction is significantly
enhanced due to the proximity of the electrodes, resulting in higher current density per unit
volume of blend and improved power conversion efficiency.

D.C. Iza, D. Munoz-Rojas, X. Ren and R.L.Z. Hoye fabricated solar cell devices and absorption
samples, did solar cell measurements and collected SEM images. D.C. Iza and D. Munoz-Rojas
wrote the manuscript. TEM characterization was carried out by J.H. Lee and H. Wang. K.P.
Musselman helped with absorption measurements. A.C. Jakowetz and H. Sun did transient
photocurrent and photovoltage decay measurements and I evaluated the data and wrote the
part of the manuscript about these results.

D.C. Iza, D. Munoz-Rojas, K.P. Musselman, J. Weickert, A.C. Jakowetz, H. Sun, X. Ren, R.L.Z.
Hoye, J.H. Lee, H. Wang, L. Schmidt-Mende, J.L. MacManus-Driscoll, Nanoscale Res. Lett. 8 359
(2013)
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