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Abstract

Within the scope of this thesis, polymer-based films were investigated regarding their
potential application as active layers in organic solar cells. The focus lies on the influence
of external factors, such as solvent additives, cell architecture or annealing conditions,
on the active layer. Aside from surface sensitive imaging techniques, advanced X-ray
and neutron scattering methods were applied to probe the inner film morphology. The
photovoltaic performance of the solar cells was examined in terms of efficiency and stability
which in turn could be correlated to the morphology of the active layers. Polymer/titania
hybrid films were explored as promising base for flexible, polymer-based hybrid solar cells.
Their flexibility was tested via cyclic bending and correlated to their surface and inner
morphology as well as their material compositions.

Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurden polymerbasierte Filme bezüglich ihrer poten-
ziellen Anwendung als aktive Schichten in organischen Solarzellen untersucht. Der Fokus
liegt auf dem Einfluss externer Faktoren, wie beispielsweise Lösungsmittelzusätzen, Zell-
architektur oder Temperbedingungen, auf die aktive Schicht. Neben oberflächensen-
sitiven Bildgebungsverfahren wurden moderne Röntgen- und Neutronenstreumethoden
eingesetzt, um die innere Morphologie der Filme zu ermitteln. Die photovoltaische Lei-
stung der Solarzellen wurde hinsichtlich ihrer Effizienz und Stabilität untersucht, welche
wiederum mit der Morphologie der aktiven Schichten korreliert werden konnte. Polymer-
Titandioxid-Hybridfilme wurden als vielversprechende Basis für flexible, polymerbasierte
Hybridsolarzellen untersucht. Ihre Flexibilität wurde mit Hilfe von zyklischen Biegetests
betrachtet und mit ihrer (Oberflächen-)Morphologie sowie ihrer Materialzusammenset-
zung korreliert.
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1 Introduction

The demand for energy is ever-increasing to sustain human civilization with the progress
of the industrialization and electrification. The traditional energy resources including
oil, coal, and natural gas are readily combustible and still dominant in the world energy
consumption so far [1]. However, they are likely to be exhausted within a couple of decades
due to increasing requirements and a limited amount on earth. Thus, renewable energies
like sunlight, wind, water, and geothermal energy rise as an alternative in response to
the shortage of the traditional energy resources, among which solar energy shows a great
potential. In addition to sustainability, solar energy is available worldwide, environment-
friendly, and free of charge.

Conversion of light into electricity is one of the most important applications of harvest-
ing solar energy. This application was initiated by the observation of the photovoltaic
effect in 1839 by the French experimental physicist Becquerel. Followed by this find-
ing, the first solar cell using selenium as a functional layer was fabricated by Fritts in
1883, showing an efficiency of around 1%. Afterwards, explorations on new materials and
manufacturing processes were dedicated to improving the efficiency of solar devices by
industries and research institutes. Until now, crystalline-silicon solar cells, chalcogenide
thin film solar cells, and III-V cells are the most efficient and mature devices with efficien-
cies over 20% (in general) [2]. Among them, silicon-based solar cells dominate the market
today. However, the silicon-based solar cells suffer from the strictly-controlled fabrication
processes with high energy consumption. The rigidity and heavy weight of silicon-based
solar cells strongly limit applications regarding flexible and lightweight products.

The first discovery of conductive polymers was in the mid-20th century. The break-
through leading to applications in organic semiconductors came by the discovery of highly
conductive polyacetylene (PA) by Heeger, Shirakawa, and MacDiarmid in 1977 which was
awarded the Nobel Prize in Chemistry in 2000. Since then, researches on conductive and
semiconductive polymers boosted. Among all promising outcomes, polymer-based solar
cells establish themselves as new excellent candidates for use in photovoltaics. These solar
cells are better suited to be used in flexible and lightweight applications than silicon solar
cells. In addition, polymer-based solar cells are potentially cheap and have less environ-
mental impact. Another benefit is the solution processing, which allows the development
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2 Chapter 1. Introduction

of device fabrication approaches like printing or spray deposition as well as a large scale
production.

Polymer:fullerene solar cells constitute a type of polymer-based solar cells, where semi-
conductive polymers act as the electron donor and fullerenes (or its derivatives) act as the
electron acceptor. The typical structural layout of the active layer is the so-called bulk
heterojunction (BHJ) morphology. Within such layout, the donor and the acceptor ma-
terials spatially interpenetrate one another and therefore allow excitons to be generated
allover the active layer and then dissociated very efficiently [3]. A good control of the
morphology of the BHJ active layer is important. In general, an ideal BHJ layer exhibits
the phase separation between two components within length scales similar to the exciton
diffusion length (∼ 10-20 nm for polymer). A great deal of work is dedicated to make the
active layer approach this ideal morphology. Thermal annealing of the polymer:fullerene
BHJ solar cells is widely used, which leads to a more favorable inner structure for an effi-
cient exciton dissociation [4]. In addition, the solvent for active layer preparation shows a
strong influence on the morphology of the active layer and accordingly on the photovoltaic
performance of the final devices [5]. However, so far, most structural characterizations
merely focus on surface morphology of the active layer, which sometimes does not coin-
cide with the inner morphology. Therefore, surface morphology can not be directly linked
to the photovoltaic behavior without understanding the corresponding inner morphology.
Furthermore, besides an optimized inner morphology, crystallinity, molecular miscibility
between two components, and the configuration of the solar cells play an important role
in photovoltaic performance as well. In order to understand the true mechanism with
respect to final photovoltaic performance, a systematic study of all these aspects is nec-
essary. Additionally, the short lifetime is another disadvantage of the polymer:fullerene
solar cells. Thus, understanding the influence of external environment on their stabil-
ity has a great significance in fabrication processes and further applications. Therefore,
obtaining long-term stable polymer:fullerene solar cells is highly desirable.

Hybrid solar cells are another type of polymer-based solar cells. Instead of using
fullerenes (or its derivatives) as the electron acceptor material, inorganic semiconduc-
tors are used. Hybrid solar cells provide a huge opportunity to fabricate cheap and stable
devices via various production routes. However, manufacturing hybrid devices toward
highly flexible applications still faces two challenges. The first one is that the inorganic
semiconductor usually requires a high-temperature sintering step (above 400 °C) during
fabrication, which is necessary to obtain highly crystallized metal oxides and to burn away
organic residuals. The other challenge is caused by the brittle nature of the metal oxides.

In the present thesis, the nanostructure-performance correlation in polymer-based solar
cells is investigated. For the polymer:fullerene solar cells, the focus lies on the influence
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of the external parameters, such as processing solvent additive and using different con-
figurations of the solar cells, on the photovoltaic performance. In addition, the stability
of the active layers and the final devices is covered. For the hybrid solar cells, the main
aim is to establish a straightforward routine to obtain flexible active layers at low temper-
ature. Followed by this concept, the corresponding mechanical properties of the hybrid
films are investigated. Overall, the following questions are tackled in this thesis: How
to improve the photovoltaic performance of the polymer:fullerene solar cells? How do
external parameters tune the morphology of the active layer and accordingly, impact on
the efficiency? How to improve the stability of the solar cells and what is the mechanism
behind? Can hybrid films be fully flexible, and is there a common rule to evaluate the
flexibility of the hybrid films with various morphologies and constituents?

To start with, chapter 2 provides the theoretical aspects with respect to the basics of
polymers and sol-gel synthesis. Also, individual processes accounting for photo-electricity
conversion occurring in a polymer-based solar cell are presented. The fundamentals of the
scattering methods for detecting the inner structures and probing methods for mechanical
properties are included in this chapter as well. Thereafter, a description of used character-
ization equipments as well as the parameters set for experiments are detailed in chapter 3
followed by the sample preparation in chapter 4. As the main part of this thesis, different
research subjects are presented from chapter 5 to chapter 8 as schematically displayed in
figure 1.1, respectively.

In chapter 5, the influence of the solvent additive 1,8-octanedithiol (ODT) on poly(3-
hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) BHJ
system is studied as schematically illustrated in figure 1.1a. The volume concentration of
ODT is varied from 0% to 9%. Through the investigation on morphology and crystallinity
of the P3HT:PCBM BHJ active layers, the resulting nanostructure-efficiency correlation
is addressed.

Chapter 6 (represented as figure 1.1b) elucidates the stability of the P3HT:PCBM BHJ
solar cells in the host solvent vapor. Different solvents such as chlorobenzene, toluene,
xylene, and dichlorobenzene are selected as the host solvent to prepare P3HT:PCBM BHJ
active layers. Afterward, the stability of each solar cell is investigated via exposure to its
respective host solvent vapor for a long period. The resulting morphology, crystallinity,
and optical property of all active layers are thoroughly investigated. Consequently, these
properties are correlated to stability of the solar cells which are aged in different solvent
vapors.

Chapter 7 (shown as figure 1.1c) introduces an inverted geometry to significantly im-
prove the efficiency and stability of P3HT:PCBM BHJ solar cells. At first, the morpho-
logical evolution during functional stack build-up of the P3HT:PCBM BHJ solar cell is
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Figure 1.1: Schematic illustration of a P3HT:PCBM bulk heterojunction organic solar cell.
An overview of different research subjects included in the present thesis is represented from
(a) to (d), with correspondence to the chapter from 5 to 8, respectively. Description of each
topic is detailed in the text.

investigated. In order to explain the enhancement of the efficiency of inverted solar cells,
the domain sizes of the individual functional stacks are compared to those of the standard
solar cells. Then, the direct correlation between the morphology of the active layer and
the photovoltaic performance is studied during continuous operation under illumination.

In chapter 8 (schematically illustrated in figure 1.1d), a low temperature route to-
wards flexible P3HT/titania hybrid films is introduced. Different methods to remove the
polymer template, which is used as the structure directing agent for synthesis of nanos-
tructured titania, are compared. Afterward, a successful P3HT backfilling is evidenced.
The most interesting feature is the high flexibility of the P3HT/titania hybrid films. In
order to understand the increase of the flexibility, a proper model for the P3HT/titania
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film is introduced, from which the effective elastic modulus is derived and correlated to
its corresponding high flexibility.

The thesis is concluded in chapter 9, giving a systematical response to the questions
raised in this section. A short outlook for further projects on the basis of this thesis is
presented at the end of chapter 9 as well.





2 Theoretical aspects

In this chapter, the theoretical background for all investigations is introduced. The basic
knowledge of polymers is presented in section 2.1. Then the theory of sol-gel chemistry
is thoroughly described in section 2.2. Thereafter, in section 2.3 the working principles of
solar cells are explained systematically. In section 2.4, the advanced X-ray (or neutron)
scattering techniques using grazing incidence geometry are elucidated. Finally, the basis
about mechanical properties is illustrated in section 2.5.

2.1 Polymer basics

A basic introduction of polymers is presented in this section. First, general definitions
are described. A detailed discussion about the polymer crystalline order is introduced
in section 2.1.1. Afterwards, phase separation and diblock copolymer are discussed in
section 2.1.2 and section 2.1.3, respectively. In the end, in section 2.1.4, the fundamentals
of conductive polymers are illustrated.

Basic definitions

The term polymer refers to a macromolecule which is made up of many repeating subunits.
A subunit is called monomer. Individual monomers are covalently bound to each other.
According to the molecular weight Mw, the molecules are categorized into micromolecule,
oligomers, and polymers. For polymers, the molecular weight needs to be larger than
10 kg/mol, whereas oligomers have a molecular weight between 1 kg/mol and 10 kg/mol.

Taking a monomer A as an example, the related polymer A-A-A-. . . -A-A-A can be
named polyA or abbreviated as PA. In order to depict the polymer chain, different meth-
ods are employed as illustrated in figure 2.1. Polystyrene (PS) has the molecular for-
mula (C8H8)n, where the formula C8H8 denotes the monomer styrene and n indicates the
number of total monomers, also called degree of polymerization. A visual and simple
representation for a PS chain is using a curled curve (figure 2.1a). Alternatively, a de-
tailed description for its monomer is given by the Lewis structure formula (figure 2.1b),

7



8 Chapter 2. Theoretical aspects

including the information of bonds and atoms. The most common way to represent the
polymer is its skeletal formula, as in figure 2.1c. According to the rule of Lewis structure,
each joint marks the position of one carbon atom with maximal four bonds (H atoms are
not drawn). The carbon atom locates at each joint and the remaining positions are filled
by hydrogen atoms. In total, each carbon atom can provide four bounds.

Figure 2.1: Three methods for polymer representation: (a) a curled line, (b) Lewis structure
formula, and (c) skeletal formula. The polymer PS is used as the example in this figure.

Polymers either exist in nature or are fabricated by artificial polymerization. Some
natural polymers are monodisperse, such as proteins and enzymes. However, artificial
polymers never have only one defined chain length. Therefore, a statistical mean value
is used to describe these polymers. The number average molecular weight Mn is derived
from the first moment of the statistical distributions of molar mass, as shown below:

Mn =
∑
i niMi∑
i ni

(2.1)

Mi is the molar mass of one polymer chain and ni is the number of polymer chains for
component i. Then the total mass of all polymer chains for component i can be repre-
sented with wi = ∑

iniMi. The weight average molecular weight Mw, always simplified as
molecular weight, can be calculated by the formula:

Mw =
∑
iwiMi∑
iwi

=
∑
i niM

2
i∑

i niMi

. (2.2)

With both Mn and Mw, the polydispersity index P and the inconsistency U can be
derived by

P = Mw

Mn

= U + 1 (2.3)
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It is noticeable that the polydispersity index is always larger than 1 for artificially
synthesized polymers. Moreover, it strongly depends on the method of synthesis. Two
types of molar mass distribution are frequently used. One is Schulz-Zimm distribution,
accounting for a broad molar mass dispersity. These polymers can be yielded by step
polymerization or poly-condensation methods, meaning random monomers or fragments
can react with each other. Due to the low cost, this method is widely used in industry.
The other one is Poisson distribution, which refers to a more narrow molar mass dispersity.
These polymers are generally obtained by chain polymerization (anionic polymerization).
Normally, it is costly with a limited yield. Therefore, these polymers are mainly used in
research.

Furthermore, three aspects are of great importance for defining polymer structures,
including constitution, configuration, and conformation. The constitution describes the
basic architecture of the polymer chains, such as the type and the sequence of monomers.
Homopolymer is the simplest, which only constitutes of one type of monomer, such as
A-A-A-. . . -A-A-A. If the polymer is build up with more than one type of monomers, it is
called copolymer. Depending on the arrangement of different monomers, copolymers are
subdivided into different categories, such as alternating copolymers, diblock copolymers,
and graft copolymers. In terms of diblock copolymer, polyA-block-polyB can be short-
ened as PA-b-PB, describing the polymer chain A-A-A-. . . -A-B-. . . -B-B-B, with covalent
bound blocks A and B.

The configuration of the polymer chain can be simply understood as the geometrical
arrangement of the substituents within the molecule. Taking a double bond as an ex-
ample, if all the side groups are located on the same side relative to the double bond,
it is called cis, while if the side groups are arranged at opposite sides of the double
bond the trans-configuration is obtained. In more general cases, for a polymer chain
tacticity is used to describe the ordering of the configurationally repeating units in the
main chain. If the substituents are linked in the same order, the so-called isotactic is
obtained. Otherwise, a syndiotactic configuration denotes alternative arrangement and
atactic configuration random alignment. Additionally, if the polymer is produced from
the same isomers of the monomer, it is called regioregular, otherwise regiorandom. Nor-
mally, a higher regioregularity of the conjugated polymer is prone to result in a higher
crystallinity.

The term conformation refers to the ordering that arises from the rotation of molecules
around single bonds. It is noteworthy that double bonds cannot rotate. In short, con-
formation describes the overall shape of the polymer chain. This property is mainly
dependent on the environment around the polymer chains. In a good solvent with a high
dilution, polymer chains are stretched. On the contrary, in a bad solvent the polymer
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chain is tightly coiled in order to reduce the interface to the solvent. In order to obtain the
characteristic length scales, several different calculations are used, such as mean-square
end-to-end distance, the contour length, and radius of gyration. Among these methods,
the radius of gyration Rg is widely used in terms of Gaussian coil conformation (in a
Θ-solvent). It can be written as:

Rg = 1
M

∑
i
mi(~ri − ~rc) (2.4)

M is the total mass of the chain, ~rc denotes the center of the mass, and ~ri represents
the position of the single monomers with mass mi. Typically, the values of Rg are in the
order of several nanometers.

2.1.1 Conductive polymers

Polymers are conventionally considered as electrical insulators due to their intrinsic prop-
erties. However, in 1977, Heeger, Shirakawa, and MacDiarmid discovered conductive
polyacetylene (PA) after doping with a high dopant concentration [6]. Due to this sig-
nificant finding, they were rewarded the Nobel Prize in Chemistry in 2000. Since then,
interests in conductive polymer have dramatically boosted. The basic principle account-
ing for polymer conductivity is based on the delocalized π electrons. With overlapping
and merging the π orbitals, electrons can move freely. For example, π orbitals are formed
in a benzene ring. From the perspective of energy, the overlap of π orbitals forms a bind-
ing π band and an energetically unfavorable anti-binding π∗ band. They are named the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively. In addition, if the length of a polymer chain with alternating single
and double bonds is extended, a conjugated π-system is formed, which allows for charge
transport. In the following part, the band structure and doping will be introduced in
details.

Band structure of polymers

The band structure of conjugated polymers can be understood by Peierl’s instability the-
orem [7]. Generally, for a 1D chain with all atoms located with a periodic distance of d
between each other, the band is half-filled up to Fermi level Ef as illustrated in figure 2.2a.
The system shows metallic properties. However, if the periodic distance is slightly dis-
torted, such as in case of conjugation or dimerization, a new periodic distance would be
formed (figure 2.2b). Accordingly, the Brioullin zone is broken and an energy gap ∆Egap
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is formed. This material is then considered as an insulator or semiconductor depending
on the width of ∆Egap. Therefore, Peierl’s instability theorem is frequently used to under-
stand the formation of a bandgap and the intrinsic insulating or semiconducting behavior
of polymers. The bandgap of polymers greatly depends on the degree of polymerization,
morphology, crystallinity, or doping of the polymer. Generally, the bandgaps of polymers
are in the range from 1.5 eV to 3 eV, for example 1.9-2 eV for P3HT, 1.64 eV for low
bandgap polymer PTB7, and 1.58 eV for PTB7-Th [8,9].

Figure 2.2: Illustrations of Peierl’s instability theorem: band structures and sketches of
the 1D chain with (a) all atoms located with a periodic distance of d, and (b) the periodic
distance slightly distorted by δ.

In conducting polymers, charge carriers consist of quasiparticles which include the
charges and lattice distortion. The lattice distortion is much more prominent in poly-
mers as compared to inorganic systems, because atoms can move more freely. Solitons,
polarons, and bipolarons are three types of quasiparticles in polymers with an energet-
ically degenerated ground state. Taking PA as an example, these three quasiparticles
with their net charge and respective energetic state are schematically illustrated in fig-
ure 2.3. In general, charge carriers like electrons or holes have half-integer spin. On the
contrary, solitons with positive or negative charge are spin-zero, while neutral solitons
have half-integer spin, as illustrated in figure 2.3a. Moreover, in reality solitons are not
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localized, but distributed over the main chain over e.g. 14 carbon atoms in PA. Polarons
are charged and have half-integer spin (figure 2.3b), whereas bipolarons are charged and
spin-zero (figure 2.3c).

Figure 2.3: Schematic illustrations of (a) solitons, (b) polarons, and (c) bipolarons, together
with their respective energetic band states.

Doping

Doping of polymers is attained by oxidation or reduction, which is different from inorganic
semiconductors. Taking PA as an example, the iodide ion has strong oxidation potential
and therefore is used as dopant. If the PA chain has a neutral soliton already, iodine
would take the electron and locate at that place. Accordingly, a charged soliton is formed.
However, if the PA chain does not have any solitons, the oxidation could still occur. In
this case, the iodide ion would take one electron from the π bond. Thereafter, a positively
charged polaron is generated. In terms of the chain with multiple polarons already, further
oxidation or reduction creates bipolarons, such as in P3HT [10].

2.1.2 Polymer crystalline order

The physical properties of crystals and amorphous phases of the same polymer sometimes
are significantly different. Taking P3HT as an example, the hole mobility in crystals is
orders of magnitude higher than in amorphous phases. Therefore, understanding the crys-
tallization behaviour of polymers is of great importance. As opposed to small molecules,
crystallizable polymers always end up in a semicrystalline state rather than a perfect crys-
tal. The term semicrystalline refers to a composite of lamellar stacked polymers (crystals)
surrounded by amorphous or coiled chains. The existence of the semicrystalline state is
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related to the fact that the polymer chains are polydisperse, showing a relatively low reg-
ularity as compared to small molecules. Moreover, the polymer chains are entangled, and
it is entropically unfavorable to fully disentangle the chains to achieve full crystallization.
Therefore, instead of being in thermal equilibrium, the semicrystalline phase is kinetically
determined. Crystallinity is frequently used to evaluate the degree of crystallization, de-
fined as the volume fraction of the crystalline phases. It is influenced by many aspects,
such as backbone flexibility, the configuration of the polymer chains, the polydispersity,
and the functional groups. For example, the crystallinity of high-density polyethylene,
having a low degree branching, can be up to 85%, while the low-density polyethylene,
owning to a high degree branching, only achieves the crystallinity from 35% to 55%.

Before discussing the polymer crystallization in details, three temperatures are essen-
tial to know. The first one is the melting temperature (Tm) of polymer crystals. At this
temperature, the polymer chains leave from the crystalline phases and start to behave like
a disordered liquid. Another parameter is the glass transition temperature (Tg), which
refers to the amorphous regions. When approaching Tg, chain segments in amorphous
phase start to move. In brief, below Tg a polymer can be considered as hard and brittle
material, while above Tg it is still in solid state but soft and flexible. Finally, at the crys-
tallization temperature (Tc), polymer chains gain enough energy to organize themselves
in an ordered structure and crystallization occurs. Tc always lies between Tm and Tg.

In amorphous phase, chain ends, impurities, defects, and entangled chains are more
common. In crystalline regions, polymer chains form layered structures with a layer
thickness dc (figure 2.4). It is noted that dc is normally in the range of tens of nanome-
ters, and strongly depends on the crystallization temperature rather than the molecular
weight. These layered structures continuously grow laterally (perpendicular to the poly-
mer chains) up to micrometers [11]. Furthermore, the crystals arrange in the form of
so-called spherulites. Since in the application of organic photovoltaics, the exciton diffu-
sion length is within tens of nanometers, micrometer-sized crystals are unfavorable and
avoided. Therefore, the focus lies on the early stages of polymer crystallization, mainly
including the nucleation and initial crystal growth. Moreover, polymer crystallization can
be initiated in a solution, or a melt. In this thesis, the crystallization of P3HT is initiated
in the solution and then, the crystals grow via post-treatment of the thin film.

Nucleation

Polymer crystallization starts from nucleation, as is addressed by Hoffman nucleation
theory. Nucleation occurs at the temperature range between Tg and Tm. Typically, one
differentiates between two types of nucleation, the first being heterogenous nucleation.
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Figure 2.4: The model of a semicrystalline phase in polymers thickness dc. All the lines
represent the polymer backbones. The middle region (straight lines) represents the crystalline
phase, also called crystalline lamellae. The top and bottom regions (crooked lines) depict
the amorphous phase.

Dust particles, impurities, and defects can act as the pre-existing nuclei. The polymer
chains then attach to the surface of the nuclei in an ordered structure, and then the
crystal starts to grow. The other type is homogeneous nucleation, in which polymer
chains arrange themselves in an ordered structure due to thermal fluctuations. This type
of nucleation is a dynamic process, with the possibility that nuclei disappear again or
growth is initiated.

Growth

The growth mechanism of crystalline lamellae from a nucleus is schematically illustrated
in figure 2.5 [12, 13]. It is noted that crystallization is not a one-step transition from the
melt to the crystalline phase. Instead, an intermediate state is observed in prior to the
final crystal, called mesomorphic phase [14]. During this stage, the chains in the melt
are aligned by epitaxial forces [15]. It can be considered as a densification procedure,
where the defects are expelled out and the preliminary lamellar stacks are formed. As
shown in figure 2.5a, chains are much more stretched in crystalline phase as compared to
melts, but still slightly helical. Meanwhile, the thickness of lamellas increases due to a
high inner mobility. When it reaches the critical value, the increase in thickness stops,
and a transition towards more ordered lamellar structure occurs. The core solidification



2.1. Polymer basics 15

leads to the formation of a block, as depicted in figure 2.5b. Finally, the surface ordering
occurs in order to further stabilize the crystals (figure 2.5c).

Figure 2.5: The sketch of the multistage model describing growth of polymer crystals. It
starts from a polymer melt by the formation of (a) mesomorphic phase, and then approaches
the state of (b) core solidification. Finally, the (c) surface ordering occurs in order to
stabilize the crystals. The light pink region indicates the region in which the polymer chains
are stretched but still slightly crooked. In the dark pink region, the polymer chains are well
aligned in lamellar structures.

The rate of polymer crystallization is determined by the crystallization temperature.
However, the rate-dependency is different in nucleation and growth. On one hand, homo-
geneous nucleation is suppressed at high temperature due to the high thermal activation.
Accordingly, an increase in the nucleation rate occurs with lowering temperature. On the
other hand, the growth rate of crystals is promoted at a higher temperature since the mo-
tion of the chains is facilitated. Taking both rate-dependence of nucleation and growth
into account, the rate-temperature diagram of polymer crystallization can be divided
into four regions, as illustrated in figure 2.6. Region I shows almost no crystallization
due to an extremely low nucleation rate. Then in region II a prominent increase in the
crystallization rate occurs with lowering the temperature, where the nucleation rate is
dominant. The maximal crystallization rate is presented in region III. Finally, the rate
decreases with increasing temperature, where the growth rate is determinant (region IV).
The rate-temperature dependence (G(T )) can be described by the formula below:

G(T ) ∝ exp

(
−∆FN
RT

)
exp

(
−∆FG
RT

)
(2.5)
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∆FN represents free energy variance via the critical free energy barrier for nucleation.
∆FG describes activation energy barrier which enables chains to fold and arrange them-
selves in lamellar crystals. In brief, the first term accounts for nucleation, which is inverse
proportional to Tm − T , while the second term addresses motion of chains, which is in-
verse proportional to T − Tg. In correlation with figure 2.6, at the temperature around
Tm the nucleation is dominant, while at the temperature about Tg the motion of chains
is prominent.

Figure 2.6: Schematic diagram of G(T ).

2.1.3 Diblock copolymer

Diblock copolymers constitute of two different homopolymer subunits linked by a covalent
bond. In case of the subunits A and B, the resulting polymer is named polyA-block-
polyB, abbreviated as PA-b-PB. Normally, each homopolymer block of the copolymers
has a different degree of polymerization NA and NB. Then the block ratio fA and fB can
be calculated by:

fA = NA

NA +NB

(2.6)

fB = NB

NA +NB

= 1− fA (2.7)
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Generally, different polymers are incompatible and therefore, phase separation occurs.
Instead of a macro-phase separation as in polymer blends, micro-phase separation is
present in block copolymers, because homopolymer chains are connected by covalent
bonds in the diblock copolymer. The sizes of the domains are determined by the chain
fractions of each block. Detailed introduction about the phase separation of block copoly-
mers will be introduced in section 2.1.4.

2.1.4 Phase separation

Understanding the behavior when different polymers are blended with each other is of
great importance, since the obtained new system might have the different properties from
individual polymers, such as mechanical properties and crystallinity. In the field of organic
photovoltaics, the combination of donor and acceptor materials enables effective working
devices. Phase separation frequently occurs in polymer blends and is generally driven
by minimizing free energy of the whole system. The Gibbs free energy of mixing two
polymers is described by Flory-Huggins theory:

∆G = nkBT [ φ1

N1
lnφ1 + φ2

N2
lnφ2 + χφ1φ2] (2.8)

Here, φ1 and φ2 indicate the volume fractions of polymer 1 and 2. N1 and N2 represent
their respective degrees of polymerization, n is the total number of polymer chains, χ is
the Flory-Huggins interaction parameter. The first two terms of this formula describe
the entropy and the last term addresses the enthalpy. If N1 (or N2) is equal to 1, the
component1 (or component2) can be considered as a solvent and therefore, the equation
resembles a polymer solution. The Flory-Huggins interaction parameter can be expressed
by:

χ = χS + χH
T

(2.9)

with two constants χH and χS, determined by the polymers. This description is slightly
different from the original Flory-Huggins interaction parameter. In the original simple
model it is a purely enthalpic term, while empiric corrections motivated the addition of a
entropic parameter χS.
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Polymer blend

In a polymer blend, where only one phase exists, the Gibbs free energy is shortened to
∆G(φ). However, if demixing happens, two phases show up with each Gibbs free energy
∆G(φα) and ∆G(φβ), respectively. The miscibility of two polymers is determined by the
Gibbs free energy of mixing. For example, no phase separation takes place only if:

∆G < α∆G(φα) + β∆G(φβ) (2.10)

where φ = φα + φβ, and α + β = 1. α and β indicate two phases, with their volume
fractions φα and φβ.

The dependence of the Gibbs free energy on the volume fraction is depicted in figure 2.7a
and 2.7b. The blue lines describe ∆G(φ), and the red lines represent the energy of two
phases of α and β, weighted average of ∆G(φα) and ∆G(φβ). In figure 2.7a, ∆G(φ) is
a concave-shaped curve. The Gibbs free energy of the mixture is lower than that of the
average value between phase α and β. Therefore, the blend is stable. On the contrary,
in figure 2.7b, a convex-shaped curve of ∆G(φ) suggests that the blend is not stable and
phase separation is desired.

Figure 2.7: (a) An exemplary concave-shaped Gibbs free energy curve. In this case, the
blend with volume fraction φ0 is stable since phase separation would increase the Gibbs free
energy. While (b) a convex-shaped Gibbs free energy curve. Its blend with volume fraction
φ0 is unstable as phase separation would reduce the corresponding Gibbs free energy.

The phase diagram of a polymer blend can be expanded to include the dependency on
other parameters. Figure 2.8a displays the Gibbs free energy as function of the volume
fraction obtained at different temperatures. It is noted that the curves taken at high
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Figure 2.8: (a) An example of Gibbs free energy as a function of volume fraction obtained at
different temperatures. (b) Corresponding phase diagram derived from (a), with all phases
labeled. The binodal locus is obtained from the tangential construction and the spinodal locus
is derived from the second derivative of the free energies at different temperatures.

temperatures of Tc and T5 are concave, suggesting that the homogeneous mixture is stable.
However, when the temperature decreases to T1, T2, and T3, the curves show both convex-
and concave-shape. It indicates that in certain volume fractions phase separation is
desired, while in the other regions the blend is stable. In order to clearly depict the stable
and unstable regions, the projection to the temperature-volume fraction is built as shown
in figure 2.8b. The binodal locus is constructed by the tangent of the ∆G(φ) trajectories,
denoted by the black solid line. It is the separation between the homogeneous mixture
(stable region) and the two phase system. The spinodal line (black dashed line) is obtained
from the inflection points of the ∆G(φ), further dividing the two phase system into meta-
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stable and phase-separated states (unstable region). The blend in meta-stable region
could enter the stable region or unstable region due to fluctuation. The common point
between binodal and spinodal lines is called critical point, which is obtained when the
third derivative of ∆G(φ) is equal to 0. The critical volume fraction φc can be described
from the degree of polymerization N for a solution:

φc = 1
1 +
√
N

(2.11)

if φc is known, the interaction parameter χc is calculated by:

χc = 1
2

(
1 + 1√

N

)2

(2.12)

In the case of two different polymers, with their respective degrees of polymerization
N1 and N2, the critical point is determined by

∂3

∂φ3
∆G

nkBT
= 0 (2.13)

then
φc = 1

1 +
√
N2/N1

(2.14)

Moreover, the critical polymer-polymer interaction parameter χc is determined by

∂2

∂φ2
∆G

nkBT
= 0 (2.15)

then
χc = 1

2N2
(1 +

√
N2/N1)2 (2.16)

If the two polymers have the same polymerization N, the phase diagram is symmetric
with the point φc. In this case, φc is equivalent to 1/2, and χc is equal to 2/N . Then the
critical value is χcN = 2. If χcN is above 2 the blends demix, while if χcN is below 2 the
blends form an intermixed phase.
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Diblock copolymers

Diblock copolymer commonly tends to spontaneously self-assemble into a diversity of
meso-phases (order), but an intermixed phase (disorder) can be also formed if it is at
a sufficiently high temperature or in sufficiently diluted solution. The critical value for
symmetric diblock copolymer is χcN = 10.5, which is much larger than the value for
polymer blends [16]. When the χN is far below 10.5, for example in case of low poly-
merization, a mixed phase is established. With increasing χN , the two blocks start to
repel each other and therefore, a composition fluctuation is formed in the disordered melt.
When χN approaches 10.5, the so-called weak segregation limit (WSL) is reached. The
repulsion between two blocks is large enough to form phase separation. The so-called
order-disorder phase transition (ODT) occurs. Upon continuously increasing χN , the
system attains to the strong segregation limit (SSL). Strong demixing happens, resulting
in a sharp interface between blocks.

Taking a conformationally symmetric diblock copolymer PA-b-PB as an example, the
corresponding theoretic phase diagram is schematically illustrated in figure 2.9. First of
all, depending on χN and fA, the whole area can be divided into two regions by the orange
line in figure 2.9. The region above this line indicates an ordered structure while the region
below the line describes the disordered structure. Moreover, different structures stay in
the ordered region, including sphere, cylinder, gyroid, and lamella, with their structures
schematically shown in figure 2.9. Therefore, the morphology of the resulting sample can
be tuned by χN and fA. However, in reality, the long-range highly ordered structure is
hard to achieve. The two blocks normally have quite different monomer structures and
properties which strongly influence the development of an ordered structure. Moreover,
the real phase diagram is commonly asymmetric, and varies from the bulk material to
thin films [17].

2.2 Sol-gel synthesis

Titania, also known as titanium dioxide, has been widely used in academic and industrial
applications. In this thesis, it has been utilized as the electron acceptor, together with the
corresponding electron donor P3HT showing a great potential for the flexible hybrid solar
cells. The basic properties of titania are discussed in section 2.2.1. Nanostructured titania
films are obtained by the so-called block copolymer assisted sol-gel synthesis. After this
process, the polymer template is removed to obtain an interconnected titania network
with adjustable porosity and pore size. A detailed introduction about the basics of sol-gel
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Figure 2.9: Schematic of an exemplary symmetric phase diagram of a diblock copolymer melt
of PA-b-PB. Block A and B are described by yellow and green colors, respectively. In detail,
with increasing block ratio fA, the structure of A in B matrix undergoes a transition from
sphere (S), cylinder (C), and gyroid (G). When fA is equivalent to fB, a lamella structure
(L) is formed. With continuously increasing fA, the structure, with B in matrix A, changes
from gyroid (G’) to cylinder (C’), and then to sphere (S’). The orange line indicates the
boundary between ordered and disordered phases. The transition from the region above the
orange line towards the area below it is called order-disorder transition (ODT). The image
is adapted from [18].

chemistry is described in section 2.2.2, and the further structure direction with polymer
template is presented in section 2.2.3.

2.2.1 Properties of titania

Titania (TiO2) is a natural form of oxidized titanium. Besides the amorphous phase, it
has three main different crystalline forms, namely anatase, rutile, and brookite. Anatase
has been successfully used as a photocatalyst for photodecomposition and as a photoanode
for photovoltaics due to its high photoactivity. The rutile is the most thermodynamically
stable phase, and it has also been widely utilized for applications in photovoltaics. The
brookite phase is not thermodynamically stable as compared to other phases. Never-
theless, all these three phases exhibit high refractive indexes, high densities, and large
bandgaps, with all the values listed in table 2.1. The absorption edges of anatase and
rutile are 388 nm and 413 nm, respectively, suggesting that both phases have a great UV
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absorbing ability. Therefore, it is believed that titania, as a hole blocking layer or an
electron acceptor, can protect the photoactive polymers from UV degradation.

refractive index density (g cm-3) bandgap (eV)
anatase 2.57 3.83 3.2
rutile 2.95 4.24 3.0
brookite 2.81 4.17 3.1-3.4

Table 2.1: Crystal phases of titania, with their corresponding refractive index, density, and
energy bandgap [19–22].

2.2.2 Principles of sol-gel synthesis

The sol-gel process is a typical method for fabricating metal oxides from a homogeneous
alkoxide solution in organic media. The process converts the precursor monomers into
an oligomer solution (sol), and then develops an integrated network (gel) with further
chemical reactions. For titania sol-gel, the chemical formula of the precursor is given by
Ti(OR)4, where R represents alkyl groups. Sol-gel chemistry is based on hydrolysis and
polycondensation of Ti(OR)4. The titania precursor starts reacting readily with water
molecules. This reaction is called hydrolysis, as hydroxide anions become attached to Ti
atom rather than OR groups:

Ti(RO)4 +mH2O � (HO)m − Ti− (OR)4−m +mR−OH (2.17)

where m is not larger than 4. Depending on the amount of water and catalyst in the
solution, the hydrolysis degree (partially or completely) could be tuned easily.

After hydrolysis, a polycondensation process take place through the reaction of hydroxyl
groups. Two partially hydrolyzed titania monomers polymerize via a Ti-O-Ti bond by
the elimination of a H2O or ROH molecule. Two mechanisms are shown in the following
equations.

(RO)3Ti−OH +HO − Ti(OR)3 � (RO)3 − Ti− (OR)3 +H2O (2.18)

(RO)3Ti−OR +HO − Ti(OR)3 � (RO)3 − Ti− (OR)3 +R−OH (2.19)
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With this process going on, the titania precursors can be transformed into 1−, 2−, or
3− dimensional oxide networks accompanied by the production of H2O and ROH species.
Therefore, those main parameters, including the type of titania precursor, amount of
water, catalyst, reactants molar ratio, temperature, have a significant effect on the hy-
drolysis and polycondensation reactions and thereby, the properties of synthesized titania
nanostructures.

In this thesis, ethylene glycol-modified titanate (EGMT) is used as the titania precursor,
which has already been applied successfully for the fabrication of titania nanostructures
at low temperatures [23]. During EGMT hydrolysis and polycondensation reactions, the
crystal phase of titania (anatase or rutile) can be tuned by changing of pH values.

2.2.3 Structure direction with polymer template

In order to further control the nanomorphology of titania, a structure directing material
can be incorporated into the sol-gel process [24]. In this thesis, the block copolymer PS-
b-PEO is used. It is an amphiphilic diblock copolymer, which comprises a hydrophobic
block PS and a hydrophilic block PEO. As described in section 2.1.4, block copolymers
tend to phase separate in case of χN > 10.5. Through adjustment of degree of poly-
merization N or interaction parameter χ, the corresponding morphology can be tuned,
as illustrated in figure 2.9. In solution, the polymer chains form micellar morphologies
which are influenced by the molecular weight and weight ratio of the two blocks, the se-
lected solvent and their corresponding solubilities, and the experimental conditions such
as temperature, humidity, and pressure [18, 25]. Most importantly, the titania precursor
has to be selectively incorporated into one block of the copolymer. For PS-b-PEO, titania
precursor coordinates to the hydrophilic block PEO.

The principle of the diblock copolymer assisted sol-gel process is schematically illus-
trated in figure 2.10. The block copolymer is first dissolved in a good solvent and then the
precursor and a selective solvent are added. Thereafter, micellar structures are formed
due to the presence of the selective solvent. Meanwhile, the titania precursor starts to
hydrolyze and incorporate into the desired block. During this process, the self-assembly
of the block copolymer, titania incorporation, and the gelation of titania all determine
the phase separation in the solution. Towards thin films, different deposition methods are
available. Depending on the selected casting method, the resulting morphology can be
further tuned, either freezing the morphology immediately with a fast deposition process
like spin coating or rearranging the morphology with a relatively slow deposition method
like solution casting. Finally, to obtain porous titania films, the polymer template has
to be removed. A calcination process is a common method to achieve the highly crys-
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Figure 2.10: Schematic illustration of the diblock copolymer assisted sol-gel process.

tallized and purified titania films. However, it costs energy and limits the application
based on flexible polymer substrates. Therefore low temperature methods are intensively
investigated in this thesis, with all details described in section 8.1.

2.3 Organic solar cells

Solar cells constitute a type of optoelectronic devices, which can directly convert light
into electricity. Specifically, the term organic solar cells refers to the main functional
layer (active layer) comprising at least one organic semiconductor. In the present work,
P3HT:PCBM organic solar cells are mainly discussed, which employ the semiconductor
polymer P3HT as electron donor and the organic small molecule PCBM as electron accep-
tor. Moreover, the active layer forms a so-called bulk heterojunction (BHJ) structure. The
basic principle of light-electricity conversion process will be introduced in section 2.3.1.
Afterwards, detailed descriptions for each step will be presented in the following order:
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light absorption (section 2.3.2), exciton diffusion (section 2.3.3), exciton dissociation (sec-
tion 2.3.4), charge transport (section 2.3.5), and charge extraction (section 2.3.6). Finally,
the possible loss mechanisms during these processes are discussed in section 2.3.7.

2.3.1 Basic principles

Organic solar cells are normally thin films, with thicknesses in the range of several nanome-
ters up to hundreds of nanometers. The devices are built up by several functional layers
as shown in figure 2.11. In principle, the active layer is the main functional layer, where
the photovoltaic conversion takes place. In order to extract the charge carriers, the active
layer is sandwiched between two electrodes. Depending on the direction of positive charge
collection, two geometries are commonly investigated. One is the standard geometry, as
shown in figure 2.11a. In such a device, the light passes through the bottom electrode
before being absorbed by the active layer. Holes are collected at the bottom electrode
while electrons are collected at the top electrode. Accordingly, the top electrode is called
cathode and the bottom one is called anode. On the contrary, an inverted solar cell (fig-
ure 2.11b) has its anode at the top of the device and cathode at the bottom. In more
advanced devices, blocking layers are incorporated in solar cells to improve efficiency. In
this thesis, we only use the electron blocking layer in standard solar cells because the hole
blocking layer is not necessary to obtain well functional P3HT:PCBM solar cells [26]. But
both, electron and hole blocking layers, are used in inverted devices in order to obtain
properly working devices. The sketches of both architectures are shown in figure 2.11
with all the details labeled.

Figure 2.11: Device architectures of organic BHJ solar cells with (a) a standard geometry
and (b) an inverted geometry. Yellow arrows denote the direction of illumination.

The active layer consists of at least one organic semiconductor as donor material which
generates excitons. An exciton is a neutral quasi-particle, with no charge. The exciton
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binding energy of around 0.5 eV in polymers is much higher than in inorganic semiconduc-
tors [27]. Thermal energy at room temperature is not enough to separate these excitons.
Therefore, a second material with different LUMO level is necessary to provide a potential
difference to dissociate the excitons. In the present thesis, PCBM is used as the acceptor
material. Moreover, due to the small exciton diffusion length of around 10 nm, bilayer
structures of donor and acceptor are unlikely to achieve an efficient exciton dissociation.
As the exciton needs to reach an interface within its lifetime to be dissociated, the inner
morphology of the active layer is of great importance for the solar cell performance. The
so-called bulk heterojunction (BHJ) structure as depicted in the active layer in figure 2.11
has proven to be more efficient.

The light-electricity conversion is a complicated process, including several steps. In
figure 2.12, all these steps are listed schematically. In general, the active layer absorbs
a photon and then generates an exciton. The exciton diffuses to the interface of donor
and acceptor materials and dissociates into free charge carriers. Afterwards, the charge
carriers are transported towards the corresponding electrodes and are eventually extracted
at the electrodes. Each individual step is described in detail in the following sections.

Figure 2.12: Schematic illustration of light-electricity conversion process. The pink and
black colors indicate the donor and acceptor materials, respectively.

2.3.2 Absorption

The first step of the photovoltaic conversion is light absorption. A photon can be absorbed
if its energy is larger or equal to the bandgap of the polymer. The electron is then excited
from the HOMO level to the LUMO level. The excitation to different vibrational states is
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possible in organic materials due to a mean nuclear distance Q12 as depicted in figure 2.13.
According to the Franck-Condon principle, the electronic transition is much faster than
the movement of the nucleus, accordingly the excitation is regarded as a straight line
which is perpendicular to the vibrational state (figure 2.13).

Figure 2.13: An example of band profile of organic semiconductor. The lower and higher
electronic states are denoted as l and u, respectively. Each electronic state is divided into
different vibrational states m,n = 0, 1, 2... Q12 is the spatial displacement in the organic
semiconductor.

As an example shown in figure 2.13, the photon with energy hν is absorbed by the
polymer. The excitation is initiated from the electronic and vibrational ground state,
indicated by m = 0. The electron is excited to the vibrational state of n = 2 of the
electronic state u, leaving a hole behind. Afterwards, the excited electron can be relaxed to
the ground vibrational state (n = 0) of the electronic state u via non-radiative relaxation,
as illustrated by the red arrow in figure 2.13. Thereafter, the excited electron might
transit back to the ground state (electronic state l) via luminescence. During this process,
a photon is emitted with the frequency ν*. So far, only the generation of a singlet exciton
(electrons and holes have an opposite spin) is discussed since it accounts for the majority
of transitions. Moreover, in the case of organic semiconductors, the exciton is considered
to be a tightly bound Frenkel exciton, which refers to a high binding energy typically in
the order of 0.5 eV and resulting in strong localization [28]. On the contrary, binding
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energy of the Wannier-Mott exciton, which is typical for inorganic semiconductors is only
around 20 meV. This kind of exciton can be easily separated via thermal energy at room
temperature (∼ 25 meV). However, the necessary energy for dissociating the Frenkel
exciton is significantly higher than the thermal energy at room temperature. Therefore,
additional energy is needed. For example, blending of the polymer with an acceptor
material provides the essential energy via the potential difference between donor and
acceptor materials.

The absorption spectrum is correlated to the structures of semiconducting polymers.
Normally, the absorption spectra of these materials contain several peaks due to vibra-
tional excitations. The shape of the spectrum is mainly determined by the type of the
monomer. Moreover, a red shift is observed with increasing numbers of monomers of this
material [29]. It results from overlapping of binding and anti-binding states, and accord-
ingly narrowing of the bandgap. Thus, inter- and intrachain ordering can be revealed
by absorption measurements. Taking P3HT aggregates as an example, the absorbance
with its fit is shown in figure 2.14. The main peak 0-1 is correlated to the 0-1 transition,
which refers to the π-π* intrachain absorption in P3HT [30]. Its position is determined
by the conjugation length of the main chain. In reality, the conjugation length of the
polymer chain is much shorter than its chain length due to kinks, defects, etc. Generally,
an increased conjugation length results in a red shift. The shoulder at around 600 nm
(2.06 eV) is correlated to the 0-0 transition, which is an optical transition between states
of the interchain [30]. It has been reported that the absorbance spectra of P3HT can
be analyzed using the weakly coupled H-aggregate model, with more details shown in
reference [31]. From the ratio between the amplitude of transition 0-0 to 0-1, the free
exciton bandwidth W can be calculated by the equation:

A0−0

A0−1
≈ n0−0

n0−1

(
1− 0.24W/EP
1 + 0.073W/EP

)2

(2.20)

A0−0 and A0−1 indicate the absorbance of the transition 0-0 and 0-1, respectively. n0−0

and n0−1 are the real parts of the refractive indexes at the wavelengths of transition 0-0
and 0-1. For P3HT, EP was reported as 0.18 eV and the ratio between n0−0 to n0−1 as
0.97 [30]. In general, the smaller the value of W indicates a higher crystalline order of
P3HT [32].

2.3.3 Exciton diffusion

In order to obtain free charges, the exciton dissociation is necessary. As explained in
section 2.3.2, the Frenkel exciton cannot dissociate at room temperature due to the high
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Figure 2.14: An example of the absorbance spectrum of aggregated P3HT (black symbols)
with its fit (red curve). Five Gaussians (blue curves) with equal FWHM are used for fitting.
The amplitudes of the 0-0 and 0-1 transitions are labeled as A0−0 and A0−1, respectively.

binding energy. The potential difference between donor and acceptor materials provides
the energy for exciton dissociation. Therefore, the exciton has to diffuse towards the
interface between donor and acceptor materials. The motion of the exciton is enabled by
several energy transfer processes between donor molecule and acceptor molecules. It is of
importance to clarify that in the present section the so-called donor or acceptor molecule
is a different concept from the donor or acceptor material. For instance the exciton in
a polymer phase, the donor molecule is the site where the exciton sits and the acceptor
molecule refers to the site to which the exciton is transferred. Generally for singlet exciton
created in conjugated polymer, two types of energy transfer exist, including the trivial
energy transfer and the Förster resonant energy transfer depicted in figure 2.15a and
2.15b, respectively.

Taking an example that exciton generates in a conjugated polymer, the trivial energy
transfer represents the process that a photon is emitted via fluorescence by the donor
molecule and then reabsorbed by the acceptor molecule. It means another exciton is cre-
ated in the acceptor molecule. The trivial energy transfer mainly occurs when the distance
of donor and acceptor molecules is larger than 10 nm. Briefly, the trivial energy transfer
can be considered as an excitation transfer among molecules. Accordingly, it significantly
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Figure 2.15: Sketches of (a) the trivial energy transfer and (b) the Förster resonant energy
transfer.

enhances the lifetime of the exciton [7]. The transfer rate k ET
D→A can be described by the

equation 2.21, where R represents the distance between donor and acceptor molecules:

k ET
D→A ∝

1
R2 (2.21)

The Förster resonant energy transfer is a radiationless process, also known as fluo-
rescence resonance energy transfer (FRET). It is carried out by dipole-dipole coupling.
Contrary to the trivial energy transfer, the Förster resonant energy transfer occurs when
the distance of donor and acceptor molecules is short, typically less than 10 nm. The
transfer rate kFRETD→A can be calculated by:

kFRETD→A = 1
τD

(
R0

R

)6
(2.22)

where τD is the natural lifetime of the donor and R0 the critical transfer distance
between donor and acceptor. Exciton diffusion correlates to several energy transfer pro-
cesses, which can be considered as a random hopping-like motion along different directions.
Therefore, the effective distance, also named diffusion length, is significantly smaller than
the sum of all moved distances. The diffusion length ld can be calculated by the formula:

ld =
√
ZDτD (2.23)
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where Z is a parameter, which describes the dimensionality of the diffusion, D is the
diffusion coefficient, and τD is lifetime of the exciton. ld depends on the material, the
sample preparation, the crystallinity, etc. For example, the diffusion length of P3HT was
reported from 4 nm to 12 nm [33,34], while a larger diffusion length of around 40 nm was
found for the thin films of C60 fullerene [35].

2.3.4 Exciton dissociation

Exciton dissociation occurs when an exciton diffuses to an interface between electron
donor and electron acceptor materials. In theory, excitons can be generated both in
donor and acceptor materials. However, for the P3HT:PCBM system the excitation in
P3HT is dominant. Because the light absorption of P3HT is in the visible spectrum,
while PCBM mainly absorbs light in UV range that only has a small overlap with the
solar spectrum. Therefore, in the following parts P3HT is assumed as donor material and
PCBM as acceptor material.

When the exciton arrives at an interface, exciton dissociation takes place. It is a very
fast process as compared to some decay processes, around 10 fs for the P3HT:PCBM
system [36]. Two types of exciton dissociation are known. One is direct charge transfer
and the other one is the charge transfer following an initial energy transfer. After charge
transfer, no matter which type occurs, positive and negative charge carriers reside within
donor and acceptor materials, respectively. In this case, a charge carrier refers to a polaron
which consists of a charge and the caused polarization of the surroundings. These two
polarons are still Coulomb bound rather than free polarons. Therefore, this polaron pair
needs to be separated eventually, in order to obtain free charges. The Braun-Onsager
model describes the separation of a polaron pair, which considers the possibilities of
polaron dissociation with a rate kd, the recombination to the ground state with a rate kf ,
and a chance of free polarons forming a polaron pair again with a rate kr [37,38]. A brief
illustration for the Braun-Onsager model is shown in figure 2.16.

Polaron separation yield P (F ) can be expressed by the formula below:

P (F ) = κd(F )
κd(F ) + (µτf )−1 (2.24)

where κd(F ) can be calculated by kd(F )/µ. µ is electron charge carrier mobility. τf is
polaron pair lifetime, following the relationship with kf (kf ∝ τ−1

f ). Therefore, polaron
separation yield depends strongly on the electron charge carrier mobility and polaron pair
lifetime [3].
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Figure 2.16: Illustration for Braun-Onsager model, describing the polaron dissociation with
a rate kd, the recombination to the ground state with a rate kf , and the chance of free
polarons forming a polaron pair with a rate kr.

2.3.5 Charge transport

After exciton dissociation, charge carriers (polarons) need to be transported to the cor-
responding electrodes. As introduced in section 2.1.1, the polarons can move freely along
the chain backbone in a conjugated polymer. However, charge transport between chains is
also of great importance since most polymer chains are not directly connected to the elec-
trode. Conducting polymers are spatially and energetically disordered, therefore, inter-
chain charge transport mainly occurs by the so-called hopping process, which can be
understood by the combination of tunneling from one localized state to the next, and
thermal activation. Tunneling happens in case the wavefunctions of the two states over-
lap weakly.

Figure 2.17 schematically presents the concept of hopping transport. A Gaussian dis-
tribution is used to describe the energetic disorder of density of state, indicated by the
purple curve in figure 2.17. Its width σ is also called disorder parameter. Thermal activa-
tion energy –σ2/kBT for the charge density defines the transport energy, as indicated by
the black dashed line. A charge carrier is generated at an exited state and then transports
towards the states with low energy via relaxation. For the states located near transport
energy, charge carrier either hops from one state to another via thermal activation, or
continuously relaxes down to a trap state. Generally the charge carrier mobility of poly-
mers is much less than metals. Moreover, the charge carrier mobility of polymers depends
strongly on the crystallinity. For example, the hole mobility of crystal P3HT is around
10−1 cm2/Vs and for amorphous P3HT is less than 10−3 cm2/Vs [39].
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Figure 2.17: Schematic presentation of the concept of hopping transport. Density of states
are indicated by purple lines, which follows a Gaussian distribution (purple) with width σ.
The red line represents charge density, which is also described by Gaussian function. The
exited charge relaxes to a quasi-equilibrium (magenta arrows), and then either hops along
the transfer energy with thermal activation (black arrows) or continuously relaxes down to
a trap state (grey arrows).

2.3.6 Charge extraction

When the charge carriers reach the interface between the active layer and the electrode,
they have to be extracted by the corresponding electrode. The charge extraction rate
is strongly influenced by the charge carrier accumulation at the interface, the device
architecture, and the energy levels of the device. Deposition of interlayers which block
charge carriers traveling to a wrong electrode is of great importance. This prevents non-
geminate recombination of holes and electrons at the polymer-electrode interface, and
optimizes the energy level alignment. Taking an inverted P3HT:PCBM as an example,
a TiO2 layer works as a hole blocking layer, which is deposited onto the FTO bottom
electrode, and PEDOT:PSS is employed as an electron blocking layer, which is cast on
top of the active layer and beneath the adjacent gold top electrode.

So far, the most applied model accounting for the extracted photocurrent Jph is the
combination between the Braun-Onsager model and the Sokel and Huges model, and is
expressed by the formula:
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Jph = qP (F )GppL

(
exp(qV/kT ) + 1
exp(qV/kT )− 1 −

2kT
q

)
(2.25)

where q is the elementary charge, P (F ) is the polaron dissociation yield as discussed in
section 2.3.4, Gpp is the generation rate of polaron pairs, L is the thickness, V indicates
internal voltage, and kT/q denotes thermal voltage. The first factor is derived from the
Braun-Onsager model, which depicts the field-dependence of charge carrier generation,
while the second factor is evolved from Sokel and Huges model, depicting the voltage
dependence [3].

2.3.7 Loss mechanisms

The basics of single processes in an organic solar cell have been explained in previous
sessions. However, the final electricity generation is constrained by loss mechanisms. In
general, loss mechanisms include losses of excitons and free charge carriers. It can be
subdivided into different loss mechanisms (1-5) as depicted in figure 2.18.

Figure 2.18: Illustration of the possible loss mechanisms as depicted from 1 to 5. The full
sketch refers to an organic BHJ solar cell, where pink color indicates the donor and black
color for the acceptor material. Possible recombinations are denoted by red stars. Detailed
descriptions of processes from 1 to 5 are presented in text.
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For an exciton, if it does not reach a donor-acceptor interface within the lifetime τf ,
recombination would occur as depicted in process 1 in figure 2.18. As mentioned before
(section 2.3.3), the lifetime and the diffusion length of the exciton depends strongly on the
type of exciton and the material. For P3HT the lifetime of a singlet exciton is several hun-
dreds of picoseconds while the lifetime of a triplet exciton is tens of microseconds [40,41].
If an exciton arrives at a donor-acceptor interface, recombination of polarons could also
occur. As introduced in section 2.3.4, before an exciton is dissociated into completely
free polarons, formation of a Coulomb bound polaron pair is the intermediate step [3].
The so-called geminate recombination of this Coulomb bound polaron pair is possible
(process 2 in figure 2.18), for example in the case of a low charge charrier mobility or a
very short polaron pair lifetime. On the other hand, two already separated polarons could
also recombine, which is named a non-geminate recombination and is shown in figure 2.18
process 3. Briefly, the word non-geminate refers to the separated polarons that do not
belong to the common exciton precursor. Another probable recombination is caused by
the trapped polaron that is either in a deep energetic state or in a defect. The example
is shown as process 4 in figure 2.18. The island-like structure has no connection with
either of the electrodes and therefore, this polaron recombines with an oppositely-charged
free polaron. Finally, if the polaron migrates to the wrong electrode as demonstrated in
process 5 in figure 2.18, it will be recombined at the donor-cathode or acceptor-anode
interface.

All loss mechanisms affect solar cell performance. Many methods have been proposed
to reduce recombinations in organic solar cells. For example, by incorporating metal
nanoparticles in active layer, the lifetime of excitons can be prolonged and accordingly the
recombination directly from exciton would be restrained [41]. In addition, an interdigitate
heterojunction can effectively lower the recombination caused by the trapped polarons at
the island-like defects [42].

2.4 Scattering methods

In addition to real space measurements such as AFM and SEM, scattering methods using
X-rays or neutrons are employed to characterize the inner morphology of the samples
with a resolution ranging from a few to hundreds of nanometers. One of the biggest
advantages of scattering techniques is the high statistical relevance as compared to real
space measurements. In the following part, the basic principles of scattering techniques
are introduced in section 2.4.1, then detailed explanation of grazing incidence small angle
X-ray (or neutron) scattering (section 2.4.2) and X-ray diffraction in particular in a grazing
incidence geometry (section 2.4.3) are presented.
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2.4.1 Principles

X-rays are imagined as a plane electromagnetic wave which impinges on a medium. The
electric field vector ~E(~r) can be described via the Helmholtz equation [43]

∆~E(~r) + k2n2(~r)E(~r) = 0 (2.26)

where ~r is the position of the wave vector ~k of the electromagnetic wave. k = 2π/λ is the
modulus of ~k. λ indicates X-ray wavelength. n is the refractive index of the investigated
material, and given by the formula

n = 1− δ(~r) + iβ(~r) (2.27)

with δ representing the dispersive part and β the absorbing part. Both parameters
depend on wavelength λ of X-rays and can be given by

δ = ρere
λ2

2π = ρ
λ2

2π (2.28)

β = µ
λ

4π (2.29)

where re is the classical electron radius equal to 2.814 · 10−5 Å and ρe the electron
density of the investigated material. ρ is the scattering length density (SLD), and µ is the
absorption coefficient. SLD represents the scattering power of a material, which depends
on the material’s density and the electron density of the elements in it. Generally, the
dispersive part δ is in the range from 10−5 to 10−6 and therefore, the refractive index for
X-rays is only slightly smaller than 1. In the case of a film composed by two materials,
the contrast of scattering originates from the difference in SLD between them.

For thin films, the scattering signal is quite low in the traditional transmission exper-
iment, because very little material is in the beam path. To compensate for this issue,
incident angle αi, as illustrated in figure 2.19, is typically chosen below 1°, resulting in a
large footprint on the sample and accordingly, reasonable scattering signal is emanated.
This geometry is called grazing incidence geometry, which is schematically illustrated in
figure 2.19. The incident X-ray ~ki impinges on the sample with the angle αi, and then
is scattered under an exit angle αf with an out of plane angle ψ. In order to record the
scattering signal, a two-dimensional (2D) detector is typically used. When the exit angle
αf is equal to the incident angle αi, specular reflection occurs. The scattering wave vector
~q is the momentum transfer from incident beam to exit beam, defined by
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Figure 2.19: Schematic geometry of diffuse scattering with incident angle αi, exit angle αf ,
out of plane angle ψ, and solid angle 2Θ. The distortion of 2D GIWAXS pattern originates
from the intersection of the Ewald sphere (yellow) and the crystal orientation sphere (lilac).

~q = ~q(x, y, z) = ~kf − ~ki (2.30)

Since grazing incidence small angle scattering (GISAXS) is an elastic scattering experi-
ment, the scattering wave vector ~q only counts the change in direction of the beam rather
than the energy exchange. Its components can be represented by the formulae

~qx = 2π
λ

[cos(αf ) cos(ψ)− cos(αi)] (2.31)

~qy = 2π
λ

[cos(αf ) sin(ψ)] (2.32)

~qz = 2π
λ

[sin(αf ) + sin(αi)] (2.33)

A total reflection occurs when the incident angle αi is lower than the critical angle αc.
Neglecting absorption effects, αc as given by

αc ≈
√

2δ = λ

√
ρ

π
(2.34)
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Diffuse scattering occurs from the rough interfaces and also from lateral structures. The
most pronounced diffuse scattering is located at the position of the critical angle, which is
called Yoneda peak [44]. In terms of total reflection, evanescent X-rays can still penetrate
the sample to a certain depth. The depth where the intensity of the wave declines to
1/e of its original intensity is defined as penetration depth. Moreover, considering the
damping of the scattered waves on the way out of the sample, the concept of escape depth
is proposed. Generally, the real scattering depth is correlated to both penetration depth
and escape depth, which is considered as approximately half of the penetration depth [45].
By selecting the incident angle below αc, the scattering depth is around several nanometers
and therefore, the diffuse scattering is surface sensitive. Whereas for the incident angle
above αc, the waves can penetrate the whole sample (i.e. several hundreds of nanometers)
and the obtained scattering results are bulk sensitive.

2.4.2 Grazing incidence small angle X-ray (or neutron) scattering

For characterization on nanostructures at surface or in bulk, grazing incidence small angle
X-ray (or neutron) scattering (GISAXS or GISANS) is a powerful technique. The diffuse
scattering is commonly treated within the framework of the distorted wave Born approx-
imation (DWBA), considering the scattering as a perturbation of an ideal system for
example a smooth single layer. The interface roughness and lateral structures are treated
as perturbations and therefore, the differential cross section is given by the formula:

dσ

dΩ = Aπ2

λ4 (1− n2)2 | Ti |2| Tf |2 Pdiff (~q) ∝ Pdiff (~q) (2.35)

where A is the illuminated area, Ti,f are the respective Fresnel transmission coefficients,
and Pdiff (~q) is the diffuse scattering factor which accounts directly for the scattered inten-
sity. When the αi (or αf ) is equal to the critical angle of the probed material, the Fresnel
transmission coefficients have the maximum value. This maximum value is material sen-
sitive and correlated to the Yoneda peak in the 2D GISAXS data. Nevertheless, Ti,f act
only as an overall scaling factor and therefore, the scattered intensity is proportional to
the diffuse scattering factor Pdiff (~q). In terms of N identical and centrosymmetric objects
without preferred orientation, the diffuse scattering factor Pdiff (~q) can be described by
the form factor of each object F (~q) and the structure factor S(~q):

Pdiff (~q) ∝ NS(~q)F (~q) (2.36)
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This approximation is used to analyze lateral structures of the sample. Therefore,
instead of the whole 2D GISAXS (or GISANS) data, a horizontal line cut is extracted
at the position of the Yoneda peak of the investigated material. The diffuse scattering
is usually treated within the framework of DWBA, which includes the different modes of
reflection and scattering [46]. The form factor F (~q) refers to the Fourier transformation
of the shape of object [47]. Typical object shapes include cylinder, cone, sphere, and
ellipsoid. In most sample systems, a cylinder form factor is most common due to the
rotational isotropy of the film. A one-dimensional paracrystalline lattice (1DDL) accounts
for the spatial distribution of objects, which is described by the structure factor S(~q).
Paracrystalline lattice represents a local short-range-ordered structure. With increasing
crystal neighbour order, the deviation of the theoretical position rises and therefore, the
higher orders are strongly damped out. This behavior is quite common for nanostructured
polymer thin films [48]. In a 1DDL, the arrangement of the objects is independent on the
orientation within the crystal, meaning that the system is invariant when it is rotated.

Generally, diffuse scattering of nanostructured films is determined by the size and shape
of form factors and the structure factors. In this work, local monodisperse approximation
(LMA) is applied. With this approximation, each object scatters with the same-sized
objects most powerfully and does not interact with objects with different sizes. Individual
form factors and structure factors follow a Gaussian distribution. Finally, the overall
scattered intensity can be obtained by the sum of the intensities obtained from all these
objects [49].

2.4.3 X-ray diffraction

Generally, X-ray diffraction is a powerful tool to probe the crystalline structures also for
thin films and with increased surface sensitivity. In principle, the atoms in a crystal lattice
can be considered as periodic gratings for X-rays. The incoming X-rays are scattered by
the lattice planes and then travel out of the lattice. Afterwards, exit waves interfere
and form a scattering pattern. According to the scattering information, the type of the
material and its specific crystalline phase can be identified. If the lattice planes fulfill
Bragg equation as graphically illustrated in figure 2.20, the lattice spacing dhkl can be
obtained by [49]

dhkl = nλ

2 sin(θ) (2.37)

The corresponding average crystal size Dhkl can be estimated from the width of Bragg
peak by the Scherrer equation
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Figure 2.20: Bragg equation is graphically illustrated. The positions of atoms are represented
by blue spheres, which constitute the lattice planes. The incoming X-ray beam ~ki impinges
on the lattice planes and are scattered out as illustrated by ~kf . The spacing between adjacent
lattice planes is denoted as dhkl and the incident angle is labeled as θ.

Dhkl = Kλ

∆(2θ) cos(θ0) (2.38)

where K is the Scherrer form factor, often assumed to be 0.9 - 1. ∆(2θ) is the full
width half maximum (FWHM) of the Bragg peak located at the positon of 2θ. In terms
of ~q, the Scherrer equation can also be represented by

Dhkl = 2π
∆qhkl

(2.39)

where ∆qhkl is the integral line width, equal to FWHM of the Bragg peak at the
position of q. However, for conjugated polymers, the crystal size cannot be accurately
calculated by Scherrer equation. Rivnay et al. reported that paracrystalline order strongly
affects the width of the Bragg peak, which are quite common in π−π stacked polymers [50].
Decoupling the contributions from crystal size and paracrystallinity is one method, which
needs to detect several higher order peaks. However, for most conjugated polymer films,
only the first order of the π−π stacking Bragg peak can be detectable and the scattering
intensity is quite low. In addition, the resolution of the setup broadens the Bragg peaks.
For instance, Oesinghaus found that a larger slit size increased the scattering intensity and
significantly broadened the peak [51]. Therefore, only rough estimations of the coherence
length and the qualitative comparison between samples are accessible.
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Grazing incidence wide angle X-ray scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) can be considered as a similar
technique to GISAXS but recording wide scattering angles. Therefore, the setup is the
same as the one used for GISAXS, except for the much shorter sample-detector distance.
One of the biggest advantages of GIWAXS is that the preferred orientation of the crystals
inside the film is accessible. For organic photovoltaics, understanding of the crystalline
orientation is significant. For example, in terms of P3HT, a face-on dominated crystalline
orientation is preferred, which refers that the π plane stacks along the film normal di-
rection. Such a crystalline orientation facilitates charge carriers transport towards the
corresponding electrode.

Figure 2.21: Sketches of different lamellar stackings in films with their corresponding 2D
GIWAXS data in terms of (a) ideally vertical lamellar stacking, (b) slightly and (c) strongly
disordered horizontal lamellar stacking, and (d) stacking without any preferential crystalline
orientation. The turquoise backgrounds in (a) are guide to the eyes for each of the lamellar
stacks.

For an easy understanding, the ideal case of vertical lamellar stacking is illustrated with
its resulting GIWAXS pattern in figure 2.21a. If the film is highly crystalline and with all
crystal planes aligned in direction perpendicular to the substrate surface, accordingly well-
defined Bragg peaks appear on the 2D detector only in vertical direction, as illustrated in



2.4. Scattering methods 43

figure 2.21a. However, most polymer thin films do not have ideally aligned crystals and
therefore, in its GIWAXS pattern the Bragg peaks are broadened. Taking the slightly
and strongly disordered horizontal lamellar stackings as examples, their corresponding
GIWAXS patterns are illustrated in figure 2.21b and 2.21c, respectively. In case of powder-
like films without any preferential crystalline orientation, instead of Bragg peaks, so-called
Debye-Scherrer-like rings are observed (figure 2.21d) [52].

Concerning GIWAXS pattern recorded on a 2D detector, the image is distorted because
the area detector does not directly represent the information in reciprocal space. More-
over, the contribution from qx is nonnegligible in GIWAXS measurements, especially for
large exit angle (illustrated in figure 2.19). Therefore, 2D GIWAXS pattern needs to be
reconstructed into the natural reciprocal space coordinates [53, 54], assigned to (qxy, qz).
qxy can be calculated by

qxy =
√
qx2 + qy2 (2.40)

At a first step, a flat field correction is done via the calibration file provided by the
company of the used detector, which deals with the difference in sensitivity of the individ-
ual pixel in the detector. Afterwards, the absorption efficiency has to be corrected for the
attenuation of the beam intensity caused by different path lengths through the medium
between the sample and detector (represented by Em) and within individual pixels of the
detector at small and large angles (represented by Ed). They can be calculated by

Em = 1
1− exp(µmSDD/ cos 2Θi)

(2.41)

Ed = 1
1− exp(−µdtd/ cos 2Θi)

(2.42)

where µm and µd represent the absorption attenuation coefficients of the medium and
the detector, respectively. td describes the thickness of a pixel in the detector. In brief,
increasing the solid angle 2Θi (illustrated in figure 2.19) induces an increase of attenuation
in the path and of absorption by the detector pixels.

In addition, a solid angle correction, accounting for the difference in solid angle relative
to the beam, is done by the equation:

Cs = Ω0

Ωi

= cos−3(2Θi) (2.43)

Ω0 and Ωi denote the solid angle subtended under the direct beam and under the solid
angle 2Θi.
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Furthermore, since the synchrotron radiation is almost horizontally polarized, scattering
intensity shows an angular dependence on the detector. Polarization correction can be
done by [55]

Cp = ph(1− cos2 αf sin2 ψ) + (1− ph)(1− sin2 αf ) (2.44)

where ph is the fraction of the radiation polarized in horizontal direction, in terms of
synchrotron, ph approximating 98%. αf and ψ are the exit angle and out of plane angle,
as labeled in figure 2.19.

In total, all correction factors are multiplied with the raw data [51,53,54]:

reconstruction = raw data · flat field · 1
Cp
· EmEd
max(EmEd)

· Cs (2.45)

Examples of the 2D GIWAXS data as recorded on the 2D detector and after recon-
struction are shown in figure 2.22a and 2.22b. The reshaped 2D GIWAXS data exhibits
a missing wedge as denoted by the red curves in figure 2.22b, which is an inaccessible q
space under a fixed incident angle with the grazing incidence geometry. As indicated in
figure 2.19, a region (highlighted by grey lines in crystal orientation sphere) located at the
crystal orientation sphere does not interact with the Ewald sphere. Since the Ewald sphere
describes all the possibly detectable scattering events and therefore, this q range (qxy = 0)
is not accessible. Briefly, the missing wedge in figure 2.22b can be correlated to the wedge
indicated by grey lines in figure 2.19. One solution proposed by Baker and coworkers for
constructing the missing wedge is to perform a series so-called “local-specular” scans near
the angle for Bragg diffraction conditions [55].

2.5 Mechanical properties

Generally, photovoltaic devices are assembled by several layers. The mechanical stability
of each thin layer plays an important role in maintaining the performance of the whole
device. In order to understand the mechanical stability of thin films, the elastic behavior,
and the material failure properties are of importance. Moreover, the deformation mecha-
nisms are different between bulk and thin films. For material failure, crack initiations are
dominant in bulk materials, while crack propagations are more common in thin films [56].
In this thesis, the mechanical properties are not measured directly since they are difficult
to probe in thin films. However, according to the types of thin films, different models
are applied to derive corresponding elastic parameters of the thin films from their bulk
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Figure 2.22: (a) 2D GIWAXS data of P3HT:PCBM film directly recorded on the detector
in pixels. (b) Reconstructed 2D GIWAXS data as a function of qxy and qz, with inaccessible
q range denoted by the red curves.

counterparts. Furthermore, the responses of a thin film to a cyclical bending are examined
and studied.

The probing method for titania-based thin film is introduced in section 2.5.1. After-
wards, in section 2.5.2 the bending of titania-based films is first described, and then
different models are compared and descried according to the investigated titania-based
films.

2.5.1 Probing method for titania-based thin film

Bending tests are widely used to characterize the mechanical stability of thin films, such
as flexural strength and material fatigue. Three point bending test and two point bending
test are common methods. Their sketches are shown in figure 2.23. Three point bending
test (figure 2.23a) is normally used for large objects, for example wooden beams and
steel rods. The specimen is placed on two supporting pins with a third load pin in its
center. With this design, the sample surface is frequently contacted by the load pin.
Moreover, in this contact region, shear forces are formed in the film. In order to avoid the
invasive influence from three point bending design, two point bending setup is employed
to investigate the mechanical properties of thin films in this thesis. As illustrated in the
sketch shown in figure 2.23b, the sample is fixed between two blades. One blade is fixed
and the other blade can be move horizontally, which allows the film to bend. With this
method, the stress can be uniformly loaded along entire sample without any contacts on
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the sample surface. The stress generated from bending can be either tensile stress (on the
convex surface) or compressive stress (on the concave surface).

Figure 2.23: Sketches of (a) three point bending setup and (b) two point bending setup.

Theoretical aspects

The mathematical framework for strength measurements with two point bending setup
was first described by John Matthewson et al. for glass fibers [57]. Later on, Gulati et al.
promoted this method for thin glass sheets [58]. The method from Gulati et al. is used
to determine the maximal strain and stress of the titania-based thin films in this thesis.
The sketch of an ideal two point bending measurement at the strongest bending state is
shown in figure 2.24a. The stress σ along the convex surface can be obtained from the
equation [57]

σ = σmax
√

(sin(θ)) (2.46)

with
σmax = 1.198E d

L
(2.47)

where σmax denotes the maximal stress at the center of the film. All the SEM mea-
surements for characterization of materials failure are performed at this position. E is
the elastic modulus of the film. d is the thickness of the investigated sample and L is the
distance between two blades when the maximal strain is induced in the sample. All the
parameters are labeled in figure 2.24a. The elastic modulus can be calculated by

E = σ

ε
(2.48)

where ε is strain in the film. Therefore, the maximal strain on the film can be derived
from above equations:
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εmax = 1.198 d
L

(2.49)

since the film thickness of the PET substrate is three orders of magnitude higher than
the titania-based film, the d is approximated to the film thickness of PET. However, an
additional factor should be included in above equation, since the sample is not fully in
contact with the blades [58]. The adapted formula is

εmax = 1.198d
L
√

cosψ (2.50)

with ψ equal to the angle between the end of the sample and the blade, as labeled in
figure 2.24b.

Figure 2.24: Sketches of (a) ideal two point bending measurement at the strongest bending.
The distance between two blades is L and sample thickness is d. θ refers to the angle between
the vertical and tangent lines at the position denoted by a black dot. (b) The sketch of a
real measurement, with two ends of the sample clamped on a stage. ψ counts for the angle
between the vertical and the tangent of the point with zero curvature.

The sketch of two point bending in the present thesis (figure 2.24b) is slightly different
from the one described by Gulati et al.. In order to prevent any slips of the sample
during cyclic bends, the sample is clamped by two blocks at its edges. The position for
determining angle ψ is located at the point with zero curvature, as labeled in figure 2.24b.
Furthermore, L is determined as the distance between the two points, which have zero
curvature. The formulae for strain and stress are still applicable to this measurement,
especially for analyzing the maximal strain and stress.
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Failure mechanisms

Mechanical properties are strongly influenced by film thickness. In theory, sufficient thin
films of any materials are flexible, since the bending strain declines with reducing film
thickness [59]. In addition, the film elastic modulus and the adhesion to the substrates
play an important role in the mechanical characteristics, which are closely correlated to
the surface strain, interfacial shear stress, and interfacial normal stress when the samples
are subjected to two point bending tests.

Figure 2.25: Sketches of different failure modes. When the film is overloaded under bending
condition, (a) cracks may form in the sample, (b) the film slips along the substrate to form
buckles, or (c) the film delaminates from the substrate with its zoom-in image, especially in
the case of thick film.

Two main categories of failure modes are schematically illustrated in figure 2.25 [60].
The first case corresponds to the formation of cracks as illustrated in figure 2.25a, which is
the mostly common type of failure for a thin film under cyclic tension. When the applied
stress is over a certain threshold, the strain is concentrated in several positions such as
persistent slip bands, defects, boundaries, and surface, where the cracks initiate and then
some of them develope into micro cracks with cyclic bending [61, 62]. Thereafter, the
micro cracks continuously spread with deepening and broadening until certain sizes of the
cracks are reached. Finally, the cracks propagate quickly along the sample surface and
the film fractures. On the other hand, if the stress for crack formation is larger than the
adhesion between the film and substrate, the film slips along the substrate to release the
stress inside it. When the stress is unloaded, the substrate returns to its original shape,
however the sample often does not slip back to its previous location on the substrate.
Consequently, the film buckles and forms ripple-like structures (figure 2.25b). In the case
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of thick film, delamination mostly happens (figure 2.25c), which is mainly driven by the
interface-normal stresses.

In addition to the innate properties of the sample as discussed above, other factors
can be taken into account for contracting the failure behaviors. Examples range from
the small sample dimension that leads to more robust bending properties, to additional
mechanical plane layout that could further enhance the pliability [60].

2.5.2 Micromechanical models

When a solid bulk sample is converted into a thin film with nanostructures, the innate
properties such as stiffness, strength, optical performance, and electrical conductivity are
changed [63]. Direct measurements for certain parameters like the optical performance
and electrical conductivity are available, however characterizations for mechanical char-
acteristics like elastic modulus of the nanostructured thin film face certain challenges.
Therefore, according to the type of thin films, an applicable micromechanical model is
selected to estimate their mechanical properties. In this section, the open-cell foam model
for cellular solid and Halpin-Tsai model for composite film are introduced, which model
the porous titania film and titania-based hybrid film, respectively.

Open-cell foam model

The nanoporous titania is considered as a cellular solid, which can be described by a
lattice with a certain unit cell. In order to understand the mechanical performance of
the cellular film, three main factors are necessary. The first dominant parameters are the
innate properties of the solid material, of which the cellular sample is made. For example,
the elastic modulus of the bulk titania is of great importance for the final elastic modulus
of a porous titania film. Then, determination of the appropriate model to describe the
topology and the shape of the network structure. There are different lattice types for
modelling the cellular solid, such as the woven structure, the pyramidal lattices, and the
foams [63]. In the present thesis, following the nanostructure of the porous titania layer
as illustrated by an SEM image (figure 2.26a), an open-cell foam model is selected with
the sketch of its unit cell shown in figure 2.26b. In general, the lattice can be described by
the struts which are connected at nodes and accordingly, the network is formed. For the
open-cell foam model, the deformation of the sample is usually considered to be bending-
dominated [64]. Lastly, the relative density of the cell, meaning the density difference
between the solid and foam-like nanostructured sample, plays an important role for the
mechanical properties of the cellular film. For the open-cell foam model, the relative
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density is determined by cell edge length L and the cell wall thickness t (t < L) (labeled
in figure 2.26b), described by the formula:

ρ

ρ s
∝
(
t

L

)2
(2.51)

where ρ and ρs are the density of the foam and solid materials, respectively. For the
uniform porous structures, the relative density can also be obtained via the porosity Θ of
the film, as described by:

ρ

ρ s
∝ 1− Φ (2.52)

Furthermore, for the bending-dominated deformation the elastic modulus of the sample
is approximated by the formula:

E ∝ Es

(
ρ

ρ s

)2

(2.53)

where Es is the elastic modulus of the solid material. Since E is equal to Es when ρ

is equal to ρs, the constant of proportionality is approximated to be a unity, which has
been verified by experiments and numerical calculations [63].

Figure 2.26: (a) An example of the SEM image of the porous titania film. (b) The sketch
of a unit cell for the ideal open-cell model.
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Composite model

The titania-based hybrid films, containing the titania and polymer either PS-b-PEO or
P3HT, can be regarded as a composite. In general, the composite material is made from
several constituent materials which have different properties. When the composite ma-
terial is fabricated, its properties are generally different from the individual component.
Meanwhile, all components remain distinct in the final structure. Examples range from
reinforced plastics to the engineering materials concrete that commonly composes of ag-
gregates embraced in a matrix of cement. Generally, two main types of constituents
are necessary for a composite, matrix and reinforcement. Common matrix are ceramics,
polymers, cement, mud, and metals, while the most popular reinforcements are fibers,
aggregates, steel mesh, and wires. In this thesis, a P3HT/TiO2 film is prepared in the
way that the porous TiO2 is backfilled with P3HT, which appears to be a composite based
on a ceramic matrix. However, such composite material is generally believed as a polymer
matrix reinforced with ceramic fibers [65,66].

In order to estimate the elastic properties of the composite, two simplified analogs are
mostly utilized according to the microstructures and orientations of the ceramic filler.
One analog is the unidirectional, long fiber reinforced polymer and the other one is the
particulate reinforced polymer, with their sketches illustrated in figure 2.27a and 2.27b,
respectively.

Figure 2.27: Sketches of composite models with (a) unidirectional fibers and (b) particulates.

For an unidirectional long fiber reinforced composite, the most commonly used models
are developed by Voigt and Reuss [67]. Voigt model assumes the strain is uniformly
distributed along the two constituent materials of the composite. This is described by the
formula:

E = EmVm + EfVf (2.54)
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where Em and Ef are the elastic moduli of matrix and filler materials, with their
respective volume fractions of Vm and Vf . This model approximates an upper limit of
the elastic modulus of the composite. On the contrary, Reuss model presumes a constant
stress throughout the whole sample, which predicts a lower limit of the elastic modulus.
The elastic modulus can be calculated by the formula:

E = EmEf
EmVf + EfVm

(2.55)

Particulate reinforced composite accounts for randomly distributed short fibers or other
types of particulates. The semi-empirical Halpin-Tsai model is well known for prediction
of the elastic modulus [68]. The analytical equation is:

E = Em(1 + ξηVf )
1− ηVf

(2.56)

with
η = Ef − Em

Ef + ξEm
(2.57)

where ξ is an empirical parameter, which depends on the geometry, arrangement, and
loading conditions of the fillers. Regarding to a short fiber, it can be described by:

ξ = 2 l
d

(2.58)

with l the length and d the diameter of the fiber. In comparison with unidirectional long
fiber reinforced composite, the particulate reinforced composite is closer to the real case
of titania-based hybrid film, especially holding the truth for the distribution of random
orientation. Although the Halpin-Tsai model yields the closest condition, it is accurate
only under the assumption of fully-filled particle-polymer composite. For PS-b-PEO/TiO2

system, the film is fully meet the Halpin-Tsai model. However, for P3HT/TiO2 hybrid
films, the fact that around 84% backfilling degree [69] requires a new model for accounting
for the porosity. Therefore, the Halpin-Tsai model is further adapted by Bert et al. [70]
for the composite with three phase materials, including two solid materials and air:

E = Em
1 + ξηVf
1− ηVf

(
1− ρ

1− Vf

)K0(1−Vf )

(2.59)

where η has been defined in formula 2.57. In formula 2.59, ρ is the porosity of the
composite and K0 refers to the shape and relative space of the pores in the sample. For
example, K0 is set to 2 for spherical pores [71].
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In the present thesis, solar cells and their active layers are prepared. In order to address
the correlation between the morphology and physical properties, different characteriza-
tion techniques are employed to examine the spectroscopy, the structures, and the device
performance. Furthermore, the mechanical properties of TiO2-related samples are inves-
tigated via a custom-made bending test setup. In this chapter, all used instruments and
the methods for data analysis are presented.

3.1 Spectroscopic and electronic characterizations

UV/Vis spectroscopy (section 3.1.1) is used to probe the absorption of light within the
active layer and to obtain information about the molecular ordering of the conjugated
polymer P3HT. In order to determine the performance of the solar cell, the J-V curves
are recorded under dark and AM 1.5G illumination (1000 W/m2) (section 3.1.2). Then
EQE measurements are carried out to investigate the photon-charge conversion external
quantum efficiency as a function of wavelength, as detailed in section 3.1.3.

3.1.1 UV/Vis spectroscopy

To measure the absorption within the active layer, a Perkin Elmer Lambda 35 UV/Vis
spectrometer is used. The light source includes one deuterium lamp and one halogen lamp
for a wavelength range of 190 nm - 326 nm and 326 nm - 1100 nm, respectively. The
lamps are automatically switched at a wavelength of 326 nm. Since the measurement is
carried out in transmission mode, a transparent substrate such as glass or PET is needed
for sample preparation. An optical grating and a slit system enable a monochromatic
beam. The beam is split into two parallel beams by a half-transparent mirror before it
reaches the sample. One beam passes through the sample and the other one through an
identically cleaned reference substrate. Then, the intensity of both transmitted beams
is measured by two photodiode detectors. Through comparing these two intensities, the
transmission intensity of the sample is obtained. The spectra, shown in this thesis, are

53
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recorded from 290 nm to 1100 nm as glass is not transparent for wavelengths below
290 nm. The scan speed is 120 nm/min and the slit width is 1 nm. The spectrometer is
controlled via the software UV-Winlab, provided by PerkinElmer as well. The wavelength
dependent absorbance (A) of the sample can be converted from the output transmission
via the Lambert-Beer law:

A(λ) = −log10

(
It(λ)
I0(λ)

)
= a(λ)hlog10e (3.1)

with the initial beam intensity I0(λ), transmitted intensity I t(λ), linear absorption
coefficient α(λ), and film thickness h. In this case, the reflection and scattering of the
sample are not taken into account.

Furthermore, information of the molecular ordering of P3HT can be obtained from
the measured spectrum. For example, red shift of the main absorption peak indicates an
increased conjugation length [30,72]. In addition, the crystalline order can be extracted by
applying the weakly coupled H-aggregate model [31, 32, 73]. The theoretical background
of this model is described in section 2.3.2. In order to use this model, amorphous P3HT
and PCBM contributions are subtracted from the original P3HT:PCBM spectra because
this model is suitable for aggregated polymer crystals only. Then the resulting curve is
converted into an energy scale. The resulting curve is fitted with 5 Gaussians of equal
width via the software PeakFit (version 4.12).

3.1.2 J-V characterization

In order to determine the photovoltaic performance, J-V curves of the solar cells are
recorded under dark and illumination conditions. The solar simulator SolarConstant
1200 (K. H. Steurnagel Lichttechnik GmbH) is used as the illumination source. A halide
lamp with rare earth metals provide a spectrum, which is similar to the solar spectrum
of AM 1.5G conditions with a standard light intensity of 1000 W/m2. Before the mea-
surements, the silicon based reference solar cell (WPVS-ID3, ISE) is probed to calibrate
the intensity of the lamp. The J-V curve is recorded by a Keithley 2400 sourcemeter.

A custom-made sample holder is used to enclose the solar cells during the measurements,
which includes a mask to limit the illumination to the area of the individual pixels. The
distance between the solar cell and light source is 320 mm. For the measurements, the
voltage sweeps from -1 V to 1 V with 0.01 V increment and 0.01 s delay. The standard
P3HT:PCBM solar cells are measured once for each pixel, while the inverted solar cells
are examined by loop measurements with a time interval 20 s to probe the best efficiency
and the further degradation. Each pixel is measured via optical microscopy and the
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size is extracted via the software ImageJ. From the J-V curve under illumination, the
photovoltaic properties such as open circuit voltage (VOC), short circuit current density
(JSC), fill factor (FF ), serial resistance (Rs), and shunt resistance (Rsh) are obtained.
An exemplary J-V curve under illumination is shown in figure 3.1. The VOC and JSC are
extracted by the interception with their respective axes. In general, the VOC is determined
by the donor and acceptor materials, while the JSC is correlated to the charge carrier
generation, transportation, and extraction. The FF is the ratio between the product of
VOC and JSC and the maximal output power, which is descripted by the ratio of the red
and blue rectangles denoted in figure 3.1. It reflects the quality of the solar cell, which
is equal to 100% in an ideal case. The Rs and Rsh are inversely proportional to the
differential coefficient at the interception with voltage and the current axes, respectively.
The low Rs and high Rsh indicate a high FF .

Figure 3.1: An exemplary J-V curve under standard illumination AM1.5 (1000W/m2). The
VOC , JSC and maximal power point (white dot) are depicted. The blue and red rectangles
indicate the product of VOC and JSC and the maximal output power, respectively. The ratio
between these two areas is defined as FF.

The overall power conversion efficiency PCE is defined as the extracted power Pout
and the input power Pin. In this thesis, Pin is equal to the illumination power PAM1.5

(1000 W/m2):

PCE = Pout
Pin

= JSCVOCFF

PAM1.5
(3.2)
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3.1.3 External quantum efficiency

In order to determine the external quantum efficiency as a function of the wavelength,
EQE is characterized. The “Quantum Efficiency/IPCE Measurement Kit” developed by
Newport, Corporation (Irvine, CA, USA) is employed for the measurements. A xenon arc
lamp is used as the light source. The light is preliminary filtered through a fully automated
filter wheel and pulsed by a chopper wheel at a frequency of 27 Hz. Afterwards, the beam
is collimated at the monochromator (CornerstoneTM 260, 74125) and then illuminates
the sample. The same sample holder as described for the J-V characterization is used.
The electrical signal generated by the solar cell is recorded and the frequency provided by
the chopper is filtered via a digital Lock-In amplifier. The Oriel’s TracQ Basic software
is employed to configure instrument parameters and process the data. A preliminary
calibration of the EQE system is done with a silicon reference diode (Newport, 70356).
The range of the wavelength is selected from 300 nm to 800 nm for P3HT:PCBM based
solar cells.

An example of an EQE measurement of a P3HT:PCBM solar cell is shown in figure 3.2.
The ideal case is illustrated by the green area. However, the EQE of all solar cells is
smaller compared to the ideal case due to recombination effects. Moreover, the bandgap
of donor material could be estimated from the energy cutoff as denoted by the white
dashed line in figure 3.2 [74]. The JSC can be evaluated by integrating the EQE over the
solar spectrum.

3.2 Structural characterizations

Two main types of structural characterization techniques are employed in this thesis. The
first type investigates the surface morphology, which includes real space techniques such
as optical microscopy (section 3.2.1), atomic force microscopy (AFM) (section 3.2.2), and
scanning electron microscopy (SEM) (section 3.2.3). White light interferometry is used
to examine the film thickness and porosity of TiO2-related samples (section 3.2.4). The
other techniques are focusing on inner morphological characterization. Grazing incidence
scattering (GIS) examines the structural information in reciprocal space (section 3.2.5).

3.2.1 Optical microscopy

Optical microscopy is preliminarily used to check the sample quality. Additionally, it is
employed to determine surface structures in the micrometer range and the pixel area of
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Figure 3.2: An exemplary EQE curve of a P3HT:PCBM solar cell. The cutoff energy is
depicted as the white dashed line. The green rectangle indicates the ideal EQE of this solar
cell.

solar cells. An Axiolab A microscope produced by Carl Zeiss is used, in combination
with a PixeLink USB Capture BE 2.6 CCD camera and five different objectives. The
dimension of the configured image is 1280 × 1024 pixels. The magnification can be
selected as 1.25 × , 2.5 × , 10 × , 50 × , and 100 × , with a corresponding pixel size of
6.258 µm, 3.2 µm, 0.8 µm, 160 nm, and 80 nm, respectively. For the solar cell pixel size
measurement, the 1.25 × objective is selected.

3.2.2 Atomic force microscopy

Atomic force microscopy (AFM) is used to investigate the topography and phase contrast
of the thin films at the nanoscale. The surface structure and root mean squared roughness
can be obtained from the topography images, while the phase image provides information
about for example the hardness of the materials. Accordingly, phase images can be used
to identify different blocks of a diblock copolymer.

The Autoprobe CP Research (Veeco Metrology group) is employed for all AFM mea-
surements in this thesis. The sketch of the AFM setup is shown in figure 3.3. The AFM
tip, laser system, photodiode, and the feedback controller are the main parts for scan-
ning. The AFM tip is a gold covered silicon tip with curvature radius of 10 nm, which
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is mounted face down on a silicon cantilever. The resonance frequency is in the range
from 60 kHz to 90 kHz. Depending on the tip-sample distance, contact, tapping, and
non-contact scanning modes are possible. According to the Lennard-Jones potential, the
contact mode works in the Pauli repulsive range due to the short distance, whereas the
tapping and non-contact mode are in the attractive range. In this thesis, the tapping
mode is chosen for polymer-based samples, because most polymers are soft materials.
Contact mode will induce sample damage due to artificial scans caused by the tip-sample
adhesion. Before the measurement starts, the laser is focused onto the topside of the
cantilever and reflected to the segmented photodiode. When the tip approaches the sam-
ple surface, the cantilever deflection due to the repulsive force is recorded through the
reflected laser. During the scanning, the sample stage positions the sample in all three
spacial directions under the tip. The deflection of the tip is detected and a feedback
software controls the sample stage to keep the distance between sample and tip constant.
Finally, according to the changes, the topography and phase images are constructed.

Figure 3.3: Typical sketch of AFM setup with its main components. Image is adapted
from [18].

Generally, the samples are scanned over an area of 1 × 1 µm2, 2 × 2 µm2, 4 × 4 µm2,
and 8 × 8 µm2. Two topography images with opposite scanning direction and a phase
image are obtained from a single measurement. Conical shaped cantilevers with gold
coating are used. The excitation frequency for the tip is set slightly above the resonant
frequency (60-90 kHz), corresponding to non-contact mode condition. All 2D images are
probed with 256 lines and each line consists of 256 data points. For better statistics,
different spots are measured for each sample. The software Gwyddion 2.31 is used to
analyze the AFM images.
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3.2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to probe the surface and the cross sectional
morphology of thin films in the nanometer range. Additionally, it is the main technique to
examine cracks in titania-related samples with different bend times. SEM uses electrons
as the illumination source, analogous to light in the optical microscope, but with much
higher resolution due to the short wavelength of the electrons.

The SEM measurements are performed via a FESEM Gemini NVision 40 by Carl Zeiss,
which is controlled by the software SmartSEM. The electron beam is emitted in a strong
field from a field emission gun with tungsten filament. Subsequently, the electrons are
accelerated by a voltage in the order of several kV. Through the magnetic and electro-
static lenses, the beam gets focused. The primary beam reaches the sample surface and
interacts with the material. Accordingly, secondary electrons are emitted from the sample
surface and collected by a detector. By recording the intensity of secondary electrons on
the corresponding location of the sample surface, the resulting surface map is constructed
with a resolution of 1 nm to 10 nm. The image is in a grey scale, which shows different
brightness depending on the probed signal. The intensity of secondary electrons is cor-
related to the materials, the distance from the sample surface to the detector, and the
surface morphology. For example, the smaller distance from sample surface to detector
results in a higher density of detected secondary electrons, displayed with a white color.
In addition, more secondary electrons can escape from a convex surface than a concave
surface.

For all investigated samples, the values of working distance and acceleration voltage are
set differently, as summarized in table 3.1. It is worthwhile to note that the low electrical
conductivity of P3HT:PCBM films and PET substrates induce charging up over short
time. In order to conquer this problem, the acceleration voltage is set much lower than
for inorganic semiconductor films on silicon substrates. Likewise, the working distance is
shorten in this case. However, the measurements performed on P3HT:PCBM films and
the samples on PET substrates still show signs of static charge agglomeration, which in
turn affects the quality of the taken images.

To measure cross sectional images with SEM, the backside of the sample is first scratched
with a diamond cutter. Liquid nitrogen is used to obtain a sharp edge, which is especially
important for polymer-based samples. During the scanning process, the sample is tilted
by 60° along the x-axis and the tilt correction of 30° is applied by the software. The
working distance and acceleration voltage for these measurements are also summarized in
table 3.1. All the SEM images obtained directly from the measurements are analyzed by
the image processing software ImageJ.
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sample measurement working distance acceleration voltage
(mm) (kV)

P3HT:PCBM surface 1.5 1
TiO2/PET surface 2.5 1.5
TiO2/Si surface 3 5
TiO2/Si cross-section 2 1
solar cell cross-section 3.5 5

Table 3.1: Parameters used for SEM measurements.

3.2.4 White light interferometry

White light interferometry is a common technique to probe the film thickness and the
refractive index of thin films. It is based on the interference of the light originating from
two reflections at different interfaces. Incident light can be reflected partially at the film
surface and partially at the film-substrate interface. According to the difference in optical
path length, the two resulting reflected light rays interfere with each other constructively
or destructively. In general, optical observations are determined depending on refractive
index n(λ), extinction coefficient k(λ), and film thickness d. If the optical length difference
is an even multiple of λ/2, the interference is constructive, while if it is an odd multiple
of λ/2, the interferencce is destructive.

All white light interferometry measurements presented in this work are performed on a
F20-UV thin-film analyzer (Filmetrics Inc.). The white light, supplied by a deuterium and
tungsten halogen light source, illuminates the sample surface under 90°. The wavelength-
sensitive point detector is employed to probe the intensity of reflected light in the range
from 400 nm to 1100 nm. Investigated samples should be transparent to this wavelength
regime. For example, optically active materials like P3HT or dye molecules are not
suitable for these measurements performed in the range of visible light. Moreover, a silicon
substrate is commonly used due to its high reflectivity and smooth surface. When the
measurement is done, the resulting reflectivity curve is constructed. A fitting algorithm
based on film thickness and refractive index is run until a successful fitting is obtained.
Then the film thickness and refractive index are obtained.

Furthermore, the porosity of TiO2 film can be calculated from the probed refractive
index. Basically, a porous TiO2 film can be considered as the composite, consisting of
TiO2 and air. The so-called Bruggeman effective medium approximation is used to obtain
the porosity [75]:
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(1− fb)
n2
a − n2
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n2
a + 2n2

eff

+ fb
n2
b − n2

eff

n2
b + 2n2

eff

= 0 (3.3)

Where na and nb refer to the refractive indexes of the respective material components
a and b. The effective refractive index of the composite is neff , which is the value
obtained directly from the white light interferometry measurements. The volume fraction
of component b is denoted by fb. In terms of the porous TiO2 film, the nT iO2 of 2.49
is taken from literature and nair equals to 1. Then, the porosity is represented by the
corresponding volume fraction of air fair.

3.2.5 Grazing incidence scattering

In order to characterize the nanomorphology within the thin film, grazing incidence scat-
tering (GIS) methods are employed. Contrary to transmission geometry used in standard
small angle scattering (SAS), the GIS measurement is performed in reflection geometry,
schematically shown in figure 3.4. In comparison to transmission geometry, this technique
has the advantage of higher statistics due to the large footprint of X-ray beam on the
sample. The sample-detector distance (SDD) limits the accessible angles and thereby the
resolved structural length scales of the sample which could vary from several nanometers
up to micrometer range. The incident angle αi of the X-ray determines whether the mea-
surements are surface or volume sensitive. For example, if the incident angle is above the
critical angle, the structural information inside the film can be detected. While with an
incident angle smaller than the critical angle, surface related information can be obtained.
The theoretical background of GIS is described in section 2.4.

Grazing incidence small angle X-ray scattering

Within the frame of this thesis, the grazing incidence small angle X-ray scattering (GISAXS)
experiments are carried out at different synchrotron beamlines. In general, the incident
angle is set above the critical angle of the investigated materials to ensure that the X-rays
fully penetrate the film. Detailed information such as wavelength, incident angle, SDD,
and the detector properties are described in the respective chapters.
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Figure 3.4: Schematic presentation of a grazing incidence X-ray scattering setup. The X-ray
beam with a wavevector Ki (red arrow) impinges on the sample with the incident angle αi
and then is scattered under an angle of αf . 2D detectors with short and long sample-detector
distances record wide angle and small angle X-ray scattering, respectively.

Exemplary 2D GISAXS data are shown in figure 3.5a, which is obtained from a typical
P3HT:PCBM thin film after thermal annealing. The specularly reflected beam is shielded
by a beamstop to protect the detector from oversaturation, as denoted by the white arrow.
In order to analyze GISAXS data, vertical and horizontal line cuts are performed at the
positon of qy = 0 and the critical angle of the studied material, respectively. The obtained
vertical and horizontal line cuts are revealed in figure 3.5b and 3.5c. The cuts are extracted
from the 2D GISAXS data via the software Fit2D (software by Andy Hammersley, 1987-
2005, ESRF, Grenoble). The vertical line cut provides information about the vertical
material composition in the film and the correlated roughness at the interface between
two layers. The horizontal line cut reveals the lateral structural information of the film.

In order to obtain quantitative information about lateral structures, a custom-made
program is used to fit the horizontal line cuts. First of all, the resolution is fitted with a
Lorentzian function at the position of qy = 0 and the background is fitted with a constant.
Furthermore, both, form and structure factors, are assigned to the structure in the sam-
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Figure 3.5: (a) Exemplary 2D GISAXS data with illustration of the position where vertical
(red line) and horizontal (green line) line cuts are taken. The specularly reflected beam is
shielded by a beamstop, as denoted by the white arrow. Corresponding (b) vertical and (c)
horizontal line cuts are shown with beamstop area and resolution area.

ple. The model assumes either one, two, or three form factors, including the information
of geometry (cylinder or sphere) and radii with a Gaussian distribution. Correspond-
ing structure factors represent the distances between two neighboring scattering centers
within the model of a one-dimensional paracrystal [76]. The structure factor follows the
local monodisperse approximation (LMA), assuming the respective object types scatter
independent from each other. The exemplary image of the horizontal line cut together
with all fitting components is shown in figure 3.6. The sketch of the fitting model with
three cylindrical form factors is shown as an inset in figure 3.6.

Grazing incidence wide angle X-ray scattering

The crystalline order (such as molecular stacking, crystal orientations, and estimation of
crystal sizes) can be revealed by grazing incidence wide angle X-ray scattering (GIWAXS)
measurements with an SDD in the order of 10 cm and an incident angle of 0.2°. GIWAXS
and GISAXS experiments using the same detector can be conducted by a change of the
SDD. For both, GISAXS and GIWAXS, the wavelength is kept constant.

Before analyzing 2D GIWAXS data, a sequence of data corrections is needed to account
for detection efficiency, flat-field, X-ray polarization, solid angle variation, and reshaping
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Figure 3.6: Exemplary horizontal line cut (black dots) of GISAXS data with fit (red line).
Green dashed line is used for fitting the resolution, whereas the yellow, blue, and magenta
lines indicate three different form factors and the corresponding dashed lines indicate respec-
tive structure factors. The sketch of three structures in the film is shown as the inset.

2D GIWAXS patterns. All the corrections are implemented in the software Grazing-
incidence X-ray Scattering Graphical User Interface (GIXSGUI), which is an open source
program developed by Advanced Photon Source, Argonne National Laboratory, USA.
Afterwards, for a quantitative analysis, the sector integrals of 10° in vertical and hor-
izontal directions are taken, which provide crystalline information along the direction
perpendicular and parallel to the sample surface, respectively. These two sector integrals
are displayed in figure 3.7a. The resulting curves (figure 3.7c and 3.7cd) are fitted with
Gaussian functions. Peak positions and FWHM reveal the lattice constant and allow
to estimate the size of crystals. Moreover, the tube integral along the specific q value
(figure 3.7e) is also extracted from 2D GIWAXS data, referring to information about
crystal orientations. The edge-on P3HT crystal structure is schematically represented in
figure 3.7b, which is based on information extracted from tube integrals. The direction
along the side chain, the π- π stacking, and the polymer backbone are denoted as (100),
(010) and (001) directions, respectively.
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Figure 3.7: (a) Exemplary 2D GIWAXS data of P3HT:PCBM thin film after correction, with
highlighted vertical (red) and horizontal (green) sector integration area and tube integration
area (orange). (b) Schematic representation of P3HT crystals with an edge-on orientation,
suggested by the 2D GIWAXS data. Corresponding (c) vertical and (d) horizontal sector
integrals and (e) tube integral.

Time-of-flight grazing incidence small angle neutron scattering

Time-of-flight grazing incidence small angle neutron scattering (TOF-GISANS) measure-
ments are performed at the beamline REFSANS at the Munich neutron research reactor
FRM II of MLZ in Germany [77,78]. The TOF mode refers to the neutrons with different
velocities and accordingly different arriving times at the detector. The pulsed neutrons
with wavelengths from 2 Å to 15 Å are available by employing the chopper system. Ac-
cording to the different arrival times of the neutrons on the detector, the data are rebinned
in the certain range of wavelengths with the resolution ∆λ/λ of 10% to obtain the best
tradeoff between resolution and intensity. In this experiment, the selected binning of
wavelengths is 2.21 Å, 2.44 Å, 2.7 Å, 2.98 Å, 3.3 Å, 3.65 Å, 4.03 Å, 4.45 Å, 4.92 Å,
5.44 Å, 6.01 Å, 6.65 Å, 7.35 Å, 8.12 Å, 8.97 Å, 9.92 Å, 10.96 Å, 12.12 Å, and 13.39 Å. A
2D 3He detector with the active area of 500 mm2 containing 340 × 340 pixels is used to
record the scattering signal. The pixel size is 1.378 × 1.378 mm2 wit a SDD of 10.52 m.
An incident angle of 0.46° for short wavelengths and from 0.46° to 0.5° for long wave-
lengths is used. The variation of the incident angles in the long wavelength regime is



66 Chapter 3. Characterization methods

Figure 3.8: Exemplary 2D TOF-GISANS data of P3HT:PCBM thin film with illustration the
positions where vertical (red line) and horizontal (green line) line cuts are taken. Selected
average wavelength of neutrons is (a) 5.44 Å, (b) 7.35 Å, and (c) 9.92 Å, respectively.
The (d) vertical and (e) horizontal line cuts of these three data sets are shown. The black,
yellow, and purple color denote the corresponding wavelength of 5.44 Å, 7.35 Å, and 9.92 Å,
respectively. The curves are shifted along y direction for clarity.

caused by non negligible gravitation effects acting on the neutron beam [69]. In order to
obtain sufficient statistics, each sample is measured for 18 h.

An example of 2D GISANS data at selected wavelength of 5.44 Å, 7.35 Å, and 9.92 Å is
shown in figure 3.8a, 3.8b, and 3.8c, respectively. The transmitted signal is visible around
the beamstop, as denoted in figure 3.8b). The region near the transmitted beam provides
information about the distribution of the grains and the structural ordering in vertical
direction [79,80]. In order to analyze the TOF-GISANS data, the vertical and horizontal
line cuts are performed on the 2D data for each wavelength as shown in figure 3.8d
and 3.8e. For the vertical line cuts all specular peaks are located at the same position.
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The Yoneda peak shifts towards the specular peak with increasing wavelengths, since the
critical angle depends on the wavelength. By fitting the change of the critical angle for
a certain wavelength, a precise determination of the SLD of the investigated material
and accordingly information about the mixture of two components on a molecular level
is obtained [69]. Once the position of the Yoneda peak is determined, the horizontal line
cut is performed. These horizontal line cuts of 2D GISANS data are fitted with the same
procedure as being used for the GISAXS profiles. Corresponding structure information
such as form factors and structure factors are obtained.

3.3 Mechanical characterization

Figure 3.9: (a) Bending test setup, with all components labeled. (b) Photograph of the sample
with maximal bending. The stress and strain are determined in this condition. The bending
radius R is extracted by the best fitting of the curved sample. The distance between the two
points on the sample where the curvature is zero is labeled as L. ψ is the angle between the
sample and the vertical plane.

In order to characterize the mechanical properties of titania-related samples, bending
tests are performed for thin films on flexible PET substrates. A custom-made bending test
setup is employed to examine the fatigue and eventual failure of the thin films [25]. The
bending test setup is shown in figure 3.9a. The sample is mounted between the sample
holder A and B. The holder A is connected to the aluminum disc-rod, which is driven
by the gear motor to bent the sample periodically, while the holder B is fixed during the
measurements. The load speed can be tuned by adjusting the voltage applied to the gear
motor. The mechanical counter is connected to the aluminum disc-rod to count the cycle
numbers. In order to avoid slippage, the sample is clamped with two aluminum plates on
the blocks.
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For the bending experiments included in this thesis, six samples on PET substrates
with 20 × 20 mm2 area are equally prepared for the bending tests. Directly after the
preparation, the samples are measured with bending 0, 10, 100, 500, 1000 and 5000
times, respectively. The voltage is set to (3.8 ± 0.1) V to apply a cycle frequency ω of
(0.3 ± 0.1) s−1. In order to record the maximal bending radius, a video within several
cycles is taken during the test. The bending radius R of (3.0 ± 0.2) mm is extracted from
the best fitting of the strongest curved sample as shown in figure 3.9b. It is correlated to
the maximum strain of (2.8 ± 0.2) %. The method for calculating the strain is described
in section 2.5.1.



4 Sample preparation

In this chapter different routines for preparation of the corresponding samples are de-
scribed. In section 4.1, information about the materials and solvents is given. Afterwards,
the film preparation for different substrates, including glass, silicon, and PET is described
in section 4.2, where as well the process for polymer blend film (P3HT:PCBM) fabrication
and the sol-gel synthesis for TiO2 based samples is discussed. Finally, the assembly of
solar cells with standard and inverted geometries is introduced in section 4.3.

4.1 Materials and solvents

Materials are described in two sections: the first section includes materials used for poly-
mer BHJ films and corresponding solar cells, whereas the second section includes TiO2-
related materials. Accordingly, section 4.1.1 refers to the electron donor, electron accep-
tor, electron blocking layer and hole blocking layer materials as well as solvents. The
second section (section 4.1.2) comprises polymer template and hole conductor materials
in addition to the modified titania precursor and corresponding solvents.

4.1.1 Polymer blends

For polymer solar cells a thiophene derivative poly(3-hexylthiophene-2,5-diyl) (P3HT) was
selected as electron donor and a fullerene derivative [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) as electron acceptor. In addition, a poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) layer was applied as the electron blocking layer. De-
tailed parameters of these materials including the suppliers, molecular masses Mn and
Mw, polydispersity PDI, and purity are listed in table 4.1.

69
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material supplier Mn Mw PDI purity
(kg/mol) (kg/mol)

P3HT Rieke Metals, Inc. 23 53 2.3 n.a.
PCBM Nano-C, Inc. 911 n.a. n.a. 99.5%
PEDOT:PSS (PH1000) Ossila n.a. n.a. n.a. 99%

Table 4.1: The parameters of all involved materials, including supplier, number average
molar mass Mn and weight average molar mass Mw, polydispersity PDI, and purity. Mn is
calculated by the formula Mn = Mw/PDI.

Electron donor

The semiconducting polymer P3HT is a commonly employed and broadly studied donor
material for organic solar cells. As a result physical processes taking place in a P3HT
based solar cell are often referred to as a paradigm for alike systems [81–83]. The chemical
structure of P3HT is displayed in figure 4.1. Mainly the backbone facilitates the hole
transportation. Furthermore, P3HT has a LUMO energy level of -3.3 eV and a HOMO
energy level of -5.2 eV. As a result the energy bandgap is 1.9 eV, corresponding to the
absorption in visible light [84]. In addition, P3HT molecules tend to crystallize [85].
Organic solvents like chlorobenzene, dichlorobenzene, toluene, and xylene can be used to
dissolve P3HT, yielding a homogeneous solution.

Figure 4.1: The chemical structures of P3HT and PCBM.

Electron acceptor

The small organic molecule PC60BM, abbreviated as PCBM within this thesis, was used
as the electron acceptor material. The molecular structure of this fullerene derivative is
displayed in figure 4.1. The buckminsterfullerene derivate represents the functional part
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for electron transportation, while the attached side chain serves to enhance solubility in
organic solvents. The combination of P3HT and PCBM is the most broadly investigated
system which is commonly selected for fabricating polymer solar cells, especially for a
BHJ structure.

Electron blocking materials

PEDOT:PSS is a well-established material for application as an electron blocking layer in
organic photovoltaics. The corresponding chemical structure is shown in figure 4.2. PE-
DOT:PSS PH1000 was bought from Ossila, with a weight ratio of 1:2.5 between PEDOT
and PSS and a solid content of 1 wt.% to 1.3 wt.% in water was used within the frame
of this thesis. The conjugated polymer PEDOT allows hole-transport through the layer,
whereas the PSS component improves the limited solubility of PEDOT in an aqueous
suspension. The conductivity is given as 918 S/cm. The final PEDOT:PSS film has a
blueish color, which has little effect on the light absorption of the active layer due to a
small film thickness of around 40 nm.

Figure 4.2: The chemical structures of individual components of PEDOT:PSS. Holes can be
transported along the thiophene backbone of PEDOT (left), whereas PSS (right) enhances
solubility in water.

Solvents

Chlorobenzene, dichlorobenzene, toluene, and xylene were used to dissolve P3HT and
PCBM. All these solvents were purchased from Carl Roth and were used without further
treatment. The chemical structure of these solvents is depicted in figure 4.3 and detailed
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parameters including the molecular formula, density, boiling point, and vapor pressure
are listed in table 4.2. Successful fabrication of solar cells based on each of the above
mentioned solvents is frequently reported in literature [5, 26]. Further elaborative inves-
tigation about the influence of solvent vapor on solar cell stability will be presented in
chapter 6.

solvent molecular density boiling point vapor pressure
formula (g/cm3) (◦C) (mm·Hg)

chlorobenzene C6H5Cl 1.11 132 11.8
dichlorobenzene C6H4Cl2 1.31 180 1.3
toluene C7H8 0.87 110-111 22
xylene C8H10 0.87 137-140 7.5

Table 4.2: Detailed parameters of all host solvents for dissolving P3HT and PCBM, includ-
ing molecular formula, density, boiling point, and vapor pressure.

Figure 4.3: The chemical structures of the solvents.

Solvent additive

1,8-octanedithiol (ODT) was purchased from Sigma-Aldrich and used as supplied. The
density is 0.97 g/ml at 25 ◦C and the boiling point is 269 - 270 ◦C. Its molecular formula
is HSCH2(CH2)6CH2SH. This processing solvent additive has been widely utilized to tune
the morphology in terms of BHJ systems due to its selective solubility for donor and
acceptor materials [86,87]. In chapter 5, the influence of ODT addition on the morphology
of P3HT:PCBM BHJ films will be discussed.
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4.1.2 Sol-gel synthesis

The low temperature sol-gel synthesis, aiming for fabrication of porous titania films, is
based upon a diblock copolymer as a template and a modified titania precursor. To
obtain the complete active layer of a hybrid solar cell, the titania matrix obtained by
this routine is backfilled with the electron donor P3HT which has been introduced in sec-
tion 4.1.1. The present section will show detailed information about the diblock copolymer
poly(styrene-block-ethylene oxide) (PS-b-PEO) and the titania precursor ethylene glycol
modified titanate (EGMT).

Polymer template

In combination with various metal oxide precursors, a polymer template allows for the
fabrication of precisely controllable nanostructures. In present thesis the amphiphilic
diblock copolymer PS-b-PEO, purchased from Polymer Source Inc., Canada, was used
as the polymer template. Detailed parameters like molar mass, polydispersity, and glass
transition temperature are listed in table 4.3. Its chemical structure is shown in figure 4.4,
containing a hydrophobic block PS and a hydrophilic block PEO.

Figure 4.4: The chemical structure of the polymer template PS-b-PEO and the titania pre-
cursor EGMT.

Titania precursor

EGMT was used as the titania precursor. Combined with PS-b-PEO, nanostructured
titania film can be produced. The EGMT was synthesized by Thomas Fröschl, in the
group of Prof. Nicola Hüsing from the University of Salzburg. The detailed process of
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polymer Mn polymer block PDI Mn Tg

(kg/mol) (kg/mol) (◦C)
PS-b-PEO 28.5 PS 1.01 20.5 107

PEO 1.02 8 -65

Table 4.3: Properties of PS-b-PEO, including number average molar mass Mn of the block
copolymer, polydispersity index PDI, number average molar mass Mn, and glass transition
temperature Tg of each polymer block.

synthesis is described in reference [88]. The molecular formula of EGMT is C4H8O4Ti
with a chemical structure as shown in figure 4.4. The unit cell of EGMT is based on
TiO6 octaedrons. As an octahedral orientation has been achieved inside EGMT, the
crystallization of titania can take place at low temperature (below 150 ◦C). The material
itself is supplied as a white powder. In order to properly dissolve EGMT, an acidic
environment is required. Moreover, by adjusting the pH value, the crystalline phase of
anatase and rutile could be tuned [89].

4.2 Thin films

As the active layer is normally sandwiched in between other functional layers in a solar cell,
a direct measurement of the active layer is difficult for a complete solar device. In order
to focus on the functional layer of interest, individual thin films are prepared. Instead of
ITO or FTO substrates, silicon, glass, or PET is used as the substrate according to the
requirements of different sample characterization techniques. In this section, different thin
film preparations will be introduced, starting with the substrate cleaning (section 4.2.1).
Afterwards, solution preparation and deposition of P3HT:PCBM BHJ films are discussed
in section 4.2.2. Finally, section 4.2.3 describes the sol-gel synthesis, film deposition,
polymer template removal, and P3HT backfilling.

4.2.1 Substrate cleaning

Before thin film deposition the silicon, glass or PET substrates were cut to 20 × 20 cm2

pieces, while for characterization with neutron scattering silicon substrates with a size of
70 × 70 cm2 were prepared in order to enhance the statistics of the measurements.
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Silicon and glass substrates

All silicon and glass substrates were cleaned in a hot acidic bath at 80 ◦C for 15 min. The
acid bath contained 54 ml deionized water (H2O), 84 ml hydrogen peroxide (H2O2), and
198 ml sulfuric acid (H2SO4). Afterwards, the substrates were taken out of the acid bath
and were immersed in a deionized water bath for temporary storage. Then, each sample
was thoroughly rinsed with deionized water and dried with nitrogen.

Polyethylene terephthalate (PET) substrates

In order to test the mechanical properties of hybrid films, PET foils were used as flexible
substrates. Since they were not chemically stable in the acid bath, four organic sol-
vent baths were employed for the cleaning procedure. PET substrates were subsequently
cleaned with a detergent solution (alconox solution, 16 g/l), ethanol, acetone, and iso-
propanol for 10 min in an ultrasonic bath, respectively. Before changing to another solvent
bath, PET substrates were always dried with nitrogen to remove solvent remains. After
the last cleaning step, they were rinsed with isopropanol and dried with nitrogen. As
PET substrates were highly hydrophobic, a further cleaning step with oxygen plasma was
applied to ultraclean the surface and improve the wettability. All the substrates were
placed in the plasma oven (Nano by Diener electronics). Then the oxygen plasma was
generated with 250 W at a pressure of 0.4 mbar. The plasma treatment lasted for 10 mins.
Afterwards, the substrates were directly used for film deposition.

4.2.2 P3HT:PCBM BHJ film preparation

Solution preparation

Chlorobenzene, dichlorobenzene, toluene, and xylene were used to dissolve P3HT and
PCBM. In order to achieve similar film thickness, different concentrations were used as
shown in table 4.4 with the constant weight ratio 1:1 between P3HT and PCBM. P3HT
was firstly dissolved in the solvent till complete dissolution and then the P3HT solution
was added to the PCBM powder. The glass vial was sealed with parafilm and covered by
a piece of aluminum foil to prevent P3HT degradation induced by light. Afterwards, the
P3HT:PCBM solution was stirred overnight till complete dissolution at room temperature.
For the solvents with low PCBM solubility, the solution was heated in a sand bath to 60 ◦C
for half an hour to enhance the solubility of PCBM.
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solvent concentration (mg/ml)
chlorobenzene 24
dichlorobenzene 30
toluene 18
xylene 24

Table 4.4: Concentrations of P3HT:PCBM in different solvents, which enables to achieve
similar film thickness. The weight ratio between P3HT and PCBM is kept as 1:1.

P3HT:PCBM film deposition

In this thesis, all P3HT:PCBM films were deposited via spin coating. The prepared
solution was dripped on top of the pre-cleaned substrate, which was fixed on the stage of
the spin coater by vacuum. Then, the lid of the spin coater was closed and the spinning
process was started immediately. Parameters like revolutions per minute, acceleration
time, and spinning time can be adjusted. The relationship between film thickness and
relevant parameters is described by Schubert’s formula [90]. To obtain the film thickness
of around 100 nm, the rotational speed of 2000 rpm, the acceleration time of 4.5 s, and
spinning time of 30 s were selected for all used solvents. After spin coating the films were
annealed in a glove box at 140 ◦C for 10 min.

4.2.3 TiO2-related hybrid film preparation

The preparation of TiO2-related hybrid films was a complex process. A detailed descrip-
tion is be presented in this section, including sol-gel synthesis, film deposition, polymer
template extraction in a low temperature regime, and P3HT backfilling.

Sol-gel synthesis

The sol-gel synthesis at a low temperature was used to fabricate nano-structured TiO2,
which were based on EGMT as a TiO2 precursor and the amphiphilic block copolymer
PS-b-PEO as a structure-directing template. To prepare the sol-gel, PS-b-PEO was firstly
dissolved in N,N-dimethylformamide (DMF), which was a good solvent for both blocks.
The polymer solution was then stirred by a magnetic string fish for 30 min at room
temperature. Subsequently, EMGT was added to the polymer solution and HCL was
dropped in as the poor solvent to enable the microphase separation of the PS-b-PEO.
Afterwards, the solution was stirred at room temperature for 30 min and then placed
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on a heating stage at 90 ◦C for 15 min. The used weight ratio between all components
(WDMF :WPS−b−PEO:WEGMT :WHCL) was set to 20:1:1:2.

PS-b-PEO/TiO2 film deposition

All PS-b-PEO/TiO2 films are prepared via spin coating. Basic knowledge of spin coating
has been introduced in section 4.2.2. In terms of sol-gel solution, the spin coating pa-
rameters of rotational speed, acceleration and spinning time were set to 2000 rpm, 4.5 s
and 60 s, respectively. After spin coating, the films were annealed at 90 ◦C for 30 min
to prevent PEO crystallization on the surface [91]. Note that PET substrates cannot be
directly fixed on the stage inside the spin coater by vacuum due to their highly flexibility.
Therefore, the PET substrate is always attached to a glass slide using a droplet of water,
whose capillary force enables the PET substrate to stick tightly to the glass.

In order to achieve thicker films beyond the film thickness limit for single spin coating,
multiple spin coating can be performed. For this purpose, the sample was spin coated
several times as described above. However, the annealing process was necessary after the
deposition of each layer to stabilize the film and prevent it from being dissolved. The
number of repetitions depends on the desired film thickness.

Polymer template extraction

The removal of the polymer template PS-b-PEO from hybrid films was necessary for
porous TiO2 films. In this thesis, different extraction methods were carried out and
compared.

Calcination is the most widely used method to burn away the polymer template and
to enable TiO2 to crystallize. It was used as a reference method. Therefore, a tube
furnace was heated up to 400 ◦C with a heating ramp 375 ◦C/h and then kept at this
temperature for 4 h. The samples were taken out after the furnace was cooled down to
room temperature.

As an alternative method for polymer removal, UV irradiation was performed in a metal
chamber for 20 h, where the UV lamp was 15 cm above the sample stage. The sample
was heated up to around 90 ◦C after 20 h irradiation. Oxygen plasma was also used as
another method to remove PS-b-PEO, with the pressure of 0.4 mbar for 30 min. The
plasma was generated at 200 W. Additionally, solvent treatment was used. The PS-b-
PEO/TiO2 sample was immersed in a DMF bath for 10 min and then in a chlorobenzene
bath for 60 min. Afterwards, the sample was taken out of the solvent and dried by spin
coating (4000 rpm for 30 s).
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P3HT backfilling

After the polymer template PS-b-PEO was extracted from the hybrid film, a porous TiO2

film was formed. In order to finalize the whole active layer, the porous TiO2 film was
backfilled with the electron donor P3HT. The P3HT was firstly dissolved in chlorobenzene
with the concentration of 20 mg/ml. Then the glass vial was sealed with a parafilm and
covered by a piece of aluminum foil. The solution was placed on a shaker overnight. The
next day, before the P3HT deposition, the TiO2 film was pre-soaked in a chlorobenzene
bath for 1 h. Afterwards, the sample was placed in a spin coater. Before chlorobenzene
fully evaporated, the P3HT solution was dropped on top of the sample and kept for 60 s.
Two steps of spin coating followed (first with 900 rpm for 10 s and then 2500 rpm for
50 s). Finally, the P3HT/TiO2 hybrid samples were annealed at 140 °C under constant
nitrogen flow for 10 min to enhance the crystallinity of P3HT.

4.3 Organic solar cell preparation

P3HT:PCBM solar cells are multiple layer devices, including both electrodes, blocking
layers, and the active layer, which have been carefully introduced in chapter 2. In this
thesis, two types of solar cells were prepared, one with standard geometry and the other
one with the inverted geometry. For both types of solar cells the active layers were made
out of a P3HT:PCBM BHJ film. The standard solar cell had indium tin oxide (ITO) and
aluminum layers as electrodes, while the FTO and the gold electrodes were used in the
inverted solar cell. Moreover, a compact TiO2 (hole blocking layer) was utilized in the
inverted geometry.

The solar cell preparation procedures for both standard and inverted solar cells are
presented in figure 4.5. For a standard solar cell, the ITO-covered glass (SOLEMS) was
partially etched away via a combination of zinc and hydrochloric acid. Afterwards, the
patterned ITO substrates were subsequently cleaned with a detergent solution (alconox
solution, 16 g/l), ethanol, acetone, and isopropanol for 10 min in an ultrasonic bath,
respectively. Oxygen plasma at 0.4 mbar for 10 min was followed to ultraclean the sample
and increase the hydrophilicity of the ITO surface. Then the ITO substrate, as shown in
figure 4.5a, is ready to be used for the following processes. Before spin coating (3000 rpm
for 60 s) on top of the patterned ITO substrate, the PEDOT:PSS aqueous solution was
placed in an ultrasonic bath for 15 min and then filtered by a PVDF filter (0.45 µm). The
obtained PEDOT:PSS layer, denoted by the blue color in figure 4.5b, was annealed under
ambient condition at 150 °C for 10 min. The P3HT:PCBM active layer was prepared as
described in section 4.2.3 (red and black blends in figure 4.5c). Afterwards, the aluminum
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layer was thermally deposited on top of the P3HT:PCBM layer under vacuum conditions
of around 3 × 10−5 mbar in an evaporation chamber. Finally, the device was transferred
to a glove box for annealing at 140 °C for 10 min. The complete device is illustrated in
figure 4.5d.

Figure 4.5: The sketch of solar cell preparation procedures for both standard ((a), (b), (c),
and (d)) and inverted solar cells ((a), (e), (f), (g), and (h)). Light yellow denotes ITO
or FTO electrodes. Blue and light gray describe PEDOT:PSS and TiO2 blocking layers.
P3HT:PCBM active layer is represented by red and black blends. Aluminum and gold elec-
trodes are illustrated by dark gray and golden layers.

For the inverted solar cell preparation, a FTO-covered glass substrate was used. The
etching, cleaning, and oxygen plasma process were the same as for ITO. After all these
processes (figure 4.5a), a compact TiO2 layer was deposited on top of FTO and then
converted to a denser TiO2 layer via a titanium tetrachloride (TiCl4) bath treatment
according to the procedure reported in reference [92]. The resulting TiO2 blocking layer is
indicated by a light gray film in figure 4.5e. The P3HT:PCBM layer (black and red blends
in figure 4.5f) was spin coated on top of the dense TiO2 layer as described in section 4.2.3.
Afterwards, the PEDOT:PSS layer (the blue film in figure 4.5g) was deposited by spray
coating. The filtered PEDOT:PSS was diluted with isopropanol at a volume ratio of 1:10
and spray coated on top of the active layer with a constant rate of 70 µl/s by a commercial
airbrush gun placed 18 cm above the sample. After the spray deposition the sample is
spin dried. Afterwards, the gold layer was deposited on top of the PEDOT:PSS layer in
an evaporation chamber. To finalize the whole solar cell, thermal annealing at 140 °C for
10 min was performed in a closed environment under a constant nitrogen flow. The final
device is sketched in figure 4.5h.





5 Influence of solvent additive on
P3HT:PCBM films

Recent studies on OPVs revealed that processing additives, for instance 1,8-octanedithiol
(ODT) and 1,8-diiodooctane (DIO), are able to tune the morphology of the active layer of
organic solar cells [86,87,93]. Chen et al. reported that an enhanced PCE of P3HT:PCBM
solar cell was obtained using 3 vol% ODT [94]. They attributed this enhancement to
the interpenetrating P3HT:PCBM networks which were formed in an early stage of film
deposition. Furthermore, Razzell-Hollis and coworkers found that the P3HT molecular
ordering improves significantly with an ODT concentration of 3 vol% [87]. Likewise, it
was shown that fibrilla structures were formed in the ODT additive-assisted P3HT, which
led to an enhanced hole mobility [86]. These investigations focused on the local surface
morphology, which were mainly revealed by AFM measurements, but inner structural
information with a high statistic relevance is not available. Moreover, most studies only
emphasized that solvent additive induces demixing between two components, whereas a
quantitative understanding of the miscibility of both materials is still missing.

In the present chapter, the inner film structures are characterized via time of flight
grazing incidence small angle neutron scattering (TOF-GISANS). As explained in sec-
tion 3.2.5, such single measurement is equivalent to a set of GISANS measurements per-
formed under a single incident angle with different wavelengths [79]. By selecting a proper
incident angle, a part of the measurements is done with its critical wavevector larger than
the incident one and a part with its critical wavevector smaller than the incident one. Ac-
cordingly, surface- and bulk-sensitive scattering can be obtained simultaneously. Another
advantage of TOF-GISANS is a precise determination of the scattering length density
(SLD) of the investigated materials, which can be extracted from the wavelength de-
pendence of the Yoneda peak position [91]. The achieved SLD allows for a quantitative
analysis of the molecular miscibility between P3HT and PCBM in the present study.

P3HT:PCBM BHJ films are prepared with different volume concentrations of ODT.
At first, the microscopic morphologies of these films are discussed in section 5.1. The
absorption behavior is investigated via UV/Vis spectroscopy in section 5.2 followed by the
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results of crystalline order extracted from GIWAXS measurements (section 5.3). Finally,
the performances of the corresponding solar cells are characterized and correlated to the
morphology and the crystalline order of the active layers, as shown in section 5.4.

The results presented in this chapter have been summarized in a manuscript and sub-
mitted to a journal.

5.1 Mesoscopic morphology

The P3HT:PCBM BHJ films investigated in this chapter are prepared using the solvent
additive ODT with varied concentrations. Five different volume concentrations of ODT
in the host solvent toluene are chosen: 1 vol%, 3 vol%, 5 vol%, 7 vol%, and 9 vol%.
Moreover, a typical P3HT:PCBM BHJ film, without ODT, is prepared as a reference
sample.

To characterize the surface morphology of the P3HT:PCBM films processed with dif-
ferent amounts of ODT, AFM and SEM are chosen (section 5.1.1). In addition, the inner
morphology and the molecular miscibility between P3HT and PCBM are investigated
using TOF-GISANS (section 5.1.2).

5.1.1 Surface morphology

In order to observe the influence of ODT on the surface morphology of P3HT:PCBM BHJ
films, AFM measurements are carried out. The obtained AFM topographic data are pre-
sented in figure 5.1. The reference film without ODT processing reveals a typical uniform
structure consisting of fine grains, as shown in figure 5.1a. With 1 vol% ODT (figure 5.1b),
the surface morphology of the P3HT:PCBM film is nearly unchanged. However, inhomo-
geneous films with significantly larger grains are observed in the samples with ODT of
larger or equal to 3 vol% (figure 5.1c, 5.1d, 5.1e, and 5.1f), suggesting a large scale phase
separation occurring. The films with ODT of 3 vol% and 5 vol% have isolated island-like
structures as shown in figure 5.1c and 5.1d (indicated by red circles). However, the gen-
eral grain sizes of the films with 5 vol% ODT are significantly larger than those of the
films with 3 vol% ODT. With a further increasing amount of ODT volume concentration
to 7 vol%, the film starts to show another distinct surface morphology. Elongated worm-
shaped domains are observed for this sample, as indicated by red curve in figure 5.1e.
For the films with the highest ODT volume concentration of 9 vol%, the bicontinuous
worm-shaped large structures are still clearly seen as highlighted in figure 5.1f, showing
a similar feature to the sample with 7 vol% ODT. Moreover, the fine structures arise
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Figure 5.1: AFM topographic data (4 × 4 µm2) of the P3HT:PCBM films with different
volume concentrations of ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%,
and (f) 9 vol%. The exemplary large structures are indicated by red lines in (c), (d), (e)
and (f), respectively.

again at the top of the worm-shaped large structures. These tiny dot-shaped features are
inferred to be small PCBM aggregates precipitated from the P3HT:PCBM blends. The
surface rms-roughnesses of all these samples, extracted from the AFM topographic data,
are 1 nm (0 vol%), 2 nm (1 vol%), 8 nm (3 vol%), 19 nm (5 vol%), 23 nm (7 vol%),
and 6 nm (9 vol%), respectively, showing a growth trend with increasing amount of ODT
up to 7 vol%, but a further increase of ODT to 9 vol% induces a smoother surface. An
increased surface roughness of P3HT:PCBM film indicates a stronger phase separation
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and an enhancement of ordered structure, which has been frequently observed for typical
working solar cells after thermal annealing and solvent annealing [95,96].

Generally, the influence of ODT on the surface morphology of the P3HT:PCBM films
originates from the selective solubility of ODT towards P3HT and PCBM components.
It was reported by Shin and coworkers that the solubilities of P3HT and PCBM in ODT
were 0.5 mg/ml and 30 mg/ml, respectively [97]. The difference in solubility facilitates
a demixing between P3HT and PCBM, thereby inducing phase separations. Chen and
coworkers have also found a coarsening of the structure in the P3HT:PCBM films with
ODT processing [94]. On the other hand, excess ODT shows an opposite impact on the
surface structures. Liu et al. found that with an excess of solvent additive 4-bromoanisole
(13%), large features of P3HT:PCDTBT film were replaced by finer structures, which
was ascribed to a suppression of demixing by an earlier aggregation of P3HT [98]. This
argument also holds true for the sample with 9 vol% ODT in the present work.

Figure 5.2: AFM phase data (1 × 1 µm2) of the P3HT:PCBM films with different volume
concentrations of ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%, and (f)
9 vol%.

The corresponding AFM phase data of the P3HT:PCBM BHJ films with different
amounts of ODT is shown in figure 5.2. For the samples without ODT (figure 5.2a) and
with 1 vol% of ODT (figure 5.2b), P3HT and PCBM are finely interpenetrated into each
other. With increasing amount of ODT up to 7 vol%, large separation of the P3HT-rich
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phase and the PCBM-rich phase is observed in figure 5.2c, 5.2d, and 5.2e. However, the
sample with ODT of 9 vol% does not show prominent phase separation (figure 5.2f). Jin
and coworkers reported a similar AFM phase image of the sample with grain-featured
PCBM layer on top of P3HT [99]. Thus, it is inferred that the top surface of the sample
with 9 vol% ODT might be a PCBM enrichment layer. A more direct evidence will
be discussed in the following TOF-GISANS analysis (section 5.1.2). For applications in
organic solar cells with a standard geometry, this PCBM enrichment layer would act as a
hole blocking layer, which is beneficial for the photovoltaic performance.

Figure 5.3: SEM images of the P3HT:PCBM films with different volume concentrations of
ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%, and (f) 9 vol% in two
different magnifications each, which are denoted as 1 and 2, respectively. The spherical
structures in (a2) and the area with prominent fibril-like structures in (e2) are indicated by
yellow circles and red rectangle, respectively.

Due to the high surface roughnesses of the films with ODT processing, detailed struc-
tural information might be suppressed in AFM measurements. Hence, SEM measurements
are carried out as a supplementary study of surface morphology at a smaller length scale.
The SEM images of all samples are shown in figure 5.3. Similar to the observation from
AFM data, large features appear in the samples with ODT content of 3 vol% to 7 vol%,
(figure 5.3c1, 5.3d1, and 5.3e1). For the sample without ODT, the isolated spherical ob-
jects are visible as indicated in figure 5.3a2, while these spherical objects are replaced by
the fibril-like structures by use of more ODT as highlighted in figure 5.3e2 as an example.
These fibril-like structures are generally associated to P3HT crystals [94]. A similar obser-
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vation was also reported by Yao et al., who assigned these structures to P3HT crystalline
domains in the ODT-processed P3HT:PCBM BHJ films [95]. Hence, it is deduced that
the ODT induces the segregation of P3HT and therefore, the crystallinity of P3HT is
enhanced [100].

5.1.2 Inner morphology

Since AFM and SEM only reveal surface morphology, TOF-GISANS is employed to gain
information about composition as well as the inner morphology. These measurements were
performed at the beamline REFSANS of the Helmholtz Zentrum Geesthacht, FRM II,
Garching. A fixed incident angle of 0.46° was set for all measurements. Due to gravity for
neutrons, the real incident angle is corrected to be 0.46° to 0.50° for various wavelengths
(2-14.8 Å). The sample-detector distance was 10.52 m. During data processing a resolution
in wavelength ∆λ/λ = 10% was selected.

Figure 5.4: Exemplary presentations of 2D GISANS data of the P3HT:PCBM films (a-d)
without ODT and (e-h) with 5 vol% of ODT. From the left to right images, the corresponding
average wavelengths are 3.65 Å, 4.92 Å, 6.65 Å, and 9.92 Å, respectively. The specular peak,
the Yoneda peak, and the transmitted signal are labeled in (a). The horizon is indicated by
the dashed line in (a).
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2D GISANS data with a selection of neutron wavelengths of the P3HT:PCBM films
without ODT and with 5 vol% ODT are presented in figure 5.4. These data with different
neutron wavelengths of 3.65 Å, 4.92 Å, 6.65 Å, and 9.92 Å are obtained simultaneously for
each measurement and selected from the total wavelengths band (2-14.8 Å). The specular
peak, the Yoneda peak, and the transmitted signal are labeled in figure 5.4a.

The overall intensity of the scattering data varies with wavelengths (figure 5.4) because
of the distribution of the incoming neutron flux as a function of wavelength. Moreover,
the position of the Yoneda peak moves upwards with increasing wavelength because the
critical angle of the material is proportional to the wavelength (see equation 2.34 in
section 2.4.1). Weak intensity side maxima are located at the Yoneda peak position
(indicated by red arrows in figure 5.4b and 5.4f). For the sample with 5 vol% of ODT,
more intense side maxima are seen in figure 5.4e, 5.4f, 5.4g, and 5.4h compared to the
sample without ODT processing (figure 5.4a, 5.4b, 5.4c, and 5.4d). The increase of
scattering intensity is caused by an increased number of P3HT and PCBM pure phases.

The vertical line cuts extracted from the 2D TOF-GISANS measurments of all P3HT:
PCBM films are shown in figure 5.5 for probed wavelengths of 3.65 Å, 4.03 Å, 4.45 Å,
4.92 Å, 5.44 Å, 6.01 Å, 6.65 Å, 7.35 Å, 8.12 Å, 8.97 Å, 9.92 Å, 10.96 Å, and 12.12 Å,
respectively. The specular peaks (indicated by grey dashed lines in figure 5.5) are located
at the same position versus neutron wavelengths, while the Yoneda peaks (for example
P3HT:PCBM blend as indicated by magenta arrows) shift towards larger αi + αf values
with increasing neutron wavelengths.

Individual Yoneda peaks of P3HT and silicon are determined from each vertical line
cut and respectively remarked by blue and light green crosses in figure 5.5. The critical
angles derived from the Yoneda peak positions are displayed in figure 5.6 (blue and light
green squares). However, the PCBM Yoneda peak can not be precisely determined and
therefore, they are not shown here. The theoretical values of the critical angles of P3HT,
PCBM, and silicon are calculated from the scattering length density (SLD) (6.76·10−7 Å−2

for P3HT, 4.34·10−6 Å−2 for PCBM, and 2.07·10−6 Å−2 for silicon) and displayed in
figure 5.6 (blue, green and red lines), showing a good agreement with the experimentally
determined values. The critical angles of ODT is not discussed in the present chapter
because it can not be detected due to the negative SLD (-2.8·10−7 Å−2).

Another type of Yoneda peak located between the P3HT and silicon Yoneda peak is
observed, as indicated by magenta arrows in figure 5.5. These Yoneda peaks are correlated
to the phase consisting of P3HT and PCBM. More specifically, PCBM is molecularly
dispersed in the amorphous P3HT phase and therefore, the mixture behaves like one
material instead of P3HT or PCBM phase alone. In order to distinguish this mixture
from P3HT phase and PCBM phase, the term P3HT:PCBM blend is used in the present
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Figure 5.5: Vertical line cuts extracted from the 2D TOF-GISANS data of the P3HT:PCBM
films with different volume concentrations of ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5
vol%, (e) 7 vol%, and (f) 9 vol%. For all vertical line cuts in each image, the corresponding
wavelengths are 3.65 Å, 4.03 Å, 4.45 Å, 4.92 Å, 5.44 Å, 6.01 Å, 6.65 Å, 7.35 Å, 8.12 Å,
8.97 Å, 9.92 Å, 10.96 Å, and 12.12 Å, from bottom to top. The specular peaks are indicated
by grey dashed lines. The determined Yoneda peaks of P3HT and silicon are marked by blue
and light green crosses, respectively. The shift of Yoneda peaks of P3HT:PCBM blend is
indicated by the magenta arrows. In each image, the curves are shifted along intensity axis
for clarity.

chapter. Similarly, Ruderer and coworkers found that besides pure phases of P3HT and
PCBM the phase of P3HT:PCBM mixture at a molecular level exists in P3HT:PCBM
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Figure 5.6: Linear fits (magenta lines) to the critical angles of P3HT:PCBM blend (magenta
squares) versus wavelength of neutrons for the P3HT:PCBM films with different amounts
of ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%, and (f) 9 vol%. The
theoretical values of P3HT (blue), PCBM (red), and silicon (green) and the corresponding
experimentally determined values are indicated by lines and squares. All the experimentally
determined values are calculated from the Yoneda peak positions. The experimental PCBM
Yoneda peaks can not be precisely determined and therefore, they are not shown in this figure.

BHJ films [101]. They further confirmed that PCBM is molecularly dispersed in the
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amorphous P3HT matrices for the mixture phase. The critical angles of P3HT:PCBM
blend are derived from the Yoneda peak positions for different neutron wavelengths and
represented by magenta squares in figure 5.6. By fitting a linear function through the
critical angles of P3HT:PCBM blend versus neutron wavelengths, the corresponding SLD
is obtained from the slope via the equation 2.34 described in section 2.4.1. Through the
usage of the individual SLD of P3HT (6.76·10−7 Å−2) and PCBM (4.34·10−6 Å−2), the
SLD of the P3HT:PCBM blend is calculated to be around 1.22·10−6 Å−2, 1.41·10−6 Å−2,
1.43·10−6 Å−2, 1.48·10−6 Å−2, 1.46·10−6 Å−2, and 1.48·10−6 Å−2 for the P3HT:PCBM
films with ODT from 0 vol% to 9 vol%, respectively.

Figure 5.7: The fraction γPCBM of molecularly dispersed PCBM in P3HT matrices for the
P3HT:PCBM films with various volume concentrations of ODT.

Looking into the phase of P3HT:PCBM blend, the fraction γPCBM of molecularly
dispersed PCBM in P3HT matrices is further derived from the formula (SLDP3HT +
γPCBMSLDPCBM = SLDP3HT :PCBM blend) and depicted in figure 5.7. For the P3HT:PCBM
film without ODT processing, the dispersed PCBM fraction γPCBM is about 12.5%. From
literature, a smaller value of around 9% was reported for a P3HT:PCBM BHJ film pre-
pared from chlorobenzene [101], suggesting that the molecular miscibility between P3HT
and PCBM is influenced by the host solvent. Whereas, for the samples with ODT pro-
cessing the γPCBM increases significantly up to (16.8-18.5) %. The increase of γPCBM is
directly correlated to the use of ODT. During film deposition, P3HT is more easily ex-
pelled from the solution than PCBM at an early stage as toluene evaporates much faster
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than ODT and P3HT has an extremely low solubility in ODT. Accordingly, more PCBM
remains in the mixture of P3HT and PCBM. Shin et al. proposed a two-step drying
model to blade-coated P3HT:PCBM films deposited from an ODT-assisted chloroben-
zene solution [97]. They observed a complete evaporation of chlorobenzene within 30 s
while more than 300 s for the removal of ODT. However, with further increasing volume
concentration of ODT, no strong influence on the dispersed PCBM fraction γPCBM is
found. This might be due to a saturation of the solubility of PCBM in P3HT matrices.

In order to obtain information about lateral structures for all P3HT:PCBM films, hor-
izontal line cuts are taken at the theoretical position of the PCBM Yoneda peak. The
selected horizontal line cuts are displayed in figure 5.8 with probed wavelengths of 6.01 Å,
6.65 Å, 7.35 Å, 8.12 Å, 8.97 Å, 9.92 Å, 10.96 Å, and 12.12 Å, respectively. The cuts ob-
tained for smaller wavelengths are not shown here due to extremely low intensities. The
horizontal line cuts are fitted within the framework of DWBA, with detailed description
shown in section 3.2.5. In short, two times cylinder shaped objects are selected with Gaus-
sian size distribution. From the fits, two substructures are found in all P3HT:PCBM films.
Notably, substructures with structure sizes up to 10 nm are not detectable in the measure-
ments, because REFSANS measurements are more sensitive to large substructures for the
chosen settings [91]. Therefore, the structural information in terms of sizes of molecularly
dispersed PCBM and the corresponding distances within the phase of P3HT:PCBM blend
cannot be extracted from the measurements. However, the substructures in a larger scale
(tens hundreds of nanometers) are investigated in the following.

For each of the samples with volume concentration of ODT from 0 vol% to 7 vol%,
all horizontal line cuts obtained under various wavelengths can be fitted with the same
substructures. For the sample with 9 vol% of ODT, the values from the fits for wavelengths
above and below 8.12 Å are different. The change in structure sizes versus wavelengths is
generally caused by the depth-sensitivity of neutrons [79]. The incident angle and critical
angles of P3HT, PCBM, and P3HT:PCBM blend are drawn as a function of wavelengths
in figure 5.9. For wavelengths below 7 Å, the incident angle is above all critical angles,
suggesting that the sample is always penetrated by the neutrons no matter which material
is enriched at the surface. Thus, the structural information is from the volume. However,
for the probed wavelengths above 7 Å, only the critical angle of PCBM is above the
incident angle. This indicates that if PCBM is enriched at the surface, neutrons can not
penetrate the whole sample and therefore the structural information is from the surface.
Based on this, it is inferred that the sample with 9 vol% of ODT has an PCBM enrichment
layer at the surface. This inference also proves that the fine graining structures observed
in its AFM topographic image (figure 5.1f) is PCBM, which is not observed for other
samples. The PCBM enrichment layer at the top of the active layer can act as a hole
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Figure 5.8: Selected horizontal line cuts (symbols) extracted from the 2D TOF-GISANS data
of the P3HT:PCBM films with different volume concentrations of ODT: (a) 0 vol%, (b) 1
vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%, and (f) 9 vol% are shown together with the fit
(lines). The corresponding wavelengths are 6.01 Å, 6.65 Å, 7.35 Å, 8.12 Å, 8.97 Å, 9.92 Å,
10.96 Å, and 12.12 Å, from bottom to top in each image. In each image, the curves are
shifted along intensity axis for clarity.

blocking layer and therefore ensures efficient charge extraction and prevents recombination
at the interface with top electrodes for solar cells with a standard geometry.

The inner structures in terms of domain sizes and distances extracted from the fit-
ting results are displayed as a function of volume concentration of ODT in figure 5.10.
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Figure 5.9: The incident angle and critical angles of P3HT, PCBM, and P3HT:PCBM blend
as a function of wavelength. The incident angle is indicated by black line. The theoretical
critical angles of PCBM and P3HT are indicated by red and blue lines, respectively. The
critical angles of P3HT:PCBM blend for the samples without ODT and with 9 vol% ODT
are indicated by magenta dashed and solid lines, respectively. Since the critical angles of
P3HT:PCBM blend for other ODT contents are very close to each other, only the bottom
(without ODT) and top (9 vol% ODT) lines are shown here.

Since the horizontal line cuts are taken at the PCBM Yoneda peak position, the domains
are assumed to be of PCBM and the region between two PCBM domains are assumed
to be either P3HT or P3HT:PCBM blends. For smaller inner substructures (indicated
by black symbols in figure 5.10), no obvious change occurs to the structure size while
a prominent decrease of the distance is observed with increasing amount of ODT. For
larger substructures, a gradual increase of structure size and a significant decrease of the
distance are found with increasing amount of ODT. Decrease of the distances indicates a
reduction of P3HT domain sizes. Therefore, with increasing ODT concentration, the sizes
of P3HT domains gradually decrease, from which an enhancement of charge generation
in corresponding active layers is expected.

In conclusion, it is found that the ODT processing improves the fraction γPCBM in
the phase of P3HT:PCBM blend. Furthermore, from the fits of horizontal line cuts
substructures in a larger length scale is obtained. It is found that the sizes of pure PCBM
phases are increased with increasing amount of ODT, whereas the sizes of pure P3HT
phases are decreased. Moreover, for the sample with 9 vol% of ODT it is deduced that
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Figure 5.10: (a) Structure sizes and (b) distances extracted from the fits of the horizontal
line cuts of 2D TOF-GISANS data for the P3HT:PCBM films with various volume concen-
trations of ODT. Two inner substructures are found for all samples. The small and large
substructures are represented by black squares and red circles, respectively.

a PCBM enrichment layer is formed at the top surface. Hence, in summary, the use
of ODT as solvent additive significantly reduces P3HT domain sizes and consequently,
exciton dissociation is more efficient.

5.2 Absorption behavior

The normalized UV/Vis absorption spectra of the P3HT:PCBM films with different vol-
ume concentrations of ODT are shown in figure 5.11a. The absorbance of the P3HT:PCBM
film reveals two main features: characteristic PCBM absorption peak at around 335 nm
and the P3HT absorption peaks at around 500 nm, 550 nm, and 600 nm. The position
of the characteristic PCBM absorption peak stays unchanged for all samples. However,
a drop in relative intensity is found with increasing amounts of ODT. This phenomenon
has been previously reported and correlated to the formation of PCBM aggregates in
micrometer scale [102,103].

The main P3HT absorption peak (at around 500 nm) redshifts with increase of ODT,
suggesting an increased conjugation length of the P3HT chains [30, 72]. In addition, an
increment of intensities of the shoulder-like absorption peaks located at around 550 nm
and 600 nm is an indication for enhancement of the P3HT ordering [73]. In order to obtain
detailed parameters regarding the free exciton bandwidthW and the main peak position of
P3HT, the contributions of PCBM and P3HT are extracted from the absorbance spectra.
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Figure 5.11: (a) The normalized UV/Vis absorption spectra of the P3HT:PCBM films with
different volume concentrations of ODT: 0 vol% (black), 1 vol% (red), 3 vol% (cyan), 5
vol% (blue), 7 vol% (magenta), and 9 vol% (green). (b) Calculated free exciton bandwidth
W (black dots) and main peak position (red triangles) of the P3HT:PCBM films as a function
of amount of ODT.

Afterwards, each spectrum is fitted using five Gaussian peaks with equal width. The
free exciton bandwidth is calculated using the model of weakly coupled H-aggregates as
explained in section 2.3.2, and the main peak position of P3HT is obtained directly from
the fit.

From the plot of the free exciton bandwidth W (black symbols in figure 5.11b), it is
noted that for the sample with 1 vol% of ODT the free exciton bandwidth is of 160 meV
which stays quite similar to the sample without ODT processing (152 meV). With further
increase of ODT to 3 vol%, a significant drop of the free exciton bandwidth is found. This
is attributed to a strong enhancement of the P3HT molecular ordering. The free exciton
bandwidth decreases steadily with a further increase of ODT to 7 vol% but much less
pronouncedly. In the end, the value of free exciton bandwidth is almost maintained for
the samples with ODT of 7 vol% and 9 vol%.

The main peak position of the P3HT for all P3HT:PCBM films are presented by red
symbols in figure 5.11b. The position of this peak clearly redshifts for the samples with
ODT from 0 vol% to 3 vol%. When the volume concentration of ODT exceeds 3 vol%
(except for 9 vol%), the peak position stays almost unchanged. While, the sample with 9
vol% of ODT exhibits an opposite trend as the main peak position of P3HT is shifted to
a higher energy.

In conclusion, the ODT processing is beneficial for improving the P3HT molecular
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ordering, indicated by the reduced free exciton bandwidth and the red-shift of the P3HT
main absorption peak. Besides the information about the molecular ordering, the red-
shift of the P3HT absorbance spectrum is correlated to a change in the bandgap of the
P3HT. Accordingly, a potential influence on the VOC of the corresponding solar cells is
expected.

5.3 Crystalline order

For a more quantitative information about the crystalline order in the P3HT:PCBM BHJ
films with different volume concentrations of ODT, GIWAXS measurements are carried
out. Lattice constants and crystalline orientation of P3HT can be precisely determined,
and the P3HT crystal size can be roughly estimated (section 2.4.2). The measurements
were performed at an in-house device GANESHA 300 XL SAXS SYSTEM by JJ X-Ray
Systems ApS. The X-ray wavelength was 0.154 nm. The sample-detector distance and
incident angle were set to be 106 mm and 0.2°, respectively. In addition, due to a relatively
low X-ray flux compared to that from synchrotron facilities, a larger beam size of 0.3 ×
0.3 mm2 was selected using a set of horizontal and vertical slits.

Figure 5.12 displays the 2D GIWAXS data of the P3HT:PCBM BHJ films with dif-
ferent volume concentrations of ODT. The (010), (100), (200), and (300) Bragg peaks
are highlighted by the white dashed circles in figure 5.12a and 5.12e, which are assigned
to P3HT crystals. For the P3HT:PCBM film without ODT processing, only the (100)
and (010) Bragg peaks are clearly visible (figure 5.12a), while the higher orders of the
(100) Bragg peak gradually appear with the addition of ODT (figure 5.12b, 5.12c, 5.12d,
5.12e, and 5.12f), indicating an enhancement of the P3HT crystallization along the (100)
planes. Moreover, for the sample without ODT, the (100) Bragg peak is pronounced in
both vertical and horizontal directions (figure 5.12a), indicating an co-existence of edge-on
and face-on orientations. Whereas, for the samples with ODT processing (figure 5.12b,
5.12c, 5.12d, 5.12e, and 5.12f), (100) Bragg peaks are only clearly observed in the vertical
direction, indicating an edge-on dominated orientation. Furthermore, the arc-like feature
(indicated by the arrow in figure 5.12d) is visible for all 2D GIWAXS data, which is known
to be random orientated PCBM [104].

In figure 5.13, the vertical and horizontal sector integrals extracted from the recon-
structed 2D GIWAXS data are shown. It has to be mentioned at first that the peak
widths and intensities obtained from these measurements can not be directly compared
to those obtained from the GIWAXS measurements in the synchrotron facilities. It has
been reported that the widths and intensities of the characteristic diffraction peaks also
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Figure 5.12: 2D GIWAXS data of the P3HT:PCBM films with different volume concentra-
tions of ODT: (a) 0 vol%, (b) 1 vol%, (c) 3 vol%, (d) 5 vol%, (e) 7 vol%, and (f) 9 vol%.
The (010), (100), (200), and (300) Bragg peaks of the P3HT crystals are highlighted by the
white dashed circles in (a) and (e).
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depend on the X-ray beam size and the scattering setup in addition to the intrinsic pa-
rameters of the crystals themselves [51, 104]. Nevertheless, a comparison among all the
samples which were measured under the same conditions is reliable.

Figure 5.13: The (a) vertical and (b) horizontal sector integrals extracted from the recon-
structed 2D GIWAXS data of the P3HT:PCBM films with different volume concentrations
of ODT: 0 vol% (black), 1 vol% (red), 3 vol% (cyan), 5 vol% (blue), 7 vol% (magenta),
and 9 vol% (green). In order to clearly visualize the features in high q values in (a), an
incomplete figure focused on the q range above 5 nm−1 is shown as an inset in (a). The
curves are shifted along the intensity for clarity.

At first, the crystalline information about P3HT is discussed. It is found that the (100)
Bragg peak (located at around 3.5 nm−1) in the vertical sector integral (figure 5.13a) gets
more pronounced with increasing ODT content up to 5 vol% (indicated by blue line). The
increase of intensity is due to the development of the (100) plane of P3HT crystals in ver-
tical direction. In contrast, for the sample with 7 vol% of ODT, the intensity of the (100)
Bragg peak maintains similar to that for the sample with 5 vol% of ODT. With further
increasing to 9 vol%, a strong decrease of the (100) Bragg peak is observed, indicating an
inverse impact of overdosed ODT on the crystallization along the (100) plane. An opposite
trend is observed for the intensity of the (100) Bragg peak in the horizontal sector integral
when the volume concentration of ODT is increased (figure 5.13b). This suppression in
the intensity of the (100) Bragg peak is resulted from a decrease of the crystallization
along the (100) plane in horizontal direction. In addition, the inverse tendencies in verti-
cal and horizontal directions confirm that with ODT processing the crystalline orientation
of the P3HT is changed from the co-existence of edge-on and face-on to the edge-on.

Information about the molecular packing of PCBM can also be extracted from the GI-
WAXS measurements. Two peaks indicated by grey dotted lines in figure 5.13 correspond
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to PCBM. The peak located at around 13.4 nm−1 originates from the amorphous PCBM,
which is frequently observed for P3HT:PCBM BHJ films [105]. The other peak observed
at around 15.1 nm−1 comes from PCBM nanocrystals. A similar d-spacing of the PCBM
nanocrystals was found using TEM by Yang and coworkers, who found that both the
amorphous PCBM and the densely packed PCBM nanocrystals were obtained from thin
film made out of toluene [106]. However, this feature is rarely observed from GIWAXS
measurements. In general, the nanocrystals-related peak becomes more pronounced with
increasing volume concentration of ODT, meaning an increase in the number of PCBM
nanocrystals. This is probably caused by a slow evaporation rate of ODT as well as a
large amount of ODT used, which allows more PCBM to self-assemble into nanocrystals
during a longer period. It is generally believed that the solvent evaporation rate strongly
influences the crystallization behavior of P3HT and PCBM from a film solidification [107].

The P3HT (100) lattice constant is derived from the position of the (100) Bragg peak
and summarized in table 5.1. The lattice constants are found to to be 1.7-1.8 nm for
both horizontal and vertical directions, which are quite close to the values reported in
other references [41, 104]. The corresponding crystal sizes are estimated using the Scher-
rer equation and listed in table 5.1 as well. For the horizontal direction, meaning the
information about P3HT crystals with a face-on orientation, the crystal size decreases
from (8.6 ± 0.2) nm to (7.2 ± 0.2) nm with increasing volume concentration of ODT to
7 vol%. It corresponds in average to a reducing stacking from 5 to 4 (100) backbones.
On the contrary, with further increasing of ODT content (9 vol%), crystal size increases
to (9.7 ± 0.3) nm, which is even larger than that of the reference sample. The edge-on
P3HT crystals show a first increase in size from (6.6 ± 0.1) nm to (8.3 ± 0.2) nm and
then a decrease in size to (7.2 ± 0.3) nm.

The maximum difference of the average size of P3HT crystals is only one lattice plane
among all samples and therefore, it is concluded that the influence of ODT on the crystal
size is not significant. However, as discussed before, the scattering intensity of P3HT
crystals increases dramatically with increasing the volume concentration of ODT except
for the sample with 9 vol% ODT. Therefore, the increase in scattering intensity is mainly
ascribed to the increasing amount of P3HT nanocrystals. Moreover, the sizes of these
nanocrystals are generally in the range of exciton diffusion length (∼ 10 nm), which is
beneficial for an efficient exciton dissociation and also charge transportation.

In summary, ODT processing has mild influence on the crystal size. But the amount
of the nanocrystals of P3HT and PCBM dramatically increases with increasing volume
concentration of ODT. Therefore, the use of ODT as solvent additive predicts an enhance-
ment of the solar cell efficiency from a perspective of the crystallinity.
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additive lattice constant (nm) crystal size (nm)
concentration (vol%) (100)h (100)v (100)h (100)v
0 1.8 ± 0.1 1.8 ± 0.1 8.6 ± 0.2 6.6 ± 0.1
1 1.8 ± 0.1 1.8 ± 0.1 7.5 ± 0.2 6.9 ± 0.1
3 1.8 ± 0.1 1.8 ± 0.1 7.3 ± 0.2 8.3 ± 0.2
5 1.8 ± 0.1 1.7 ± 0.1 7.2 ± 0.3 8.2 ± 0.1
7 1.8 ± 0.1 1.8 ± 0.1 7.2 ± 0.2 7.8 ± 0.1
9 1.8 ± 0.1 1.8 ± 0.1 9.7 ± 0.3 7.2 ± 0.3

Table 5.1: Lattice constants and crystal sizes of the P3HT crystals extracted from the ver-
tical and horizontal sector integrals of 2D GIWAXS data of of the P3HT:PCBM films with
different volume concentrations of ODT: 0 vol%, 1 vol%, 3 vol%, 5 vol%, 7 vol%, and 9 vol%.
h and v refer to horizontal and vertical sector integrals, respectively.

5.4 Solar cell performance

P3HT:PCBM solar cells (standard geometry) with various volume concentrations of ODT
are prepared. It needs to be mentioned that the thickness of the active layers in the solar
cells is slightly thinner than those used for the TOF-GISANS measurements, in order to
achieve a good efficiency. However, it is believed that the information about morphology
and crystallinity obtained from the relatively thicker films can still predict the influence
of the ODT processing on the photovoltaic performance.

The obtained JSC , VOC , FF , and PCE values of all P3HT:PCBM solar cells with
different amounts of ODT are shown in figure 5.14. Generally, JSC (figure 5.14a) and
PCE (figure 5.14d) are both improved with increasing volume concentration of ODT.
On the contrary, a decrease in VOC with respect to the sample without ODT processing
is found (figure 5.14b). For P3HT:PCBM solar cells using chlorobenzene as the main
solvent, Chen and coworkers also found that VOC dropped with increasing amount of
ODT [94].

For JSC , the improvement with increasing amount of ODT can be ascribed to a more
optimized inner morphology and higher crystallinity. For the samples with volume con-
centrations of ODT from 0 vol% to 7 vol%, the sizes of P3HT domains are decreased
and the amounts of the P3HT and PCBM nanocrystals are increased, which lead to the
gradual increase in JSC . For the sample with 9 vol% of ODT, besides the smaller P3HT
domain sizes, a compact PCBM enrichment layer at the top of the active layer is beneficial
for charge collection at the interface with top electrodes in standard solar cells. In order
to confirm the role of a PCBM enrichment layer, inverted P3HT:PCBM solar cells with
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Figure 5.14: (a) JSC , (b) VOC , (c) FF, and (d) PCE of the P3HT:PCBM films with various
volume concentrations of ODT.

9 vol% of ODT are built. The solar cells show JSC of (9.08 ± 0.08) mA/cm2, FF of
(35 ± 1) %, VOC of (0.43 ± 0.01), and PCE of (1.39 ± 0.01) %, suggesting the active
layer with 9 vol% of ODT is unfavorable for an inverted geometry. Most studies found a
P3HT enrichment layer near the surface due to the surface free energy [5,108]. However,
in this thesis, an opposite feature is observed for the sample with 9 vol% of ODT, which
is probably caused by a low evaporation rate of ODT and a large solubility for PCBM.

The trend of VOC with increasing amount of ODT is similar to that of the main absorp-
tion peak position of P3HT (figure 5.11b). Therefore, the variations in VOC is correlated
to the changes of the energy levels of P3HT. As a result, it is concluded that ODT pro-
cessing improves JSC and accordingly PCE of P3HT:PCBM BHJ solar cells, which is
mainly caused by changes in the domain size, crystallinity, and enrichment layers.
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5.5 Summary

In this chapter, the influence of the solvent additive ODT on the P3HT:PCBM BHJ
system is investigated. It is found that the photovoltaic performance of P3HT:PCBM BHJ
solar cells is improved with increasing amount of ODT. The increase in efficiency is mainly
ascribed to the higher JSC . The UV/Vis absorption measurements of all P3HT:PCBM
BHJ films revealed that the crystalline order of P3HT is improved with ODT. Detailed
information about P3HT crystals is further obtained by GIWAXS measurements. It is
noted that ODT processing does not significantly alter the crystal size or stack distances
of P3HT crystals but crystal quantity as higher Bragg peaks become visible. The surface
morphology is probed using AFM and SEM. Both measurements reveal more pronounced
surface structures due to phase separation between P3HT and PCBM induced by low
miscibility of P3HT in ODT.

For the first time, the influence of ODT processing on the fraction of molecularly dis-
persed PCBM in P3HT matrices γPCBM is confirmed using the advanced scattering tech-
nique TOF-GISANS. A mixture phase between amorphous P3HT and PCBM molecules
is found, from which the fraction γPCBM is quantified. It is found that the fraction γPCBM
first increases and then stays almost constant with increasing ODT amount. In addition,
the inner structures in terms of PCBM objects on a larger length scale (tens hundreds
of nanometers), is obtained. PCBM object sizes increase for large ones and distances
decrease, showing a signature of phase separation. Moreover, it is deduced from TOF-
GISANS that a PCBM enrichment layer is formed at the top of the film with maximal
amount of ODT (9 vol%).

In conclusion, ODT processing has a strongly positive impact on the photovoltaic perfor-
mance of P3HT:PCBM BHJ solar cells. Although large phase separation occurs by ODT,
its negative influence on efficiency is canceled out by other aspects. Higher crystallinity
with reasonable crystal sizes are beneficial for efficient charge transport and accordingly
results in a higher JSC . Moreover, in the mixed phase (P3HT:PCBM blend) ODT induces
a higher fraction of γPCBM . On the one hand, the molecularly dispersed PCBM could be
beneficial for exciton dissociation. On the other hand, isolated PCBM objects would act
as trap centers and induce recombination. On a larger length scale, pure PCBM object
sizes increase while the distances (P3HT sizes) decrease, lowering geminate recombination.
Especially for the sample with 9 vol% of ODT, a PCBM enrichment top layer enables
a optimized vertical composition gradient, which facilitates an efficient charge extraction
for the top electrodes. Consequently, the maximal efficiency is found for the sample with
9 vol% of ODT.



6 Exposure to solvent vapor induced
degradation of P3HT:PCBM films

Parts of this chapter have been published in the article: Investigation of mor-
phological degradation of P3HT:PCBM bulk heterojunction films exposed
to long-term host solvent vapor [109] (W. Wang et al., J. Mater. Chem. A,
4, 3743-3753, 2016, DOI: 10.1039/c5ta09873d).

Over the last few decades, OPV devices have been intensively investigated due to their
potential application in large areas, flexibility, light weight, low environmental impact,
and low-cost production (such as roll-to-roll printing and spray coating) [110–112]. Major
efforts have focused on the development of organic solar cells, with continual improve-
ments of the overall device performance. Most significantly, PCE values above 10% in
champion single-junction polymer solar cells have been achieved by utilizing novel conju-
gated polymers as donor materials [113,114].

Up to now, P3HT:PCBM BHJ solar cells have been the mostly investigated organic
system, which frequently serve as a paradigm to get a basic understanding of the solar
cell performance. It is generally known that the inner morphology of the P3HT:PCBM
active layer is crucial for the solar cell performance [115]. Via applying an external
treatment, such as thermal annealing, solvent annealing, a solution processing additive,
or a third component incorporation, the BHJ morphology can be optimized [73, 116].
Correspondingly, the performance of the final device is improved. In literature, most
investigations are mainly focused on the surface morphology of the active layer. However,
from previous work, it was found that the inner morphology is different from the surface
morphology for P3HT:PCBM BHJ films [5]. So far, studies about inner morphology
are still very few. Typically, if the obtained structural information is in the nanometer
scale, the investigated areas are limited to several micrometers. Therefore, in this thesis,
besides local surface characterization, we select a promising scattering technique as the
complementary characterization method to reveal the inner morphology of active layers.
The probed area is on the length scale of several millimeters, and accordingly the resulting
information about the nanostructures is attained with a high statistic relevance.
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Most studies have revealed that moderate solvent vapor post-treatments are beneficial
for the solar cell performance [117–119]. However, these investigations only payed close
attention to the improvement of the solar cell performance by strictly controlling the
conditions of the solvent vapor annealing. In contrast, the knowledge of an unintended
exposure to the host solvent vapor is limited. As is known, solar cell preparations are
typically done in a glove box or closed environment by solution-based processing proce-
dures. During fabrication and handling, solar cells are frequently exposed to a solvent
atmosphere which is generated by its processing solvent. Therefore, knowledge about the
stability of solar cells in such solvent atmosphere is important.

In this chapter, chlorobenzene, toluene, xylene, and dichlorobenzene are used individ-
ually as the host solvent for preparing the P3HT:PCBM active layer and subsequently
employed to form a solvent vapor for post-treatment of the samples. After this vapor
treatment, the evolution of the active layers and the final solar cells are studied. First,
stability of P3HT:PCBM BHJ solar cells prepared out of different solvents is investigated
via a long-term solvent vapor treatment (section 6.1). Afterwards, in order to under-
stand the degradation of photovoltaic performance, the influence of solvent vapor on the
morphology of P3HT:PCBM layer is studied, as shown in section 6.2. The absorption
behavior of these samples are further discussed in section 6.3. Finally, the resulting crys-
talline order of the degraded active layers is investigated (section 6.4).

6.1 Solar cell performance

P3HT:PCBM solar cells consist of a multi-layer architecture (glass/ITO/PEDOT:PSS/-
P3HT:PCBM/aluminum) with a standard geometry. For this style of solar cell, holes
are transported through the PEDOT:PSS layer towards the bottom ITO electrode, while
electrons are extracted by the top aluminum electrode. Two series of devices are fabri-
cated. In the first series, freshly prepared solar cells are produced following the procedure
as described in section 4.3. In order to obtain a similar film thickness for P3HT:PCBM
layers prepared out of different solvents, the total concentrations of P3HT and PCBM
are adapted to 20 mg/ml for chlorobenzene, 18 mg/ml for toluene, 24 mg/ml for xylene,
and 30 mg/ml for dichlorobenzene. These pristine solar cells are used as references. In
another series, the long-term solvent vapor post-treated solar cells are fabricated in a way
analogous to the reference devices. Before the deposition of the top electrode, they are
placed in four separated glass desiccators, into which 10 ml of the corresponding solvent
is injected to generate a saturated vapor at 25 °C. The vapor pressures are 12.0 mmHg
for chlorobenzene, 28.4 mmHg for toluene, 6.6 mmHg for xylene, and 1.4 mmHg for
dichlorobenzene. All devices are stored in their individual desiccators for 5 days.
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Figure 6.1: J-V curves of pristine (solid lines) and solvent vapor post-treated (dashed
lines) P3HT:PCBM solar cells. Chlorobenzene (black), toluene (blue), xylene (green) and
dichlorobenzene (red) are used as host solvent for pristine devices and subsequently to form
the solvent vapor for degradation.

The performance of pristine and solvent vapor post-treated solar cells are examined via
J-V characterization, with their results shown in figure 6.1. The photovoltaic performance
of all devices is characterized by JSC , VOC , FF , and PCE, which are extracted from
the corresponding J-V curves and summarized in table 6.1. All pristine solar cells are
shown to function normally. Although efficiency values are moderate as compared to
those reported in literature [120], the focus of the present work lies on the solvent vapor
induced degradation as compared by a relative loss in device performance.

Compared to the pristine devices, all solar cells demonstrate a dramatic degrada-
tion after long-term solvent vapor treatment. On the one hand, toluene vapor and
xylene vapor treated-solar cells malfunction completely, acting like large value resis-
tors as illustrated by blue and green dashed curves in figure 6.1. On the other hand,
chlorobenzene- and dichlorobenzene-related devices still work, as represented by the re-
maining J-V performance curves (black and red dashed lines in figure 6.1). Most signif-
icantly, the dichlorobenzene-based device shows the best preserved efficiency. Its PCE
drops from (2.85 ± 0.12) % to (1.66 ± 0.07) %, which is still above 50% of the pristine
values. Although the chlorobenzene-based sample still behaves like a solar cell, its PCE
sustains only 3% of the original values. Upon a closer look to each photovoltaic parameter
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solvent device JSC VOC FF PCE

(mA/cm2) (V) (%) (%)
chlorobenzene pristine 8.41 ± 0.12 0.63 ± 0.01 58 ± 1 3.09 ± 0.06

post-treated 0.56 ± 0.03 0.41 ± 0.01 41 ± 1 0.09 ± 0.01
toluene pristine 9.71 ± 0.06 0.61 ± 0.01 50 ± 2 2.99 ± 0.16

post-treated 0.05 ± 0.01 0.36 ± 0.03 23 ± 1 0.01 ± 0.01
xylene pristine 8.16 ± 0.37 0.63 ± 0.01 52 ± 1 2.71 ± 0.19

post-treated 0.08 ± 0.01 0.40 ± 0.01 20 ± 1 0.01 ± 0.01
dichlorobenzene pristine 8.47 ± 0.18 0.64 ± 0.01 53 ± 1 2.85 ± 0.12

post-treated 6.15 ± 0.22 0.58 ± 0.01 47 ± 1 1.66 ± 0.07

Table 6.1: Comparisons of photovoltaic parameters of pristine and solvent vapor post-treated
P3HT:PCBM BHJ organic solar cells prepared out of different solvents, including chloroben-
zene, toluene, xylene, and dichlorobenzene.

as listed in table 4.1, JSC , VOC , FF , and PCE similarly degrade after 5 days of solvent
vapor treatments. The significant decline of JSC is mainly ascribed to failure of the solar
cells.

In summary, the type of host solvent rarely affects the photovoltaic performance of the
freshly prepared solar cells. However, when devices are long-term subjected to the vapor
generated by the host solvent, the type of the solvent vapor has a strong impact on the
device stability.

6.2 Mesoscopic morphology

It is well known that the morphology of the active layer is of the utmost importance for
OPV [121]. On the one hand, a small phase separation within the scale of the exciton
diffusion length is necessary for an efficient exciton dissociation. For instance, P3HT
has an exciton diffusion length of about 10 nm to 20 nm [40, 115]. On the other hand,
relatively large structures can minimize a non-geminate recombination during the charge
carrier transport towards the electrodes. Hence, the phase separation of the active layer
strongly influences the photovoltaic performance.

Since the effect of different host solvents on the morphology of pristine P3HT:PCBM
films has been thoroughly studied in our previous work [5,26], the focus of this chapter is
to investigate the morphology of degraded samples obtained from 5 days of solvent vapor
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treatment. For the morphological investigation, P3HT:PCBM films on silicon substrates
are prepared following the procedure described in section 4.2.2.

In the present section, surface morphologies of the degraded films are firstly investigated
via optical microscopy and AFM in section 6.2.1. Afterwards, their inner structure is
studied via GISAXS measurements in section 6.2.2.

6.2.1 Surface morphology

Figure 6.2: Optical microscopy images of P3HT:PCBM films degraded in (a) and (e)
chlorobenzene vapor, (b) and (f) toluene vapor, (c) and (g) xylene vapor, and (d) and (h)
dichlorobenzene vapor. Two series of images are shown. One was recorded under a low mag-
nification, with the scale bar (black) of 200 µm, the other one under a high magnification
with the scale bar (white) of 20 µm, focusing on the specific surface structures.

Optical microscopy images of solvent vapor-degraded P3HT:PCBM films are presented
in figure 6.2a, 6.2b, 6.2c, and 6.2d under a low magnification. Behaving differently to
the corresponding freshly prepared films as reported in literature [5], the degraded sam-
ples exhibit prominent surface structures in the micrometer scale. Moreover, tremendous
variations in surface morphologies are observed amongst all films. In order to closely
observe their distinct structures, zoomed images are shown in figure 6.2e, 6.2f, 6.2g, and
6.2h. The chlorobenzene-, toluene-, and xylene-related samples (figure 6.2e, 6.2f, and
6.2g) show specific structures with sharp edges and textured surfaces, which have been
commonly observed for PCBM crystals [122–124]. The sample treated with dichloroben-
zene vapor shows spherical structures, which are not typically associated with PCBM
crystalline features. Therefore, they are ascribed to a surface morphology rather than big
PCBM agglomerates. This estimation will be further evidenced by GIWAXS measure-
ments, as discussed in section 6.4
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In detail, figure 6.2a reveals large flower-shaped PCBM aggregates. This effect has been
also observed by Paternó et al. [124], who determined these structures as PCBM crystalline
aggregates via a micro-focused X-ray diffraction technique. For samples degraded in
toluene and xylene vapors (figure 6.2b and 6.2c), more and smaller PCBM aggregates are
formed. Additionally, in figure 6.2c, PCBM depletion regions indicated by a lighter yellow
color are found close to PCBM aggregates. Similar observations have been discussed in
literature [5].

Figure 6.3: Size distributions of PCBM aggregates in degraded P3HT:PCBM films
post-treated with chlorobenzene vapor (black), toluene vapor (red), and xylene vapor
(green). These values are extracted from optical microscopy images over a scan area of
1.02 × 0.82 mm2. Reproduced from Ref. [109] with permission from the Royal Society of
Chemistry.

Furthermore, figure 6.3 illustrates size distributions of PCBM aggregates in these
three samples, which are extracted from optical microscopy images under a scan area
of 1.02 × 0.82 mm2. For chlorobenzene-related sample, the size distribution of PCBM
aggregates is mainly located in the range larger than 1000 µm2, while toluene- and xylene-
related samples show the presence of PCBM aggregates with smaller sizes which are mostly
in the range from 200 µm2 to 600 µm2. The number of PCBM aggregates and their area
fractions are extracted from the same optical microscopy images and summarized in ta-
ble 6.2. The film degraded in toluene vapor shows 101 aggregates, while those post-treated
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solvent number of aggregates area fraction (%)
chlorobenzene 12 4.9
toluene 101 3.8
xylene 65 1.8

Table 6.2: Numbers and area fractions of PCBM aggregates in P3HT:PCBM films degraded
in chlorobenzene, toluene, and xylene vapors. The values are extracted from optical mi-
croscopy images under a scan area of 1.02 × 0.82 mm2.

with chlorobenzene and xylene vapors only have 12 and 65 aggregates, respectively. In
addition, the chlorobenzene-treated sample has the largest area fraction of PCBM aggre-
gates (4.9%), in comparison to toluene- (3.8%) and xylene-related samples (1.8%).

The influence of different solvent vapors on the morphology is correlated to the fact
that the P3HT:PCBM film absorbs solvent molecules during solvent vapor treatment,
which enables the rearrangement of P3HT and PCBM components. Hence, the ability
of P3HT and PCBM to uptake solvent molecules in various solvent vapors is significant.
At first, the vapor pressure of the individual solvents is considered. Amongst all sol-
vents, dichlorobenzene has the lowest vapor pressure of only 1.4 mmHg at 25 ◦C, while
vapor pressures of chlorobenzene, toluene, and xylene are 12.0 mmHg, 28.4 mmHg, and
6.6 mmHg, as mentioned before. During 5 days of solvent vapor treatment, the total ab-
sorption of dichlorobenzene molecules could be hindered due to its lowest vapor pressure
as compared to the other solvents. Accordingly, PCBM agglomeration is prevented in a
saturated dichlorobenzene vapor, as revealed by figure 6.2d. Hu and coworkers studied
the weight percentage increments of P3HT:PCBM films in different solvent vapors, and
they found that the treatment with dichlorobenzene vapor induced the smallest weight
gain in the film [125]. However, they also reported that the most pronounced weight
increase in weight was observed in chlorobenzene-related sample rather than the sam-
ple post-treated with toluene vapor, although toluene has a higher vapor pressure than
chlorobenzene. Hence, the difference in vapor pressure is only one important factor for
the absorption of solvent molecules. Additionally, the solubilities of P3HT and PCBM
in the individual solvent are taken into account. As found in literature, the solubilities
of PCBM are 39.4 mg/ml for chlorobenzene, 16.3 mg/ml for toluene, 24.5 mg/ml for xy-
lene, and 35.9 mg/ml for dichlorobenzene, while P3HT shows solubilities of 33.8 mg/ml,
1.4 mg/ml, 3.4 mg/ml, and 37.1 mg/ml for the corresponding solvents [125]. It is found
that chlorobenzene shows a high solubility for both P3HT and PCBM. Therefore, the
sample stored in a chlorobenzene vapor gets a much higher weight increase than other
samples. The high absorption of solvent molecules explains why the film treated with
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chlorobenzene vapor forms the biggest PCBM aggregates. In contrast, toluene and xylene
show a low miscibility between P3HT and PCBM, which is correlated to the formation of
more PCBM clusters with relatively smaller sizes. Thereby, for solvent vapor treatment,
the vapor pressure, solubility of PCBM and P3HT, and the miscibility between these two
components affect the PCBM aggregates growth.

AFM measurements are carried out to further characterize the morphology on the
nanometer scale. The measurements are performed on homogeneous regions rather than
the areas dominated by PCBM aggregates, because free charge carriers are mainly gener-
ated in P3HT:PCBM blends rather than PCBM-governed phases. The resulting topogra-
phy images are shown in figure 6.4. In general, the surface morphologies of these samples
are different from each other. As revealed in literatures [5, 26], pristine samples did not
show remarkably different surface morphologies. Therefore, it is deduced that the varying
surface topography of these samples is caused by different solvent vapor treatments.

Figure 6.4: AFM topographic images (8 × 8 µm2) of P3HT:PCBM films degraded in (a)
chlorobenzene vapor, (b) toluene vapor, (c) xylene vapor, and (d) dichlorobenzene vapor.
The surface roughness, extracted from the AFM data, is 1 nm, 1 nm, 1 nm, and 6 nm,
respectively.

Chlorobenzene-, xylene-, and dichlorobenzene-related films (figure 6.4a, 6.4c, and 6.4d)
exhibit pronounced grain structures. More specifically, donut-shaped and spherical nanos-
tructures are observed in the samples post-treated with xylene and dichlorobenzene va-
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pors, respectively. The sample treated with toluene vapor reveals a homogeneous mor-
phology with fine nanostructures. Nevertheless, all degraded samples exhibit coarsened
surface structures in comparison to their respective pristine samples. In addition, the
surface rms-roughness is extracted from the AFM images. Only the sample post-treated
with dichlorobenzene vapor shows a much larger surface roughness of around 6 nm. How-
ever, these information is restricted to surface topographies, strong changes of the inner
film morphology might take place as well.

6.2.2 Inner morphology

As proved in previous work, the inner morphology of P3HT:PCBM film is usually different
from its surface morphology [5, 26]. In order to obtain structural information with high
statistics about the inner morphology of degraded P3HT:PCBM films, GISAXS measure-
ments were performed. These measurements were carried out at the synchrotron beamline
BW4 of the DORIS III storage ring at DESY, Hamburg, Germany. The wavelength was
0.138 nm. In order to enable the X-ray beam to penetrate the whole film, a constant
incident angle of 0.4° was chosen. The sample-detector distance was set to 2088 mm for
a reasonable q range. A MarCCD area detector was used, having 2043 × 2043 pixel with
each pixel size of 79.1 × 79.1 µm2.

Figure 6.5: 2D GISAXS data of P3HT:PCBM films degraded in (a) chlorobenzene vapor,
(b) toluene vapor, (c) xylene vapor, and (d) dichlorobenzene vapor. Bragg peaks observed in
(a) and (b) are indicated by red arrows. Reproduced from Ref. [109] with permission from
the Royal Society of Chemistry.

In figure 6.5 the 2D GISAXS data of the degraded P3HT:PCBM films are displayed.
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The specularly reflected beam (specular peak) is shielded by a beamstop to prevent the
detector from oversaturation. For all images Yoneda peaks are well observed, which are
located at the positions of the critical angles of the respective materials found in the films.
Besides, intensity oscillations along the qz direction near the region of the Yoneda peaks
are seen in the 2D GISAXS data of the P3HT:PCBM films post-treated with chloroben-
zene, toluene, and xylene vapors, as revealed in figure 6.5a, 6.5b, and 6.5c, respectively.
On the other hand, the 2D GISAXS data of the sample treated with dichlorobenzene
vapor does not show this phenomenon (figure 6.5d). The intensity oscillation is a signal
for a partially correlated surface roughness, indicating that the P3HT:PCBM layers can
partly follow the surface structure of the substrate. A detailed discussion about the corre-
lated roughness of P3HT:PCBM layers has been published in previous work by Guo and
coworkers [26]. For the dichlorobenzene-related sample, correlated roughness might damp
out due to high surface roughness arising during solvent vapor treatment, as revealed by
AFM measurements.

In addition, the scattering signal of 2D GISAXS data of the sample post-treated with
dichlorobenzene vapor (figure 6.5d) extends further into a higher qy region than all other
samples, suggesting a smaller inner structure. Interestingly, prominent Bragg peaks are
only found for the chlorobenzene- and toluene- related samples, as indicated by red arrows
in figure 6.5a and 6.5b. These peaks are ascribed to the Bragg reflections of large PCBM
crystals. So far, notable Bragg peaks corresponding to PCBM crystals are rarely reported.
A more detailed discussion about the crystalline order will be presented in the following
evaluation of GIWAXS measurements in section 6.4.

Vertical line cuts extracted from 2D GISAXS data are shown in figure 6.6a. The vertical
structural information is obtained from these line cuts. Broadened specular peaks are
found (at αi + αf from 0.7° to 0.9°) for all samples, especially for the samples post-treated
with chlorobenzene (black), toluene (blue), and xylene vapors (green). The broadening
of the specular reflection is caused by big surface structures, as seen in the corresponding
optical microscopy images (figure 6.2) [104]. Additionally, the positions of the Yoneda
peaks of P3HT, PCBM, and silicon are indicated by red, black, and grey dotted lines,
respectively. Since the positions of theses peaks are material sensitive, they do not change
for different samples. The most pronounced features are the Bragg peaks located at
αi + αf ≈ 1.7° for the chlorobenzene- and toluene- degraded P3HT:PCBM films, which
indicates that large PCBM crystals are formed in these two samples.

Horizontal line cuts, as shown in figure 6.6b, are performed at the P3HT Yoneda peak
position. These cuts comprise lateral structural information about the inner films. For
a quantitative analysis, the horizontal line cuts are fitted using the model within the
framework of the DWBA as represented by solid lines in figure 6.6b. The detailed fitting
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Figure 6.6: (a) Vertical and (b) horizontal line cuts (symbols) extracted from 2D GISAXS
data of P3HT:PCBM films degraded in chlorobenzene vapor (black), toluene vapor (blue),
xylene vapor (green), and dichlorobenzene vapor (red). In (a), the positions of Yoneda peaks
of P3HT, PCBM, and silicon are labeled by red, black, and grey dotted lines, respectively,
and the beamstop is indicated by the grey bar. Fits of horizontal line cuts are illustrated by
grey solid lines in (b). The curves are shifted along the intensity axis for clarity.

procedure has been introduced in section 3.2.5. Three form and structure factors are used
to obtain an optimized fitting result, suggesting that three substructures are resolved
by GISAXS measurements for all samples. The presence of multiple substructures in
P3HT:PCBM films has already been proposed in literature [41,126,127]. Generally, a well-
established model for P3HT:PCBM BHJ films assumes the existence of intermixed phases
between amorphous P3HT and PCBM, P3HT lamella dominated phases, and large PCBM
aggregates [126, 128]. Nevertheless, the probed sizes of these substructures are usually
different from sample to sample, as they are strongly influenced by the sample preparation
method and also restricted by the accessible q range in scattering-based measurements.
For example, Yin and coworkers investigated a thick P3HT:PCBM film via small angle
neutron scattering (SANS) [129]. Focusing on a high q region, they found that below a
certain threshold of PCBM loading, only one substructure existed in the film, whereas
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additional large PCBM aggregates were observed when the amount of PCBM was above
50 vol%. Additionally, Huang et al. observed two substructures in a P3HT:PCBM film
via GISAXS measurements [130]. They referred these structures to the amorphous P3HT
matrix filled with PCBM and to large PCBM aggregates. Extending q range toward
smaller values, three substructures were also observed in thin P3HT:PCBM films via
GISAXS measurements [41, 131].

Figure 6.7: (a) Quantitative information about structure sizes and (b) distances for
P3HT:PCBM films degraded in chlorobenzene vapor, toluene vapor, xylene vapor, and
dichlorobenzene vapor. These values are extracted from fitting results of horizontal line
cuts of 2D GISAXS data. Three substructures are found, and their corresponding values are
represented by black, red, and blue colors, respectively.

The structure sizes and distances are extracted from the fitting results and summarized
in figure 6.7. For all samples, three average structure sizes are found in the order of 10 nm,
30 nm, and 105 nm (radii of domains), respectively. Their corresponding distances are in
the order of around 40 nm, 140 nm, and 400 nm (center to center distance). Following
by the discussion about substructures in P3HT:PCBM films in previous paragraph, we
ascribe the smallest substructure to an amorphous P3HT matrix with embedded PCBM.
With a more complex analysis using the software ISGISAXS, Ruderer and coworkers
reported similar structure sizes in P3HT:PCBM films from 3 nm to 10 nm [101]. By taking
into account distinct scattering length densities of P3HT and PCBM, they evidenced that
the matrix was amorphous P3HT and the filler was PCBM. The middle substructure
is correlated to the phases predominated by P3HT crystals. Similar structure sizes of
around 35 nm were found by Schaffer and coworkers in a P3HT:PCBM film [131]. They
considered this substructure as pure P3HT phase and, based on this point, successfully
found the correlation between morphological decay and device degradation. Finally, the
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largest substructure is understood as the surface structures. It can be evidenced by the
line cuts extracted from the AFM data as shown in figure 6.8, which reveals structure
sizes similar to the biggest substructure. In addition, Swinnen et al. also observed large
aggregates in a P3HT:PCBM film [132]. Via selected area electron diffraction analysis
and transmission electron microscopy, they reported that the large phase separation was
formed by PCBM aggregates and almost pure P3HT.

Figure 6.8: Line cuts extracted from AFM data of P3HT:PCBM films degraded in chloroben-
zene vapor (black), toluene vapor (blue), xylene vapor (green), and dichlorobenzene vapor
(red). The scan area of the AFM measurements is 2 × 2 µm2. Reproduced from Ref. [109]
with permission from the Royal Society of Chemistry.

Since the exciton diffusion length of P3HT was reported to be 10 to 20 nm, the small-
est substructures, on the order of 10 nm, are expected to dominate the photovoltaic
performance of the corresponding solar cells. In detail, the smallest structure size of
11 nm, 12.5 nm, 9.5 nm, and 4.5 nm are found in the chlorobenzene, toluene, xylene, and
dichlorobenzene vapor degraded P3HT:PCBM films, respectively. The sample treated
with dichlorobenzene vapor exhibits the smallest structures compared to the other sam-
ples. This relatively small structure size might correspond to a higher JSC of its solar cell.
However, for the other three samples, the smallest structure sizes are still in the range
for an effective exciton dissociation. Therefore, the change in the inner structure of the
active layer can not be the main reason for the complete failure of the solar cells degraded
in chlorobenzene, toluene, and xylene vapors.
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6.2.3 Results

Optical microscopy, AFM, and GISAXS are used to characterize the morphological degra-
dation of P3HT:PCBM BHJ films post-treated under different solvent vapors. Optical
microscopy images reveal that large PCBM aggregates form in chlorobenzene, toluene, and
xylene-related samples, while no micro-sized PCBM clusters are observed in dichloroben-
zene vapor post-treated sample. Moreover, the film degraded in chlorobenzene vapor has
the largest sizes but least number of PCBM aggregates, which is correlated to a high vapor
pressure and large solubility of PCBM in chlorobenzene. In addition, AFM measurements
illustrate that all post-treated samples have coarsened surface structures as compared to
the pristine films. Furthermore, for dichlorobenzene vapor post-treated film smaller do-
main sizes are found by GISAXS measurements, which could be a reason for the highest
remaining JSC of the corresponding solar cell. However, the sizes of the inner structures
of all other samples are still in the range for an effective exciton dissociation. Hence, the
inner structural evolution in different solvent vapors is not the main reason for the failure
of solar cells in chlorobenzene, toluene, and xylene vapors. More investigations about the
absorption and crystalline order of degraded P3HT:PCBM active layers are necessary to
understand the degradation of the solar cell performance.

6.3 Absorption behavior

The UV/Vis absorption spectra of the P3HT:PCBM BHJ films post-treated via chloroben-
zene, toluene, xylene, and dichlorobenzene vapors are normalized to the maximal value
of the P3HT peak and displayed in figure 6.9a. The main peak position for P3HT at
around 517 nm does not change for all samples, meaning the average conjugation length
of P3HT chains does not degrade during solvent vapor annealing [32]. Furthermore, the
shoulder-like features at around 550 nm and 600 nm are correlated to P3HT crystals [30].
The existence of these two absorption features suggests that the P3HT crystallites are
preserved after the solvent vapor treatments.

In order to extract further information about the crystalline order of P3HT chains in
these samples, the absorbance spectra are analyzed using the weakly coupled H-aggregate
model (explained in section 2.3.2). Details on how to process the absorbance data is
introduced in section 3.1.1. Briefly, the contributions of PCBM and amorphous P3HT
are extracted from the absorbance spectra. Afterwards, each spectrum is fitted using
five Gaussian peaks with equal width. By applying equation 2.20 to the (0-0) and (0-1)
vibrionic peaks which are obtained from the fits, the values of free exciton bandwidth
W are obtained for all samples and listed in figure 6.9b. In terms of P3HT:PCBM BHJ
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Figure 6.9: (a) Normalized UV/vis absorption spectra of P3HT:PCBM films degraded in
chlorobenzene vapor (black), toluene vapor (blue), xylene vapor (green), and dichloroben-
zene vapor (red). (b) Free exciton bandwidth W of the corresponding samples, which are
extracted from absorbance spectra and calculated using the weakly coupled aggregate model
(equation 2.20). Reproduced from Ref. [109] with permission from the Royal Society of
Chemistry.

system, typical values of W have been reported to be (92 ± 10) meV, (76 ± 10) meV, and
(140 ± 10) meV for well working devices [133]. The difference of these values is caused
by thermal annealing or use of different solvents for sample preparations. For the present
investigated P3HT:PCBM films, the values of W are in the range from (55 ± 15) meV
to (95 ± 12) meV, suggesting that the resulting crystalline order of P3HT after long-
term solvent vapor treatment is not responsible for the failure of the corresponding solar
cells. In addition, a smaller W refers to a higher crystallinity of P3HT. Dichlorobenzene-
related film shows the smallest W , indicating the highest P3HT crystallinity compared
to the other samples. In general, for P3HT the crystalline regions afford significantly
higher mobility of holes than its amorphous regions. Therefore, the highest crystallinity
of P3HT in the film post-treated with dichlorobenzene corresponds to the highest JSC
of the solar cell. However, for chlorobenzene-, toluene-, and xylene-related samples, the
sufficient crystalline order of P3HT hinted by W could not be the main reason for the
failure of their resulting solar devices.

Besides information about the molecular ordering of P3HT, the absorption behavior of
PCBM at around 335 nm is also revealed in figure 6.9a. Only the dichlorobenzene-related
P3HT:PCBM film shows a weak PCBM absorption peak. The missing of the PCBM
absorption peak for other samples is caused by the formation of large PCBM aggre-
gates as illustrated in the optical microscopy images in figure 6.2. The large aggregates
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can strongly scatter the light and subsequently lower the PCBM absorption. Liu and
coworkers reported a similar absorption behavior of P3HT:PCBM film with large PCBM
aggregates [134]. Moreover, the large PCBM aggregates result in much less PCBM being
homogeneously distributed in the P3HT matrix, which significantly reduces the absorp-
tion of PCBM in the chlorobenzene, toluene, and xylene vapor post-treated samples.

Overall, the PCBM aggregates might impede P3HT crystallization, which is evidenced
by the fact that the dichlorobenzene-related sample has the highest crystallinity. However,
as compared to the evolution of P3HT crystallites, the formation of PCBM clusters,
in chlorobenzene-, toluene-, and xylene-related samples seems to have much stronger
influence on the degradation of their respective solar cells.

6.4 Crystalline order

Figure 6.10: 2D GIWAXS data of P3HT:PCBM films degraded in (a) chlorobenzene vapor,
(b) toluene vapor , (c) xylene vapor, and (d) dichlorobenzene vapor. Three prominent PCBM
Bragg reflections are denoted by black, red, and magenta circles in (a) and (b). Bragg peaks
of P3HT crystallites are labeled by white ellipses in (b) and (d). Reproduced from Ref. [109]
with permission from the Royal Society of Chemistry.

In order to probe the crystalline order, GIWAXS measurements on the degraded films
are carried out. The 2D GIWAXS data are shown in figure 6.10. Obvious differences in
the scattering patterns, dominated by the scattering signals from the PCBM component,
are observed. Among the samples, only the dichlorobenzene-related P3HT:PCBM film
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shows 2D GIWAXS data (figure 6.10d) similar to normal annealed P3HT:PCBM BHJ
films [101].

More specifically, Bragg diffraction spots are clearly visible for the chlorobenzene and
toluene vapor post-treated samples, as denoted by the red, black, and magenta round
circles in figure 6.10a and 6.10b. These individual Bragg spots originate from large and
well-ordered PCBM crystals. It is worthwhile to mention that the Bragg peaks observed
in 2D GISAXS data (figure 6.5a and 6.5b) are not visible in the present 2D GIWAXS data
because they are blocked by the beamstop. Nevertheless, the higher orders are accessible
in the present 2D GIWAXS data. Similarly, Verploegen and coworkers found distinct
Bragg diffraction spots in 2D GIWAXS data of a P3HT:PCBM BHJ film upon heating to
205 °C [117]. For a quantitative analysis, the coordinates of each Bragg spot, in terms of
qz, qxy, and q, are taken from 2D GIWAXS data and summarized in table 6.3. The total
q values of all three Bragg spots are similar for these two samples, suggesting that the
same type of PCBM crystalline phase exists in P3HT:PCBM samples post-treated under
chlorobenzene and toluene vapor. This observation is well consistent with the previous
work done by Colle and coworkers [135], who also found that the same PCBM crystalline
phase is formed in PCBM films prepared out of chlorobenzene and toluene, respectively.
Moreover, an interesting feature is the flipped coordinates of qxy and qz of peak 1, referring
to a reversed orientation of PCBM crystals in these two samples.

solvent peak 1 (nm−1) peak 2 (nm−1) peak 3 (nm−1)
qxy qz q qxy qz q qxy qz q

chlorobenzene 5.98 3.95 7.17 11.92 7.95 14.33 5.67 11.77 13.06
toluene 3.9 5.95 7.17 9.80 9.03 13.33 5.70 11.73 13.04

Table 6.3: Positions, in terms of qxy, qz, and q, of Bragg diffraction spots in the 2D GI-
WAXS data of P3HT:PCBM films degraded in chlorobenzene and toluene vapor. Peak 1, 2,
and 3 refer to the Bragg spots denoted by magenta, black, and red round circles, labeled in
figure 6.10a and 6.10b.

The samples post-treated in xylene and dichlorobenzene vapor have no prominent Bragg
diffraction spots, as revealed by figure 6.10c and 6.10d. For the sample post-treated with
xylene vapor, a broad, patchy, half-ring-shaped feature appears in its 2D GIWAXS data
(figure 6.10c). This scattering characteristic is correlated to a group of randomly dis-
tributed finer PCBM crystallites, as compared to the chlorobenzene- and toluene-related
films. As already mentioned, the 2D GIWAXS data of the dichlorobenzene-treated film is
very similar to normal annealed films. It shows a homogeneous, broad, half-ring-shaped
feature originating from PCBM in the amorphous phase, as illustrated in figure 6.10d.
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Figure 6.11: Tube cuts along the main PCBM scattering signals from q = 12 nm−1 to
q = 15.5 nm−1. These cuts are extracted from 2D GIWAXS data of P3HT:PCBM films
degraded in chlorobenzene vapor (black), toluene vapor (blue), xylene vapor (green), and
dichlorobenzene vapor (red). The curves are shifted along intensity for clarity. Reproduced
from Ref. [109] with permission from the Royal Society of Chemistry.

In order to obtain information about the orientation of PCBM crystals, tube cuts along
the main PCBM scattering signals are performed from q = 12 nm−1 to q = 15.5 nm−1

on the 2D GIWAXS data. The corresponding curves are shown in figure 6.11. First, the
locations of the scattering peaks will be discussed. For P3HT:PCBM films post-treated
with chlorobenzene and toluene vapor (black and blue curves in figure 6.11), the scattering
peaks are located at almost similar positions of around ± 15°, ± 30°, ± 45°, ± 60°, and
± 75°, suggesting a certain, similar orientation in these two samples. For the xylene
vapor post-treated film (green curve in figure 6.11), more peaks are visible, which show
a random distribution. Accordingly, it is inferred that the PCBM crystals do not have
any preferred orientation. Regarding the dichlorobenzene-related sample (red curve in
figure 6.11), a relatively flat curve without apparent peaks is observed, implying no PCBM
crystals are formed within this sample. These findings further verify the deduction made
from optical microscopy measurements in section 6.2.1. For chlorobenzene-, toluene-,
and xylene-related films, the aggregates are mainly ascribed to PCBM crystals, while
for dichlorobenzene-related sample the surface morphology is only correlated to a surface
structure rather than clusters of PCBM crystallites. Then, intensity and width of the
corresponding peaks are compared for all samples. Generally, higher peak intensities and
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sharper peaks are correlated to larger crystals. The tube cut for the chlorobenzene vapor
post-treated sample has the highest and sharpest peaks, indicating the largest PCBM
crystals in this sample.

Consequently, it is concluded that the type of the solvent vapor has a strong impact
on the PCBM crystallization. By selecting the proper solvent vapor post-treatment, the
crystalline order of PCBM can be tuned in terms of sizes and orientations. Most signif-
icantly, the degradation in photovoltaic performance of the chlorobenzene, toluene, and
xylene vapor post-treated solar cells are mainly correlated to the formation of PCBM
crystals. In principle, solvent vapor annealing is similar to commonly used thermal an-
nealing. Both treatments enable P3HT and PCBM molecules to move and subsequently
form a thermodynamically favorable morphology. As reported, thermal annealing is a
non-monotonic impact in the photovoltaic performance [136]. Treat and coworkers have
found that micrometer-scale PCBM crystals are formed in P3HT:PCBM BHJ films under
long-term thermal annealing [136]. They ascribed the degradation in the corresponding
solar cells to the formation of large PCBM crystals. Likewise, during long-term solvent
vapor annealing using for instance chlorobenzene vapor, PCBM molecules tend to crystal-
lize and have enough time to form numerous clusters. Accordingly, this long term solvent
vapor treatment leads to extremely large domains of the PCBM phase in the micrometer
scale, as illustrated by microscopy image in figure 6.2a.

In addition to gaining information about the molecular ordering of PCBM, the inter-
molecular structure of P3HT can also be resolved via 2D GIWAXS data. Clearly observed
(100) and (010) Bragg peaks (figure 6.10), indicate the presence of P3HT crystals in the
films. Moreover, for the samples post-treated with chlorobenzene, toluene, and xylene
vapors, (010) Bragg reflections appear with higher intensity in the horizontal direction
compared to the vertical direction, suggesting a face-on dominant orientation for P3HT
crystals. For dichlorobenzene-related film, the (010) Bragg reflections show opposite fea-
tures, denoting an edge-on dominated orientation for P3HT crystals in this sample.

For a further quantitative analysis, the vertical and horizontal sector integrals, ex-
tracted from 2D GIWAXS data, are shown in figure 6.12a and 6.12c, respectively. Due to
extremely high intensities of the peaks at around 3.7 nm−1 in the vertical integrals, the q
range above 5 nm−1 is shown in figure 6.12b for a better visualization. Sharp peaks with
high intensities, as denoted by black arrows in figure 6.12, are generated by large PCBM
crystals. These peaks might suppress the scattering features caused by P3HT crystals due
to much higher intensities. For P3HT, the (100) peak with its higher orders of (200) peak
and (300) peak as well as the (010) peak are visible in all vertical integrals in figure 6.12a
and 6.12b. This illustrates that P3HT is already highly crystalline in all these samples.
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Figure 6.12: (a) Vertical and (c) horizontal sector integrals of 2D GIWAXS data of
P3HT:PCBM films degraded in chlorobenzene vapor (black), toluene vapor (blue), xylene
vapor (green), and dichlorobenzene vapor (red). In order to clearly visualize the features at
high q values in (a), the q range above 5 nm−1 is shown in (b). The Bragg peaks generated
by P3HT and PCBM crystals are labeled by red and black arrows, respectively. The curves
are shifted along intensity for clarity.

From the peak positions, lattice constants of P3HT crystals are calculated and sum-
marized in table 6.4. (100) and (010) Bragg peak lattice constants of 1.7 nm and 0.4 nm
are the same for all samples, except for the (100) peak extracted from the vertical sector
integrals. It seems that the distinct values of the (100) peaks extracted from the ver-
tical sector integrals might be caused by the interference with strong scattering signals
from PCBM crystals, as revealed by the almost overlapping peaks at around 3.7 nm−1

in figure 6.12a. The lattice constant values are in good agreement with literature [5]. In
conclusion, the P3HT crystals are well preserved after long-term solvent vapor annealing.
Moreover, the lattice constants of P3HT crystals are not influenced by solvent vapor an-
nealing. Therefore, the evolution of P3HT crystalline ordering is not responsible for the
degradation of the aged solar cells.

solvent lattice constant (nm)
(100)h (010)h (100)v (010)v

chlorobenzene 1.70 0.40 1.71 0.40
toluene 1.70 0.40 1.66 0.40
xylene 1.71 0.40 1.71 0.40
dichlorobenzene 1.70 0.40 1.64 0.40

Table 6.4: Lattice constants of P3HT crystals extracted from vertical (v) and horizontal
(h) sector integrals of 2D GIWAXS data of P3HT:PCBM films degraded in chlorobenzene,
toluene, xylene, and dichlorobenzene vapors.



6.4. Crystalline order 123

Figure 6.13: Schematic illustrations at the microscale for P3HT:PCBM BHJ films degraded
in (a) chlorobenzene vapor, (b) toluene vapor, (c) xylene vapor, and (d) dichlorobenzene
vapor. Grey spheres and red lines correspond to PCBM and P3HT components, respec-
tively. Parallel straight lines represent P3HT crystal phases and tangled lines denote P3HT
amorphous phases.

In figure 6.13, the results of morphology and crystalline order are summarized in
schematic illustrations at the microscale for P3HT:PCBM BHJ films post-treated with
different solvent vapors. Grey spheres and red lines represent PCBM and P3HT com-
ponents, respectively. For molecular ordering, the sample annealed in dichlorobenzene
vapor shows the highest P3HT crystallinity, with an edge-on dominated orientation (fig-
ure 6.13d). Whereas the other three samples have a relatively low P3HT crystallinity with
a preferred face-on orientation. However, the P3HT crystallinity for these three samples
still fulfills the requirement for a properly working solar cell. Therefore, the evolution in
P3HT crystallinity under different solvent vapor annealing is not the main reason for the
failure of the respective solar cells. With respect to the phase separation between P3HT
and PCBM, the domain sizes are distinct, but they are still in the range for an efficient
exciton dissociation for all samples. Hence, the development of nanomorphology under
different solvent vapor treatments is not responsible for the failed devices, either. Fi-
nally, on the micrometer scale, significant differences between the dichlorobenzene-related
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sample and the other three samples are found. In brief, only the sample with long-
term dichlorobenzene vapor post-treatment does not form large PCBM crystals, while
the chlorobenzene-, toluene-, and xylene-related samples have PCBM crystallized in large
sizes. As a consequence, for our selected solvent vapors, PCBM molecules are more sensi-
tive than P3HT chains, and accordingly the formation of PCBM crystallites are considered
as the main reason for the complete failure of the resulting solar cells.

6.5 Summary

The solvent vapor, generated during the preparation of solar cells, has strong influence on
the stability of these devices. We select chlorobenzene, toluene, xylene, and dichloroben-
zene individually as the possible solvent for the solar cell preparation and subsequent
vapor treatment. All solar cells seriously degrade after long-term saturated solvent vapor
treatment. Only the dichlorobenzene-related device survives with the remaining PCE of
(1.66 ± 0.07) %.

Via investigations on the morphology, absorption behavior, and crystalline order of the
degraded P3HT:PCBM films, the reason for solar cell failure is ascribed to the formation
of large scale PCBM crystals. In comparison, the evolution of phase separation and
P3HT crystallinity are less strongly effected. It is concluded that among all investigated
solvent vapors, dichlorobenzene is the best one due to PCBM keeping amorphous in the
active layer. Hence, in terms of long term stability of solution processed P3HT:PCBM
solar cells, dichlorobenzene or other solvents with a low vapor pressure are beneficial for
the solar cell stability during fabrication and handling. Moreover, a proper solar cell
encapsulation, which can selectively release the solvent residuals in the active layer, is of
great importance.



7 Inverted solar cells based on a
P3HT:PCBM system

Parts of this chapter have been published in the articles: Development of
the Morphology during Functional Stack Build-up of P3HT:PCBM Bulk
Heterojunction Solar Cells with Inverted Geometry [137] (W. Wang et al.,
ACS Appl. Mater. Interfaces, 7, 602-610, 2015, DOI: 10.1021/am5067749),
and In operando morphology investigation of inverted bulk heterojunction
organic solar cells by GISAXS [138] (W. Wang et al., J. Mater. Chem. A,
3, 8324-8331, 2015, DOI: 10.1039/c5ta01109d).

As described in chapter 5, many external conditions have been applied to increase
the PCE value of the P3HT:PCBM BHJ solar cells, such as thermal annealing, solvent
annealing, or use of processing solvent additives [86, 93]. Alternatively, new designs of
solar cell architecture also dramatically improve the solar cell efficiency [139, 140]. The
tandem structure is the state-of-the-art architecture, revealing a PCE to date over 11%
in triple-junction polymer solar cells [141]. Additionally, recent studies have confirmed
that the use of inverted geometry in solar cells can increase the PCE of single-junction
polymer solar cells as well [142,143].

So far, most research carried out on inverted polymer solar cells mainly pay close
attention to raise solar cell efficiency, for example by modifying blocking layers [144–146].
Only a few studies focused on the morphology of the active layer and the relationship
between the morphology and device performance. Moreover, these characterizations are
limited to the active layer and do not consider the complex architecture of the whole
solar devices. Therefore, understanding the morphology of the active layer in a real solar
cell is significant. The technique GISAXS is a non-destructive method to reveal the
inner morphology, especially for the active layer buried below the blocking layer and top
electrode. For example, Guo and coworkers have successfully studied the morphological
evolution during the preparation route towards functional stacks of the P3HT:PCBM BHJ
solar cell with a standard geometry via GISAXS [26]. To complete the understanding, in
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this chapter, GISAXS was employed as a main technique to track the inner morphological
development of the P3HT:PCBM active layer during the functional stacks build-up with
an inverted geometry.

Furthermore, it is also demonstrated that by adopting the inverted geometry the solar
cells achieve a higher long-term stability [147, 148]. In order to explain why the inverted
solar cell owns better stability as compared to the standard one, some general mechanisms
have been proposed [149]. It is believed that the polymer degradation is prevented due
to the UV absorption of the metal oxide layer (ZnO or TiO2) underneath. In addition,
in the inverted geometry the metal oxide layer directly contacts the ITO, avoiding the
erosion of ITO electrodes by the conventional PEDOT:PSS layer in a standard geometry
[150]. Moreover, with the inverted geometry the diffusion of water and oxygen molecules
into solar cells are retarded since the active layer is sandwiched between two blocking
layers. All the statements are based on the chemical reactions and only a few researches
payed attention to the physical degradation such as morphological degradation. However,
the stability of the morphology of the active layer also plays an important role for the
solar cells’ stability. As revealed by Schaffer et al., the morphological degradation of the
active layer caused a reduction of the effective area for electrical power conversion and
accordingly of the JSC of the solar cells with a standard geometry [131].

In this chapter, we introduce a simple inverted geometry for P3HT:PCBM BHJ solar
cells. The photovoltaic performance is significantly improved as compared to the standard
P3HT:PCBM solar cells, as shown in section 7.1. We explore the relationship between the
high solar cell efficiency and the morphology. The focus is put on the stepwise development
of the P3HT:PCBM BHJ morphology during the functional stack build-up, probed mainly
by GISAXS. In section 7.2, the stability of the inverted solar cells is presented. The
direct correlation between the morphology of P3HT:PCBM active layer and the solar cell
performance is investigated by in operando GISAXS and J-V measurements during the
solar cell operation.

7.1 Morphological evolution of inverted P3HT:PCBM
solar cell during assembling

The inverted P3HT:PCBM BHJ solar cells are prepared as described in section section 4.3.
The photovoltaic performance is determined via J-V characteristic, as discussed in sec-
tion 7.1.1. Afterwards, in section 7.1.2 the morphological evolution of P3HT:PCBM active
layer is characterized by AFM and GISAXS measurements as a function of the multilayer
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stack build-up. The findings from morphology measurements are linked to high efficiency
of the inverted solar cells.

7.1.1 Solar cell performance

In figure 7.1a and 7.1b, the schemes of the final device layer structure of standard and
inverted P3HT:PCBM BHJ solar cells are displayed. Contrary to the standard solar cells,
in the inverted ones the holes are transported from P3HT to the top electrodes and the
electrons transfer from PCBM to the bottom electrodes. In addition, instead of aluminum,
gold is used in the inverted solar cells as the top electrodes to match the energy level of
the materials in the whole device. ITO is replaced with FTO due to high temperature
stability of FTO.

Figure 7.1: Sketches of P3HT:PCBM BHJ organic solar cells with (a) standard and (b)
inverted geometry, with their functional layers labeled.

Figure 7.2 presents the J-V curves of the standard and inverted P3HT:PCBM solar
cells under illumination. The corresponding photovoltaic performance is characterized by
JSC , VOC , FF , and PCE, which are summarized in table 7.1. It is apparent that the
JSC is the most evidently increased parameter for inverted solar cells, showing the value
of (13.1 ± 0.3) mA/cm2 as compared to (8.9 ± 0.2) mA/cm2 with a standard geometry.
Whereas the VOC of these two types of solar cells stays in the similar range (0.62 ± 0.01) V
for standard solar cells and (0.58 ± 0.01) V for inverted solar cells). It is due to the fact
that the same donor and accepter materials are used in these two types of solar cells,
which mainly determine the VOC of the P3HT:PCBM solar cells [151]. Additionally, the
FF of (55.9 ± 0.7) % in inverted solar cells maintains similarly to that of (57.4 ± 1.3) % in
the standard solar cells. In order to obtain further information beyond these photovoltaic
parameters as shown above, the values of Rs and Rsh are extracted and listed in table 7.1,
too. The relatively smaller Rs in inverted solar cells contributes to the higher JSC , while
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geometry JSC VOC FF PCE Rs Rsh

(mA/cm2) (V) (%) (%) (Ω·cm2) (Ω·cm2)
standard 8.9 ± 0.2 0.62 ± 0.01 57.4 ± 1.3 3.1 ± 0.1 12 ± 2 470 ± 42
inverted 13.1 ± 0.1 0.58 ± 0.01 55.9 ± 0.7 4.2 ± 0.2 7 ± 1 340 ± 45

Table 7.1: Comparisons of photovoltaic parameters of the standard and inverted
P3HT:PCBM BHJ organic solar cells.

the relatively smaller Rsh results in the lower VOC and FF as compared to standard
solar cells. In total, the PCE of the inverted solar cells are raised to (4.2 ± 0.2) %
in comparison to (3.1 ± 0.1) % in standard solar cells, which is mainly ascribed to the
increased JSC . The maximum PCE of inverted solar cells reaches 4.4%, which is among
the highest reported values for P3HT:PCBM BHJ solar cells [152].

Figure 7.2: J-V curves of the P3HT:PCBM BHJ organic solar cells under AM 1.5 solar
illumination with standard (red color) and inverted (black color) geometries.

Furthermore, the EQE measurements are carried out on both types of solar cells, as
shown in figure 7.3a. It is noteworthy that except for the small range from 300 nm to
345 nm, the overall EQE of the inverted solar cell is much higher than that of standard
solar cell. The tendency of the EQE between these two solar cell is consistent with that
of the JSC extracted from J-V measurements. In order to understand the relative loss of
EQE in the range from 300 nm to 345 nm in the inverted solar cell, the transmittance of
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TiO2 and PEDOT:PSS films are probed and shown in figure 7.3b. The TiO2 layer shows
much lower transmittance in the range below 345 nm than that of the PEDOT:PSS layer,
showing that less light reaches the active layer in this wavelength range for an inverted
solar cell. Accordingly, a lower EQE intensity is detected below the wavelength of 345 nm
in an inverted solar cell.

Figure 7.3: (a) EQE of the P3HT:PCBM BHJ organic solar cells with standard (red color)
and inverted (black color) geometry. (b) Transmittance of PEDOT:PSS (red color) and
TiO2 layers (black color) on glass substrates.

7.1.2 Morphology

As reported in section 7.1.1 the high efficiencies of P3HT:PCBM BHJ solar cells have
been obtained by utilizing the inverted geometry. Thus, the fundamental understanding
of the relationship between morphology and performance is of great interest. It is well
known that the morphologies of the active layer play the most important role for solar
cell performance [153,154].

Gradual functional stack build-up of a P3HT:PCBM inverted solar cell is revealed
step-by-step as shown in figure 7.4. The pre-cleaned FTO substrate is partly etched away
(named as S1). The compact TiO2 layer is deposited from a sol-gel solution and then
treated with calcination (denoted as S2). Afterwards, a finer layer of TiO2 (denoted as
S3) is formed by a TiCl4 bath treatment. Sample S4 is resulted from P3HT:PCBM film
deposition via spin coating. Then, the electron blocking layer PEDOT:PSS is formed
by spray coating (denoted as S5). Thereafter, the gold contacts are deposited on top of
PEDOT:PSS layer (denoted as S6). Finally thermal annealing in N2 flow is applied on
the whole device (denoted as S7).
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Figure 7.4: Scheme of the functional stack build-up of inverted P3HT:PCBM BHJ solar
cell.

In addition, a SEM cross sectional image is shown in figure 7.5. The FTO layer located
at the bottom of the image (bright color) shows a thickness of around 700 nm. Above FTO,
a TiO2 layer is observed with a film thickness of around 200 nm. The black layer on top
of TiO2 are the P3HT:PCBM and PEDOT:PSS layers. Due to the low contrast between
these two films, individual P3HT:PCBM or PEDOT:PSS layer can not be distinguished
in the SEM image. On top of the image, a thin layer of gold is observed. Besides for
the stack information obtained from the SEM image, good contacts between each of two
neighboring functional layers are also evidenced, which ensures the good photovoltaic
performance of the investigated solar cells.

Figure 7.5: Cross sectional SEM image of an inverted P3HT:PCBM BHJ solar cell.
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Surface morphology

In figure 7.6 AFM topography images demonstrate the development of the surface mor-
phology of P3HT:PCBM inverted solar cells during functional stack build-up. The sur-
face structure of bare FTO substrate (S1) shows large and pyramidal-shaped grains (fig-
ure 7.6a), with a high surface roughness. After TiO2 deposition (S2), the dot-like struc-
tures are observed. The dot-shaped grains become denser after the TiCl4 bath treatment
(S3), which is beneficial for the electron transport at the interface between the TiO2 layer
and the active layer. After P3HT:PCBM spin coating (S4), the inter-connected struc-
tures are observed. However the dot-shaped grains are still visible, because P3HT:PCBM
duplicates the morphology of the TiO2 layer underneath. With further addition of PE-
DOT:PSS layer (S5), the similar features to P3HT:PCBM layer are formed with slightly
coarsened structures. With the gold contacts (S6 and S7), different morphologies are
formed. The grains are attributed to the aggregation of small gold nanoparticles.

Figure 7.6: AFM topography images of individual steps from the stack build-up in inverted
P3HT:PCBM solar cell, from S1 to S7 denoted as (a) to (g). The scan size is 4× 4 µm2.

Furthermore, the surface roughness is calculated from the AFM measurements and
plotted in figure 7.7. The roughness is found to be around 30 nm for the bare FTO
substrate, which is much larger in comparison to the ITO substrate used in standard solar
cells. The high surface roughness of FTO may lead to strong internal light scattering inside
the solar cells, therefore light harvesting of the active layer is promoted. Accordingly, a
higher current density is expected for inverted solar cells than standard ones because of
the greater light harvest induced by rough FTO substrates. Similarly, Kim and coworkers
reported that the device constructed on the substrate with surface structures like winkles
showed substantial improvements in light harvesting efficiency [155]. With the TiO2 layer
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(S2) deposited on top of FTO, the roughness of the stack is strongly reduced to below
10 nm and further to around 6 nm after TiCl4 bath treatment (S3). After spin coating
of P3HT:PCBM, the sample S4 still has the roughness of around 5 nm. As reported, the
roughness for P3HT:PCBM films is around 1 nm if deposited on flat substrates in a similar
way [5]. The higher surface roughness is attributed to the large roughness of the FTO
substrate. The rougher surface of the P3HT:PCBM layer is beneficial for reducing the
light reflection at the interface and accordingly improves the light absorption, indicated
by an increased current density. The stack with PEDOT:PSS layer, S5, keeps similar
surface roughness to sample S4. Finally, with addition of gold contact (S6 and S7), the
surface roughness of the device is slightly increasing again, which is due to the growth
mechanism of the gold particles on the polymer layer [156].

Figure 7.7: The surface roughness of each functional stack, extracted from AFM topogra-
phy data. Reproduced with permission from Ref. [137] copyright 2015 American Chemical
Society.

In order to closely observe the small gold nanoparticles, additional SEM measurements
are carried out on the samples S6 and S7. The resulting images are shown in figure 7.8.
For the sample S6, directly after gold layer deposition, small dot-shape structures with
a diameter of around 15 nm are visible in figure 7.8a. These dot-shaped grains are
isolated from each other. For the sample S7, after thermal annealing, aggregates of gold
nanoparticles are formed, showing much larger grains and coarsened structures, as shown
in figure 7.8b.
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Figure 7.8: SEM images of the functional stack with gold layer (a) before (S6) and (b) after
thermal annealing (S7).

Inner morphology

The AFM images reveal the development of surface structures during the solar cell assem-
bling. However, the obtained structural information is local. The scan size is limited to
the length within several micrometers. Moreover, the structures probed by AFM are re-
stricted to the surface structure. As reported, the surface morphology of the thin film may
differ from the inner morphology [5]. Therefore, GISAXS measurements are employed to
resolve the evolution of the inner morphology during the functional stack build-up. The
obtained structural information exhibits high statistics, with the probed region extend-
ing to several millimeters. The GISAXS measurements were done at the P03/MiNaXS
beamline of the PETRA III storage ring at DESY, Hamburg, Germany. The X-ray wave-
length was 0.0957 nm and the sample detector distance was selected to be 3180 mm for a
reasonable q range. In order to probe the inner film structures, an incident angle of 0.45°
was selected, which is above the critical angles of all the materials involved in the solar
cells. The corresponding critical angles of each material are listed in table 7.2.

In figure 7.9, the 2D GISAXS data of each stack S1 to S7 are shown. The specular peak
is shielded by a beamstop to protect the detector from over-saturation, showing a black
dot in the middle of each image. Below the specular peak, the maximum intensity is in
the Yoneda peak regions. Generally, the Yoneda peak is material-sensitive and located at

material FTO TiO2 P3HT PCBM PEDOT PSS gold
critical angle (deg) 0.223 0.173 0.099 0.111 0.092 0.092 0.343

Table 7.2: Yoneda peak of all investigated materials at λ = 0.0957 nm.
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the position of the critical angle of this material. The sample S1 (FTO substrate), shows a
wing-like scattering feature, suggesting well-defined structures with sizes in the ranges of
several nanometers. With the TiO2 layer (S2 and S3) deposited on top of the FTO, the 2D
GISAXS data changes from that of the FTO substrate. The overall intensity is strongly
increased because the TiO2 layer flatten the sample surface, which is in good agreement
with the surface roughness investigation from AFM measurements. Continuing with the
P3HT:PCBM layer (S4) and with the PEDOT:PSS layer (S5) deposition, different 2D
GISAXS patterns show up due to the new materials probed. However, the 2D GISAXS
data between these two stacks of S4 and S5 are quite similar due to the low contrast
between these polymers. For the final device with gold contact on top (S6 and S7), the
2D GISAXS data is completely different from that of the previous stacks, because gold
has much stronger scattering as compared to other materials buried underneath.

Figure 7.9: 2D GISAXS data measured at the individual samples of the functional stack
build-up in the inverted P3HT:PCBM solar cell, from S1 to S7 denoted as (a) to (g). The
scale bar of intensity is identical for all the 2D GISAXS data to illustrate the variation in
scattering density.

In order to obtain the structural information in the direction normal to the sample
surface, the vertical line cuts are performed for all 2D GISAXS data and plotted in fig-
ure 7.10a. The beamstop shielded part is denoted by a grey box in figure 7.10a. Generally,
all the vertical line cuts are dominated by the Yoneda region which is determined by the
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materials of the probed sample. For example, the Yoneda peak of FTO (S1), locating
at qz equal to 0.75 nm−1, is highlight with a dashed line in the graph. However, for the
samples with other layer on top of FTO, the signal of the Yoneda peak of FTO is sig-
nificantly weaker in comparison to the bare FTO substrate. This is due to the fact that
the new Yoneda peaks corresponding to TiO2 or other materials on the top layer appear
and superimpose to the Yoneda peak of FTO. Throughout all the vertical line cuts, the
Yoneda peak of each material is visible, suggesting no changes of the materials during the
functional stack build-up.

Figure 7.10: (a) Vertical line cuts extracted from the 2D GISAXS data of the functional
stacks. The area shielded by the beamstop is indicated by a grey rectangle. (b) Horizontal line
cuts (black triangles) together with their best fits (red lines). The curves are shifted along
the intensity axis for clarity. The curve from the bottom to the top indicate the sample in
the sequence from S1 to S7.

Horizontal line cuts of the 2D GISAXS data are shown in figure 7.10b. These line
cuts include the information about lateral structures inside the samples. Since the most
pronounced scattering intensity is located at the Yoneda peak region of the respective
material, the horizontal line cuts are performed at the Yoneda peak of the concerned
material [48]. For functional stacks without P3HT:PCBM layer (from S1 to S3), the
horizontal line cuts are always performed at the Yoneda peak of the newly deposited
material. For example, the horizontal line cut is performed at the Yoneda peak position of
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FTO for S1 and of TiO2 for S2 and S3. While for the functional stacks with P3HT:PCBM
layer, the horizontal line cuts are performed at the Yoneda peak position of P3HT since
the inner morphology of the active layer plays the most important role for the solar cell
performance.

In order to obtain further quantitative information, a model in the framework of the
DWBA is used to fit the horizontal line cuts. This model includes the contributions from
the form factor of individual scattering centers and the corresponding distance between
the neighbor scattering centers (structure factor). In order to achieve the best fits, three
cylindrical form factors are used, denoted as the average structure sizes. The correspond-
ing structure factor is assigned to each form factor, named as distance in this section. The
best obtained fits (red lines) are shown together with the corresponding horizontal line
cuts in figure 7.10b. For the FTO substrate, a pronounced peak is observed in figure 7.10b,
suggesting a well-defined lateral FTO structure. With the TiO2 layer deposition, the peak
related to the FTO structure is still visible, however a new peak appears at the position of
a smaller qy value. After the TiCl4 bath treatment and calcination, the horizontal line cut
stays similar. Continuing with P3HT:PCBM spin coating, the horizontal line cut appears
changed. A new peak located at a smaller qy value suggests large structures exist in the
P3HT:PCBM layer. Moreover, the structure originating from the FTO substrate is still
visible but much less prominent. For the functional stack with the PEDOT:PSS layer,
the horizontal line cut does not change obviously due to the low temperature process
which normally does not alter the inner morphology of the active layer. Directly after the
process of gold evaporation, the peak shifts to a smaller qy value, suggesting an increased
structure size in the active layer. Later on, the structure sizes continuously increase due
to final thermal annealing.

The structure sizes and distances obtained from the horizontal line cuts are summarized
as a function of multilayer stack assembling and illustrated in figure 7.11. According to the
position where the horizontal line cut is performed, the structural information is assigned
to the structure of FTO for sample S1, TiO2 for sample S2 and S3, and P3HT for the
other samples with P3HT:PCBM layer (from S4 to S7). The FTO layer possesses two
characteristic structure sizes of (2.7 + 0.2

− 0.1) nm and (36.5 + 16.5
− 13.5) nm, with corresponding

distances of (17 + 2
− 1) nm and (75.5 + 24.5

− 15.5) nm. With addition of TiO2 layer, the small
structure size of around 2.7 nm is replicated by TiO2. However a new structure size of
(26.5 + 1.0

− 1.5) nm with a distance of (135 + 15
− 10) nm appears, attributed to TiO2 nanoparticles.

After the TiCl4 bath treatment and calcination, the structure size of around 26.5 nm does
not change but reveals a much smaller distance of (75 + 15

− 10) nm. The decreased distance
between TiO2 nanoparticles is explained by the fact that the gaps are filled by the TiO2

nanoparticles formed during the TiCl4 bath treatment. It indicates that the finer layer
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of TiO2 is arisen, which is consistent with the features observed in AFM images that a
denser layer is formed after TiCl4 bath treatment.

Figure 7.11: (a) Structure sizes and (b) corresponding distances of each functional stack
of inverted P3HT:PCBM solar cells, extracted from the fits of horizontal line cuts. Two
structures are used to obtain the best fits for the samples S1, S2, and S3, whereas three
structures are used for the other samples. The black, red, and blue colors indicate the small,
medium, and large structures, respectively. Reproduced with permission from Ref. [137]
copyright 2015 American Chemical Society.

With P3HT:PCBM spin coating, the small structure of around 2.7 nm originated from
FTO substrate is further replicated by P3HT. However, two new structures are formed
by P3HT itself, with structure sizes of (19.5 + 1.0

− 1.5) nm and (52 + 2
− 2) nm, and corresponding

distances of (66 + 19
− 6 ) nm and (126.5 + 23.5

− 16.5) nm. Afterwards, the PEDOT:PSS is deposited
on top of P3HT:PCBM layer by spray coating. During this process, the inner morphol-
ogy of the active layer does not change. The active layer still has three structures, with
the same structure sizes and distances, suggesting the active layer can be successfully
preserved after spray coating a PEDOT:PSS layer on top. After gold evaporation, the
smallest structure size of P3HT increases from around 2.7 nm to (4.8 + 0.2

− 0.4) nm, while
the other two structures remain unchanged. The increase of the smallest structure size
of P3HT may be caused by the thermal load during the gold evaporation. Similarly, Guo
et al. also found the structure size of P3HT increases after the aluminum evaporation
in a standard P3HT:PCBM solar cell [26]. Afterwards, thermal annealing was carried
out in a controlled environment with constant nitrogen flow. It clearly shows that the
smallest structure size of P3HT further increases from around 4.8 nm to (9 + 0.5

− 0.3) nm,
which partially originating from the thermal load. Such structure coarsening behavior of
P3HT:PCBM film after thermal treatment has been already observed [157]. The struc-



138 Chapter 7. Inverted solar cells based on a P3HT:PCBM system

ture size of around 9 nm is in the range of the exciton diffusion length of 10 nm in P3HT,
suggesting an efficient exciton dissociation [115]. This enlarged structure size of P3HT
indicates less interface between P3HT and PCBM, which lowers the recombination prob-
ability of the holes and electrons. Instead, the other two structure sizes of P3HT decrease
after thermal annealing (from around 19.5 nm to (26.5 + 0.5

− 1.0) nm, and from around 52 nm
to (44 + 3

− 2) nm), suggesting the exciton dissociation is more efficient since in smaller P3HT
domains more exciton can reach the interface. In a standard P3HT:PCBM solar cell, the
large structure size of P3HT is reported to be 65 nm, which is much larger than it in
inverted solar cells [26]. Therefore, the higher JSC and PCE of inverted P3HT:PCBM
solar cell as compared to a standard one can be explained by the smaller structure sizes
of P3HT in the active layer.

7.1.3 Results

It is demonstrated from this work that a highly efficient polymer solar cell can be obtained
by utilizing an inverted geometry. Different from the standard geometry, in an inverted
solar cells charge carriers are transported in an opposite way, where the holes are collected
at the top electrodes of gold and the electrons are collected at the bottom electrodes of
FTO. As a standard system, P3HT:PCBM BHJ solar cells are investigated in this work.
The PCE of the inverted solar cell achieves (4.2 ± 0.2) %, with a maximum value of
around 4.4%, whereas the PCE of the standard solar cells is only (3.1 ± 0.1) %. This
PCE value we obtained is among the highest values of P3HT:PCBM systems. Taking
all the photovoltaic parameters into account, the JSC of (13.1 ± 0.3) mA/cm2 is much
higher as compared to the standard solar cell and therefore it is the main reason for the
PCE improvement.

In order to understand the reason lying behind the high efficiency of inverted solar cells,
the morphological evolution is probed. AFM and GISAXS measurements are carried out
on each step of the functional stack build-up in sequence of the solar cell assembling. With
AFM measurements, it is observed that FTO substrates exhibit a very high roughness of
around 30 nm, which is beneficial for the internal light scattering and therefore elevates
the light harvesting of the active layer. Furthermore, GISAXS measurements reveal that
newly deposited P3HT:PCBM layer has three structure sizes of around 2.7 nm, 19.2 nm,
and 52 nm, where the structure of around 2.7 nm is originated from duplicating the
structure of the FTO layer. After final thermal treatment, the structure sizes of the
active layer are around 9 nm, 17.5 nm, and 44 nm. In comparison to standard solar cells,
the structure sizes of the active layer are much closer to the exciton diffusion length in
P3HT. Therefore, exciton dissociation is more efficient and accordingly the JSC is much
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higher in inverted solar cells. In summary, both high roughness of the FTO substrate and
small structure sizes of active layer in the final device contribute to the high performance
of the inverted P3HT:PCBM solar cells. Furthermore, it is inferred that proper surface
modification of the bottom substrates can be beneficial for achieving high efficiency.

7.2 Stability

In the previous section, the improvement in photovoltaic performance resulted from using
an inverted geometry has been discussed. In the following section, the stability of inverted
P3HT:PCBM BHJ solar cells will be investigated. At first, in section 7.2.1, the device
stability during 4 hours continuous operation under illumination is studied. Then, in
section 7.2.2, a long-term stability of the solar devices, without encapsulation, stored
under dark ambient condition, is probed periodically for more than 150 days.

7.2.1 In operando morphology and photovoltaic performance
investigation

As reported, the degradation in photovoltaic performance of a standard P3HT:PCBM
solar cell is correlated to a morphological degradation in the active layer [131]. In the
following, during an inverted solar cell operation under illumination, the morphological
evolution of the active layer is investigated via GISAXS measurements. The relationship
of morphology and solar cell performance is studied.

In operando morphology investigation

In order to probe the inner morphology evolution of the active layer in an inverted
P3HT:PCBM solar cell during operation under illumination, in operando GISAXS mea-
surements were carried out at the Austrian SAXS beamline of the Elettra synchrotron
source in Trieste, Italy. The X-ray wavelength was 0.154 nm and the SDD was set to
1776 mm. In order to enable the X-ray fully penetrate the sample, an incident angle of
0.53◦ was selected. A pocket solar was employed to mount the solar cell for in operando
measurements, which enables the simultaneous J-V curve recording and GISAXS charac-
terization. In addition, the pocket solar can be evacuated to minimize the degradation
from moisture and oxygen. In order to compare to our previous investigation on the
standard solar cell, the same pocket solar was used for the inverted solar cell. The de-
tailed description of the pocket solar has been published in [131]. Since the impact of
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moisture and oxygen on inverted and standard geometries were ruled out under vacuum,
the observation was focused on the difference in morphological evolutions. The GISAXS
measurements were taken before illumination (denoted as 0 min), and after operation
for 3, 10, 15, 30, 60, 120, 180, and 240 min under illumination, respectively. Instead of
directly probing at the gold electrode, three different positions near the gold electrodes
were selected to prevent the strong scattering signal of the gold electrodes suppressing
the signal from the active layer.

All these 2D GISAXS data are identical. The initial data is shown in figure 7.12a as
an example, with the zoom of the featured pattern illustrated in figure 7.12b. The half-
circle-shaped scattering is attributed to the TiO2 layer and FTO substrate, as described in
section 7.1.2. The Yoneda region is denoted by the red arrow with letter Y in figure 7.12a,
locating at the bottom of the 2D GISAXS data. Additionally, the Bragg reflection is shown
at the top of the image labeled by letter B, which is correlated to the P3HT (100) peak.

Figure 7.12: (a) Initial (0 min) 2D GISAXS data of the inverted P3HT:PCBM BHJ solar
cell. The P3HT (100) Bragg reflection (B) and Yoneda region (Y) are pointed by the red
arrows, respectively. (b) Zoom-in of figure (a).

The vertical line cuts are firstly extracted from all the 2D GISAXS data at the position
of qy = 0. In order to visualize the morphological evolution, all the cuts are plotted on top
of each other in figure 7.13a. No visible difference is observed. For clearly illustrating the
Yoneda region, a zoom-in is shown as the inset in figure 7.13a. It shows that the position
of P3HT Yoneda peak, locating at 0.48 nm−1, indicated by the black arrow, does not
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alter with time. Therefore it is inferred that the composition of the active layer is stable,
and no molecular diffusion occurs during the solar cell operation under solar illumination
for 240 min. In addition, the P3HT (100) Bragg peak is located at qz = 3.75 nm−1 with
its FWHM of (0.63 ± 0.05) nm−1, correlated to the spacing distance of 1.68 nm and the
correlation length of (10.0 ± 0.8) nm along (100) direction. This peak is also stable with
time, suggesting no degradation occurs on the level of molecular packing.

Figure 7.13: (a) Vertical line cuts and (b) horizontal line cuts (symbols) with their fit (red
line) extracted from the 2D GISAXS data of the inverted P3HT:PCBM solar cell illuminated
for 0, 3, 10, 15, 30, 60, 120, 180, and 240 min. The zoom-in of the Yoneda region is shown
as the inset in (a). In order to clearly illustrate the morphological evolution, the curves are
plotted on top of each other in each image. Different colors represent different illumination
times. Reproduced from Ref. [138] with permission from the Royal Society of Chemistry.

The horizontal line cuts of the 2D GISAXS data reveal the evolution of the lateral
structures in the active layer. As discussed in section 7.1.2, the horizontal line cuts are
applied at the position of the P3HT Yoneda peak. All horizontal line cuts are plotted
on top of each other in figure 7.13b to visualize the difference. All curves fully overlap,
suggesting no nanostructure variation takes place. Therefore, the morphological degra-
dation in the active layer does not happen. This observation is opposite to that of the
standard P3HT:PCBM solar cell as reported by Schaffer et al. [131]. They found that the
nanomorphology of the P3HT:PCBM layer degraded in standard solar cells during the
operation under illumination. The small domains vanished and the large domains grew
with time, which resulted in a reduction of the effective area of interface between P3HT
and PCBM phases. As a consequence, the JSC of the solar cell decayed, which was the
main reason for the solar cell degradation. As compared to the standard solar cell, the
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stability of the nanomorphology of the active layer in inverted solar cells is significantly
improved, which can be explained in terms of two factors. Firstly, the TiO2 layer under-
neath P3HT:PCBM film can absorb the UV light, which protects the P3HT chain from
scission under the UV illumination. Accordingly, the polymer chains remain their high
molecular weight. The mobility of the chains is restricted and the relaxation of polymer
chains are prevented. Secondly, the interactions between the TiO2 and P3HT:PCBM lay-
ers are different from that between PEDOT:PSS and P3HT:PCBM, which also influence
the morphology of the P3HT:PCBM layer. Previous work from Zhao et al. revealed that
the P3HT films exhibited different morphologies and stabilities when they were deposited
on conductive substrates or on glass [158].

Since all the horizontal line cuts are identical, one single fit is shown as an example
in figure 7.12b as the red line. Corresponding P3HT structure sizes of (2.5 ± 0.2) nm,
(19 ± 1) nm, and (82 ± 4) nm are extracted, with their corresponding distances of
(45 ± 5) nm, (180 ± 30) nm, and (420 ± 100) nm. In summary, the morphology of
P3HT:PCBM active layer in an inverted solar cell is fully stabilized, which is strongly im-
proved as compared to a standard solar cell. The stability of the active layer is attributed
to the TiO2 blocking layer underneath.

J-V sweep

Figure 7.14: J-V curves of inverted P3HT:PCBM solar cells illuminated for (a) 0, 3, 10,
15, 30, 60, 120, 180, and 240 min, and (b) 0, 16, 32, and 48 seconds.

It has been shown that the inner morphology of the active layer is stable in inverted solar
cells. Therefore, the evolution of the photovoltaic performance is of great interest during
this period. The J-V sweeps with an interval of 16 seconds are recorded simultaneously
with the GISAXS measurements. In order to correlate with the GISAXS measurements,
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Figure 7.15: Evolution of all the photovoltaic parameters (a) VOC , (b) FF , (c) JSC , and
(d) PCE. In order to achieve higher statistic, every five points are averaged. Reproduced
from Ref. [138] with permission from the Royal Society of Chemistry.

the J-V curves recorded with illumination for 0 (the beginning of illumination), 3, 10, 15,
30, 60, 120, 180, and 240 min are selected and shown in figure 7.14a. The initial J-V curve
(at 0 min) shows an S-shape, with the smallest JSC and VOC . However, with running the
J-V measurements, the shape of J-V curve transits toward similar to rectangle. In order
to look closely into the transition within the initial period, the first four J-V curves with
illumination for 0, 16, 32, and 48 seconds are shown in figure 7.14b. It is found that the
transition is a fast process, with the most pronounced change from 0 to 16 seconds. It
indicates that the self-healing process occurs in the inverted solar cells during operation
for the first seconds. Similar behavior has been also observed in the inverted solar cell by
Lloyd et al. [159]. They attributed the self-healing process to the evolution of the interface
between the electron blocking layer and the top electrodes. From 3 min till around 10 min,
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the J-V curves are quite similar, suggesting a stable photovoltaic performance. However,
afterwards the J-V curves decays slowly with time, showing decreasing JSC and VOC .

Photovoltaic parameters including JSC , VOC , FF , and PCE are extracted from each
J-V curve and displayed as the function of illumination time in figure 7.15. Generally,
all these parameters evolve in a similar way. Within the first minutes, all parameters
are dramatically improved, which is caused by self-healing as discussed in previous para-
graph. Afterwards, a relatively stable period exists till around 10 min. Then, all the
parameters continuously decay with time. The decay of JSC , VOC , and FF contributes
to the degradation of the PCE.

Figure 7.16: Evolution of all the photovoltaic parameters VOC , FF , JSC , and PCE, nor-
malized to their corresponding maximum values. In order to achieve higher statistic, every
five points are averaged. Reproduced from Ref. [138] with permission from the Royal Society
of Chemistry.

In order to compare the decay behavior of the inverted solar cell to our previous work
(standard solar cell), all the photovoltaic parameters are normalized to their respective
maximum values and depicted in figure 7.16. Generally, the stability of JSC and PCE of
the inverted solar cell is substantially improved in comparison to the standard solar cell,
while its VOC and FF show a similar decay level to the standard solar cell. In details, VOC
sustains 90% to its maximum values. The reason for this decay might be the temperature
increase by 10 ◦C during the measurements. It has been reported that VOC drops with
increasing temperature due to the photochemical reaction in the polymers [160]. The
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FF is the most stable parameter, which still maintains 96% of its maximum. The most
remarkable results are the evolution of JSC and PCE. With the inverted geometry, they
are preserved around 90% and 75% of their corresponding maximum values, while they
only keep around 80% and 65% in the standard solar cell. According to the decay behavior
of all parameters, it can be concluded that the improvement of the PCE stability is mainly
ascribed to a more stable JSC .

Correlated to the observation from in operando GISAXS measurements, it is inferred
that the improvement of the stability of JSC is caused by a stable morphology of the
active layer in an inverted solar cell. Similarly, Schaffer et al. found that the decay of JSC
in a standard solar cell completely follows the morphological degradation of the active
layer [131]. As a result, the stabilized P3HT:PCBM active layer contributes to the highly
improved stability of JSC and PCE, while it has a weak influence on the VOC and FF .

7.2.2 Long-term stability

Although the inverted P3HT:PCBM solar cell shows a high stability during continuous
operation under illumination for 240 min, the investigation of long term stability is also
significant. Thus, in a second experiment the inverted solar cells were kept in a dark am-
bient condition and measured periodically up to more than 150 days. The photovoltaic
parameters (JSC , VOC , FF , and PCE) are extracted from J-V measurements and illus-
trated as a function of storage time, in figure 7.17. In order to show the trend, red dashed
lines are plotted as guide to the eye in figure 7.17. JSC maintains similar during the first
21 days and then suddenly decreases. After 37 days a much slower decrease follows until
the last measurement, corresponding to a loss less than 15% of the maximum value of
JSC . However, VOC and FF strongly improved during the first 21 days. After that, no
significant changes are observed. In general, standard P3HT:PCBM solar cells degrade
quickly in ambient conditions [161]. It is notable that the PCE of the inverted solar cell
remains around 88% compared to its maximum value after more than 150 days storage.
The evolution of the PCE can be divided into two regions. The first pronounced growth
is attributed to the increase of VOC and FF in the first 21 days, while the degradation
occurs due to the decay of all the photovoltaic parameters after 21 days. In summary, a
significant improvement in the long-term stability of the inverted P3HT:PCBM solar cell
is achieved, also when stored in ambient conditions.
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Figure 7.17: Long-Term evolution of all the photovoltaic parameters of VOC , FF , JSC , and
PCE. The red dashed lines are used as a guide to the eye.

7.2.3 Results

In this work it is demonstrated that the inverted P3HT:PCBM BHJ solar cells show highly
stable performance during operation, which is a dramatic improvement as compared to
the standard solar cell geometry. In order to explore the correlation between the mor-
phology and the solar cell performance, in operando GISAXS measurements are carried
out under illumination for 240 min. Simultaneously, J-V sweeps are recorded. The PCE
of the inverted solar cell is preserved to 75% as compared to its maximum value after
240 min continuous operation. By taking all the photovoltaic parameters into account, it
is found that the VOC and FF show quite similar decay behavior as in the standard solar
cell, whereas the JSC shows much higher stability. Therefore, the higher stable JSC is the
main factor for the higher stability of the PCE. The in operando GISAXS measurements
reveal that the morphology of the P3HT:PCBM active layer in an inverted solar cell re-
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mains stable and does not alter during the device operation. The unchanged morphology
is mainly attributed to the TiO2 layer underneath, which absorbs UV light and accord-
ingly protects the P3HT from UV degradation and molecular relaxation. However, in a
standard solar cell the P3HT:PCBM layer undergoes degradation with time which is fully
responsible for the efficiency degradation. Therefore, the morphology stabilization of the
active layer in the inverted solar cells is directly correlated to the improved stability of
the JSC and PCE for the first time.

Furthermore, the inverted devices show long-term stable, even when they are stored in
air. The photovoltaic properties are examined periodically and it is found that the PCE
of the inverted solar cell remains 88% after more than 150 days. Therefore, it is concluded
that the morphological stability of the active layer, such as utilizing the inverted geometry
for solar cells, can lead to highly stable polymer solar cells.

7.3 Summary

By utilizing inverted geometry in P3HT:PCBM BHJ polymer solar cells, a significant
increase of PCE compared to the standard geometry is obtained. The improved PCE

is mainly ascribed to the high JSC . It is proposed that the inverted geometry induces
higher internal light harvesting and smaller structure sizes of the P3HT:PCBM active
layer, which are revealed by AFM and GISAXS measurements on each functional stack.
Hence, more exciton are generated in the active layer and dissociated at the interface. Ac-
cordingly a higher JSC is obtained. Furthermore, from this study it is inferred that proper
structuring the surface of substrate can be beneficial for the high efficiency. Additionally,
it is found that the inverted P3HT:PCBM solar cells show quite stable photovoltaic per-
formance due to its stable morphology of the active layer. The PCE is preserved for 75%
compared to its maximum value after 240 min of continuous operation under illumination,
which is mainly attributed to a highly stable JSC . A fully stabilized P3HT:PCBM active
layer is considered as the direct reason for the stable JSC , indicated by the in operando
GISAXS measurements. Furthermore, the inverted solar cell has a long-term stability,
when it is stored under dark ambient condition. Through periodically J-V measurements,
it shows that the device remains 88% of its maximum PCE after more than 150 days
storage.

In conclusion, the inverted geometry is a constructive strategy towards highly efficient
and stable polymer solar cells. Furthermore, in order to optimize the solar cell performance
in efficiency and stability, one should not only consider the morphology of active layer,
but also pay attention to the influence of the device architecture of the solar cells.





8 Low temperature route to flexible
nanostructured P3HT/TiO2 hybrid
films

Besides organic solar cells, hybrid solar cells are another widely investigated system in
the field of photovoltaics. They comprise an inorganic semiconductor as electron con-
ducting material and a conjugated semiconducting polymer as donor material. As one
of the broadly used inorganic semiconductors, TiO2 shows its distinct advantages such
as cheap, stable, non-toxic, and abundantly availability. Moreover, nanostructured TiO2

can be easily fabricated using a sol-gel process with the help of a structure directing
polymer template. This routine enables the demand for a large interface between TiO2

and the donor material where the charge separation takes place [24, 162]. Following film
deposition a calcination process above 400 °C is required to obtain crystalline titania
as well as burning away the structure directing polymer templates [163]. However, this
high temperature step is not feasible for the deposition of TiO2 on flexible organic sub-
strates such as poly(ethylene terephthalate) (PET) and polyethylene naphthalate (PEN)
which cannot withstand temperatures above 150 °C [23]. Therefore, low processing tem-
peratures are causing less-energy consumption and essential for flexible substrates [164].
Furthermore, TiO2 is a brittle material with low flexural strength that may fail in bending
applications [60]. Therefore, the mechanical investigation on the TiO2-based active layer
is important for flexible hybrid solar cells.

Our previous work has already demonstrated a novel synthesis for rutile phase TiO2

nanostructures at low temperatures [23, 165]. In this chapter, the amphiphilic diblock
copolymer PS-b-PEO is used as the structure directing template. Various methods for
template extraction are compared, as shown in section 8.1. In order to finalize the active
layer preparation the porous TiO2 film is backfilled with the donor material P3HT, which
is discussed in detail in section 8.2. In section 8.3 and section 8.4, the mechanical prop-
erties of the TiO2 based films are firstly characterized and then evaluated by appropriate
models. These parts are based on the master’s thesis of Widmann [25].

149
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We have submitted a manuscript based on the results of this chapter.

8.1 Polymer template extraction

The nanostructured TiO2 thin films are prepared by diblock copolymer template assisted
sol-gel synthesis. Thereafter, the polymer template needs to be completely removed at low
temperature, without destroying the TiO2 network. Towards this goal, different extrac-
tion methods are applied. One PS-b-PEO/TiO2 hybrid film without template extraction
is prepared as the pristine sample. Another sample is prepared as a reference sample after
conventional high temperature calcination. Detailed information about different extrac-
tion methods are summarized in table 8.1. First of all, the film thickness is probed with
white light interferometry. The as-prepared sample shows a thickness of (204 ± 1) nm,
which is in good agreement with the need for the active layer of hybrid solar cells. After
polymer template removal, all the samples show a shrinkage of the film thickness. The
samples with calcination and UV irradiation treatment provide the thinnest films, with
62% and 47% reduction of film thickness, respectively, while the other two samples show
a reduction of around 15%.

The morphology of the resulting TiO2 films is of high significance for hybrid solar
cell applications. Therefore, the real-space and reciprocal-space analyses are discussed in
section 8.1.1 and section 8.1.2, respectively. Furthermore, the corresponding porosity is
calculated, as represented in section 8.1.3.

8.1.1 Real-space analysis

As shown in figure 8.1, the surface morphologies of the as-prepared PS-b-PEO/TiO2

film and the resulting porous TiO2 films with different polymer extraction methods are
probed with SEM measurements. The sample with polymer template (figure 8.1a) shows
a wavy surface morphology, which is common for non-conducting polymers. Although its
surface morphology is blurry, the TiO2 network is visible, indicating a successful structure
formation by the polymer template PS-b-PEO. After template extraction, all the samples
show a porous network-like structure with slightly different morphologies. It infers that
the polymer template is removed successfully from the top surface. In general, the low
temperature routes give rise to a uniform surface morphology as shown in figure 8.1b, 8.1c,
and 8.1d, whereas the film with high temperature calcination shows strong collapse and
local dense structure (figure 8.1e). The film collapse might be the reason that the calcined
film shows the most significant shrinkage in film thickness. In the case of the TiO2 film
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sample extraction method time temperature film thickness
(°C) (nm)

I none / / 204 ± 1
II DMF and CB baths 10 min and 1 h RT 178 ± 2
III UV irradiation 20 h 90 108 ± 6
IV O2 plasma 30 min RT 178 ± 3
V calcination 4 h 400 77 ± 3

Table 8.1: Sample list with different extraction methods, treatment duration, the tempera-
ture, and the final film thickness. The film thickness is obtained by white light interferometry
measurements.

where the PS-b-PEO is extracted using organic solvent treatment (figure 8.1b), thicker
walls of the network are observed compared to the UV irradiation and the O2 plasma
treatment (figure 8.1c and 8.1d). It appears that the UV and the O2 plasma interact
more aggressively with the TiO2, which results in a thinner wall of the network and a
stronger shrinkage of the film thickness than the sample using organic solvent extraction.
In conclusion, the low temperature extraction (room temperature) is milder than high
temperature calcination, which achieves better interconnected TiO2 networks.

Figure 8.1: SEM images of the as-prepared PS-b-PEO/TiO2 film and the resulting porous
TiO2 films with different polymer extraction methods listed in table 8.1. Image from (a) to
(e) represents the sample from I to V, respectively.
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Furthermore, in order to confirm a complete extraction, cross-section SEM measure-
ments are performed. All images are shown in figure 8.2. In general, the top region of
the images shows the surface morphology. The edge, located in the center of the im-
age, represents the cross-section of the TiO2 film. The bottom area shows the silicon
substrate. For the sample without polymer extraction (figure 8.2a), a compact layer of
PS-b-PEO/TiO2 is observed with a relatively flat top surface. After the PS-b-PEO re-
moval, all the samples show porous structures, with a rough surface. Interconnected TiO2

networks are also observed in vertical direction. For the samples with solvent treatment
and UV irradiation (figure 8.2b and 8.2c), the porous structure can be observed at the
bottom of the film, indicating a complete removal of the polymer template. However, the
PS-b-PEO is only partially removed from the sample which is treated with an O2 plasma,
since a dense layer still exists at the bottom of the film (figure 8.2d). The cross sectional
image of the calcined sample, shown in figure 8.2e, confirms the strong collapse of the
TiO2 film which yields a large surface roughness. The pores are small and rare, which
could cause a serious challenge for the P3HT backfilling. Therefore, it is summarized that
among all investigated extraction methods the solvent treatment and UV irradiation are
equally good for the polymer template extraction.

Figure 8.2: Cross-section SEM images of the as-prepared PS-b-PEO/TiO2 film and the
resulting porous TiO2 films with different polymer extraction methods listed in table 8.1.
Image from (a) to (e) represents the sample from I to V, respectively.
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8.1.2 Reciprocal-space investigation

In order to get an insight into the inner morphology of different samples, GISAXS measure-
ments are performed. Compared to SEM measurements, GISAXS probes a macroscopic
area, providing better statistics. The GISAXS measurements were performed at 1W2A
beamline at the Beijing Synchrotron Radiation Facility (BSRF), Beijing, China. The
wavelength was 0.154 nm. The incident angle was set to 0.52° and the sample-detector
distance was selected as 2994 mm. A Pilatus detector was used, providing 981× 1043 pixel
with pixel size of 172 × 172 µm2.

Figure 8.3: 2D GISAXS data of the PS-b-PEO/TiO2 film and the porous TiO2 films with
different polymer extraction methods shown in table 8.1. Images from (a) to (d) represents
the sample from I to IV, respectively, and (f) for the sample V. (e) provides a zoom-in near
the Yoneda region of the sample extracted with an O2 plasma, which is denoted by a red
rectangle in (d). The black arrows in (e) point out three Yoneda regions.

The 2D GISAXS data of all investigated samples are presented in figure 8.3. The
specular reflected beam is shielded by a rectangular beamstop. In general, the material
sensitive Yoneda peaks are pronounced for all samples. For the sample without template
extraction (figure 8.3a), two distinct Yoneda peaks are visible, which are assigned to silicon
and TiO2 with PS-b-PEO. In addition, the diffuse scattering along the Yoneda peaks are
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weaker than for all the other samples. This is caused by the smaller X-ray contrast
between TiO2 and PS-b-PEO than that between TiO2 and air. Similarly, Rawolle et al.
observed that the scattering intensity of the porous TiO2 film is stronger than that of the
P3HT-backfilled sample [69]. After PS-b-PEO removal, except for the O2 plasma-treated
sample, all the samples show a single Yoneda peak. Only the TiO2 film processed via the
O2 plasma still has distinct Yoneda peaks, as seen in figure 8.3d, indicating incomplete
extraction. Furthermore, three Yoneda peaks are observed, indicated by three black
arrows in figure 8.3e. They are assigned to the Yoneda peaks of silicon, porous TiO2, and
the TiO2 with PS-b-PEO, respectively.

Figure 8.4: Vertical line cuts extracted from the 2D GISAXS data of the as-prepared PS-b-
PEO/TiO2 film and the resulting porous TiO2 films with different polymer extraction meth-
ods. From bottom to top the curves are correlated to the sample I to V as shown in table 8.1.
The grey bars indicate the detector dead areas and the beamstop. The cuts are shifted along
the intensity axis for clarity.

In order to obtain more information about the vertical film composition, vertical line
cuts are extracted from the 2D GISAXS data at the position of qy = 0. The image is
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shown in figure 8.4. The beamstop and the dead areas on the detector are shown as
grey bars in figure 8.4. In general, the peaks located at the region from 0.5° to 0.8° are
Yoneda peaks. The one on the left side is related to the investigated materials’ specific
Yoneda peak, and the right one is attributed to the silicon substrate. For the TiO2 film
without polymer template extraction (red curve in figure 8.4), the left Yoneda peak is
at around 0.7°, which is attributed to the PS-b-PEO/TiO2 composite. The sample with
its template extracted by O2 plasma, the magenta curve in figure 8.4, also shows distinct
Yoneda peaks due to an incomplete polymer template extraction. In addition, a small
shoulder is observed at around 0.9°, which might be arisen by an enrichment layer in the
sample. This enrichment layer is ascribed to a top layer where the PS-b-PEO is completely
removed. Combined with the SEM characterization, it infers that this sample has two
layers, which are a porous TiO2 layer on top and a compact layer of PS-b-PEO/TiO2

at the bottom of the film. For the other three samples, a broad Yoneda peak with the
maximum at the silicon Yoneda peak is observed. This position is assigned to porous
TiO2, and shifts towards smaller angle as compared to the one of the un-extracted film.
This is caused by the fact that the critical angle of the porous TiO2 film is smaller than
that of the PS-b-PEO/TiO2 film due to its lower density.

To reveal the inner structures parallel to the substrate, horizontal line cuts are collected
at the Yoneda peak position of the TiO2 related-material and plotted in figure 8.5a.
For example, the Yoneda peak of PS-b-PEO/TiO2 composite is taken for the sample
without polymer template extraction, while the Yoneda peak of porous TiO2 is chosen
for the sample after PS-b-PEO removal. All the cuts show a broad shoulder without any
pronounced peaks, suggesting a broad structure size distribution in the films.

To get quantitative information about the inner structure, horizontal line cuts are fitted
in the way as described in section 3.2.5 and also plotted in figure 8.5a. Three cylinder
from factors with the corresponding structure factors are used to obtain the best fitting.
The radius of the cylinder is named as structure size and the distance refers to center
to center distance between the cylinders (figure 8.5b and 8.5c). The smallest structures
with a structure size of around 4.5 nm and a distance of around 29 nm are observed
for all samples, which are assigned to TiO2 granules. These structures are quite stable,
despite the different extraction processes used. The intermediate structure is related
to the TiO2 network. In general, the structure size is reduced while the distance stays
after PS-b-PEO removal. The decrease in structure size might be caused by the pattern
collapse due to removal of the polymer scaffold [24]. In addition, the samples processed
via UV irradiation, O2 plasma, and calcination show quite similar structure sizes, which
are smaller than the sample with its template removed by solvent. This is consistent with
the observation from the SEM images in figure 8.1 that these three samples show thinner
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Figure 8.5: (a) Horizontal line cuts extracted from the 2D GISAXS data of the as-prepared
PS-b-PEO/TiO2 film and the resulting porous TiO2 films with different polymer extraction
methods. From bottom to top the curves are correlated to the sample from I to V as shown
in table 8.1. The cuts are shifted along the intensity axis for clarity. (b) Structure sizes and
(c) distances obtained from the GISAXS fits for the samples from I to V. Three cylindrical
form factors are used to attain the optimized fits, denoted by black, red, and blue colors,
respectively.

walls of the TiO2 network as compared to the one with solvent extraction. The reason for
the smaller structure sizes can be due to the stronger energetic interaction of the UV, O2

plasma, or high temperature with the samples, which is verified by the stronger decrease of
film thickness as discussed in table 8.1. The largest structure, which is attributed to long
distance features, originates from the aggregation in the sol-gel process. Generally, all the
samples show similar structure sizes but different distances. It seems the various distances
are related to the polymer removal methods. If the extraction process is aggressive, the
aggregates tend to collapse and therefore shorten the distance. The extreme case is shown
in the sample with calcination. Therefore, it is concluded that the solvent treatment is



8.1. Polymer template extraction 157

the most gentle way to remove the PS-b-PEO and keep the TiO2 structure close to the
as-prepared film.

8.1.3 Porosity

The porosity of the TiO2 films is obtained from white light interferometry measurements,
as explained in section 3.2.4. By fitting the value of the effective refractive index of the
porous TiO2 film and comparison with the theoretical value of bulk TiO2 (nT iO2 = 2.49)
and air (nair = 1), the porosity of the investigated TiO2 films are calculated by the Brugge-
man effective medium approximation (equation 3.3) and shown in table 8.2. The porous
TiO2 films obtained by solvent treatment and UV irradiation treatment show the highest
porosity of around 76%. The porosity of the O2 plasma-treated sample is (62 ± 6) %,
which is related to an incomplete extraction of the polymer template. However, the value
is not fully accurate for this sample, since the contribution of the polymer PS-b-PEO
with n ≈ 1.5 is neglected. For the calcined sample, the porosity is (68 ± 3) %. Thus,
its porosity is smaller than the porosity of the sample with its template extracted by
solvent treatment and UV irradiation method. This is related to the collapse of the TiO2

network during calcination, as discussed before. In general, a high porosity of the TiO2

film provides a high surface area to volume ratio, which is beneficial for dye loading in
a dye-sensitized solar cell or efficient backfilling with a electron donor material in hybrid
solar cell due to presence of a large interface.

sample extraction method refractive index porosity (%)
II DMF and CB baths 1.28 ± 0.05 76 ± 3
III UV irradiation 1.28 ± 0.1 76 ± 4
IV O2 plasma 1.5 ± 0.1 62 ± 6
V calcination 1.42 ± 0.1 68 ± 3

Table 8.2: Sample lists with different extraction methods, refractive index, and porosity.
The refractive index and porosity are derived from white light interferometry measurements.

8.1.4 Results

A low temperature routine towards porous TiO2 films is thoroughly studied. A TiO2

sol-gel synthesis using the structure directing diblock copolymer PS-b-PEO is used to
fabricate nanostructured TiO2 films. Different methods for PS-b-PEO removal at low
temperature are investigated and compared, namely solvent (DMF and chlorobenzene)
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treatment, UV irradiation, and O2 plasma. Additionally, a reference sample is prepared
using calcination treatment for polymer extraction, which is the most commonly used
fabrication route for nanostructured TiO2. It was found in the SEM measurements that all
the samples have a porous nanostructure. However, the cross-section images show that the
solvent treatment and UV irradiation are the most effective methods while the O2 plasma
removes the PS-b-PEO only from the top layer. Furthermore, GISAXS measurements
confirmed that the O2 plasma does not completely remove PS-b-PEO from the sample.
Also, the solvent treatment enables the resulting sample to keep the TiO2 structure most
close to the as-prepared PS-b-PEO/TiO2 film. Whereas all the other methods induce
the reduction of TiO2 domain sizes, which might be caused by the strong interaction
of the UV light or the O2 plasma. Finally, the porosity of the corresponding films are
investigated by white light interferometry. It is found that both the samples with solvent
treatment as well as the ones with UV irradiation show a higher porosity of around 76%
as compared to the calcined sample (68%). In conclusion, the solvent treatment and UV
irradiation are considered as the most effective way for low temperature route towards
the porous TiO2 film.

8.2 Backfilling with electron donor P3HT

In order to finalize the active layer which could be used in a hybrid solar cell, a complete
backfilling with donor material into porous TiO2 network is essential. In this thesis, the
conjugated polymer P3HT is selected as the donor material. As discussed in section 8.1,
solvent treatment and UV irradiation are appropriate methods for template removal at
low temperature, therefore, only these two different extraction methods are selected to
prepare the porous TiO2 film for investigating the P3HT backfilling step. The detailed
process of backfilling with P3HT is thoroughly described in section 4.2.3. It is of great
interest to understand the influence of the extraction method on the morphology of the
backfilled sample P3HT/TiO2. In order to distinguish both samples in following sections,
the P3HT/TiO2 film with its porous TiO2 structure obtained from solvent treatment is
shorten as P3HT/TiO2solvent, while the other sample is named as P3HT/TiO2UV .

Real-space analysis

The cross sectional SEM measurements are performed on both P3HT/TiO2 samples, as
shown in figure 8.6. Firstly, the film thickness is extracted from the SEM images, which
is (211 ± 13) nm for the P3HT/TiO2solvent film and (146 ± 10) nm for the P3HT/TiO2UV

film. As compared to the corresponding porous TiO2 film before backfilling, the film
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thickness increases by around 35 nm for both samples. Thus, formation of a P3HT
overlayer on top of the hybrid film is suggested. This is beneficial for a hybrid solar cell,
since the overlayer improves the charge carrier transport towards the correct electrode
and diminish the recombination at the electrode interface. Moreover, it is found that the
P3HT/TiO2solvent film (figure 8.6a) has a rough surface as compared to the P3HT/TiO2UV

film which is shown in figure 8.6b. It might originate from the rougher surface of the porous
TiO2 obtained from solvent treatment. Finally, it is worthwhile to mention that both
samples show successful P3HT backfilling, since most of the pores are not visible anymore.
However, taking a closer look, several little open pores still exist in the P3HT/TiO2UV

film, suggesting a relatively less efficient backfilling of the P3HT/TiO2UV films compared
to the P3HT/TiO2solvent films.

Figure 8.6: Cross-section SEM images of (a) the P3HT/TiO2solvent and (b) the
P3HT/TiO2UV films.

Reciprocal-space investigation

Since SEM measurements only probe the surface morphology of a local area, GISAXS
measurements are carried out on both samples to reveal the inner structure with high
statistical relevance. The GISAXS measurements were performed under the same condi-
tions as described in section 8.1. The 2D GISAXS data is shown in figure 8.7. Generally,
the patterns are quite similar compared to that of the PS-b-PEO/TiO2 film as shown in
figure 8.3a, indicating a successful backfilling with P3HT. However, the scattering along
the qz direction extends to high q values, which is due to the different scattering properties
of P3HT as compared with PS-b-PEO [121].

Vertical line cuts are extracted from the 2D GISAXS data at the position of qy = 0
for the P3HT/TiO2solvent film, while for the P3HT/TiO2UV film the vertical line cut is
collected at qy ≈ 0.03 nm−1 due to in-plane asymmetric scattering at qy = 0 which is
probably caused by the rough silicon edge of this sample. Both vertical line cuts are
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Figure 8.7: 2D GISAXS data of (a) the P3HT/TiO2solvent and (b) the P3HT/TiO2UV films.

plotted in figure 8.8a. Generally, three Yoneda peaks are observed. They are located at
similar angles in both vertical line cuts, indicating the same film composition for both
P3HT/TiO2solvent and P3HT/TiO2UV films. In figure 8.8a the Yoneda peak on the right
side is identified as silicon peak and the one in the middle is correlated to P3HT/TiO2.
Additionally, the P3HT Yoneda peak is visible at the left side, which is assigned to the
P3HT enrichment layer as observed in SEM cross-section images (figure 8.6).

sample structure 1 structure 2 structure 3
FF1 SF1 FF2 SF2 FF3 SF3
(nm) (nm) (nm) (nm) (nm) (nm)

P3HT/TiO2solvent 4.6+0.1
−0.2 29+3

−9 12+0.5
−0.5 76+24

−6 42+0.5
−0.5 220+20

−5

P3HT/TiO2UV 4.6+0.1
−0.1 29+16

−10 10.5+0.5
−0.5 77+13

−7 47+1
−1 250+20

−20

Table 8.3: Fitting results obtained from the horizontal line cuts of the 2D GISAXS data of
the P3HT/TiO2solvent and the P3HT/TiO2UV films. Three structures are used to obtain the
best fits, named as structure 1, 2 and 3. FF and SF are abbreviations for the form factor
and the structure factor, respectively.

In order to examine the inner structures in lateral direction, horizontal line cuts are
taken at the Yoneda peak position of the P3HT/TiO2. They are plotted in figure 8.8b.
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Figure 8.8: (a) Vertical line cuts extracted from the 2D GISAXS data of the
P3HT/TiO2solvent (red) and P3HT/TiO2UV (green) films. (b) Horizontal line cuts (sym-
bols) with their fittings (lines). The cuts are shifted along the intensity axis for clarity.

The model as discussed in section 3.2.5 is used to fit the horizontal line cuts. Generally,
three cylinder-shaped form factors are used in one horizontal line cut to achieve the best
fitting. Resulting fitting parameters are listed in table 8.3. The smallest structures with
a radius of around 4.6 nm and a center to center distance of about 29 nm are observed
in both samples. They are the same as the smallest structure in the porous TiO2 film
before P3HT backfilling and therefore, these structure are assigned to TiO2 granules. The
intermediate and the large structures are also comparable to the porous TiO2 film but
with slightly coarsened sizes, which is probably due to the influence of the backfilling
process.

In conclusion, the backfilling of P3HT into the porous TiO2 film is successfully per-
formed for both extraction methods, namely solvent treatment and UV irradiation. More-
over, the TiO2 network is preserved after P3HT backfilling, which ensures a large in-
terfacial area between TiO2 and P3HT and accordingly a pronounced performance of
P3HT/TiO2 active layer.
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8.3 Mechanical properties of the TiO2-based films

Fabrication of the TiO2-based films at low temperature ensures the use of flexible and
temperature sensitive substrates like PET. Thus, understanding of the mechanical prop-
erties of the TiO2-based films is of great interest for flexible applications. Therefore,
the TiO2-based films are prepared on PET substrates and then subjected to a two-point
bending test to investigate the material fatigue and the final failure. With this bending
setup, the samples are repeatedly bent up to 5000 times. Afterwards, the resulting cracks
in the sample are examined by SEM measurements.

In order to fully understand the influence of backfilling on the mechanical properties of
the TiO2-based films, a series of samples is prepared. The TiO2 films with their templates
extracted by UV irradiation and solvent treatment are abbreviated as fully-extracted
TiO2UV and fully-extracted TiO2solvent, respectively. Their mechanical properties are
firstly investigated in section 8.3.1 and section 8.3.2 in sequence. Then the so-called
partially-extracted TiO2 film, obtained by the O2 plasma, is studied in section 8.3.3.
Thereafter, the named P3HT backfilled TiO2 is examined (section 8.3.4). Finally, the
comparison among all the investigated samples are summarized in section 8.3.5.

8.3.1 Fully-extracted TiO2UV films

As revealed in section 8.1 and section 8.2, UV irradiation and solvent treatment are
effective methods to remove the PS-b-PEO template. Therefore, the porous TiO2 films
obtained from UV irradiation are subjected to the bending tests. However, it is found
that after the UV irradiation the PET foil becomes brittle and consequently starts to
break in prior to the failure of the porous TiO2 film even under a very small strain. In
order to ensure the failure is mainly induced by PET foil rather than the TiO2 film, the
bare PET substrates are stored in the UV chamber for 20 h. It is found that the color
of the PET foil changes from transparent to yellowish, indicating the degradation of the
PET. Afterwards, the degraded PET foil is subjected to a bending test and broke at a
very small strain. Therefore, the extraction by UV irradiation is not suitable for flexible
polymer substrate applications.

8.3.2 Fully-extracted TiO2solvent films

Alternatively, five identical porous TiO2 films obtained by solvent extraction are investi-
gated. They are bent for 10, 100, 500, 1000, and 5000 times, respectively. As introduced
in section 2.5.1, the maximal strain is calculated to (2.7 ± 0.2) %. All the samples are
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Figure 8.9: SEM images of the TiO2solvent films at different numbers of bending cycles of
(a) 10, (b) 100, (c) 500, (d) 1000, and (e) 5000. Three different magnifications are taken
for SEM measurements of each sample, denoted as 1, 2, and 3 in this figure.

then examined by SEM measurements with three different magnifications, as shown in
figure 8.9. The sample bent for 10 times does not show any cracks on different magni-
fications as revealed by figure 8.9a1, 8.9a2, and 8.9a3. After bending for 100 times, the
cracks appear as depicted in figure 8.9b3. These cracks are rare and small (figure 8.9b1
and 8.9b2). After bending for 500 times, the cracks are strongly propagated. These
cracks are long and occupy the whole probed area (figure 8.9c1 and 8.9c2). Moreover, all
the cracks are orientated perpendicularly to the bending direction. Further bending for
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1000 (figure 8.9d) and 5000 times (figure 8.9e) show no prominent difference but a steady
increase in the number of cracks.

Figure 8.10: (a) Surface area fractions and (b) widths of cracks on the fully-extracted
TiO2solvent films as a function of bending cycle numbers. All values are extracted from
the corresponding SEM images.

In order to reveal the crack propagation quantitatively, the surface area fractions and
widths of cracks are extracted from the SEM images as a function of bending cycles. In
figure 8.10a, the surface area fractions of cracks are summarized. It is found that the
area fraction of cracks is nearly zero in the sample bent for 10 and 100 times, without
prominent cracks occurring. However, for the sample with 500 bending cycles, film failure
is detected, with around 8% area fraction of cracks. After bending 1000 and 5000 times,
the area fraction of cracks increases to around 9.5% and 11%, respectively. Therefore, a
bending cycle between 100 and 500 is considered as a critical point for the failure of the
TiO2solvent films. Furthermore, the widths of cracks as a function of bending cycles are
reported in figure 8.10b. Since no cracks are observed for the sample with 10 bending
cycles, the width is set to zero. After 100 times bending, the average width of cracks is
around 90 nm. Then, with more bending cycles, the width increases slowly. However, for
the sample with 5000 bending cycles, the average width of the cracks stays similar to that
with 1000 bending cycles, while the area fraction of cracks is clearly larger. It seems that
the increase in surface area fraction of cracks is mainly caused by the growth of number of
cracks. Therefore, it is inferred that for the sample with more than 1000 bending cycles,
the surface strain is mainly released by the formation of cracks rather than broadening the
cracks. The lengths of cracks are also of importance for evaluating the crack propagation.
However, it cannot be obtained for these samples since many cracks do not show clear
start and end points.
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8.3.3 Partially-extracted TiO2 films

Figure 8.11: SEM images of the partially-extracted TiO2 films via the O2 plasma method
with bending cycles of (a) 10, (b) 100, (c) 500, (d) 1000, and (e) 5000, respectively. Three
different magnifications are taken for SEM measurements of each sample, denoted as 1, 2,
and 3 in this figure.

The mechanical properties of the partially-extracted TiO2 films are also investigated
via bending tests to estimate whether the remaining polymer enhances the flexibility of
the TiO2 films. The maximal strain is calculated to (2.9 ± 0.2) %. In the same way
as before five identical samples, treated with an O2 plasma for 30 min, are prepared.
Thereafter, they are bended for 10, 100, 500, 1000, and 5000 times, respectively. The
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SEM measurements are carried out on these resulting samples and shown in figure 8.11.
As discussed in section 8.1, structured porous TiO2 is observed at the surface while the
bottom layer still contains the PS-b-PEO residues.

After 10 times bending, no failure is observed as revealed in figure 8.11a. For the
sample with 100 bending cycles, a few cracks appear at the film surfaces (figure 8.11b1).
Most significantly, some fiber-like structures are visible in the deeper region of the crack
in figure 8.11b3, bridging the two sides of this crack. These fiber-like structures are
considered as PS-b-PEO, which could cause plastic deformation under strain. Senses et
al. have also represented fiber-like structure of PS under strain [166]. After 500 bending
cycles the cracks get broader and their number increases as shown in figure 8.11c. Finally,
for the samples with 1000 and 5000 bending cycles the cracks are further propagated.

The quantitative analysis of cracks in dependence on bending cycle is obtained from
SEM images and displayed in figure 8.12. First of all, the surface area fraction is summa-
rized in figure 8.12a. It is found that with increasing bending cycles, the area of cracks
steadily grows. The average width and length of cracks are depicted in figure 8.12b and
8.12c, respectively. Up to 500 bending cycles an increment in both width and length is
observed. Afterwards, the lengths of cracks stay similar even with 5000 bending cycles,
while a steady but slowly broadening in width to around 120 nm is found after 5000
bending cycles. Therefore, it is inferred that the cracks grow mainly in number rather
than in length. As compared to the fully-extracted TiO2solvent films, the average lengths
of cracks are much smaller in the partially-extracted TiO2 films. It might be related to
the remaining PS-b-PEO, which strongly restrains the crack lengths.

Figure 8.12: (a) Surface area fractions, (b) widths, and (c) lengths of cracks on the partially-
extracted TiO2 films treated with the O2 plasma as a function of bending cycles. All the
values are extracted from the corresponding SEM images.



8.3. Mechanical properties of the TiO2-based films 167

Figure 8.13: SEM images of P3HT/TiO2solvent at different numbers of bending cycles of (a)
10, (b) 100, (c) 500, (d) 1000, and (e) 5000, respectively. Three different magnifications
are taken for SEM measurements of each sample, denoted as 1, 2, and 3 in this figure.

8.3.4 P3HT backfilled TiO2 films

Finally the P3HT/TiO2 hybrid films are prepared on PET, which are of great interests
due to the potential application for the photoactive layer of flexible hybrid solar cells.
As discussed, the UV irradiation degrades the PET and therefore, the porous TiO2 films
are prepared using the solvent treatment. Afterwards, they are backfilled with P3HT.
As before, five samples are prepared and bent for 10, 100, 500, 1000, and 5000 times,
respectively. The maximal strain on the surface is calculated to (2.8 ± 0.2) %. Then the
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samples are probed by SEM, and the resulting images with different magnifications are
presented in figure 8.13.

It is noticed that the surface morphology of P3HT/TiO2solvent on PET is slightly dif-
ferent from the same film deposited on silicon substrates. Taking the figure 8.13a2 as an
example, it seems there is no P3HT enrichment layer on top of the sample. Besides, the
outlines of TiO2 structures are also roughly observed. However, the same sample prepared
on silicon substrate has a wavy surface, which is typical for polymer films. Therefore, it is
inferred that the substrate influences the backfilling into the porous TiO2 films. Anyway,
although some pores still exist on the surface, they are rare and the overall backfilling
process is still successful as demonstrated in the SEM image with higher magnification
(figure 8.13a3).

In agreement with all the above discussed results, the sample with 10 bending cycles
does not show any cracks on the surface as illustrated in figure 8.13a. However, it is noted
that none of the samples fail, even not the sample with 5000 bending cycles. No cracks
are observed at the sample surface, as represented in figure 8.13b, 8.13c, 8.13d, and 8.13e.
Therefore, it is preliminarily concluded that with P3HT backfilled hybrid films are more
flexible.

Although no cracks are formed on top of the P3HT/TiO2 hybrid films, the cracks are
still possibly hidden under the polymer and exist in the TiO2 structure. Hence, all these
samples are immersed in a chlorobenzene bath for 3 hours to completely remove the
P3HT after bending tests. Thereafter, SEM measurements are performed again and the
corresponding images are shown in figure 8.14. First of all, all the samples show porous
structures, which are similar to the porous TiO2 films extracted by solvent treatment
as illustrated in figure 8.9a. However, in these samples some fissures are observed in
the SEM images, such as in figure 8.14d1. Nevertheless, these fissures are very shallow
and do not extend to a deeper position inside the films, as illustrated in figure 8.14c2.
Additionally, they do not have any preferred orientation and propagations with bending
cycles, suggesting that these fissures are assigned to a surface structure probably caused
by the repeated solvent treatments rather than the cracks induced by the cyclic bending.
Therefore, it is finally confirmed that the P3HT/TiO2 hybrid films are fully flexible.
In comparison to the fully-extracted and the partially-extracted TiO2 films, the P3HT
backfilled TiO2 films have an improved mechanical stability under thousands of bending
cycles.



8.3. Mechanical properties of the TiO2-based films 169

Figure 8.14: SEM images of P3HT/TiO2solvent with P3HT extracted by chlorobenzene treat-
ment at different bending cycles of (a) 10, (b) 100, (c) 500, (d) 1000, and (e) 5000. Three
different magnifications are taken for SEM measurements of each sample, denoted as 1, 2,
and 3 in this figure.

8.3.5 Comparisons

The crack propagation in dependence on the bending cycle numbers is compared among
the fully-extracted TiO2, partially-extracted TiO2, and P3HT backfilled TiO2 films. The
surface area fractions and widths of cracks of all the samples are summarized in fig-
ure 8.15a and 8.15b, respectively. Since no cracks are observed on the P3HT/TiO2 films,
the surface area fractions and widths of cracks are set to zero. In general, all the samples
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do not show cracks after 10 bending cycles, indicating a flexible property. All of them
could be possibly used on a curved surface under a certain strain. In addition, it is re-
vealed that the propagation of cracks on the porous TiO2 films is the fastest. A significant
increase of area fraction is observed between 100 and 500 bending cycles, while when the
PS-b-PEO is only extracted from the top surface of the sample, the area fraction of cracks
are prominently suppressed, as illustrated in figure 8.15a. If the fully-extracted TiO2 film
is backfilled with P3HT, the resulting sample is fully flexible, without showing any cracks
even after 5000 bending cycles. Besides, figure 8.15b reveals that the average width of
cracks is steadily expanded with increasing bending cycles for both the fully-extracted
and the partially-extracted TiO2 films, but the fully-extracted TiO2 films show slightly
wider cracks. Finally, the fully-extracted TiO2 films have much bigger cracks than the
partially-extracted sample. In general, addition of polymer in the porous TiO2 film can
strongly increase the flexibility of the resulting samples.

Figure 8.15: Comparisons among the fully-extracted TiO2 (black color), the partially-
extracted TiO2 (red color), and the P3HT backfilled TiO2 (blue) films. (a) The surface
area fractions and (b) the widths of cracks are shown as a function of bending cycles. All
values are extracted from the SEM images.

8.3.6 Results

The mechanical properties of the corresponding TiO2-related samples, including the fully-
extracted TiO2 films by UV irradiation and solvent treatment, the partially-extracted
TiO2 films treated with the O2 plasma, and the P3HT backfilled TiO2 films, are exam-
ined by a custom made two-point bending machine [25]. All samples are probed under
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tests with 10, 100, 500, 1000, and 5000 times of continuous bends, respectively. The fully-
extracted TiO2UV films completely lose their flexibility due to the strong degradation of
PET foils under UV irradiation. In case of the fully-extracted TiO2solvent films, cracks
are seen after 100 times of bends, and the cracks develop fast. For the partially-extracted
TiO2 films treated with the O2 plasma, some cracks are still formed, but the failure is
substantially suppressed with increasing bending cycle numbers. Finally, it is found that
the flexibility of the P3HT backfilled TiO2 films are significantly improved. No cracks are
observed even after 5000 bending cycles. In conclusion, backfilling the porous TiO2 films
with P3HT can effectively improve the flexibility of the resulting samples and shows a
great potential application in flexible hybrid solar cells.

8.4 Models for the TiO2-based samples and crack
propagations

Elastic modulus estimation

In order to understand why addition polymer in porous TiO2 structures elevates the
flexibility of the resulting samples, the concept of elastic modulus is adopted. In brief,
the smaller elastic modulus, the larger deformation can sustain before failure. Three
different models are applied to these samples, which have been discussed in detailed in
section 2.5.2. First of all, the fully-extracted TiO2solvent films can be depicted by an open-
cell foam model, with its sketch of a unit cell shown in figure 2.26b. The elastic modulus
for porous TiO2 is calculated by:

E = ET iO2(1− Φ)2 (8.1)

with a porosity Φ = 0.76 as derived from white light interferometry. Accordingly, the
effective elastic modulus of the fully-extracted TiO2 film is calculated to be 0.0576·ET iO2 ,
which is strongly decreased as compared to bulk TiO2. It indicates that the porous
material is generally much more flexible than its bulk form. Moreover, with increasing
porosity, the flexibility is boosted as well. However, this calculation is just a rough
estimation for foam materials. More accurate modeling can be provided by specialized
methods, such as the finite element method.
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The partially-extracted TiO2 film via O2 plasma treatment can be considered as a bi-
layer structure which constitutes a PS-b-PEO/TiO2 hybrid layer and a porous TiO2 layer.
Firstly, the PS-b-PEO/TiO2 hybrid film can be described by a composite model. In this
case, PS-b-PEO is regarded as the matrix material and TiO2 as the filler. Furthermore,
the TiO2 structures are modeled by randomly distributed short fibers. The rough sketch
of the composite model is shown in figure 2.27b. With the semi-empirical Halpin-Tsai
model, the effective elastic modulus of the PS-b-PEO/TiO2 hybrid film can be calculated
by:

E = EPS−b−PEO
1 + ξηVT iO2

1− ηVT iO2

(8.2)

where,
η = ET iO2 − EPS−b−PEO

ET iO2 + ξEPS−b−PEO
(8.3)

with ξ is calculated by 2(l/d). From GISAXS measurements the diameter of TiO2

cylinders is known to be d = 38 nm and the corresponding center to center distance is
73 nm. The SEM images of porous TiO2 (figure 2.26a), prove the roughly spherical pore
shape. Therefore, the length of the TiO2 cylinders is estimated to be the same with the
pore size, which equals to 35 nm. Then ξ is equivalent to 1.84. The EPS−b−PEO is set
to be kET iO2 . The effective elastic modulus of the PS-b-PEO/TiO2 hybrid film can be
simplified as:

E = kET iO2

1.44 + 1.4k
0.76 + 2.08k (8.4)

It is easily found that when k is smaller than 1, meaning the polymer has a smaller
elastic modulus than TiO2, the effective elastic modulus of the hybrid film would be
smaller than that of TiO2 bulk material. Conversely, if the polymer has larger elastic
modulus than TiO2, an increment in effective elastic modulus of the hybrid film exists.
Thereafter, the upper layer of porous TiO2 is taken into account. The elastic modulus of
porous TiO2 of 0.0576·ET iO2 is substituted into the formula:

E = dTET + dHEH
dT + dH

(8.5)
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where d represents the film thickness. The subscripts T denotes the porous TiO2 and
H denotes the PS-b-PEO/TiO2 hybrid film. From the SEM cross-section image it can be
deduced that the O2 plasma can only remove roughly 50 nm thick PS-b-PEO from the
as-prepared sample. Therefore, the film thickness of the PS-b-PEO/TiO2 hybrid film and
porous TiO2 is estimated to be around dH = 130 nm and dT = 50 nm, respectively. Thus,
the effective elastic modulus of the partially-extracted TiO2 film is calculated to be:

E = ET iO2

(
0.016 + 0.72k(1.44 + 1.4k)

0.76 + 2.08k

)
(8.6)

In the following, the backfilled TiO2 film is discussed. Considering an incomplete back-
filling by P3HT as reported in our previous work, a backfilling degree of around 85% is
achieved [91]. This means 85% pores are filled by P3HT. The same model as discussed for
the PS-b-PEO/TiO2 hybrid film is also applicable to the P3HT/TiO2 hybrid film, further
taken into account the backfilling degree (85%) and porosity of the porous TiO2 films
(76%). Therefore, the volume fraction of P3HT would be 65%, and the porosity of this
hybrid film is 11%. With the developed Halpin-Tsai model, the effective elastic modulus
of the P3HT/TiO2 hybrid film can be calculated by:

E = Em
1 + ξηVf
1− ηVf

(
1− ρ

1− Vf

)K0(1−Vf )

(8.7)

With all values inserting into the formula reference, the effective elastic modulus of the
P3HT/TiO2 hybrid film is simplified to be:

E = 0.79kET iO2

1.44 + 1.4k
0.76 + 2.08k (8.8)

Till now, the effective elastic moduli of these samples are all described by the elastic
modulus of TiO2 bulk material ET iO2 and the ratio k of elastic modulus between the used
polymer and TiO2 bulk. Since the comparison is not straightforward merely from the
formulas, all equations are plotted in figure 8.16a with its zoom-in shown in 8.16b. It is
necessary to mention that the variable k is not the same between different samples. More
specifically, for partially-extracted TiO2 (magenta symbols), k equals to the ratio between
EPS−b−PEO and ET iO2 , while for the P3HT/TiO2 hybrid film k is the ratio between EP3HT

and ET iO2 . Moreover, because the porous TiO2 film does not correlate to any polymer,
the ratio between Eeffective and ET iO2 is set to a constant value of 0.0576, as having been
calculated in the beginning of this section.

On the one hand, the porous TiO2 film decreases its Eeffective significantly, as compared
to bulk TiO2. On the other hand, figure 8.16b reveals that below critical values of k, both
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Figure 8.16: (a) The comparison of Eeffective/ ET iO2 as a function of k (the ratio of elastic
modulus between used polymer and TiO2 bulk). The fully-extracted TiO2, partially-extracted
TiO2, and P3HT backfilled TiO2 films are indicated by black, red, and blue colors. The TiO2

bulk serves as a reference, using green color. A zoom-in region is shown in (b).

partially-extracted and polymer filled TiO2 films can lower their resulting elastic moduli
further, even with comparison to the porous TiO2 film. In order to give an estimation, the
values of elastic modulus of TiO2 bulk and P3HT bare polymer are taken from literature,
which are around 250 Gpa and 1 Gpa, respectively [167–169]. The elastic modulus of PS-
b-PEO is approximated the same as PS, with a value of around 3.2 Gpa, since the PS block
contributes 72%Wt% to the whole diblock copolymer [170,171]. With all these values from
literatures, the elastic modulus of fully-extracted, partially-extracted, and backfilled TiO2

films are approximated to be 14.4 Gpa, 8.27 Gpa, and 1.49 Gpa, respectively. Although
the models are based on rough estimations, the trend of the effective elastic modules
obtained from the open-cell foam model and the Halpin-Tsai model is well evidenced
by the experimental results. Moreover, by proper selecting the value k (as shown in
figure 8.16), the flexibility of the samples can be designed for tuning purpose.

Load sharing

Elastic modulus has been considered as one important aspect for evaluating the flexibil-
ity of the thin films. While the load sharing is another perspective to understand crack
propagation. A simplified TiO2 lattice model is sketched in figure 8.17a. When the bend-
ing stress is applied on the sample, some area could experience higher stress. If these
lattices are overloaded, they would start to break in prior to the rest lattices as shown in
figure 8.17b. Then the stress carried by these struts is transferred to the next unbroken
neighbors, as denoted by the red line in figure 8.17b. If the stress is higher than the
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Figure 8.17: Sketches of the 2D projection of (a) the porous TiO2 film without bending, (b)
the failed fully-extracted TiO2 film, (c) the failed partially-extracted TiO2 film, and (d) the
P3HT backfilled TiO2 film after bending tests. The red color denotes high stress. The yellow
layer describes the PS-b-PEO and the orange layer represents the P3HT.

mechanical strength of the strut, the crack propagates, otherwise the fracture reaches
equilibrium and the crack propagation stops. The partially-extracted and backfilled TiO2

samples can be considered as a composite, which constitutes polymer matrix and TiO2

fillers. The local load sharing predicts that the load is partially carried by the local
neighbors. In case of the partially-extracted TiO2 samples, the top porous TiO2 under-
goes a similar fracture behavior to the fully-extracted sample. However, when the stress
transfers to the bottom layer of PS-b-PEO/TiO2, a local load sharing is carried out and
therefore, the load on the TiO2 strut is reduced as displayed in figure 8.17c. It explains
why the crack propagation in the partially-extracted TiO2 samples (figure 8.17a) is much
slower than in the fully-extracted TiO2 samples. Finally, in terms of the P3HT/TiO2

hybrid films (figure 8.17d), P3HT shares part of the load and the stress distributed on the
TiO2 strut is supposed to be smaller than its mechanical strength. Hence, the fracture is
hindered.
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8.5 Summary

In summary, the sol-gel process assisted with use of a structure directing diblock copoly-
mer PS-b-PEO allows the fabrication of nanostructured TiO2 films at low temperatures.
Solvent treatment, UV irradiation, and O2 plasma are used to remove the PS-b-PEO tem-
plate. SEM measurements show that the porous TiO2 structure is preserved after these
treatments. However, only solvent treatment and UV irradiation can fully remove the
PS-b-PEO, while O2 plasma only extracts the PS-b-PEO from the top surface. Further-
more, with GISAXS the inner morphology is examined. It is found that after a solvent
treatment, the structure size of TiO2 is most close to that of the as-prepared sample
(the PS-b-PEO/TiO2 hybrid film), while the samples treated by the other methods show
reduced structure sizes of TiO2. Moreover, the porosity is investigated by white light
interferometry. It reveals that the samples using solvent treatment and UV irradiation
have similar porosity of around 76%, which is much higher than the sample obtained from
calcination. To sum up, both solvent treatment and UV irradiation can effectively remove
the polymer template. Nevertheless, the solvent treatment is a mild method which mostly
preserves the original TiO2 nanostructure, but the UV irradiation has strong interaction
with TiO2 nanostructure and reduces its structure sizes.

When porous TiO2 films are obtained, P3HT backfilling is studied afterwards. Both
methods of solvent treatment and UV irradiation are used to prepare porous TiO2 films.
It is found that there is no significant difference in the resulting backfilled samples. In
general, the backfilling process is successful. GISAXS measurements confirms that the
inner structure of TiO2 is preserved following the backfilling process.

Finally, the flexibility of the corresponding samples treated by solvent treatment, UV
irradiation, O2 plasma, and P3HT backfilling are studied. A custom made two-point
bending machine is used to apply the continuous cyclic bends for 10, 100, 500, 1000,
and 5000 times, respectively. SEM measurements are employed to examine the crack
formation and propagation. It is worthwhile to mention that UV irradiation is not suitable
for producing flexible devices, since the PET foil can not survive under long-term UV
illumination. It failed much earlier than the investigated films. For other samples, no side
effect is observed on the PET substrates. It is found that the fully-extracted and partially-
extracted TiO2 films start to form cracks after 100 bends. However, by calculating the
area fraction and width of the cracks, it is shown that the crack propagation in the
partially-extracted films is significantly suppressed. The most promising samples are the
P3HT backfilled films, which do not have any cracks even after 5000 bends. Hence, the
P3HT/TiO2 films are considered as the most flexible sample, which show great potential
for further application in highly flexible or bendable hybrid solar cells.
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In order to understand the origin of different mechanical behaviours of these samples,
two main types of micromechanical models are applied to effectively estimate the elastic
modulus of the corresponding films. With the open-cell foam model, the porous TiO2 films
are supposed to have an effective elastic modulus of around 14.4 Gpa, while the hybrid
films are considered as a composite, which constitutes the polymer matrix and TiO2 fillers.
With applying the semi-empirical Halpin-Tsai model, the effective elastic modulus of the
partially-extracted and P3HT backfilled TiO2 films are approximated to be 8.27 Gpa and
1.49 Gpa, respectively. Although the models are based on rough estimations, the trend
of the flexibility of all the samples can still be well explained. Moreover, load sharing is
proposed to explain the crack propagation. In brief, with the polymer matrix the load is
partially carried by the local neighbors of TiO2 struts, therefore the load on one specific
TiO2 strut is reduced.

In conclusion, porous TiO2 films can be prepared at low temperature. Among all
different polymer template removal methods, solvent treatment is regarded as the most
promising method to fully remove the polymer template and obtain a high porosity. Fur-
thermore, the successful backfilling of P3HT (a standard electron donor material) into
the nanostructured TiO2 network is evidenced by SEM and GISAXS measurements. The
most promising property is the high flexibility of the P3HT/TiO2 hybrid films, which do
not fail even after 5000 times of bends due to the low effective elastic modulus. Conse-
quently, the P3HT/TiO2 hybrid films show a great potential for future application as the
active layer of highly flexible or bendable hybrid solar cells.





9 Conclusion and outlook

In the present thesis, the main focus is on the nanostructure-performance correlation of
polymer-based solar cells. Two main types of active layers, P3HT:PCBM BHJ films and
P3HT/TiO2 hybrid films are investigated for the application of polymer:fullerene solar
cells and potentially for hybrid solar cells, respectively. For P3HT:PCBM solar cells,
the morphology of the active layer is affected by processing solvent additives, exposing
to solvent vapor atmosphere, and adapting of different configurations. Accordingly, the
efficiency and stability of the corresponding solar cells can be optimized by adjusting these
parameters. For P3HT/TiO2 hybrid films, a straightforward preparation method at low
temperatures is established. The flexibility of TiO2-based samples are studied on basis of
various extraction methods and film constituents.

Different volume concentrations of the solvent additive ODT are used in the prepara-
tion of P3HT:PCBM BHJ active layers. The morphology, crystallinity, and molecular
dispersity of PCBM in P3HT are thoroughly investigated. It is found that with the aid
of ODT the inner structures of the active layers shrink, the crystallinity of P3HT is sig-
nificantly increased, and more PCBM is incorporated into the P3HT matrix. All these
features lead to an improvement in efficiency of the resulting solar cells among which the
device with 9 vol% of ODT exhibits the highest PCE.

The influence of different solvent atmospheres on the long-term stability of P3HT:PCBM
BHJ solar cells is studied. Among all investigated solvent vapors, dichlorobenzene has the
smallest impact on the long-term stability of the P3HT:PCBM solar cells. The absorp-
tion behavior, crystalline order, and inner morphology of the resulting P3HT:PCBM films
are not strongly degraded by the treatments with different solvent vapors. However, large
PCBM crystals are found in the P3HT:PCBM films after exposure to these solvent vapors
except for dichlorobenzene. Therefore, the absence of large PCBM crystals is ascribed to
be the main reason for the relatively high stability of solar cells stored in dichlorobenzene
vapor.

An inverted geometry is adapted for P3HT:PCBM solar cells. It is demonstrated that
the inverted geometry significantly improves the device efficiency compared to the stan-
dard geometry. The obtained maximal efficiency is among the highest reported values for

179



180 Chapter 9. Conclusion and outlook

P3HT:PCBM BHJ systems so far. The improvement of device performance is attributed
to the improved internal light harvesting and smaller structure sizes of P3HT:PCBM
active layers. Moreover, it is found that the inverted P3HT:PCBM solar cells exhibit sta-
ble photovoltaic performance during continuous operation under illumination and after a
long-term storage in dark without encapsulation. This high stability is ascribed to the
fact that the inverted geometry can fully overcome the morphological degradation in the
active layers.

Flexible P3HT/TiO2 hybrid films are fabricated at low temperatures by use of the
titania precursor EGMT and different template polymer extraction methods. Among all
extraction methods, solvent treatment is considered to be the best one to most efficiently
remove the template polymer and preserve the original TiO2 nanostructures from the
sol-gel process. After a successful P3HT backfilling into nanostructured TiO2 films, the
resulting P3HT/TiO2 hybrid films are found to be highly flexible, not showing any cracks
after extensive bending tests. A strong improvement in flexibility is achieved compared to
pure porous TiO2 films. The origin of the increased stability is further explained by the
semi-empirical Halpin-Tsai model. The produced P3HT/TiO2 hybrid films show a great
potential for highly flexible and bendable hybrid solar cells.

In conclusion, the present thesis reveals the correlation between the morphology of the
active layer and the device performance. Basically, P3HT:PCBM BHJ solar cells exhibit
the best photovoltaic performance if the nanostructure size of their active layers is close
to the exciton diffusion length. A high crystallinity of P3HT is also desired for high
efficiency. Furthermore, a stable morphology of the active layers over time is quite benefi-
cial for prolonging the lifetime of the corresponding solar cells. For hybrid P3HT/titania
films, infiltration of low elastic modulus material like P3HT into porous titania films can
strongly improve the flexibility of the hybrid films, which provides promising applications
for flexible and bendable hybrid devices.

In future, projects about polymer:fullerene solar cells should address further lifetime
extension. In particular, in the case of novel low-bandgap semiconducting polymers which
give rise to great photovoltaic performance, strong degradation in moisture and oxygen
most probably results in a poor stability. Adapting an inverted geometry has been proved
to stabilize the morphology of the active layer. However, the use of PEDOT:PSS, an
aqueous suspension, as the electron blocking layer on top of the active layer will result in
a strong degradation of the solar cells by contact with water. Therefore, a replacement
for PEDOT:PSS is needed. In addition, chemical modifications on the surface of the
hole blocking layer are of great interest to tune the vertical material composition of the
active layer, which will probably change an energetically unfavorable morphology to an
energetically more favorable morphology. Accordingly, the stability would be improved.
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Another possibility to prolong the lifetime will be a technology to build multijunction
solar cells with the most sensitive junction sandwiched in the middle. For accomplishing
flexible hybrid solar cells, fabrication of the flexible electrodes and blocking layers at low
temperature will be the next step. Materials like graphene and silver nanowires can be
used as the flexible electrodes. However, preparation of a flexible compact metal oxide
layer at low temperatures as blocking layer might be a challenge. The final goal will be
the production of working flexible hybrid solar cells.
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R. H. Friend, U. Steiner, and S. Hüttner, “Crystallization-induced 10-nm structure
formation in P3HT/PCBM blends,” Macromolecules, vol. 46, pp. 4002–4013, 2013.

[116] K. Sun, Z. Xiao, E. Hanssen, M. F. G. Klein, H. H. Dam, M. Pfaff, D. Gerthsen,
W. W. H. Wong, and D. J. Jones, “The role of solvent vapor annealing in highly
efficient air-processed small molecule solar cells,” J. Mater. Chem. A, vol. 2, p. 9048,
2014.

[117] E. Verploegen, C. E. Miller, K. Schmidt, Z. Bao, and M. F. Toney, “Manipulating
the morphology of P3HT–PCBM bulk heterojunction blends with solvent vapor
annealing,” Chem. Mater., vol. 24, pp. 3923–3931, 2012.

[118] J. H. Jeon, H. K. Lee, D. H. Wang, J. H. Park, and O. O. Park, “The role of non-
solvent swelling in bulk hetero junction solar cells,” Sol. Energy Mater. Sol. Cells,
vol. 102, pp. 196–200, 2012.



Bibliography 193

[119] B. Jung, K. Kim, Y. Eom, and W. Kim, “High-pressure solvent vapor annealing
with a benign solvent to rapidly enhance the performance of organic photovoltaics,”
ACS Appl. Mater. Interfaces, vol. 7, pp. 13342–13349, 2015.

[120] Y. Kim, S. A. Choulis, J. Nelson, D. D. C. Bradley, S. Cook, and J. R. Durrant,
“Device annealing effect in organic solar cells with blends of regioregular poly(3-
hexylthiophene) and soluble fullerene,” Appl. Phys. Lett., vol. 86, p. 063502, 2005.

[121] M. A. Ruderer and P. Müller-Buschbaum, “Morphology of polymer-based bulk het-
erojunction films for organic photovoltaics,” Soft Matter, vol. 7, p. 5482, 2011.

[122] L. Li, G. Lu, S. Li, H. Tang, and X. Yang, “Epitaxy-assisted creation of PCBM
nanocrystals and its application in constructing optimized morphology for bulk-
heterojunction polymer solar cells,” J. Phys. Chem. B, vol. 112, pp. 15651–15658,
2008.

[123] Y. Yang, C. Liu, S. Gao, Y. Li, X. Wang, Y. Wang, T. Minari, Y. Xu, P. Wang,
Y. Zhao, K. Tsukagoshi, and Y. Shi, “Large [6,6]-phenyl C61 butyric acid methyl
(PCBM) hexagonal crystals grown by solvent-vapor annealing,” Mater. Chem.
Phys., vol. 145, pp. 327–333, 2014.
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• W. Wang, S. Pröller, M. A. Niedermeier, V. Körstgens, M. Philipp, B. Su, D.
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Nuri Hohn, Dr. Volker Körstgens, Franziska Löhrer, Dr. Ezzeldin Metwalli Ali, Daniel
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