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Abstract
This thesis deals with stability improvements and the investigation of degradation
mechanisms in organic solar cells. Organic solar cells have been in the focus of
extensive academic research for over almost two decades and are currently entering the market in small scale applications. For successful large scale applications,
next to the improvement of the power conversion efficiency, the stability of organic solar cells has to be increased. This thesis is dedicated to the investigation of
novel materials and architectures to study stability-related issues and degradation
mechanisms in order to contribute to the basic understanding of the working principles of organic solar cells. Here, impedance spectroscopy, a frequency domain
technique, is used to gain information about stability and degradation mechanisms
in organic solar cells. In combination with systematic variations in the preparation
of solar cells, impedance spectroscopy gives the possibility to differentiate between interface and bulk dominated effects. Additionally, impedance spectroscopy
gives access to the dielectric properties of the device, such as capacitance. This
offers among other things the opportunity to probe the charge carrier concentration and the density of states. Another powerful way of evaluation is the combination of experimentally obtained impedance spectra with equivalent circuit modelling. The thesis presents results on novel materials and solar cell architectures for
efficient hole and electron extraction. This indicates the importance of knowledge
over interlayers and interfaces for improving both the efficiency and stability of
organic solar cells.
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Zusammenfassung
Die vorliegende Dissertation beschäftigt sich mit der Untersuchung von Maßnahmen zur Erhöhung der Stabilität, sowie mit Degradationsmechanismen in organischen Solarzellen. Organische Solarzellen sind seit über zwei Jahrzehnten im Fokus intensiver Forschung und zudem in ersten Anwendungen auf dem Markt zu
finden. Für den weiteren Erfolg, vor allem von großflächigen Anwendungen, ist es
neben der weiteren Verbesserung des Wirkungsgrades von großer Bedeutung, die
Stabilität und Lebensdauer organischer Solarzellen zu erhöhen. Folglich beschäftigt sich diese Dissertation mit der Untersuchung neuartiger Materialien und Solarzellenarchitekturen, um zum Verständnis grundlegender Prozesse in organischen Solarzellen, besonders hinsichtlich der Stabilität, beizutragen. Dazu wird
die Impedanzspektroskopie, eine Untersuchungsmethode, die in der Frequenzdomäne arbeitet, eingesetzt. In Kombination mit systematischen Variationen in der
Solarzellenpräparation erlaubt sie die Unterscheidung von Volumen- und Grenzflächeneffekten. Zusätzlich können mittels Impedanzspektroskopie die dielektrischen Eigenschaften, wie zum Beispiel die Kapazität, von Solarzellen bestimmt
werden. Dies erlaubt unter anderem die Bestimmung der Ladungsträgerkonzentration und der Zustandsdichte. Weiterhin gibt die Impedanzspektroskopie in Kombination mit Ersatzschaltbildanalysen zusätzliche Einblicke in interne Solarzellenprozesse. In der vorliegenden Dissertation werden neuartige Materialien und
Solarzellenarchitekturen für die effiziente Extraktion von Ladungsträgern aus der
Solarzelle untersucht. Sie zeigt damit die Bedeutung von Zwischenschichten und
Grenzflächen für die Effizienz und Stabilität organischer Solarzellen.
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Introduction

Climate change, anthropogenic greenhouse gas emission and increasing energy
demand are among the most pressing issues humanity is facing nowadays which
have to be solved within the next decades[1]. Renewable energies are seen as one
of the answers to these problems[2]. Among the various technologies in the field of
renewable energy, photovoltaics, which embraces the direct conversion of sunlight
into electricity, is very promising. However, over the short term, the generation of
electricity through burning fossil fuels is still cheaper than the initial investment
for the setup of solar power plants.

Figure 1: Cost vs. efficiency for the different generations of photovoltaic technologies; 1: wafer based mono-crystalline silicon, 2: thin films, 3: emerging thin films[3].

Therefore further research on existing as well as the development of more sophisticated, so called third generation, solar cells is indispensible in order to make
photovoltaics cost competitive with fossil fuels[3]. Next to solar cells based on
inorganic semiconductors, like mono-crystalline silicon (first generation) or thin
film technologies (second generation), among other third generation technologies

9

the use of organic semiconductors could expand the field of applications, as it
offers properties such as light weight, flexibility, semi transparency and low production costs leading to short amortization times[4]–[6]. Figure 1 gives an overview
of the different technology generations and their relation of efficiency vs. cost.
Third generation technologies aim at high efficiency combined with lowering
their cost due to decreased material consumption and improved photon harvesting
capabilities. Recently, the power conversion efficiency of single and tandem organic solar cells reached certified values of 8.3% and 9.8%, respectively, and is
just becoming competitive to enter the market, with first products already commercially available[7]–[9].
In order to further increase the power conversion efficiency of organic solar cells,
the synthesis of strong absorbers with low energy band gaps, harvesting more of
the sun`s solar radiation spectrum is necessary and has become a major field of
research within the community[10],[11]. As the power conversion efficiency of organic solar cells is ascending towards 10%, which is a market analyst`s benchmark predicting economic success of organic photovoltaics, more and more attention is drawn to lifetime and stability issues[6]. Although outdoor lifetimes of
flexible organic solar cells exceeding one year were already presented, we are far
away from understanding the underlying mechanisms leading to the degradation
of organic solar cell performance[12]–[14].
From an engineering point of view it is important to find materials which provide
proper encapsulation while maintaining both the device flexibility and ease in
implementation of the process in a roll-to-roll production line. Nonetheless it is
highly important to investigate and understand the processes leading to the degradation of both the materials and the fully assembled organic solar cells, in which
also interfaces become relevant[15]–[17].
The thesis at hand aims to add insights for the improvement of the lifetime of organic solar cells as well as to uncover underlying degradation mechanisms. To do
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so, the focus lies mainly on the investigation of the hole and electron selective
transport layers sandwiching the photoactive layer, adopting novel materials and
device architectures. Impedance spectroscopy is used as a non-destructive, powerful technique to study fully processed organic solar cells.
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2

Fundamentals of organic photovoltaics and
impedance spectroscopy

An almost unlimited amount of organic compounds are naturally existent or can
be synthesized. They consist mainly of a carbon atom based backbone, of which
they received their name according to the field of organic chemistry. A special
group within organic solids are organic semiconductors[18]. This chapter offers a
basic introduction to organic semiconductors as well as to their application in organic photovoltaics. Stability issues of organic solar cells and impedance spectroscopy applied on organic solar cells are discussed later on.
2.1

Organic semiconductors

The (photo-) conductivity in organic crystals has been studied for almost 100
years[19],[20], however, these systems are usually used as model systems. The discovery of conducting polymers in the late 1960s by Weiss et al.[21]–[23] and further
work in the 1970s by McGinnes et al.[24],[25] and Shirakawa, MacDiarmid and
Heeger et al.[26],[27] paved the way to electronic devices using organic semiconductors. Tang et al.[28],[29] reported on organic light emitting diodes and organic
photovoltaic cells in the 1980s. Since then the field emerged to a major division of
solid state physics.
Organic semiconductors can be divided into two major classes, namely small
molecules and macromolecules[18]. Macromolecules are usually thermally instable
and are, contrary to small molecules, not suited for sublimation in high vacuum
for the preparation of thin films. Hence, macromolecules, amongst others polymers, are synthesised with functional side groups enhancing their solubility, which
allows wet-processing from solution via spin coating or roll-to-roll compatible
blading or printing techniques[30]. This way of thin film processing however induces a certain degree of disorder in polymeric thin films, strongly influencing
their physical properties, which will be discussed later on.
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Figure 2 shows the formation of a double bond in the simplest possible molecule
ethene, where each carbon atom encounters three σ bonds originating from the
electrons within the degenerated sp2 orbitals creating the backbone of the organic
molecule via strong covalent bonds. One  bond connects to each of the hydrogen
atoms and one  bond is formed between the carbon atoms. The fourth valence
electron of each carbon atom situated in the respective pz orbital, which is oriented
perpendicular to the sp2 orbitals, form a π bond, which is weaker than the  bond
due to lesser overlap of the pz orbitals. Along with the formation of the  and π
bonds the respective orbitals split into bonding and antibonding (denoted with *)
orbitals, whereas the splitting of the  and * orbitals is stronger than the splitting
of the π and π* orbitals according to the bonding strength. Thus the  orbital is
located deeper in energy than the π orbital and the anti-bonding orbitals are located higher in energy as can be seen in the energy diagram on the right hand side
of Figure 2. Thus the transition from the bonding π orbital to the anti-bonding π*
orbital constitutes the band gap, separating the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) states.

Figure 2: Simplified schematic of the formation of a  and a  bond in an ethene molecule
(left), and an simplified energy diagram (neglecting the hydrogen bonds) showing HOMO
and LUMO levels separated by a band gap, gs defines the ground state.
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The band gap energy of organic semiconductors lies in the range of 1 eV to 3 eV,
which corresponds to the visible wavelength range, making them attractive for
opto-electronic applications. Optical excitation with a photon having an energy
above the band gap energy leads to the formation of a strongly bound (approx.
0.5eV to 1eV) electron hole pair, called Frenkel exciton. Due to the strong Coulombic interaction the Frenkel exciton only exhibits a radius of around one nanometer. This is in contrast to inorganic semiconductors, where the much larger dielectric constant screens the Coulombic interaction leading to the formation of
Wannier excitons, distributed over several crystal sites, with energies well below
thermal energy at room temperature (kbT ~ 300meV). Thus, the thermal energy
suffices to dissociate the Wannier excitons into free charges.
In order to facilitate exciton dissociation in organic semiconductors, which is an
elementary process is organic solar cells discussed later, a so called donor acceptor system is utilized. Bringing in contact two kinds of organic semiconductors
with different HOMO and LUMO levels one can define this as donor acceptor
system. An acceptor then exhibits a larger electron affinity than the donor, which
in turn exhibits a weaker ionization energy than the acceptor. A Frenkel exciton,
generated on a donor site can then be split via transfer of the electron from the
donor`s LUMO to a neighbouring acceptor`s LUMO. The positive charge remains
on the HOMO of the donor.
In the mid-1990s detailed studies on charge transfer showed that using a fullerene
as acceptor leads to an ultrafast charge transfer from the donor to the fullerene.
The electron is transferred in the femto-second range to the acceptor, whereas
back transfer to the donor, which acts as a loss channel, occurs only in the order of
microseconds, thus resulting in an almost 100% efficiency in exciton
dissociation[31].
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In organic semiconductors exhibiting strong disorder as is the case for polymers,
free charges, i.e. electrons and holes, are named negative and positive polaron,
respectively. Polarons are quasi-particles which consist of the charge carrier combined with the lattice distortion induced in the medium by the charge.
In order to describe charge transport in organic semiconductors it becomes first
necessary to look at the molecular structure of organic semiconductors. Common
to organic semiconductors is an alternation of single and double bonds, which
leads to the formation of a conjugated π electron system. Within the conjugated
system the π bonds are delocalized throughout the whole molecule. Promoting
negative charges from the HOMO into the LUMO via charge injection, doping or
formation and splitting of excitons, allows them to move within the delocalized π*
orbital representing the LUMO level. However, due to the energetic and structural
disorder in polymeric thin films with broad distributions in molecular weight, orientation and polarizability, single polymer chains exhibit for example twists or
kinks, which disrupt the conjugated system and thus the delocalization.
Charge transport is therefore described by hopping transport meaning the phononassisted tunnelling of charges between localized energy sites. The hopping rate of
carriers in a disordered medium is often described by the Miller-Abraham formalism[32],[33]:
(1)

, where

ij

is the hopping rate between occupied site i and unoccupied site j,

0

is

the attempt-to-hop frequency,  is the inverse localisation radius of the charge carrier in the respective energy site, a is the average lattice constant, rij/a is the distance between site i and site j and Eij is the energetic difference of site i and site
j[32],[34]. Monroe demonstrated that the hopping rate is maximized with respect to a
single energy, called transport energy ET[35]. This is mathematically equal to band
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transport with multiple trapping and release. In disordered organic materials the
density of states is assumed to be Gaussian due to the shape of the absorption
bands. Baranovskii et al. later showed that the concept of transport energy can be
extended to density of states with a Gaussian distribution allowing to describe
charge transport in organic semiconductors with multiple trapping and release
processes[34],[36].
A charge carrier placed at a higher energy would relax to a certain relaxation energy, and transport occurs at energies close to the transport energy, at energies
below the maximum of the Gaussian density of states, as shown in Figure 3[35],[37]–
[39]

.

Figure 3: Schematic of charge transport between energetic and structural disordered states
(left). Representation as Gaussian density of states (DOS) denoted as g(E) showing the transport energy level ET just below the maximum of the distribution[38].

2.2

Organic photovoltaics

In this chapter the elementary processes in organic solar cells are presented followed by the presentation of the bulk-heterojunction device concept.
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2.2.1 Elementary processes in organic solar cells
Figure 4 presents a schematic energy diagram of the elementary processes from
light absorption to charge extraction of a donor acceptor system used in organic
photovoltaics[40]. The absorption of an incoming photon with energy large enough
to excite an electron from the donor`s HOMO to the donor`s LUMO leads to the
formation of a Frenkel exciton. The neutral exciton has to diffuse to a donor acceptor interface within its lifetime, usually corresponding to a diffusion length in
the range of a few tens of nanometers[41]–[43].

Figure 4: Simplified energy diagram showing the four elementary processes in a organic
solar cell: i) light absorption, ii) exciton formation, iii) exciton dissociation at a donor acceptor interface and iv) charge extraction.

The donor acceptor interface has to provide enough energy to overcome the Coulombic binding energy for the dissociation of Frenkel excitons, due to the offset of
the LUMO levels of the donor and acceptor. Once the exciton is dissociated positive and negative polarons are formed in the donor and acceptor phase, respectively, which still are Coulombically bound polaron pairs[44].
Due to the internal electric field set up by the work function difference of the electrodes, the polaron pairs are dissociated and positive polarons drift to the anode
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and negative polarons drift to the cathode, respectively. Finally, the polarons have
to be extracted from the bulk-heterojunction. For efficient extraction ohmic contacts between the electrodes and the active layer are necessary, thus the anode has
to match the HOMO level of the donor and the cathode has to match the LUMO
level of the acceptor, respectively, as shown in Figure 4[4],[45].
2.2.2

The bulk-heterojunction concept

The low diffusion length of excitons in solution processed, disordered materials,
such as polymers, demands a device structure in which exciton dissociation is still
efficient. In order to enable the dissociation of ideally all generated excitons
throughout the active layer, blending of the donor and acceptor materials was introduced in the mid 1990ies[46]. This led to the formation of the bulkheterojunction, where donor and acceptor phases were dispersed within the whole
active layer and a three dimensional network of interfaces is created as depicted in
Figure 5. Ideally all photo-generated excitons can diffuse to a donor acceptor interface within their lifetime for efficient dissociation, allowing at the same time
thicker active films for higher photon absorption.

Figure 5: A solar cell stack with a bulk-heterojunction as active layer showing dispersed
donor and acceptor regions in the detail.

A broad field of research in organic photovoltaics is concerned with morphology
investigations and control[47]. Donor and acceptor domains should, on the one
hand, be dispersed finely enough to maximize the interface for efficient exciton
dissociation, and on the other hand, percolation pathways should be present so
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that the dissociated charges can be transported within the donor or acceptor phase
to the respective electrodes. If the morphology is not optimized, recombination of
charge carriers can reduce the power conversion efficiency[48].
Increases in the power conversion efficiency of bulk-heterojunction solar cells
have resulted from techniques to improve the photocurrent. One strategy is the use
of novel compounds with an increased light harvesting capability. Other strategies
have focussed on creating well-ordered bulk-heterojunctions via self-assembly,
soft-lithography or nano-imprinting techniques[49]–[52].
Additionally, next to the control of the morphology of the active layer, interlayers
connecting the active layer and the electrodes with charge selective or charge
blocking properties have been studied intensively[53],[54]. With the beginning of the
century the introduction of a LiF interfacial layer with a thickness below one
nanometer between the active layer and the aluminium cathode was shown to increase solar cell performance, although, it is still somewhat unclear how the LiF

-2

Current density (mA cm )

ITO/PEDOT:PSS/P3HT:PCBM/Al
jsc= -9.31 mA cm

5

-2

Pmpp

2.0

-2

10

1.5

Voc= 0.56 V

1.0

FF = 61.6 %
 = 3.2 %

0.5

0

-5

Vmpp Voc

dark
light
Pout

FF
jsc

-10
-0.50

-0.25

0.0
-0.5
-1.0

jmpp
0.00

Pout (mW cm )

interacts in the device[55]. For improving the hole extraction capabilities a 30 nm

-1.5
0.25

0.50

-2.0
0.75

Voltage (V)
Figure 6: IV-characteristics of an organic bulk-heterojunction solar cell in dark and under
illumination, additionally the output power and solar cell parameters are shown.

19

to 50 nm thin PEDOT:PSS hole transport layer was introduced connecting the
ITO anode and the active layer. This became a standard interlayer since the early
days of organic solar cells. However, as was shown in literature and will be shown
in this thesis, the PEDOT:PSS layer can strongly impact the stability of the solar
cell[56].
Figure 6 presents an exemplary IV characteristics of a bulk-heterojunction solar
cell prepared as described in chapter 3.2 under dark and illuminated
conditions[40],[57]. From the illuminated IV curve the solar cell parameters can be
extracted. The intersection of the curve with the voltage-axis gives the open circuit voltage (Voc). The intersection with the current density-axis gives the short
circuit current density (jsc). The fill factor (FF) is defined as the ratio of the voltage (Vmpp) times current density (jmpp) giving the maximum power point (Pmpp =
Vmpp  jmpp) and the open circuit voltage (Voc) times the short circuit current density (jsc) of the solar cell.
(2)

The power conversion efficiency () is defined as the ratio of the generated power
Pout to the incoming power Pin striking the solar cell.
(3)



2.3

Degradation mechanisms in organic solar cells

With the tremendous effort over the last few years in achieving higher power conversion efficiencies in organic solar cells, studies on device lifetime and degradation mechanisms shifted more into focus. Only the understanding of these degradation mechanisms can ensure that the stability and lifetime of organic solar cells
can be increased to several years[14].
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Recently, the number of publications dealing with degradation mechanisms or
stability issues of organic solar cells has been rising. From a technical point of
view degradation of organic solar cells can be greatly avoided using encapsulating
barrier foils with low permeation rates for oxygen and humidity[58],[59]. On the one
hand, these high performance barriers are often more expensive than the organic
solar cells itself and on the other hand often restrict the flexibility of the encapsulated solar cells and modules. In order to introduce cheaper, less efficient, encapsulation foils, one has to find the tolerance levels of oxygen and humidity of the
sensitive materials used and to investigate the mutual effects in complete devices.
Up to now investigations often concerned the influence of extrinsic parameters
like temperature, light, oxygen and humidity on single active layers, on interfaces
and contacts, or on fully processed solar cells[15],[17],[60]–[63]. Figure 7 presents several degradation mechanisms which were isolated in literature[14]. However, fewer
publications deal with intrinsic degradation mechanisms arising from the materials
used to produce solar cells. Additionally the interfaces between materials can also
be a bottle neck for improving device lifetime, but it is generally difficult to localize and characterize stability issues in complete devices.

Figure 7: Schematic of an organic solar cell stack showing different degradation mechanisms.
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2.4

Impedance spectroscopy and its application to organic solar cells

Many experimental techniques have been used to study degradation mechanisms
in organic thin films and in organic solar cells. Impedance spectroscopy has been
receiving increasing attention for studying organic solar cells and is also applied
in this thesis. Here, a basic introduction to impedance spectroscopy is given.
Impedance is defined as the ratio of voltage and current, according to Ohm`s law
and is usually a complex magnitude (except for ideal resistors) and macroscopically describes the behavior of charge carrier transport in dielectrics and (semi-)
conducting materials.
(4)

, where V over I is the voltage and current, respectively,

is the real part and

is the imaginary part of the impedance, both in units of [] and i is the

Figure 8: Schematic of an impedance spectroscopy measurement. The applied ac voltage at a
certain probing point on the IV curve of the device under test results in an ac current, which
combines with the applied ac voltage to the complex resistance [64].
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complex number[64].
A small signal sinusoidal AC voltage with amplitude Vac, (which can be superimposed by a DC component Vdc) is applied to the sample:
(5)
The resulting current I(t) consists of a certain DC offset current Idc and an AC current with amplitude Iac, which is shifted by an phase angle  with respect to V(t):
(6)
Figure 8 illustrates this principle. Using a DC offset allows one to probe regions
of interest along the IV-curve of a solar cell, e.g. under short circuit or open circuit
conditions.
There are several parameters related to impedance (Z=R-iX, where R is the resistance and X is the reactance), such as admittance (Y=Z-1 =G+i·B, where G is
the conductivity and B is the susceptance), modulus (M=i··C·Z, with =2πf as
the angular frequency and C as capacitance) and complex dielectric permittivity
(=M-1=Y/(i··C)), all together known as immittance. In this thesis, mainly the
impedance and the capacitance C=1/(i··X) as well as the dielectric loss
(L=1/(·R)=tan()·C, with tan()=Re{Z}/Im{Z} as the loss tangent) are investigated. The frequency dependence of these parameters is particularly useful in analyzing transport and degradation processes related to layers and interfaces in the
solar cell. Capacitance reveals information about stored or trapped charge in the
device while loss reveals information on energy loss due to transport limited phenomena. In this thesis, focus will therefore be placed on the capacitance and
loss[64].
Equivalent circuit modeling is often used in conjunction with impedance spectroscopy to quantitatively describe the impedance data. To demonstrate this, a simple
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equivalent circuit consisting of a resistor and capacitor in parallel, often used to
describe organic layers, is depicted in Figure 9 together with the corresponding
representations in the complex plane, i.e. the Cole-Cole plot, and the capacitance
and loss plotted versus frequency in a Bode plot.
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Figure 9: Typical representations as Cole-Cole plot in the complex plane (left) and Bode plots
of capacitance and loss (right). The inset shows the equivalent circuit R p-Cp with Rp = 100 
and Cp = 5 nF.

The Rp-Cp element results in a single semicircle in the complex plane. At low frequencies, the crossing of the semicircle with the real axis gives the value for the
resistance Rp (here Rp=100), the center of the semicircle corresponds to the time
constant  = RpCp. At higher frequencies the capacitance Cp dominates. Similar
results can be obtained from the frequency-dependent representation of the capacitance and the loss. To model real devices, usually more than one Rp-Cp element has to be added to an equivalent circuit model to account for multiple layers
and interfaces in order to mimic the complete behavior of the sample.
Cole and Cole developed an equivalent circuit which enables to account for dispersive transport in disordered organic semiconductor films, which is shown in
Figure 10[65]. It consists of an Rb-Cgeo element in parallel to a capacitance Cdis in
conjunction with a constant phase element CPEdis.
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Figure 10: Equivalent circuit model accounting for dispersive transport [65].

Rb describes the resistance of the organic thin film, Cgeo is the geometrical capacitance, according to Cgeo = (0·r·A)/d with 0 as dielectric permittivity, r as the dielectric constant of the organic material, A as the active area and d as the thickness
of the organic layer. The CPEdis is used to describe a non-ideal capacitor with a
capacitive contribution CPE-Tdis and the quality factor CPE-Pdis, which can adopt
values between zero and one. The compound circuit element accounts for dispersive transport in organic media and is part of the equivalent circuit model proposed in chapter 4.1[64]–[66]. Chen et al.[67] recently used this compound circuit
element in order to describe dispersive transport in doped organic films. Martens
et al.[68] and Berleb and Brütting[69] applied equation (7), which is the mathematical analogue to the equivalent circuit shown in Figure 10, to describe dispersive
transport in poly(p-phenylene vinylene) (PPV) and tris(8-Hydroxyquinoline)
Aluminum (Alq3):









(7)

, where  is the dielectric constant, ∞ is the high frequency dielectric constant, s
is the low frequency dielectric constant, i is the imaginary number,  is the angular frequency, 0 is the average relaxation time and the parameter α can adopt values between 0 and 1 accounting for the distribution of relaxation times around 0.
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The right side of equation (7) describes the dispersive nature of the organic media
in the transition from the low frequency static regime described by s to the high
frequency limit ∞, according to the geometrical capacitance Cgeo.
The investigation and comparison of intrinsic and extrinsic degradation mechanisms in organic solar cells using impedance spectroscopy is the main topic of this
thesis, focussing on the influence of the electron and hole extraction layers.
Chapter 4.1 presents a model system with a TiOx interlayer applied as electron
selective extraction layer in an inverted solar cell structure. The properties of the
TiOx interlayer result in IV characteristics which initially show an s-shape effect.
The s-shape disappears upon light soaking with UV light. The effect is reversible
if the devices are stored in the dark for a period of time. An equivalent circuit
model is proposed to explain the s-shape effect in this model system, which usually can appear upon degradation of solar cells.
In the following sections several hole transport layers and their influence on solar
cell parameters are discussed. The influence of the solvent from which the hole
transport layer is prepared (section 4.2) and the ratio of poly(styrenesulfonate)
(PSS) to polyaniline (PANI) (section 4.3) on the performance and stability of solar
cells is shown.

26

3

Materials, device preparation and experimental
methods

This chapter presents the used materials and describes the solar cell preparation,
followed by the description of the applied measurement techniques.
3.1

Materials

The materials applied in this study are either already commercially available, developed within a cooperation or are, as in the case of TiOx, synthesized from
commercially available precursors.
3.1.1 Absorber layer: Polymer:fullerene blends
Figure 11 shows the chemical structures of the active layer materials. For the investigations regio-regular poly(3-hexylthiophen) (P3HT) blended with a soluble
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was dissolved in anhydrous chlorobenzene (CB) or 1,2-dichlorobenzene (oDCB). P3HT
used for the study presented in chapter 4.1 was provided by Merck Chemicals Inc.
(Lisicon

SP001,

regio-regularity=94.2%,

Mn=23600,

Mw=54200,

polydispersity=2.29), P3HT used for the investigations discussed in the chapters
4.2 and 4.3 was purchased as electronic grade, regio-regular P3HT from Rieke
Metals Inc. (4002-E, regio-regularity=90-94%, Mw=50000). PCBM was purchased from Solenne B.V. (Mw=910.9), CB as well as oDCB from Sigma-Aldrich.

Figure 11: Chemical structures of P3HT and PCBM used for the active layer.
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3.1.2

Hole and electron transport layers: polymer dispersions and solutionbased TiOx

The hole transport layers investigated in chapter 4.2 and 4.3 were either
commericially available Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEDOT:PSS purchased as Clevios P VP AI 4083 through H.C. Stark or various
poly(aniline): poly(styrenesulfonate) PANI:PSS formulations obtained from
Enthone Nano Science Center, Ammersbek, a subsidiary of Cookson Electronics.
The chemical structures are shown in Figure 12 and several properties are
summarized in Table 1 and Table 2.
Table 1: Properties of the hole transport layers used in chapter 4.2. [a] layer thickness:
100nm; measured from 400nm - 900 nm, [b] measured by Kelvin probe in air at 0% relative
humidity and room temperature, [c] measured in vacuum at room temperature.

The sol-gel synthesis of titanium-sub-oxide (TiOx) used as electron extraction
layer was carried out with materials purchased from Sigma-Aldrich Inc. without
further

purification:

titanium

(IV)

isopropoxide

(Ti[OCH(CH3)2]4),

2-

methoxyethanol (CH3OCH2CH2OH) and ethanolamine (H2NCH2CH2OH). The
TiOx precursor was prepared following the route of Park et al.[70] and diluted in
methanol prior spin coating.

hole transport
layer

TransmitSolvent

pH value

tance [%]

Solid content [wt%]

[a]

PEDOT:PSS
(H2O)
PANI:PSS
(H2O)
PANI:PSS
(IPA)

Work

Conductiv-

function

ity [S/cm]

[eV] [b]

[c]

water

1.5

94

1.5

4.81

3.9 E-4

water

1.6

76

3.0

5.08

3.0 E-2

2-propanol

-

86

2.3

5.49

1.6 E-3
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Table 2: Properties of the hole transport layers used in chapter 4.3. [a] layer thickness:
100nm; measured from 400nm - 900 nm, [b] measured by Kelvin probe in air at 0% relative
humidity and room temperature, [c] measured in vacuum at room temperature.
hole transport
layer

Solvent

PANI:PSS

Transmit-

ratio

tance [%] [a]

Work
function
[eV] [b]

Conductivity
[S/cm] [c]

PANI:PSS 1:1

water

1:1.4

90

5.080

4.0 E-02

PANI:PSS 1:2

water

1:2.2

91

5.190

2.0 E-04

PANI:PSS 1:5

water

1:5.1

95

5.060

2.0 E-05

3.1.3 Contact materials
For the contacts, indium tin oxide (ITO) coated glass substrates were obtained
from Präzisions Glas & Optik GmbH, and calcium (Ca), aluminum (Al), silver
(Ag) and molybdenum oxide (MoO3) were thermally deposited to create back
contacts.
3.2

Device preparation

For the investigations carried out in chapter 4.2 and 4.3 solar cells in the standard
geometry as shown in Figure 13a) were prepared. The solar cells used in chapter
4.1 were prepared in the inverted structure as shown in Figure 13b). In the following the different preparation routes are described and Figure 14 presents IV characteristics of exemplary solar cells in the standard and inverted geometry.
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Figure 12: Schematic of the a) standard and b) inverted solar cell stacks (HTL: hole
transport layer).

Prior solar cell preparation a 1 wt% solution with a P3HT:PCBM ratio of 2:1 for
standard and a 1:1 ratio for inverted cells, respectively, was prepared under inert
atmosphere in chlorobenzene and dichlorobenzene, respectively, and kept stirring
overnight prior solar cell preparation.
ITO covered glass substrates were structured by etching in hydrochloric acid and
mechanically cleaned with detergent and deionized water. Subsequent cleaning
was done for 10 min in acetone and isopropyl alcohol using an ultrasonic bath
followed by an oxygen plasma treatment for 15 min. For standard stacked solar
cells hole transport layers (HTLs) were spin coated onto the cleaned substrates in
ambient conditions at 3500 rpm for 30 s. As hole transport layers were used either
PEDOT:PSS (applied using a 45 µm pore filter) or hole transport layers based on
PANI:PSS (without filtering), as shown in Table 1 and Table 2.
After deposition of the hole transport layer, the samples were brought into a nitrogen filled glove box, where all subsequent steps were carried out. The substrates
covered with the hole transport layer were dried on a hot plate at 130° C for 10
min. The P3HT:PCBM solution was spin coated on top of the hole transport layers
resulting in an active layer thickness around 100 nm, measured using a
profilometer. The substrates were then transferred into an evaporation chamber.
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Calcium and aluminum were evaporated on top of the active layer in vacuum at a
pressure below 10-6 mbar, with a thickness of 20 nm and 150 nm, respectively.
The overlap of ITO and the metal cathode defined the solar cell active area to A =
0.5 cm2. The devices were then annealed on a hot plate at 140° C for 10 min.
For the preparation of inverted solar cells the TiOx precursor was spin coated onto
the etched and cleaned ITO substrates at 5000 rpm for 40 seconds. To convert the
precursor into TiOx via hydrolysis the substrates where then placed in a chamber
set to a relative humidity of 45 % at a temperature of 25 °C for a total of 2 hours.
Then the substrates were transferred into a nitrogen filled glove box, where the
following steps were carried out. The substrates were tempered at 150 °C for 30
minutes in order to remove residual solvents from the precursor. The
P3HT:PCBM blend was applied on top of the TiOx via spin coating to create the
active layer. The blend was then annealed at 140 °C for 10 minutes prior mounting
in an evaporation system connected to the glove box in order to evaporate the
back contact consisting of 15 nm MoO3 and 150 nm Ag.

4
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Figure 13: IV characteristics of a standard and inverted solar cell prepared according to the
description in chapter 3.2. The inset shows the extracted solar cell parameters.
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Encapsulation of the devices was also done under inert atmosphere using a 1:1
mixture of an epoxy resin and adequate hardener, which was sandwiched between
the organic solar cell device and a cover glass plate, hardening at room temperature in dark overnight.
3.3

Experimental methods

For illuminating the solar cells with simulated sun light a class AAA solar simulator (SS80 Photon Emission Tech. Inc.), emitting an AM1.5G spectrum, is used.
The incoming power Pin is set to 100 mW cm-2 according to standard test conditions and is adjusted using a calibrated silicon solar cell traceable to Fraunhofer
Institute of Solar Energy Systems, Germany. The sample temperature was monitored and kept at 30°C  5°C using air cooling. Electrical characterization of the
solar cells was carried out using a Keithley semiconductor characterization system
(SCS 4200) and a four probe contact configuration.
For impedance spectroscopy measurements a frequency response analyzer
(Solartron 1260, Solartron Analytical) is used to measure in the frequency range
from 30 MHz down to 1 Hz. Typically an AC voltage amplitude of Vac = 100 mV
(RMS) or smaller was used to probe the solar cells. Again, a four probe configuration was used, in order to reduce cable effects.
For X-ray diffraction measurements a Panalytical X’Pert Pro was used in theta2theta configuration. Atomic force micrographs were recorded using an Agilent
Technologies 5420 AFM atomic force microscope in tapping mode. The film
thickness was measured using a Dektak 6M stylus profiler.
For equivalent circuit analysis the software package ZView 3.1 of Scribner Associates is used, which allows one to combine different equivalent circuit elements,
like resistors, capacitors or constant phase elements to compile an equivalent circuit and fit to experimental data.
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For simulation of capacitance-voltage curves AFORSHET V2.2 provided as free
download of the Helmholtz Zentrum Berlin is used.
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4
4.1

Results and discussion
Equivalent circuit model for the quantification of the s-shape effect in
TiOx containing inverted solar cells1

In this chapter, the formation of s-shaped current-voltage (IV) characteristics is
investigated. In s-shaped IV curves a deflection point appears within the IV characteristic in the fourth quadrant resulting in a dramatic reduction of the fill factor
and power conversion efficiency of the solar cell. In literature many reports on sshaped IV characteristics in solar cells are present. This effect can appear upon
exposure of solar cells to oxygen or water vapor, leading to the breakdown of the
IV characteristics [13]. However, the origin of the s-shape effect is still under discussion.
Eisgruber et al.[71] presented an early study on the appearance of an s-shaped IV
characteristic in inorganic CdS/CuInSe2 thin film solar cells, occurring if the cell
is exposed to red light and transformation to a regular shaped IV curve occurs
after illumination with blue light. They concluded, that deep trap states in conjunction with low free electron concentrations in the CdS layer are responsible for
the s-shape and blue light illumination significantly increases the electron concentration and thus the effect disappears. Glatthaar et al.[72] demonstrated, that impedance spectroscopy can be applied to investigate organic solar cells exhibiting an sshaped IV characteristic and proposed that the reduced extraction of charge carriers leads to the s-shape.

1

Reproduced in parts with permission from B. Ecker et al., Understanding S-Shaped Current–
Voltage Characteristics in Organic Solar Cells Containing a TiOx Interlayer with Impedance
Spectroscopy and Equivalent Circuit Analysis, DOI:10.1021/jp305206d in J. Phys. Chem. C.
Copyright 2012 American Chemical Society.

34

Further publications investigated the dependence of the s-shape effect on space
charge limited currents, exciton blocking layer thickness, transport layer doping or
imbalanced charge carrier mobility[73]–[76]. Steim et al.[77] recently demonstrated
the presence of s-shaped IV characteristics in inverted organic solar cells containing a TiOx interlayer between the cathode and the active blend. Initial IV characteristics demonstrated an s-shape which disappeared upon light soaking under UV
radiation. Based on the model system presented by Steim et al.[77] a detailed investigation using impedance spectroscopy and equivalent circuit analysis to describe
how the TiOx interlayer influences the s-shape.
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Figure 14: IV-characteristics of an inverted solar cell with a TiO x interlayer with improved
solar cell parameters upon light soaking for 120 minutes.

In order to be able to investigate the s-shape effect in a controlled way, inverted
solar cells with the device structure ITO/TiOx/P3HT:PCBM/MoO3/Ag as shown
in Figure 13 b) are studied. The devices were prepared and encapsulated in a
glove box as described in chapter 3.2, in order to ensure that only intrinsic properties of the solar cells are probed. The solar cells initially exhibit s-shaped IV characteristics, which then transform into regular IV characteristics upon UV irradia-
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tion due to a decrease in resistance of the TiOx interlayer upon light soaking
(Figure 15).
The TiOx-based device works as a model system, in which effects leading to poor
charge extraction, space charge build up, and s-shaped IV characteristics can be
induced and controlled reproducibly. As already mentioned above, s-shaped IV
characteristics usually appear upon degradation of solar cells in ambient conditions and lead to crucial reduction of the fill factor and hence the power conversion efficiency. Thus the model system, which is investigated here, allows quantitative access on how the TiOx interlayer affects the IV characteristics under
controlled conditions, as the formation of s-shaped IV characteristics upon degradation is still under debate. An equivalent circuit model is proposed to analyze the
impedance data taken from devices before and after light soaking. It is demonstrated that it is possible to attribute its elements to specific sites in the solar cell,
and therefore the circuit model can be used as a tool to localize and quantify loss
mechanisms related to the TiOx interface and s-shaped IV characteristics.
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Figure 15: XRD spectrum of amorphous TiO x and sintered TiO2 after sintering the TiO x at
500° C under ambient conditions (left), and topography of a TiO x surface characterized with
atomic force microscopy.
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In order to verify the synthesis of TiOx from the sol-gel process described in chapter 3.1.2 first the structural and morphological properties of single TiOx films being later applied as electron extraction layer in organic solar cells are studied. Spin
coating and hydrolyzing of the precursor results in layers with an amorphous
structure exhibiting oxygen deficiencies, hence the denotation TiOx[78]. The theta2theta scan of the as prepared TiOx film, depicted in Figure 16, presents broad
features at angles around 27°, 43° and 64° indicating an amorphous structure as
expected. To conclude that the sol-gel synthesis was successful and TiOx was
formed, the film was sintered at 500°C under ambient conditions. The repeated
XRD measurement on the sintered film presents distinct diffraction features with
peaks at 25.5°, 38.2°, 48.0°, 54.8°, 63°, 69.6° and 75.7°, which can be assigned to
the anatase crystalline structure of TiO2 according to the ICDD database. The sol-
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Figure 16: IV characteristics with initial solar cell parameters of jsc = 5.86 mA cm-2, Voc = 0.32
V, FF = 14.7 % and PCE = 0.27 %, which increase to j sc=8.50 mA cm-2, Voc = 0.55 V, FF = 49.7
% and PCE = 2.33 % after light soaking. The inset shows the zero crossing of the dark IV
characteristic before and after light soaking. Device resistances of R p,initial = 10.9 k and
Rp,lightsoaked = 1.4 k were extracted from the data.
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gel synthesis produced the expected TiOx, which was also investigated using an
atomic force microscope, in order to probe the surface topography. Spin coating of
the TiOx precursor resulted in a smooth surface with a roughness (RMS) of 2.2
nm, suitable for use as the electron extraction layer in inverted solar cells as
shown in the micrograph in Figure 16.
For the electrical characterization an exemplary solar cell was chosen, which initially presents an s-shaped IV curve, leading to a low fill factor of around 15 %.
After light soaking for 20 minutes under illumination from a solar simulator the sshape disappears and the fill factor equals approximately 50 % (Figure 17).
Impedance spectroscopy was used to gain a detailed insight into changes of the
dielectric response of the solar cell before and after light soaking. Figure 18 shows
the Cole-Cole plot of the impedance data for the solar cell before (open circles)
and after (closed circles) light soaking. The inset shows the data obtained from the
high to low frequency range (1 MHz – 100 Hz) while the larger graph contains the
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Figure 17: Cole-Cole representation of the high frequency range of the impedance data before (open circles) and after (closed circles) light soaking. The solid lines represent the simulated data from the fit using the circuit model in Figure 20 and the values in Table 3. The
inset shows the entire frequency range of the data from 1 MHz – 100 Hz.
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data obtained from the higher frequency range. Before light soaking the Cole-Cole
plot clearly consists of two arcs with a transition frequency of 11.5 kHz, and the
intersection of the low frequency arc with the x-axis corresponds to a total dc device resistance of 6.5 kΩ. After light soaking, the high frequency feature disappears and the dc resistance of the device decreases to 1.5 kΩ.
The frequency dependence of the capacitance (blue squares) and the dielectric loss
(red circles) of the solar cell are shown in Figure 19 before (open symbols) and
after light soaking (closed symbols). Before light soaking an increase in the capacitance at 11.5 kHz resulting in a plateau at lower frequencies is observed. The loss
spectrum reveals a change in slope at the same frequency, resulting in a broad
peak in the spectrum. This behavior is characteristic of systems with dominant
interface or space charge effects, as trapped charge in the device increases the
capacitance and the loss peak results from the slower reorientation of the trapped
charge compared to mobile charge, leading to an energy loss[79].
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Figure 18: Capacitance (blue squares) and dielectric loss (red circles) spectra of the solar
cell before (open symbols) and after (closed symbols) light soaking. The solid lines represent
the simulated data from the fit using the circuit model in Figure 20 and the values in Table
3.
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The change in the IV characteristics, in particular the FF, and the dielectric behavior of the device are expected to be a result of the change in the resistance of the
TiOx layer due to light soaking. Thus the change in resistance of a TiOx layer is
investigated over a period of 20 minutes during light soaking. The resistance of
the TiOx was measured independently by coating TiOx on a substrate with interdigitated ITO electrodes. Using the relation  = (I/V) * (d/A), with d = 80 µm as
the channel width and A as the area given by the channel length l = 0.75 m times
the thickness of the TiOx interlayer t = 8.2 nm. The obtained conductivity was
then used to calculate the resistance of the TiOx interlayer in the solar cell following R = (1/) * (t’/A’) accounting the geometry of the solar cell with an active
area A’ = 0.5 cm² and a TiOx thickness of t’ = 3.3 nm.
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Figure 19: Resistance of the TiOx interlayer and fill factor of the according device in dependence of light soaking time. Ri values extracted from simulations of the equivalent circuit
model shown in Figure 20 are included for comparison.

Figure 20 shows the resistance of the TiOx interlayer and the fill factor of the solar
cell as a function of light soaking time. The trend followed by the resistance of the
TiOx interlayer and the FF of the solar cell is similar, indicating that the resistance
of the TiOx layer directly impacts the FF and therefore the shape of the IV charac-
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teristics of the solar cell. Hence, an equivalent circuit model is proposed to describe the behavior of the solar cell before and after light soaking. This allows one
to attribute the formation of an s-shape to changes in the circuit element attributed
to the TiOx layer, which additionally influences transport phenomena in the bulk.
Figure 21 presents the equivalent circuit diagram which was used to quantify the
impedance data and describe the shape of the IV curves. The equivalent circuit
model layout is designed to account for the different layers in the solar cell stack
and simultaneously offers a very simplistic approach to investigate layers and interfaces in the solar cell. The model was used to fit the experimental Cole-Cole
(Figure 18) and capacitance vs. frequency and dielectric loss vs. frequency (Figure
19) data before and after light soaking the solar cell. Changes in the IV curve of
the solar cell due to light soaking are accounted for by changes in the values of the
circuit elements of the model, indicating that the circuit model is accurate in quantitatively describing the behaviour of the solar cell, in particular the emergence
and disappearance of the s-shape in the IV characteristics.

Figure 20: Equivalent circuit model used to simulate the experimental data from the solar
cell before and after light soaking. Rs – lead resistance; Ri and Ci – RC element to account
for the TiOx interlayer; Rb, Cgeo, Cdis, CPEdis – compound circuit element to account for dispersive transport in the organic bulk.
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The equivalent circuit is composed of a lead resistance Rs to account for contact
resistances. Rs was fixed at 2.8 Ω for simulations. An R-C element (Ri, Ci) is used
to account for the TiOx layer, the values of Ri and Ci were determined from fits of
the experimental data before and after light soaking. A final compound circuit
element is used to describe the dispersive transport in the polymer:fullerene active
layer as described in chapter 2.4. Rb was determined from fits of the experimental
data. Cgeo was extracted from the negative bias regime of capacitance-voltage
measurements of solar cells after light soaking. The value of Cgeo was kept fixed at
11 nF for the simulations.
The values of the circuit elements before and after light soaking are listed in Table
3. The change in the IV curves after light soaking corresponds to changes in the
RC element ascribed to the TiOx interlayer (Ri, Ci), to changes in the bulk resistance (Rb) and to changes in the constant phase element values (Cdis and CPETdis).
Table 3: Equivalent circuit parameters used to simulate experimental impedance spectroscopy data.

initial
light
soaked

Ci

Rb

(nF)

(k)

116.3

57.2

6.3

1.54

110.3

1.6

Rs ()

Ri ()

2.8
2.8

Cdis

CPE-

CPE-

(nF)

Tdis (µF)

Pdis

11

48.8

12

0.52

11

20.2

1.3

0.62

Cgeo (nF)

The decrease in Ri and Ci after light soaking can be explained by the mechanism
causing the change in TiOx resistance due to light soaking[80]. Upon UV irradiation, oxygen is released from the TiOx. This results in an increase of the density of
mobile electrons in the layer, as well as of positively charged vacancies. This results in both a decrease in the resistance of the material due to conducting charges
as well as an increase in capacitance due to the trapped charges. The capacitance
increases from 57.2 nF to 110.3 nF and simultaneously the resistance Ri decreases
from 116.3  to 1.54  after light soaking.
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The Ri values from the model can be compared to the measured resistance of the
TiOx interlayer, discussed in the previous section. Measuring the resistance of the
TiOx interlayer taken before and after 20 min of light soaking (resistance values
are shown as stars in Figure 20), values of RTiOx,initial = 124.7  and RTiOx,lightsoaked
= 0.68  are found, before and after light soaking, respectively. These experimental values are in good agreement with the values for Ri from the equivalent
circuit model.
Before light soaking, the highly resistive TiOx layer is expected to inhibit efficient
extraction of charge carriers from the solar cell, resulting in an s-shape in the IV
characteristics[72]–[76]. The unbalanced extraction of charge can lead to space
charge effects in the bulk. This is demonstrated by the initially high values of R b,
Cdis and CPE-Tdis, which then collectively decrease after light soaking. The values
of Rb dominate the total device resistance, and correspond well with the values
extracted from the dark IV characteristics (shown in the inset of Figure 17). Initially, the total device resistance is 10.9 kΩ, and drops to 1.4 kΩ after light soaking, which agrees with the change in the values of Rb of 6.3 kΩ and 1.6 kΩ before
and after light soaking, respectively. The capacitance of the bulk depends on the
efficiency of charge transport out of the active layer, which is inhibited by the
TiOx before light soaking.
The equivalent circuit model analysis proposed here, presents a possible method
to diagnose loss mechanisms in organic solar cells. Using a model system based
on a TiOx interlayer with variable resistance, the robustness of the technique could
be demonstrated. Hence, this method can be applied generally, to investigate degradation mechanisms and stability issues in solar cells.
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4.2

The influence of the hole transport layer on solar cell performance and
stability2

In this chapter the influence of the hole transport layer on device stability is investigated. Water can have significant influences on the stability of organic solar cells
and can lead to drastic reductions in power conversion efficiencies. The influence
of the polymer and the solvent used to fabricate the dispersion for the hole
transport layer material is studied. The widely used water based PEDOT:PSS is
compared to novel hole extraction layers based on PANI:PSS, which are either
dissolved in water or in alcohol. In literature only a few publications deal with the
investigation of degradation mechanisms related to the anode and the hole extraction layer. Although a variety of oxides, like WO3, MoO3 or V2O5 or organic materials, like PANI or PANI:PSS were used as hole transport layers in either organic
light emitting diodes or organic solar cells, these investigations were mostly conducted in terms of considering the improvements in efficiency achieved using
different transport layers rather than studying the effect on the stability of the device[81]–[86].
Jong et al.[87] showed that PEDOT:PSS, having a pH value between 1 and 2, etches indium out of the ITO anode leading to the incorporation of indium in the active layer which can be responsible for a decreased life time. Kawano et al.[88]
investigated the influence of air and humidity on ITO/PEDOT:PSS/MDMOPPV:PCBM/Al solar cells, showing that the hygroscopic nature of PEDOT:PSS
can be a significant degradation mechanism in organic solar cells. Inverted solar
cells recently showed a remarkably higher stability in comparison with organic
solar cells in the standard structure, mostly due to the use of a high work function

2

Parts of the results presented in this chapter are published in B. Ecker et al. Adv. Funct. Mater.
(2011) 21, 2705-2711, DOI: 10.1002/adfm.201100429.
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metal anode, which is less sensitive to degradation than low work function metals
used as cathodes in non-inverted solar cells[89]–[91]. However, PEDOT:PSS is still
incorporated in inverted solar cells as hole extraction layer between the active
layer the high work function anode. Norrman et al.[92] identified the PEDOT:PSS
layer as one of the main degradation sites in inverted solar cells via time-of-flight
secondary ion mass spectrometry together with isotopic labeling of oxygen and
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Figure 21: Current density-voltage characteristics of a) non encapsulated and b) encapsulated solar cells with different hole transport layers at initial and final conditions.
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water. Finding a substitute for PEDOT:PSS is necessary, in order to increase the
lifetime of organic solar cells.
Solar cells in the structure ITO/HTL/P3HT:PCBM/Ca/Al are prepared, as depicted in Figure 13a). A blend of P3HT:PCBM was used as the active layer and three
different hole transport layers were investigated, two water based formulations,
PEDOT:PSS (H2O) and PANI:PSS (H2O), and one isopropyl alcohol based
PANI:PSS (IPA). The hole transport layers additionally differed from each other
in composition, conductivity and work function, due to different precursor solutions. The characteristics of the hole transport layers are summarized in Table 1.
By varying only the hole transport layer between the devices it is possible to isolate the degradation effects related specifically to the hole transport layer interface
in the device. Additionally, the characteristics of non-encapsulated and encapsulated cells are compared in order to gain insight into the difference between internal (residuals of solvent, water, oxygen in the encapsulated solar cell) and external
(influences of ambient air and humidity) degradation mechanisms at the hole
transport layer interface.
To investigate the solar cells, IV, capacitance-voltage (CV) and capacitancefrequency (Cf) characteristics were measured under different illumination intensities. Fresh solar cells were measured initially under 1 sun, and subsequent measurements were performed under increasing light intensities, at 16, 30, 48, 80, and
100 mW cm-2. The solar cells were under illumination for a total of 7 hours. In
Figure 22 the initial and final IV characteristics of the solar cells at 100 mW cm-2
for the non-encapsulated cells (a) and the encapsulated cells (b) are shown. The
corresponding solar cell parameters are summarized in Figure 23.
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Figure 22: Solar cell parameters of the solar cells shown in Figure 22 together with the loss
due to degradation over 7 hours under increasing light intensity in percent.

The cells prepared with PEDOT:PSS (H2O) initially demonstrated the best performance. This is attributed to the difference in transmittance of the hole transport
layers shown in Figure 24. The PEDOT:PSS layer has a higher transmittance
compared to the PANI:PSS layer based solar cells, allowing for more light absorption by the active layer and therefore an increase in the photo-generation of
charge, leading to a higher short circuit current density (jsc). Although the work
functions of the hole transport layers vary between 4.81 eV (PEDOT:PSS (H2O))
and 5.49 eV (PANI:PSS (IPA)) the open circuit voltages (Voc) of the fresh cells are
comparable. This is attributed to the pinning of the work function of the hole
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transport layer to the highest occupied molecular orbital (HOMO) of the
polymer[45].
From the comparison between the initial and final measurements it can be seen
that a decrease in the solar cell performance occurs for both encapsulated and nonencapsulated devices (Figure 23). In the case of the non-encapsulated devices, jsc
is significantly diminished between the initial and final measurements in all devices.
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Figure 23: Transmittance spectra of the hole transport layers investigated using the same
preparation conditions as used for the solar cells. Film thicknesses were 35 nm for
PEDOT:PSS (H2O), 63 nm for PANI:PSS (H2O) and 121 nm for PANI:PSS (IPA).
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Figure 24: a) Short circuit current density (jsc) and b) open circuit voltage (Voc) of the solar
cells presented in Figure 21 plotted versus light intensity. A clear deviation of Voc of the nonencapsulated device from the logarithmic behaviour with increasing light intensity can be
observed.

Additionally, there is a decrease in the fill factor of the devices, and in the case of
PEDOT:PSS (H2O) the Voc is considerably lower after degradation. In general,
taking into account the power conversion efficiency one can clearly observe a

49

more than doubled reduction of the efficiency for the non-encapsulated
PEDOT:PSS (H2O) in contrast to the non-encapsulated PANI:PSS based solar
cells. This implies that the extrinsic stability of the PANI:PSS is much
higher than that of PEDOT:PSS. Additionally for the encapsulated devices the
reduction in efficiency is again doubled for the water based hole transport layers
in contrast to the isopropyl alcohol based PANI:PSS solar cell, indicating that residual water from the hole transport layers can degrade the encapsulated solar
cells. This means that by using an IPA-based hole transport layer PANI:PSS the
intrinsic stability of organic solar cells can be improved. Figure 25 presents mean
jsc (a) and Voc (b) values versus light intensity data and the standard deviation for
all of the non-encapsulated and encapsulated solar cells investigated. The jsc
shows a power law dependence on the illumination intensity (Plight) jsc=Plight, with
~1[93],[94]. The Voc varies linearly with the logarithm of the illumination intensity,
except for the non-encapsulated PEDOT:PSS (H2O) containing device, where the
decrease in Voc due to degradation is apparent[93],[95].
To obtain deeper insight into the processes involved in the degradation associated
with the hole transport layer, impedance spectroscopy was used to investigate the
light intensity dependent capacitance-voltage (CV) and capacitance-frequency
(Cf) characteristics of the solar cells. In inorganic crystalline materials impedance
spectroscopy can be used to probe defect states in the band gap[96]. As already
discussed in chapter 2.1, Monroe has demonstrated that hopping transport in disordered organic semiconductors is mathematically equivalent to band transport
with multiple trapping and release processes and that the transport energy (ET)
equates the specific energy range at which the hopping rate is maximized[35]. This
transport energy is consistent to the mobility edge separating the localized and
delocalized states[35]. Hence, in the case of disordered organic semiconductors,
impedance spectroscopy can be applied to probe the energetic disorder of transport sites in the material.
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Figure 25: a) Mott-Schottky representation of experimental capacitance-voltage data (symbols) measured in the dark of encapsulated and non-encapsulated devices containing
PEDOT:PSS (H2O) as hole transport layer, b) simulations (lines) compared to experimental
data (symbols) of the different hole transport layers at an applied frequency of 50 kHz.

In Figure 26a) the CV characteristics of the PEDOT:PSS (H2O) based device conducted in the dark at frequencies of 5kHz, 10kHz and 50 kHz are shown in the
Mott-Schottky representation. Two regimes with different slopes can be observed
from the characteristics, one (I) at around 0 V to +0.5 V and the second (II) at -2 V
to 0 V. These regimes are related to the profile of the space charge in the device in
inorganic junctions and have been attributed to the contributions from the donor
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phase (I) and the acceptor phase (II) in organic solar cells[97],[98]. Probing the capacitance vs. voltage over different frequencies demonstrates that the slopes in
both regions I and II remain constant but a shift in the characteristics with increasing frequencies to higher forward voltages can be observed. This implies that the
built-in voltages, which are given by the extrapolated interception of the respective region with the voltage axis, depend on the frequency applied during the
measurement, an indication that interface traps are present[99],[100].
The charge carrier concentration from region I (P3HT) NP3HT, can be extracted
referring to the classical abrupt junction model using the standard Mott-Schottky
analysis, under the assumption that NPCBM >> NP3HT[99],[101]:
(8)

, where A is the active area of the solar cell, C is the capacitance, V is the applied
voltage, VBi is the built-in voltage, q is the elementary charge, 0 is the vacuum
permittivity, r is the relative dielectric constant of the material under test and NA
is the doping concentration.
Applying equation (8) to the CV characteristics recorded at 50 kHz for the various
illumination intensities the charge carrier concentration is obtained in the P3HT
phase vs. light intensity shown in Figure 27a). In order to calculate the charge
carrier concentration in the PCBM phase NPCBM (region II), it is assumed that the
P3HT phase is fully depleted of free charges, and the following relation was
used[97],[100]:
(9)
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, where VII is the intercept of region II with the voltage axis, PCBM is the relative
dielectric constant of PCBM and t is the thickness of the P3HT phase. The calculated charge carrier concentration of the PCBM phase vs. light intensity is shown
in Figure 27b).
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Figure 26: Charge carrier concentration in a) P3HT and b) PCBM plotted versus illumination intensity. Values extracted from CV measurements taken at 50 kHz.
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The extracted free charge carrier concentrations of P3HT and PCBM were used in
AFORSHET V2.2 to simulate CV data. The simulated data (lines) is presented
together with the experimental data for the CV characteristics (symbols) at 50 kHz
in Figure 26b) and demonstrate good agreement. An error in the sample thickness
of 15 nm and in the charge carrier concentration of 4 x 1015 cm-3 was found.
In the case of P3HT it can be seen that the charge carrier concentration increases
with light intensity for all the devices, as expected for the photo-generation of
charges in the bulk. There is an increase in the slope of the characteristics in the
non encapsulated devices compared to the encapsulated devices. This is attributed
to oxygen doping, which introduces trap states for electrons into the bulk[15]. This
can result in an increase in the hole density in the polymer. In the case of PCBM,
there is a slight decrease observed in the charge carrier concentration with increasing illumination intensity and degradation time for all devices. This could be due
to increased oxidation of the polymer or fullerene with degradation time[63],[102]. A
decrease of the charge carrier concentration in the acceptor phase has also been
observed in degraded solar cells with a copper phthalocyanine (CuPc) : N,N’bis(2-phenylethyl)-perylene-3,4,9,10-tetracarbonicacid-diimide

(BPE-PTCDI)

heterojunction[101].
Using Cf measurements the density of states (DOS) was calculated as proposed by
Walter et al.[96] for non-crystalline, inorganic materials, which was recently applied by Reis et al.[103] for polymer diodes and by Boix et al.[104] for polymer:fullerene solar cells applying:
(10)

, where E is the energy, VBi is the built-in voltage,  is the angular frequency, kB is
the Boltzmann factor and T is the temperature in Kelvin.
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In inorganic semiconductors this model can be used to probe defect states within
the band gap, as trapped charges contribute to the capacitance. Hence, one can
translate this to the probing of energetic disordered transport sites in the organic
material. The model by Walter et al.[96] assumes that the variation of the capacitance regarded to the angular frequency directly corresponds to trapping and release of charges in trap sites located around the Fermi energy E F. In the case of
disordered organic semiconductors, one can understand this to equate to probing
transport sites close to EF located energetically below the transport energy ET.
The assumption in equation (10) is that variations in the capacitance of the device
with frequency directly correspond to trapping and release of charge by trap sites
in the band gap close to the Fermi energy (EF). In the case of disordered organic
materials, one can translate this to probing transport sites close to EF located energetically below ET.
In order to translate the angular frequency dependent DOS into an energy dependent DOS[96]
(11)

is applied, where N denotes the effective density of states and  is the capture
cross section.
In this study a value for  was assumed, which usually can be extracted from temperature dependent measurements. It should be noted that changes in  only result
in a shift of the DOS on the energy scale, and not a change in the shape of the
distribution. In the following, the influence of the different hole transport layers
on the shape of the DOS is examined.
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Figure 27: Density of states (DOS) plotted vs. energy for a) non encapsulated and b) encapsulated devices illuminated with 16 mW cm-2 under open circuit conditions. Lines show Gaussian fits to states attributed to the bulk and interface.

Figure 28 presents the calculated DOS at open circuit conditions at illumination
intensities of 16 mW cm-2 at the start of the degradation process. Two Gaussian
distributions at different energetic positions are present. The Gaussian at lower
energies is attributed to the DOS in the active layer, as the distribution is common
to all the devices.
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From this analysis, it is not possible to distinguish between contributions from the
electron and hole sites to the DOS[103]. The higher noise ratio for the distribution
at higher energies is an indication that this distribution accounts for the hole
transport layer interface as it also varies between the samples containing different
hole transport layers and is accompanied by flicker noise[105]. The hole transport
layers for both encapsulated and not encapsulated devices show a similar behavior
at 16 mW cm-2, as the devices are still fresh.
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Figure 28: Density of states (DOS) plotted vs. energy for a) non encapsulated and b) encapsulated devices illuminated with 100 mW cm-2 under open circuit conditions. Lines show
Gaussian fits to states attributed to the bulk and interface. Dashed lines are fits to states
originating to interfacial trap states.
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Figure 29 presents the DOS of solar cells after 7 hours of degradation under increasing light intensity for non encapsulated as well as encapsulated devices at
100 mW cm-2. The Gaussian distribution related to the bulk is shifted towards
slightly lower energies and a broadening of the distribution is observed. This effect is more apparent in the non encapsulated devices but also visible in the encapsulated devices. This effect may be due to the increase in charge carrier concentration at higher light intensities, leading to the filling of higher energy states.
It may, however, also be a result of degradation, specifically of traps due to oxygen or humidity in the case of the non encapsulated devices in addition to internal
instabilities in the bulk, such as changes to the morphology, for both non encapsulated and encapsulated devices.
The distribution related to the hole transport layer interface also demonstrates a
broadening in form and the DOS is shifted away from the bulk related distribution
to higher energies compared to the initial data at 16 mW cm-2. Interestingly, in the
case of the water based hole transport layers an additional shoulder becomes visible, which is prominent for the PEDOT:PSS (H2O) and also observed for the
PANI:PSS (H2O). Additional Gaussian fits in this energy range reveal distributions, which are attributed to the formation of additional trap states at the interface
between the hole transport layer and bulk. This is a clear indication that the choice
of solvent of the hole transport layer has a major impact on device stability, which
is improved with IPA based solvents over water based solvents.
Based on these results it is apparent that the properties of the hole transport layer
can have a significant impact on the stability of organic solar cells. The effects of
the hole transport layer properties (composition, solvent and work function) on the
performance of the solar cell were investigated. It was seen that PEDOT:PSS
(H2O) resulted in the best initial performance for the solar cells investigated here.
This was attributed to the higher transmittance of the PEDOT:PSS (H2O). The
work functions of the hole transport layers were not observed to influence the initial solar cell performance, due to the pinning of the Fermi level to the HOMO of
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the polymer. The solvent of the hole transport layer was observed to have an effect on the device stability. The IPA based hole transport layer resulted in the most
stable device, while the water based hole transport layers led to a more rapid deterioration in the solar cell performance.
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4.3

The influence of the PSS content in PANI:PSS on the performance and
stability of organic solar cells

In this chapter further investigations on the influence of the hole transport layer on
the performance and stability in standard stacked organic solar cells are carried
out. As already discussed in chapter 4.2 the acidic nature of PSS contained in hole
transport layers is assumed to cause etching of indium and tin fractions of the ITO
electrode which then diffuse throughout the device[87]. In this chapter PANI:PSS
hole transport layers with different concentrations of PSS are studied in order to
investigate the influence on the performance and stability of organic solar cells.
Solar cells were prepared according the description in chapter 3.2 with either one
of the hole transport layers summarized in Table 2 and encapsulated in order to
neglect extrinsic influences (ambient air, humidity) on the device stability. Figure
30 presents the IV characteristics of the solar cells before and after degradation for
630 minutes under illumination. Initially, the solar cells with the hole transport
layers with a lower PSS content show higher power conversion efficiencies.
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Figure 29: IV characteristics of encapsulated solar cells with PANI:PSS based hole transport
layers with varying PSS content before and after degradation under illumination for 630
minutes.
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As PSS is a transparent non-conductive material, further investigations on the
correlation of the short circuit current density of the solar cell, with the transmission and the conductivity of the respective hole transport layers were carried out.
Therefore, the different PANI:PSS formulations were spin coated onto structured
ITO substrates. Using impedance spectroscopy, Cole-Cole plots were recorded,
from which the respective conductivities could be calculated by taking into account the geometric dimensions of the structured ITO and the PANI:PSS film
thickness.
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Figure 31 presents the conductivity and transmittance values of the hole transport
layers, also summarized in Table 2, in correlation with the short circuit current
densities in the respective solar cells. One can observe an increase in short circuit
current density with an exponentially increasing conductivity. However, the effect
of transmittance of the hole transport layer, which slightly increases with the incorporation of more PSS, is less pronounced, indicating that the conductivity of
the hole transport layer has a stronger influence on the solar cell parameter than
the transmittance. One can then conclude that in the case of fresh devices the solar
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cell performance increases with decreasing PSS content related to an accompanied
increase in hole transport layer conductivity.
Figure 32 presents mean values and standard deviations of the solar cell parameters extracted from IV characteristics of four devices for each hole transport layer
before and after degradation. As already discussed, fresh solar cells incorporating
a hole transport layer with low PSS content result in the highest short circuit current (jsc) and therefore show the highest efficiencies. Upon degradation of the devices under white light illumination (AM1.5G, 100mW cm-2) for 630 minutes, all
solar cell parameters show decreased values. However, concentrating on the short
circuit current density and power conversion efficiency one can clearly observe,
that the loss in performance decreases with increasing PSS content. The reduction
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in short circuit current density and power conversion efficiency is more than doubled for the hole transport layer with a 1:1 ratio in contrast to the more stable hole
transport layer with a 1:5 ratio. Hence, the amount of PSS in the hole transport
layer has a strong influence on the stability of the devices. However, this is in contrast to the expected behaviour reported in literature, that PSS is responsible for
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the degradation of organic solar cells with PEDOT:PSS as hole transport layer[87].
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Figure 32: Correlation of the increase in hole transport layer resistance with degradation to
the change in short circuit current density and power conversion efficiency in solar cells with
the respective hole transport layers.

A strong influence of the conductivity of the hole transport layer on the solar cell
performance is observed. Figure 33 thus presents the correlation of the hole transport layer resistance, short circuit current density and efficiency. The graph shows
the differences of the means of the short circuit current densities and efficiencies
of the solar cell presented in Figure 32 measured before and after degradation.
Additionally, single hole transport layers with the three different PANI:PSS ratios
were degraded under ambient conditions and illumination for 72 hours, with the
resistance measured before and after degradation, which is included as factor of
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increase in resistance. A clear coherence can be observed from the measured hole
transport layer resistance to the decrease in short circuit current density and power
conversion efficiency. The higher the PSS content the lower is the increase in hole
transport layer resistance with degradation. Thus, with increasing PSS content the
lower is the decrease in short circuit current density and power conversion
efficiency.
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Figure 33: a) Cole-Cole plot shown for the frequency range of 1MHz down to 100 Hz and b)
zoom in the high frequency range, measured in short circuit conditions under illumination
(AM1.5G) with 100mW cm-2. Lines are simulations according to the equivalent circuit shown
in Figure 21.
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In order to further investigate the origin of the increased stability of PANI:PSS
based hole transport layers with increasing PSS content, Cole-Cole plots, capacitance-frequency and loss-frequency spectra were recorded using impedance spectroscopy, which are shown in Figure 34 and Figure 35, respectively. The ColeCole plot, the capacitance and loss spectra were measured under short circuit conditions under illumination of an AM1.5G spectrum with an intensity of 100 mW
cm-2 to determine the correlation between the hole transport layer resistance and
the short circuit current density.
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Figure 34: a) Capacitance and b) loss spectra of hole transport layers with varying PSS content before and after degradation. Lines are simulations according to the equivalent circuit
shown in Figure 21.
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In contrast to the increasing resistance with PSS content, the impedance gives a
slightly lower value of around 700  for a ratio of 1:1 and impedances of around
800  for the hole transport layers with lower PSS content. In addition, the low
conductivity of the hole transport layer with a PANI:PSS ratio of 1:1 presents an
additional high frequency arc. This is in accordance to the findings in chapter 4.1,
where a TiOx interlayer in inverted solar cells initially shows a low conductivity,
which also appeared as a high frequency arc in the Cole-Cole plot.
Table 4: Values used for simulation of curves shown in Figure 34 and Figure 35 using the
equivalent circuit shown in Figure 21.
Rs

PANI:PSS 1:1

Ri

Ci

Rb

Cgeo

Cdis

CPE-Tdis

CPE-

()

()

(nF)

()

(nF)

(nF)

(µF)

Pdis

2.8

3.35

4.6

788.5

18.97

27.51

247.84

0.298

2.8

5.28

3.27

411.2

18.97

39.76

391.72

0.295

2.8

2.47

9.46

780.6

18.45

30.0

78.50

0.386

2.8

3.84

6.82

424

18.45

41.80

250.47

0.332

2.8

5.42

16.17

703.6

17.4

33.97

1393.9

0.160

2.8

5.74

13.53

626

17.4

35.29

1504.7

0.164

initial
PANI:PSS 1:1
degraded
PANI:PSS 1:2
initial
PANI:PSS 1:2
degraded
PANI:PSS 1:5
initial
PANI:PSS 1:5
degraded

In order to understand this, one has to take into account the capacitance and loss
spectra shown in Figure 35. Around the frequency of 60 kHz a pronounced shoulder of the PANI:PSS with a ratio of 1:5 can be identified in the capacitance spectrum, which is in accordance with the high frequency arc in the Cole-Cole plot
and can also being identified as a peak in the loss spectrum also around 60 kHz.
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Additionally, the equivalent circuit shown in Figure 21, which was established to
investigate the influence of the TiOx interlayer on the formation of s-shaped IV
characteristics is used to simulate the impedance data according to the values presented in Table 4 and is shown as lines in Figure 34 and Figure 35. The lead resistance Rs was fixed at 2.8  and the geometrical capacitance was extracted from
the negative regime of the respective CV curves.
In accordance with chapter 4.1 one can understand the high frequency arc as the
formation of a space charge region near the hole transport layer interface. The
impedance and capacitance is thus not only defined by the resistance values of the
respective layers but also by the internal charge build-up at the hole transport
layer interface. However, in this case the conductivity of hole transport layer is
not low enough to lead to an s-shaped IV characteristics due to sufficient charge
extraction capabilities, which is also reflected by the simulated Ri ~ 5  values
shown in Table 4, being well below 124.7  for the TiOx interlayer before light
soaking. However, the initially low solar cell performance of the PANI:PSS 1:5
containing solar cell can be ascribed to formation of a space charge.
After degradation, the resistance Rb representing the active bulk resistance is almost reduced twofold for the hole transport layers containing less PSS, whereas
the solar cell with the more stable hole transport layer with a ratio of 1:5 presents
only minor changes. More apparently the resistance attributed to the hole transport
interlayer Ri is increasing upon degradation. In detail the increase in Ri becomes
less with increasing PSS content, which is in accordance to the solar cell performance extracted from the IV characteristics. In agreement, the loss spectra reveals
the formation of a broad peak for PANI:PSS 1:1 and PANI:PSS 1:2 upon degradation due to the increase in Ri, whereas the already initially present peak for the
PANI:PSS 1:5 is almost unaffected.
From these results, it appears that the PSS induces a stabilizing property. Due to
the structural conformation within the hole transport layer, a higher PSS content
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results in enrichment of PSS at the interface of the hole transport layer and the
active bulk of the solar cell. Therefore, a possible degradation pathway is the oxidation of PANI arising from residual water in encapsulated devices, which can be
reduced by the addition of stabilizing PSS.
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5

Conclusions

This thesis gives insights in the understanding of intrinsic and extrinsic degradation mechanisms using impedance spectroscopy. An inverted solar cell structure
for the analysis of s-shaped IV characteristics as well as novel hole transport layer
materials are investigated.
In chapter 4.1 inverted P3HT:PCBM based solar cells with a TiOx interlayer between the cathode and active layer are investigated. The device acts a model system in which the shape of the IV characteristics can be reproducibly controlled
and switched from s-shaped to regular shaped. The initial IV characteristics
demonstrate a strong s-shape which disappears upon light soaking with UV radiation. Impedance spectroscopy and equivalent circuit analysis is used to investigate
the solar cell. The resistance of the TiOx interlayer is found to decrease with UV
illumination time. This correlates with the transition from s-shaped to regular
shaped IV curves. These results suggest that the resistance of the TiOx interlayer
has major influence on the shape of the IV characteristics.
Chapter 4.2 presents the results of using different solvents for the hole transport
layer formulations. In detail, the influences of PEDOT:PSS (H2O), PANI:PSS
(H2O) or PANI:PSS (IPA) on the device stability are investigated. The stability of
the solar cells is observed to be lower in the devices prepared with water based
hole transport layers compared to devices prepared using the IPA based hole
transport layer, particularly in the case of non-encapsulated devices. In encapsulated devices an increase in the intrinsic stability can be observed for the solar
cells prepared with the IPA based hole transport layer. The DOS calculated from
impedance spectroscopy measurements shows additional trap states for nonencapsulated water based hole transport layers.
In chapter 4.3 the composition of a water based PANI:PSS hole transport layer
with different ratios of PSS to PANI is investigated with regards to solar cell effi-
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ciency and stability. Initially, solar cells with lower PSS content show superior
performance due to higher conductivity of the hole transport layer. The conductivity of the hole transport layers decreases drastically more upon degradation, if less
PSS is present. Devices with high PSS content show lower losses in all solar cell
parameters after degradation. Hence, a tradeoff has to be found for the optimal
ratio of PANI:PSS for enabling both, high performance and lifetime.
In conclusion, this thesis presents findings on novel interlayers and interfaces
adopted in organic solar cells for efficient charge extraction and improving solar
cell stability, showing that not only research on active materials and their stability
is important, but also variations in hole and electron transport layers have tremendous impact on the device performance and stability of organic solar cells.
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