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The world energy consumption is expected to increase with 44% from 2006 to 2030. [1] Ac-
cording to the present projections, a significant portion of this rise will be dependent on the
deployment of coal. However, it has become clear that the finite availability of fossil fuels
and the contribution of their use to global warming demand a drastically different view on
the worldwide production of energy. In both science and industry, a progressive amount
of research is focused on the development of new technologies that enhance sustainability
of the energy supply and enable a reduction in the emission of greenhouse gases.

A particularly abundant source of energy is sunlight. The amount of solar energy re-
ceived by Earth each second is an impressive 11,000 times larger than the average global
power consumption (15 TW in 2006). Although not all of this energy is available for har-
vesting due to light scattering and absorption losses in the atmosphere, as well as a limited
coverage of the Earth’s surface with land, solar energy intrinsically has the potential to ac-
count for a significant part of the global energy supply. Employing the photovoltaic effect,
solar cells provide the most direct way of converting sunlight to electricity. On the route
towards successful solar energy harvesting, the development of efficient and cost-effective
photovoltaics (PV) plays a vital role.

Nowadays, the solar cells commonly used in domestic roof-top applications are based on
the inorganic semiconductor silicon (Si). Commercially available modules typically ex-
hibit power conversion efficiencies around 15%, whereas state-of-the-art silicon cells are up
to 25% efficient. [2] Taking into account practical limitations due to front-side reflection
and shadow losses, this figure is close to the theoretical efficiency limit of 30% for silicon
p-n junction solar cells as derived by Shockley and Queisser in the 1960s. [3] Higher effi-
ciencies exceeding 40% have been obtained for lab-scale devices based on multijunctions



of various inorganic semiconductors and using light concentration techniques. However,
the high costs of such cells limits their feasibility for terrestrial applications. Albeit on a
different scale, the manufacturing of regular silicon solar panels is a costly process too, as it
requires the use of purified silicon. Indeed, high material and production costs are an over-
all obstacle for photovoltaic technologies to reach grid parity. Research and development
are therefore not only focused on improving the efficiency. Many efforts are devoted to the
reduction of silicon usage by investigating thin film concepts, the development of processes
that require less energy and the possible use of alternative semiconductor materials.

Organic semiconductors provide a potential alternative to conventional silicon technology.
The main promise of organic photovoltaics (OPV) is a reduction of the costs associated
with solar cell manufacturing. The unique properties of organic materials provide a broad
scope of interesting possibilities, such as chemical customization of optoelectronic mate-
rial properties, mechanical flexibility and facile fabrication of large-area devices by solution
processing. On the other hand, the most obvious deficiency of OPV is that much lower
power conversion efficiencies have been achieved so far. Although significant progress in
recent years has resulted in a record efficiency of 8.3% for a 1 cm2 research cell (see Fig-
ure 1.1), [4,5] it is understood that OPV needs to improve in order to attract considerable
industrial attention and become a commercially viable technology. Furthermore, organic
semiconductors are generally less stable towards air and moisture, which necessitates encap-
sulation in order to warrant long-term operation under ambient conditions. However, the

Figure 1.1: Record efficiency (power out / power in) of organic photovoltaic research cells
over the years. Adapted from: L.L. Kazmerski, NREL, “Best Research-Cell Efficiencies (Rev.
04-2010)”
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Figure 1.2: Top: Molecular structure of various widely studied conjugated polymers: poly-
acetylene (PA), poly(p-phenylene vinylene) (PPV) and polythiophene (PT). Bottom: Schematic
representation of the formation of molecular π-orbitals in polyacetylene from parallel-aligned
atomic pz -orbitals.

high potential of organic photovoltaics makes it an increasingly attractive field of research
and it is anticipated that future developments can tackle these technological challenges.

The basis of an organic solar cell is a thin film of small organic molecules, conjugated poly-
mers, or a combination of both. In comparison with electrically insulating plastics that
are well known from industrial applications, these materials have drastically different elec-
tronic properties. In a conjugated polymer, the carbon atoms in the backbone exhibit alter-
nation of single and double covalent bonds. In small molecules, this conjugated system can
extend in two dimensions due to a planar molecular structure. Along the conjugation path,
each carbon atom only uses three valence electrons to bind to adjacent atoms. The remain-
ing electrons, one per carbon, reside in parallel-aligned pz -orbitals with overlapping wave
functions, which combine to form an extended π-system (see Figure 1.2). The π-electrons
are delocalized within a molecule and are therefore associated with a molecular orbital.
Due to energy minimization of the π-conjugated system via bond length alternation, the
material becomes an intrinsic semiconductor as the π band is completely filled and its top
edge coincides with the highest occupied molecular orbital (HOMO). Above the energy
gap, the lowest unoccupied molecular orbital (LUMO) corresponds with the bottom edge
of the empty π∗ band. If sufficient energy is supplied, excitation of the π-system results in
promotion of an electron from the HOMO to the LUMO level, while structural integrity
is ensured by the fixed σ -bonds. The bandgap of organic semiconductors can be anywhere
between 1 and 4 eV depending on the chemical structure.

Although not fully accurate, the electronic properties of molecular materials are often
described in terms of allowed energy bands for simplicity. In films of organic semicon-



ductors disorder and weak intermolecular interactions play an important role. Therefore,
charge transport in these materials cannot be described by convential band conduction
mechanisms. As will be discussed below, the description of charge transport in disordered
molecular semiconductors requires a different rationale.

It has been found in transport measurements on many disordered organic semiconductors
that the drift mobility µ is activated and shows a stretched-exponential dependence on the
electric field of the form [6–10]

µ(E) =µ(0)exp
�

γ
p

E
�

(1.1)

where µ(0) is the zero-field mobility and γ is a field activation parameter. A microscopic
basis for this relation was presented by Bässler, who suggested that charge carriers in these
materials are hopping between localized sites with a Gaussian distribution of energetic
offsets. [11] Later, long-range spatial correlations of the site energies were taken into account
to improve the agreement of the model with experimental data at low electric fields. [12] The
correlated Gaussian disorder model (CGDM) accounts for the lnµ∝

p
E dependence and

produces a non-Arrhenius temperature dependence lnµ∝ T −2. [13,14]

The charge carrier mobility in diodes of conjugated polymers can be determined di-
rectly from the current–voltage characteristics when the device current is space charge lim-
ited (SCL). [15] Characteristic for the trap-free SCL current regime is the quadratic depen-
dence on voltage V and the inverse cubic dependence on layer thickness L of the current
density J , given by the Mott-Gurney law: [16]

JSCL =
9

8
ε0εrµ

V 2

L3
(1.2)

where ε0εr is the dielectric constant of the material. At first, deviations from Eq. (1.2)
as measured in diodes of a poly(p-phenylene vinylene) (PPV) derivative at high fields were
attributed to a field-activated mobility as given by Eq. (1.1). [17,18] More recently, it was
shown that at room temperature the increase in mobility at high fields is in fact governed
by a higher charge carrier density in the device, whereas the electric field dependence plays
a more significant role at lower temperatures. [19] The zero-field mobility µ(0) has been
found to be activated:

µ(0) =µ0 exp
�

−
∆

kT

�

(1.3)

where µ0 is the mobility in the limit of zero field and T → ∞, ∆ is the activation en-
ergy and k is Boltzmann’s constant. The Arrhenius-type activation is compatible with the
CGDM when the effect of background charges that are injected from the ohmic contacts



in a diode structure is taken into account. [20,21] The prefactor µ0 has been found to be uni-
versal (µ0 = 3×103 m2/Vs) for a large number of conjugated polymers. This allows for the
determination of∆ from the value of µ(0) at only one temperature T1:

∆= kT ln

�

µ0

µ(0)

�

�

�

�

�

�

T=T1

(1.4)

In polymer solar cells under normal operating conditions, the charge carrier density is typ-
ically less than 1022 m−3. At these densities, the mobility is practically constant and its
density dependence can be neglected. In the remainder of this thesis, the density depen-
dence of the mobility will not be considered. For the determination of µ(0), any (modest)
dependence of the mobility on applied bias will be interpreted in terms of field activation
alone, unless stated otherwise.

Owing to their high extinction coefficients in comparison with typical inorganic semi-
conductors, most conjugated polymers can effectively absorb a large part of the incoming
sunlight in layers as thin as a hundred nanometers, [22] which is beneficial in terms of cost
reductions. Another important asset of conjugated polymers is the compatibility with in-
expensive coating and printing techniques. Intuitively, the ease of these processes might
seem to be compromised by a reduction in control over the film formation properties.
How does this relate to the stringent requirements on purification and crystallinity that
need to be met in order to obtain the most efficient silicon solar cells? It turns out that
for solution-processed polymer solar cells to perform well, a certain degree of spontaneous
organization of the materials inside the photoactive layer is indispensible. [23] As discussed
below, this property pertains to the very design of present-day polymer solar cells, which
is the result of a series of important advancements in the field of OPV.

The field of organic photovoltaics dates back to 1959, when it was reported that organic
crystals can exhibit photovoltaic properties. [24] Many years later, the efficiency of solar
cells made from a single layer of organic molecules was still fairly low (< 1%). [25,26] In
polymer-based diodes the photovoltaic response was even smaller. [27,28] The problem here
is that excitation of the polymer, for example by illumination, does not directly result in
free charge carriers. Rather, a strongly bound exciton is created, with a binding energy of
around 0.4 eV. Originating from a low dielectric constant, this energy is too large to permit
dissociation of the exciton at typical electric field strengths in these devices. Therefore,
excitons in single layers of a conjugated polymer tend to decay rather than dissociate at
room temperature. [22]

It was shown by Tang in 1986 that the dissociation probability of photogenerated ex-
citons can be enhanced considerably when an organic solar cell is divided in two layers of



donor and acceptor materials that provide a suitable energetic offset at their interface. [29]

Ultrafast charge transfer from the excited state across the heterojunction results in a spa-
tially separated electron–hole (e–h) pair. Once the exciton is dissociated, the back-transfer
process from the charge-separated state is much less efficient. In 1992, Sariciftci et al. re-
ported picosecond photoinduced electron transfer from a conjugated polymer onto buck-
minsterfullerene (C60). [30] Scientific attention for this materials combination has been in-
creasing ever since. Although the bilayer donor–acceptor (D–A) approach meant a major
breakthrough for OPV, its success is limited by the ability of excitons to reach the interface
before recombining. As conjugated polymers exhibit low exciton diffusion lengths on the
order of 5− 10 nm, [31,32] the photocurrent of a bilayer cell is fully determined by exciton
generation close to the donor–acceptor interface.

A method to significantly increase the number of excitons that reach a donor–acceptor
interface was realized with the bulk heterojunction (BHJ) concept. [33] In this approach,
which forms the basis of the most efficient polymer solar cells today, the two materials are
blended together to obtain a composite film characterized by nanoscale donor and accep-
tor domains with large interfacial area. Photogenerated excitons thus have a much higher
probability of reaching a donor–acceptor interface before recombining. Sufficient perco-
lation yields an interpenetrating network of donor and acceptor, which is required for
transport of charges to the electrodes. This implies that the performance of a BHJ solar
cell depends heavily on the morphology of the donor–acceptor system. The importance
of morphology was highlighted in 2001 when Shaheen et al. realized an almost threefold
enhancement of the efficiency of polymer solar cells by merely changing the common sol-
vent from which the conjugated polymer (donor) and a soluble C60 derivative (acceptor)
were spun cast. [34] Since then, it has been found that under appropriate processing con-
ditions many donor–acceptor material combinations used in solution-processed polymer
solar cells tend to phase separate into a networked system with suitable dimensions. [23] It
is this favorable property that makes the BHJ solar cell an auspicious approach to efficient,
solution-processed photovoltaics.

The typical BHJ solar cell consists of a thin donor–acceptor blend layer between two elec-
trodes with asymmetric work functions, as depicted in Figure 1.3. For practical reasons
a glass substrate is often used in lab-scale devices, whereas for commercial applications
plastic supports or metal sheets can be used to create flexible devices. The 3× 3 cm sub-
strates used throughout this thesis contain four separate devices with different cell areas
defined by a cross-bar geometry of the elecrrodes. The electrode between the glass sub-
strate and the photoactive layer is made from a transparent conductive oxide (TCO), usu-
ally indium tin oxide (ITO), covered with a thin layer of poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), a conductive polymer embedded in a polyelectrolyte



matrix. With a work function of 5.2 eV, this electrode acts as a hole-extracting contact and
is therefore denoted the anode. On the other side of the device, a low work function elec-
trode composed of an ultrathin lithium fluoride layer capped with aluminum serves at least
two purposes: it provides an electron-extracting contact (cathode) and it acts as a mirror to
reflect the light that has traversed the photoactive layer back into the device.

Despite it being the standard device structure in OPV research, several drawbacks are
associated with the standard bottom-anode-top-cathode device structure: (1) the low work
function electrode on top of the cell is usually based on metals that are easily oxidized,
(2) ITO is expensive since indium is scarce, (3) PEDOT:PSS absorbs part of the incoming
light, and (4) due to its acidic nature PEDOT:PSS etches ITO, which results in diffusion of
indium into the PEDOT:PSS layer. [35] Alternative designs are therefore being investigated.
By switching to a bottom-cathode-top-anode structure an ‘inverted’ solar cell is obtained. It
has been shown that an inverted device architecture comprising a zinc oxide (ZnO) bottom
cathode and a molybdenum trioxide (MoO3) top anode [36] capped with aluminum is com-
patible with solution processing and can be used to obtain similar device performance. [37]

Other metal oxides that have been used as electrodes for inverted cells include titanium
dioxide (TiO2), [38] vanadium pentoxide (V2O5) [39,40] and tungsten trioxide (WO3). [41]

In a polymer solar cell, the device structure is typically designed to have two ohmic
contacts on both sides of the bulk heterojunction: one for electrons and one for holes.
Ideally, the investigation of charge transport in blend systems and in pure polymer layers is
performed on devices with a structure similar to that of an actual bulk heterojunction solar
cell. The determination of the mobility of a single type of charge carrier from the space-
charge-limited current–voltage relationship requires that the injecting electrode is ohmic,
while the flow of charges of the other type is suppressed using a non-injecting contact on
the other side of the device. This means that hole-only diodes usually contain two high
work function electrodes, whereas electron transport can be examined in devices with low
work function electrodes on either side.

anode

cathode

device area

LiF/Al
Photoactive layer

PEDOT:PSS
ITO Glass

incoming light

Figure 1.3: Left: Cross-section of a polymer solar cell (not to scale). The light is incident
through the glass substrate. Right: Top view of four cross-bar devices on a common glass sub-
strate. Light grey represents the ITO electrodes, dark grey areas are the aluminum cathodes.
The actual device area is defined by the hashed region where the contacts overlap.



The power conversion efficiency η of a solar cell is defined as the ratio of the maximum elec-
trical power it can deliver (Pmax) to the optical power of the incident light (Pin). Although
it allows a quantitative comparison of the performance of various solar cells, the maximum
output power alone does not provide information on the underlying physical processes that
govern cell performance. Instead, a current density–voltage (J −V ) measurement must be
conducted. A typical J −V curve is given in Figure 1.4. The curve is characterized by sev-
eral parameters: (1) the short-circuit current density Jsc- the current density at zero applied
voltage, (2) the open-circuit voltage Voc- the applied voltage at which the current in the
external circuit equals zero, (3) the maximum power point MPP - the point on the curve
with maximum electrical power density Pmax = (JV )max, and (4) the fill factor FF - the ratio
of Pmax to Jsc ·Voc. External work can only be done when the cell operates in the fourth
quadrant, i.e., when 0 <V <Voc. The power conversion efficiency can now be expressed
in terms of Jsc, Voc and FF:

η=
Pmax

Pin
=
(JV )max

Pin
=

Jsc Voc F F

Pin
. (1.5)

In order to obtain an accurate measurement, the incident power Pin must be well de-
fined and the light source must thus be capable of closely reproducing the solar spectrum
at the right intensity for all wavelengths λ. Since no real solar simulator can emit light with
exactly the same spectral distribution as the Sun, a method exists to correct for deviations

Jsc

Voc

Pmax

Vmax

Jmax

J

V0

FF=
JmaxVmax
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=

MPP

P

V
0

Pmax
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Figure 1.4: Left: Typical J−V curve of a polymer solar cell under illumination. The parameters
determining the device efficiency are indicated in the figure and explained in the text. Right:
Corresponding power versus voltage plot, from which Pmax and thus MPP are determined.



from the standard reference spectrum. Proper implementation of this procedure [42,43] en-
ables the comparison of measurements performed in different laboratories across the world.
Prior to the J −V measurement, the lamp intensity is set using a calibrated reference cell.
Ideally the reference cell has a spectral responsivity similar to that of the cell under test.
However, since polymer-based reference cells are not sufficiently stable, a calibrated silicon
cell is often used. The correct set point is determined by first calculating the mismatch
factor M , which requires four inputs: the spectral irradiance distribution of the solar sim-
ulator ES (λ), the Air Mass 1.5 Global (AM1.5G) reference spectrum ER(λ), the spectral
responsivity of the cell under test ST (λ), and the spectral responsivity of the calibrated
reference cell SR(λ). M is determined as follows:

M =

∫

ER(λ)SR(λ)dλ
∫

ES (λ)SR(λ)dλ
×
∫

ES (λ)ST (λ)dλ
∫

ER(λ)ST (λ)dλ
. (1.6)

Then, the solar simulator is set up in such a way that the illuminated reference cell deliv-
ers a short-circuit current density equal to Jsc,ref/M , where Jsc,ref is the calibrated AM1.5G
short-circuit current density of the reference cell. At this set point, the test cell should
produce the same Jsc as it would under ‘1 sun conditions’, i.e., at 25 ◦C under illumination
from a virtual light source producing the AM1.5G reference spectrum at an intensity of
100 mW/cm2.

Although a J −V curve gives more information than the maximum output power alone, it
still represents an integrated result from excitations over a wide range of photon energies.
Insight in the spectral dependence of photocurrent generation can be obtained by deter-
mining the external quantum efficiency (EQE), which measures the amount of electrons
extracted to the external circuit per incident photon. The EQE or incident-photon-to-
current conversion efficiency (IPCE) is related to the spectral responsivity S(λ) according
to

EQE(λ) =
hc

qλ
S(λ) (1.7)

where h is Planck’s constant, c is the speed of light and q is the elementary charge. Accord-
ing to international standards, [44] the solar cell should be subjected to 1 sun conditions
during EQE measurements. Chopped monochromatic light in conjunction with a lock-in
technique can be used to measure the response to the superimposed (single-wavelength) ac
signal while eliminating the dc contribution from the white background illumination. The
use of a transimpedance amplifier between the cell and the lock-in amplifier ensures that
the cell operates under short-circuit conditions.



Since the EQE is lamp spectrum independent, it can be used to predict Jsc under an ar-
bitrary light source. Most notably, it is used to calculate the expected short-circuit current
density of polymer test cells subjected to the AM1.5G spectrum, Jsc,calc, using the lower-
right integral in Eq. (1.6):

Jsc,calc =

λmax
∫

λmin

ER(λ)ST (λ)dλ. (1.8)

The spectral features of ST (λ) should fall within the wavelength range λmin < λ< λmax.
For this calculation to be valid it should be checked that Jsc depends linearly on light inten-
sity, as the EQE is measured at low light levels whereas J −V measurements are performed
at one sun intensity.

For the further development of polymer solar cells a thorough understanding of the funda-
mental processes governing the device performance is indispensible. A common feature of
these devices is a relatively strong dependence of the photocurrent on applied bias voltage,
as expressed by the fill factor that typically amounts to 65% or less. This is a direct conse-
quence of the field-dependent charge generation mechanism in these devices. The schematic
in Figure 1.5a shows a summary of the basic processes involved in photocurrent generation
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Figure 1.5: (a) Schematic representation of photocurrent generation in a bulk heterojunction
solar cell, operating close to short-circuit conditions. The indicated processes are (1) exciton
generation, (2) exciton diffusion, (3) charge transfer, (4) exciton decay, (5) charge transport, (6)
charge extraction, (7) (geminate) recombination of bound pairs, and (8) bimolecular recombina-
tion of free charges, which results in a bound e–h pair. (b) Typical shape of a Jph versus V0−VA

curve. The three regimes are described in the text.



in a bulk heterojunction solar cell. [45,46] Photoexcitation of the polymer (1) results in the
formation of an exciton that diffuses around (2) until it encounters a D–A interface where
it is dissociated by ultrafast charge transfer∗ (3), or, if there is no interface nearby, until it
decays to the ground state (4). In case of the latter, the excitation energy is lost and no
contribution to the photocurrent is made. When charge transfer does occur, the resulting
bound e–h pair can be dissociated, possibly assisted by an external electric field and ther-
mal activation, which gives free carriers of opposite charge in the two distinct phases (i.e.,
a hole on the donor and an electron on the acceptor). These free charges are transported
to the electrodes (5), where they are extracted (6) and used to perform work in the external
circuit. However, bound pairs at an interface have a finite lifetime and can decay to the
ground state via geminate recombination (7), in which case the carriers are lost. Bimolecu-
lar recombination of free carriers (8) gives a bound pair again, which can either redissociate
or decay to the ground state.

Modeling of the experimental J −V data can be used to gain insight in the physical pro-
cesses that govern the behavior of a BHJ solar cell under illumination. Koster et al. have
developed a numerical device model that can describe the current–voltage characteristics of
polymer:fullerene bulk heterojunction solar cells. [47] It has also been used to unravel the
device physics of hybrid [48] and all-polymer solar cells. [49] The model describes a BHJ solar
cell according to the metal-insulator-metal picture, which is based on an effective medium
approach, i.e., the photoactive blend layer is regarded as one intrinsic semiconductor. The
current–voltage relationship is calculated by numerically solving basic semiconductor equa-
tions. The calculations include drift and diffusion of charge carriers, the influence of space
charge on the electric field in the device, bimolecular recombination of free charges and a
temperature- and field-dependent dissociation rate of bound electron–hole pairs.

To model the device characteristics, a convenient way to represent the experimental
data is to plot the photocurrent density Jph, defined as the current density under illumi-
nation JL minus the current density in the dark JD , versus the effective voltage over the
cell, given by V0−VA, in which VA is the applied voltage and V0 is the compensation volt-
age as defined by Jph(VA = V0) = 0. Typically, V0 is several tens of millivolts higher than
Voc. When the photocurrent data are plotted versus double-logarithmic axes, several typical
regimes can be discerned (Figure 1.5b). At low effective voltages (region 1) the photocurrent
is determined by a direct competition of drift and diffusion currents, resulting in a linear
dependence of Jph on V0 −VA. In the other extreme, i.e., at high voltages (region 3), the
photocurrent is drift dominated and is observed to saturate as all photogenerated charges
are extracted at the electrodes. In between these two distinct cases, a region exists where
the photocurrent gradually increases (region 2). In this regime, the slope of the Jph versus

∗ The same mechanism occurs after photoexcitation of the acceptor: the exciton is then dissociated by hole transfer
from the acceptor to the polymer instead of electron transfer from the polymer to the acceptor.



V0−VA curve is determined by both drift and diffusion as well as the field-dependent disso-
ciation probability of photogenerated bound electron–hole pairs. [45] Using the numerical
device model to fit theoretical calculations to the experimental data at various temperatures
and light intensities, one can gain detailed information on the processes that take place in
the cell under various conditions.

The thickness of the photoactive layer in a polymer solar cell and the wavelength of the
light that is being absorbed are typically of the same order of magnitude. Combined with a
highly reflective metal back electrode, this means that optical interference effects can play
an important role in these devices. It has been demonstrated that the photocurrent action
spectra (i.e., the EQE plots) of organic thin film solar cells can be modeled using the trans-
fer matrix formalism. [50,51] The optical electric field in each position inside the stratified
structure is calculated using a multiple-matrix representation of the transmission and reflec-
tion coefficients (derived from spectroscopic ellipsometry measurements) of all constituent
layers and their interfaces (see Figure 1.6). Subsequently, this result is used to calculate the
dissipation of energy inside the photoactive layer. The absorption profile generally exhibits
pronounced oscillatory features and significantly deviates from approximative alternatives,
such as a constant or exponentially decreasing profile.

This type of optical modeling can give valuable information on the efficiency of light
absorption in thin film polymer solar cells. It has been used, for instance, to determine the
internal quantum efficiency (IQE), which is the number of extracted charges per absorbed
photon. [52] Furthermore, optical modeling can indicate whether or not an optical spacer
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Figure 1.6: Exploded view of the layer stack inside a polymer solar cell, illustrating the com-
ponents of the optical electric field E in the positive (+) and negative (-) x direction in each
layer i ∈ 1 . . . n. The system transfer matrix S contains the optical properties of all layers and
interfaces to relate E at both ends of the device.



can be expected to enhance light absorption by redistributing the optical field inside the de-
vice. [53,54] The feasibility of a tandem structure can be investigated using optical modeling
as well. [55–57]

Under the assumptions that each absorbed photon results in an exciton and each exciton
dissociates at a D–A interface, the calculated photon absorption profile inside the active
layer can be used as a direct measure of the amount of photogenerated bound electron–hole
pairs. This bound pair generation profile can then be used as an input for the electronic
device model. Using such combined optoelectronic device modeling, it has been shown
that the use of an optical absorption profile instead of the assumption of homogeneous
absorption is especially relevant in polymer:fullerene solar cells with a thick active layer. [58]

Moreover, combined optoelectronic modeling can be used for optimization of layer stacks
in conjunction with experimental results or even on an entirely theoretical basis.

From an optical point of view, there are several fundamental limitations to the efficiency
of single-layer polymer solar cells. Many well-studied conjugated polymers have a rather
large bandgap energy Egap ∼ 2 eV. As only photons with sufficient energy can possi-
bly be absorbed, this directly limits the photocurrent that the device can produce. At-
tempts to improve polymer photovoltaic devices are therefore often focused on harvest-
ing longer-wavelength photons by decreasing the polymer bandgap, [59–63] indeed often en-
abling higher short-circuit currents. Furthermore, due to the specific electronic structure
of conjugated polymers, their absorption spectra generally consist of several broadened
peaks. In spectral regions with a reduced absorption coefficient many photons will not be
absorbed even though they have sufficient energy. Finally, there is a fundamental trade-
off between the current and the voltage any single-layer solar cell can produce. When a
photon with high energy hν > Egap hits the device, the resulting hot exciton rapidly loses
its excess energy via thermalization. Ultimately, depending on the contacts, the generated
carriers will be collected at a voltage V ≤ E eff

gap/q , where E eff
gap is the energy difference be-

tween the HOMO level of the donor and the LUMO level of the acceptor. The fact that
a small-bandgap device can produce a higher current than a large-bandgap device is thus
compromised by a lower maximum open-circuit voltage.

In order to moderate these losses and to realize absorption of photons within a broader
wavelength range, two or more heterojunctions with complementary absorption can be
stacked on top of each other inside one device. These structures use photon energy more
efficiently, as the use of multiple absorbers with different bandgaps reduces thermalization
losses. Furthermore, electronic limitations to the layer thickness caused by low charge
carrier mobilities can be lifted as well.



Although the concept of multijunction cells is not entirely new to the field of OPV, [64,65]

the first solar cell containing two polymer-based heterojunctions with complementary ab-
sorption spectra was not reported until 2006. That year, Hadipour et al. proposed a tandem
cell structure with a composite metallic middle electrode that provided electron and hole
ohmic contacts to the front and back cell, respectively. [66] As the front and back subcells
were both spin coated from the same solvent, the metallic interlayers simultaneously served
as a protective layer during processing of the second photoactive layer. The series connec-
tion of the cells resulted in summation of the open-circuit voltages and a low short-circuit
current that was limited by charge generation in the back cell. Later, this issue was resolved
by the development of a four-terminal device structure that enabled external series or par-
allel connection by incorporation of an electrically insulating optical spacer between the
two metallic middle electrodes. [67] Others have proposed parallel tandem cells based on
three-terminal structures with a common middle electrode. [68,69]

Since BHJ solar cells have a planar structure and are processed from solution, it is ex-
perimentally more feasible to connect the subcells in series. This has been done for a va-
riety of materials and material combinations, using middle electrodes based on sputtered
ITO, [70,71] vacuum-deposited metal oxides and metals, [72,73] as well as metal oxide layers
solution-processed from nanoparticle [74–76] or precursor [77,78] solutions. Alternative de-
vice structures have been proposed that circumvent the experimental difficulties associated
with the stacking of thin films, by combining separate subcell devices using semitranspar-
ent contacts [79] or a folded tandem architecture. [80] The details of all tandem configurations
referenced here are summarized in Table 1.1. The chemical structures of the materials used
in these studies are listed in Figure 1.7.

The first polymer tandem solar cell in which both the photoactive layers and the mid-
dle electrode were processed from solution was reported by Gilot et al. [74] An electron
transport layer (ETL) was spin coated from a dispersion of ZnO nanoparticles on top
of the front cell and subsequently a PEDOT:PSS dispersion at neutral pH was deposited
to act as hole transport layer (HTL) for the back cell. The facile procedure only in-
volves solution processing of stable dispersions and does not require complicating post-
treatments such as thermal annealing or precursor conversion steps. The high potential
of the ZnO/PEDOT:PSS middle electrode was affirmed later, when it was used in a 4.9%-
efficient tandem solar cell. [81]
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Figure 1.7: Donor and acceptor materials used in polymer tandem solar cells reported in liter-
ature (see also Table 1.1). (a) Large-bandgap (Egap ≈ 2 eV) donor polymers. (b) Small-bandgap
(Egap < 2 eV) polymers. (c) Soluble fullerene derivatives used as acceptors.



Table 1.1: Literature on polymer tandem solar cells.

Year Author Front cell Back cell Middle electrode Ref.

2006 Shrotriya et al. MEH-PPV:PCBM MEH-PPV:PCBM - (stack of two seperate devices) 79

Kawano et al. MDMO-PPV:PCBM MDMO-PPV:PCBM sputtered ITO / PEDOT:PSS 70

Hadipour et al. PFDTBT:PCBM PTBEHT:PCBM LiF/Al/Au/PEDOT:PSS 66

2007 Gilot et al. MDMO-PPV:PCBM P3HT:PCBM ZnO np/pH neutral PEDOT:PSS 74

Kim et al. PCPDTBT:PCBM P3HT:[70]PCBM TiOx/PEDOT:PSS 77

Tvingstedt et al. APFO Green-9:PCBM APFO3:PCBM - (folded reflective tandem device) 80

Hadipour et al. P3HT:PCBM PTBEHT:PCBM Sm/Au/PTrFE/Au/PEDOT:PSS 67

2008 Zhao et al. P3HT:PCBM P3HT:PCBM Al/MoO3 72

2009 Guo et al. PCPDTBT:PCBM P3HT:PCBM MoO3/Al/Ag/MoO3 68

2010 Sakai et al. P3HT:bisPCBM P3HT:[70]PCBM LiF/sputtered ITO/MoO3 71

Sista et al. P3HT:[70]PCBM PSBTBT:[70]PCBM Al/TiO2 np/PEDOT:PSS 75

Chung et al. P3HT:PCBM P3HT:PCBM TiO2 np/PEDOT:PSS 76

Sista et al. P3HT:[70]PCBM PSBTBT:[70]PCBM PEDOT:PSS/Au/V2O5 69

Gilot et al. PF10TBT:PCBM pBBTDPP2:PCBM ZnO np/pH neutral PEDOT:PSS 81

Chen et al. P2:[70]PCBM P3HT:[70]PCBM TiOx/PEDOT:PSS 78

Guo et al. P3HT:PCBM PCPDTBT:[70]PCBM TiOx/Al/MoO3 73

For the further development of efficient polymer photovoltaics, it is imperative that new
device concepts are investigated. This motivates the primary purpose of this thesis, which
is to examine the applicability of a solution-processed tandem structure for polymer solar
cells. As the title suggests, it not exclusively considers tandem devices. After all, the de-
velopment of more efficient polymer photovoltaics not only depends on the prospects of
tandem cell architectures, but also demands knowledge about the factors that are limiting
the performance of existing systems. This thesis therefore aims to path the way towards
tandem polymer solar cells by analyzing the device physics of candidate subcells, realizing
an appropriate middle electrode and using optoelectronic modeling as a predictive design
tool.

As mentioned above, it stands to reason that the fabrication of efficient tandem polymer
solar cells requires the subcells to convert solar photons with sufficient energy to electri-
cal current as effectively as possible. In the case of the large-bandgap polymer poly[9,9-
didecanefluorene-alt-(bis-thienylene) benzothiadiazole] (PF10TBT), this calls for the use of
a high-molecular-weight batch, since it allows for much higher efficiencies than when the
same material has a low molecular weight. The origin of this dependence is discussed in
Chapter 2, where we use optoelectronic modeling to describe the experimental photocur-
rent in solar cells from PF10TBT and [6,6]-phenyl C61 butyric acid methyl ester (PCBM).



It is found that the improved performance results from a sigificantly higher dissociation
probability of bound electron–hole pairs. In blends of high-molecular-weight PF10TBT
and PCBM, these bound pairs recombine less fast than in devices containing the polymer
with a low molecular weight.

A particularly promising material for harvesting of low-energy photons is the small-
bandgap polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)] PCPDTBT. Unfortunately, the photocurrent of solar cells
based on a pure blend of PCPDTBT with PCBM is strongly limited by geminate recombi-
nation, similar to the case of low-molecular-weight PF10TBT. It has been found that upon
addition of an alkanedithiol to the blend solution prior to spin coating, the short-circuit
current and fill factor are increased considerably. In Chapter 3, we demonstrate that a re-
duced recombination rate of bound pairs can account for the entire effect. The origin of
the profound difference in performance is ascribed to an improved nanoscale morphology,
which allows more efficient photogeneration of free carriers.

There is more to polymer photovoltaics than fullerene-based solar cells. A wide range
of materials have been adopted as the electron acceptor in bilayer and bulk heterojunction
devices. One of these is zinc oxide, which, in the form of pre-synthesized nanoparticles,
has been used for hybrid organic-inorganic solar cells with an efficiency up to 1.6%. Alter-
natively, it can be formed from a molecular precursor during the processing of the actual
bulk heterojunction layer. We demonstrate in Chapter 4 that the use of a highly reactive
organozinc precursor results in partial degradation of the donor polymer when the latter
contains chemically reactive vinyl bonds. Substitution of the polymer with a chemically
more stable polythiophene derivative avoids this problem and yields more efficient solar
cells, in which hole transport is not affected by the precursor conversion process.

In Chapter 5 we consider the transparent and conductive ZnO/PEDOT:PSS middle
electrode that can be used to construct efficient series-connected tandem solar cells. To
warrant compatibility of the PEDOT:PSS dispersion with the underlying zinc oxide layer,
its acidity must be modified. We demonstrate that this results in a strong decrease of the
anodic work function and an inevitable reduction of the open-circuit voltage of the back
cell when the polymer has a high ionization potential. Furthermore, we show that this
problem can be circumvented by introducing an additional interlayer based on a perfluori-
nated ionomer between the modified anode and the bulk heterojunction layer. This way,
a double-junction polyfluorene-based solar cell with an open-circuit voltage of 1.92 V is
realized.

After we have established a high-work-function middle electrode in Chapter 5, we are
in the position to optimize PF10TBT:PCBM solar cells by investigating the role of device
architecture. In Chapter 6, we first determine the optimal layer thickness of single-layer
PF10TBT:PCBM cells. It turns out that the maximum efficiency of 4% is obtained for
layers as thin as 80 nm. Based on optical and electronic considerations, we derive that a



considerable increase of the efficiency can be realized when two thin cells are combined
in one double-layer device. Experimentally, η is increased to 4.5% for a tandem cell with
two 80 nm thick subcells. This method shows that a double-junction device architecture
can improve the performance of polymer solar cells when the layer thickness of optimized
single-layer devices is limited by their electronic properties.

The last chapter of this thesis presents various aspects of the optimization of tandem
polymer solar cells. Using optoelectronic modeling, effects of changing the photoactive
layer sequence, processing conditions and polarity of the device are illustrated. In an in-
verted tandem device architecture, which is tested experimentally in a PF10TBT:PCBM
double-junction cell, swapping the electrodes leads to lower efficiencies due to increased
recombination. Moreover, it is predicted that for the available materials an efficiency of
5.3% can be achieved in tandem solar cells with a regular structure, which is 25% higher
than the efficiency of the optimized single-layer cells.
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