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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

JscVoc

=

MPP

P

V
0

Pmax

Vmax

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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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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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.



[1] U.S. Energy Information Administration, International Energy Outlook 2009,
, 2009.

[2] M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, Prog. Photovoltaics 18, 346 (2010).
[3] W. Shockley and H. J. Queisser, J. Appl. Phys. 32, 510 (1961).
[4] M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, Prog. Photovoltaics 19, 84 (2011).
[5] Konarka Technologies, Konarka’s Power Plastic Achieves World Record 8.3% Efficiency Certifica-

tion from National Energy Renewable Laboratory (NREL), , 2010.
[6] L. B. Schein, A. Rosenberg, and S. L. Rice, J. Appl. Phys. 60, 4287 (1986).
[7] A. Peled and L. B. Schein, Chem. Phys. Lett. 153, 422 (1988).
[8] L. B. Schein, A. Peled, and D. Glatz, J. Appl. Phys. 66, 686 (1989).
[9] P. M. Borsenberger, L. Pautmeier, and H. Bässler, J. Chem. Phys. 94, 5447 (1991).
[10] W. D. Gill, J. Appl. Phys. 43, 5033 (1972).
[11] H. Bässler, Phys. Status Solidi B 175, 15 (1993).
[12] S. V. Novikov, D. H. Dunlap, V. M. Kenkre, P. E. Parris, and A. V. Vannikov, Phys. Rev. Lett.

81, 4472 (1998).
[13] L. Pautmeier, R. Richert, and H. Bässler, Synth. Met. 37, 271 (1990).
[14] P. M. Borsenberger, T. Kung, and W. B. Vreeland, J. Appl. Phys. 68, 4100 (1990).
[15] P. W. M. Blom, M. J. M. de Jong, and J. J. M. Vleggaar, Appl. Phys. Lett. 68, 3308 (1996).
[16] M. A. Lampert and P. Mark, Current injection in solids, Academic Press, New York, 1970.
[17] P. W. M. Blom, M. J. M. de Jong, and M. G. van Munster, Phys. Rev. B 55, R656 (1997).
[18] P. W. M. Blom and M. C. J. M. Vissenberg, Mat. Sci. Eng. R 27, 53 (2000).
[19] C. Tanase, P. W. M. Blom, and D. M. de Leeuw, Phys. Rev. B 70, 193202 (2004).
[20] N. I. Craciun, J. Wildeman, and P. W. M. Blom, Phys. Rev. Lett. 100, 056601 (2008).
[21] R. Coehoorn, W. F. Pasveer, P. A. Bobbert, and M. A. J. Michels, Phys. Rev. B 72, 155206

(2005).
[22] K. M. Coakley and M. D. McGehee, Chem. Mater. 16, 4533 (2004).
[23] J. Peet, A. J. Heeger, and G. C. Bazan, Acc. Chem. Res. 42, 1700 (2009).
[24] H. Kallmann and M. Pope, J. Chem. Phys. 30, 585 (1959).
[25] D. L. Morel, A. K. Ghosh, T. Feng, E. L. Stogryn, P. E. Purwin, R. F. Shaw, and C. Fishman,

Appl. Phys. Lett. 32, 495 (1978).
[26] G. Chamberlain, Sol. Cells 8, 47 (1983).
[27] G. Horowitz, Adv. Mater. 2, 287 (1990).
[28] R. N. Marks, J. J. M. Halls, D. D. C. Bradley, R. H. Friend, and A. B. Holmes, J. Phys.:

Condens. Matter 6, 1379 (1994).
[29] C. W. Tang, Appl. Phys. Lett. 48, 183 (1986).
[30] N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Science 258, 1474 (1992).
[31] D. E. Markov, E. Amsterdam, P. W. M. Blom, A. B. Sieval, and J. C. Hummelen, J. Phys.

Chem. A 109, 5266 (2005).
[32] O. V. Mikhnenko, F. Cordella, A. B. Sieval, J. C. Hummelen, P. W. M. Blom, and M. A. Loi,

J. Phys. Chem. B 112, 11601 (2008).
[33] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, Science 270, 1789 (1995).



[34] S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and J. C. Hummelen,
Appl. Phys. Lett. 78, 841 (2001).

[35] M. P. de Jong, L. J. van IJzendoorn, and M. J. A. de Voigt, Appl. Phys. Lett. 77, 2255 (2000).
[36] A. K. K. Kyaw, X. W. Sun, C. Y. Jiang, G. Q. Lo, D. W. Zhao, and D. L. Kwong, Appl. Phys.

Lett. 93, 221107 (2008).
[37] P. de Bruyn, D. J. D. Moet, and P. W. M. Blom, Org. Electron. 11, 1419 (2010).
[38] C. Tao, S. Ruan, X. Zhang, G. Xie, L. Shen, X. Kong, W. Dong, C. Liu, and W. Chen, Appl.

Phys. Lett. 93, 193307 (2008).
[39] G. Li, C. W. Chu, V. Shrotriya, J. Huang, and Y. Yang, Appl. Phys. Lett. 88, 253503 (2006).
[40] H. Liao, L. Chen, Z. Xu, G. Li, and Y. Yang, Appl. Phys. Lett. 92, 173303 (2008).
[41] C. Tao, S. Ruan, G. Xie, X. Kong, L. Shen, F. Meng, C. Liu, X. Zhang, W. Dong, and W. Chen,

Appl. Phys. Lett. 94, 043311 (2009).
[42] J. M. Kroon, M. M. Wienk, W. J. H. Verhees, and J. C. Hummelen, Thin Solid Films 403, 223

(2002).
[43] V. Shrotriya, G. Li, Y. Yao, T. Moriarty, K. Emery, and Y. Yang, Adv. Funct. Mater. 16, 2016

(2006).
[44] International Electrotechnical Commission, IEC 60904-8: Measurement of spectral response

of photovoltaic (PV) device, 1998.
[45] V. D. Mihailetchi, L. J. A. Koster, J. C. Hummelen, and P. W. M. Blom, Phys. Rev. Lett. 93,

216601 (2004).
[46] P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster, and D. E. Markov, Adv. Mater. 19, 1551

(2007).
[47] L. J. A. Koster, E. C. P. Smits, V. D. Mihailetchi, and P. W. M. Blom, Phys. Rev. B 72, 085205

(2005).
[48] L. J. A. Koster, W. J. van Strien, W. J. E. Beek, and P. W. M. Blom, Adv. Funct. Mater. 17, 1297

(2007).
[49] M. M. Mandoc, W. Veurman, L. J. A. Koster, B. de Boer, and P. W. M. Blom, Adv. Funct.

Mater. 17, 2167 (2007).
[50] L. A. A. Pettersson, L. S. Roman, and O. Inganäs, J. Appl. Phys. 86, 487 (1999).
[51] Z. Knittl, Optics of thin films, John Wiley & Sons, 1976.
[52] L. H. Slooff, S. C. Veenstra, J. M. Kroon, D. J. D. Moet, J. Sweelssen, and M. M. Koetse, Appl.

Phys. Lett. 90, 143506 (2007).
[53] J. Y. Kim, S. H. Kim, H. H. Lee, K. Lee, W. L. Ma, X. Gong, and A. J. Heeger, Adv. Mater. 18,

572 (2006).
[54] J. Gilot, I. Barbu, M. M. Wienk, and R. A. J. Janssen, Appl. Phys. Lett. 91, 113520 (2007).
[55] W. Eerenstein, L. H. Slooff, S. C. Veenstra, and J. M. Kroon, Thin Solid Films 516, 7188 (2008).
[56] G. Dennler, K. Forberich, T. Ameri, C. Waldauf, P. Denk, C. J. Brabec, K. Hingerl, and A. J.

Heeger, J. Appl. Phys. 102, 123109 (2007).
[57] V. Andersson, K. Tvingstedt, and O. Inganäs, J. Appl. Phys. 103, 094520 (2008).
[58] J. D. Kotlarski, P. W. M. Blom, L. J. A. Koster, M. Lenes, and L. H. Slooff, J. Appl. Phys. 103,

084502 (2008).



[59] D. Muhlbacher, M. Scharber, M. Morana, Z. Zhu, D. Waller, R. Gaudiana, and C. Brabec, Adv.
Mater. 18, 2884 (2006).

[60] M. M. Wienk, M. G. R. Turbiez, M. P. Struijk, M. Fonrodona, and R. A. J. Janssen, Appl.
Phys. Lett. 88, 153511 (2006).

[61] M. M. Wienk, M. Turbiez, J. Gilot, and R. A. J. Janssen, Adv. Mater. 20, 2556 (2008).
[62] R. Kroon, M. Lenes, J. C. Hummelen, P. W. M. Blom, and B. de Boer, Polym. Rev. 48, 531

(2008).
[63] J. Hou, H. Chen, S. Zhang, G. Li, and Y. Yang, J. Am. Chem. Soc. 130, 16144 (2008).
[64] M. Hiramoto, M. Suezaki, and M. Yokoyama, Chem. Lett. 19, 327 (1990).
[65] A. Yakimov and S. R. Forrest, Appl. Phys. Lett. 80, 1667 (2002).
[66] A. Hadipour, B. de Boer, J. Wildeman, F. B. Kooistra, J. C. Hummelen, M. G. R. Turbiez,

M. M. Wienk, R. A. J. Janssen, and P. W. M. Blom, Adv. Funct. Mater. 16, 1897 (2006).
[67] A. Hadipour, B. de Boer, and P. W. M. Blom, J. Appl. Phys. 102, 074506 (2007).
[68] X. Guo, F. Liu, W. Yue, Z. Xie, Y. Geng, and L. Wang, Org. Electron. 10, 1174 (2009).
[69] S. Sista, Z. Hong, M. Park, Z. Xu, and Y. Yang, Adv. Mater. 22, E77 (2010).
[70] K. Kawano, N. Ito, T. Nishimori, and J. Sakai, Appl. Phys. Lett. 88, 073514 (2006).
[71] J. Sakai, K. Kawano, T. Yamanari, T. Taima, Y. Yoshida, A. Fujii, and M. Ozaki, Sol. Energy

Mater. Sol. Cells 94, 376 (2010).
[72] D. W. Zhao, X. W. Sun, C. Y. Jiang, A. K. K. Kyaw, G. Q. Lo, and D. L. Kwong, Appl. Phys.

Lett. 93, 083305 (2008).
[73] X. Guo, F. Liu, B. Meng, Z. Xie, and L. Wang, Org. Electron. 11, 1230 (2010).
[74] J. Gilot, M. M. Wienk, and R. A. J. Janssen, Appl. Phys. Lett. 90, 143512 (2007).
[75] S. Sista, M. Park, Z. Hong, Y. Wu, J. Hou, W. L. Kwan, G. Li, and Y. Yang, Adv. Mater. 22,

380 (2010).
[76] W. Chung, H. Lee, W. Lee, M. J. Ko, N. Park, B. Ju, and K. Kim, Org. Electron. 11, 521 (2010).
[77] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T. Q. Nguyen, M. Dante, and A. J. Heeger, Science

317, 222 (2007).
[78] Y. Chen, C. Yu, C. Chen, S. Chan, and C. Ting, J. Sol. Energy Eng. 132, 021103 (2010).
[79] V. Shrotriya, E. H. Wu, G. Li, Y. Yao, and Y. Yang, Appl. Phys. Lett. 88, 064104 (2006).
[80] K. Tvingstedt, V. Andersson, F. Zhang, and O. Inganäs, Appl. Phys. Lett. 91, 123514 (2007).
[81] J. Gilot, M. M. Wienk, and R. A. J. Janssen, Adv. Mater. 22, E67 (2010).





Abstract

Solar cells made from the polyfluorene derivative PF10TBT (Egap = 2 eV) blended with
PCBM show a high open-circuit voltage of 1.0 V and a power conversion efficiency up
to 4%. However, the maximum output power is strongly dependent on the molecular
weight (MW) of the polymer. At low MW, both the short-circuit current density and fill
factor are reduced considerably. In this chapter, we investigate the origin of this effect
by addressing the optical and electronic differences between low and high-MW cells.
We demonstrate that the efficiency of low-MW devices is mainly limited by a short
lifetime of bound electron-hole pairs. The short lifetime prohibits efficient dissociation
of bound pairs and is attributed to a deficiency in phase separation at low MW.
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Polyfluorene copolymers have shown to be suitable candidates for efficient solar cells. [1–3]

A promising power conversion efficiency of 4.2% has been reported for a system of
PF10TBT and PCBM. [4] By virtue of the polymer’s highest occupied molecular orbital en-
ergy level at 5.4 eV, PF10TBT:PCBM solar cells deliver outstanding open-circuit voltages
of 1.0 V. Moreover, in contrast to many other conjugated polymers, the lowest unoccupied
molecular orbital energy level of PF10TBT at 3.4 eV is close in energy to that of PCBM.
Therefore, less voltage is lost during electron transfer at the D–A interface (indicated as
process 3 in Figure 1.5a). [5] However, the photovoltaic performance of PF10TBT cells is
strongly dependent on the molecular weight (MW) of the polymer. Low-molecular-weight
devices show significantly lower short-circuit currents and fill factors, resulting in a reduc-
tion of the maximum output power by a factor of two compared to the best high-MW
devices. [6]

For the further design of new donor polymers, understanding of the dependence of so-
lar cell performance on their chemical and structural properties is crucial. In this chapter,
we investigate the origin of the low fill factor and photocurrent in low-molecular-weight
PF10TBT:PCBM solar cells. A one-half power dependence of the photocurrent on voltage
is observed and its origin is revealed by a combination of optical and electrical measure-
ments and device simulations.

Low fill factors are commonly attributed to unbalanced charge carrier transport in the poly-
mer and fullerene phases. [7] Molecular-weight-dependent hole mobilities have been ob-
served in regioregular P3HT, using field-effect transistor measurements, [8–10] space-charge-
limited currents [11] and the time-of-flight technique. [12] Most studies revealed an increase
of the hole mobility with increasing molecular weight. Suggested causes include differences
in chain packing, interconnectivity of the polymer network, backbone conformation and
interchain hopping. It has been pointed out by Goodman and Rose that in a solar cell
with a significant difference in the mean free paths of holes and electrons, accumulation of
the slowest charge carriers will lead to a nonuniform electric field in the device. [13] When
the slowest carrier has a very low mobility, the photocurrent can even reach a maximum
electrostatically allowed limit at high light intensity. [7] This space-charge-limited (SCL)
photocurrent has a three-quarter power dependence on light intensity and a square-root
dependence on voltage, which limits the fill factor to 0.42.

A different cause of a low fill factor has been identified in solar cells from a small-
bandgap polymer and PCBM. [14] The low fill factor again results from a square-root de-
pendence of the photocurrent on voltage, albeit for entirely different physical reasons than



in the space-charge-limited case. Here, the photocurrent is limited by a small product of
mobility and lifetime of free charge carriers due to recombination or trapping and is de-
scribed by [13]

Jph = qG
�

µh(e)τh(e)

�1/2
V 1/2 (2.1)

where G is the generation rate of free charge carriers andµh(e) and τh(e) are the mobility and
lifetime of free holes (electrons), respectively. The linear dependence of this recombination-
limited photocurrent on light intensity can be used experimentally to discriminate it from
the SCL case. Furthermore, the saturation voltage Vsat, at which the photocurrent loses
its one-half power dependence on voltage, is independent on light intensity for the recom-
bination-limited case, whereas for the SCL photocurrent it scales with the square root of
light intensity.

Figure 2.1 shows the photovoltaic performance of PF10TBT:PCBM solar cells that were
made using low- and high-molecular-weight PF10TBT. The differences in fill factor and
short-circuit current density are striking. Although both cells are 95 nm thick, the high-
MW cell produces a 30% higher Jsc compared to its low-MW counterpart. The fill factor
increases significantly with molecular weight as well: it improves from 0.45 to 0.63. In
the remainder of this chapter, we will systematically address the importance of the various
effects of a change in molecular weight on device performance.

Figure 2.1: Current density under illumination (JL) versus voltage for PF10TBT:PCBM solar
cells made from low- and high-molecular-weight PF10TBT. Both active layers were approxi-
mately 95 nm thick.



First, considering the marked difference in Jsc, one might anticipate a change in absorption
due to variations in, for example, interchain interactions. [10,15] Usually low-MW polymers
exhibit a blueshift in solid-state absorption. In a photovoltaic cell under illumination, this
may alter the number of photogenerated excitons and therefore the magnitude of the pho-
tocurrent, depending on the overlap of the absorption profile with the irradiance spectrum.
When the absorption maximum changes in magnitude as well, the effect of changing MW
on Jsc may be intensified.

Figure 2.2a shows the refractive index n and extinction coefficient k of composite lay-
ers of PF10TBT and PCBM, as determined with variable-angle spectroscopic ellipsome-
try. In the region where PF10TBT contributes most to the absorption of the blend layer,
i.e., between 450 and 650 nm, the extinction coefficient of the low-MW sample is indeed
blueshifted. In addition, the magnitude of k in this region is much lower. As discussed in
the introduction of this thesis, optical interference effects play an important role in thin
films capped with a highly reflective aluminum cathode. It is therefore expected that the
extent to which a change in optical constants influences the absorption in the active layer
varies with the thickness of the layer. The consequences of reduced absorption in low-MW
solar cells can be quantified by modeling of the optical electric field inside the device. [16–18]

Using the transfer-matrix approach described in Section 1.5, provided with the optical con-
stants of Figure 2.2a and the AM1.5G solar irradiance spectrum, we calculated the amount

(a) (b)

Figure 2.2: (a) Index of refraction n and extinction coefficient k of PF10TBT:PCBM layers
on glass as a function of wavelength λ. The heterojunction from the low-MW polymer (solid
line) shows reduced absorption compared to the one containing high-MW PF10TBT (dotted
line). (b) Photon absorption profiles calculated for the devices of Figure 2.1, using the optical
constants presented in panel (a). The horizontal axis denotes the distance x from the interface
of PEDOT:PSS and the photoactive layer.



of photons that are absorbed each second in the bulk of the active layer as a function of
position x in the device, for both the low- and high-MW cases. The results are shown in
Figure 2.2b. The active layer in the low-MW device clearly absorbs less photons due to its
lower extinction coefficient, yet the difference between the profiles is not as large as one
might expect from consideration of the optical constants. Integration of the photon ab-
sorption rates over the position gives total photon absorption rates of 4.8× 1020 m−2s−1

and 5.1× 1020 m−2s−1 for low and high MW, respectively. Since these cells show a linear
dependence of Jsc on light intensity, the observed difference of 30% in short-circuit current
density cannot be explained by this increase of 6% in absorption only. Furthermore, no
significant influence on the fill factor would be expected. We therefore conclude that optics
only account for a minor part of the variation in photovoltaic performance.

Other than optical effects, a change in molecular weight might cause electronic differences.
As mentioned above, space charge effects can limit the fill factor of an organic solar cell to
0.42. Such a limitation can only occur if charge transport in the solar cell is strongly unbal-
anced. A significant effect of the polymer’s molecular weight on the electron mobility in
the PCBM phase is highly unlikely, since the acceptor constitutes the largest part (80 wt %)
of the active layer. The electron mobility µe can be probed by consideration of the current
through the solar cells in the dark. In fullerene-based solar cells, the dark current under
forward bias is usually dominated by electrons due to their high mobility in the PCBM
phase.

As shown in Figure 2.3a, the dark current of the PF10TBT:PCBM solar cells under
study is well described by the single-carrier space-charge-limited current [19] given by Eq.
(1.2), with µe = 8× 10−8 m2/Vs for low-MW PF10TBT and µe = 1× 10−7 m2/Vs for the
high-MW case. The applied voltage was corrected for the built-in voltage (Vbi) and resistive
losses in the ITO/PEDOT anode (VRs). The relative dielectric constant εr was taken as
the spatial average of PF10TBT and PCBM. As expected, the electron mobility is hardly
affected by the molecular weight of the polymer and its value is close to what has been
found previously for PCBM in fullerene-based solar cells. [20–22]

Limitations to the photocurrent due to transport limitations, if any, should therefore
be caused by a low hole mobility in the low-MW polymer. To elucidate the influence of
molecular weight on hole transport in PF10TBT based solar cells, we prepared hole-only
diodes from PF10TBT:PCBM bulk heterojunctions in a 1:4 weight ratio. The current–
voltage characteristics presented in Figure 2.3b were measured at room temperature for two
such devices using low- and high-MW PF10TBT. The single-carrier space-charge-limited
currents were modeled using exactly the same low-field hole mobility of 6× 10−9 m2/Vs.



(a) (b)

Figure 2.3: Determination of the electron and hole mobility in PF10TBT:PCBM hetero-
junctions. (a) The single-carrier SCL electron current of PF10TBT:PCBM solar cells in the
dark (symbols), fitted with Eq. (1.2) (solid lines, low MW: µe = 8× 10−8 m2/Vs, high MW:
µe = 1× 10−7 m2/Vs). (b) The current through hole-only diodes (symbols), both numerically
simulated with a low-field hole mobility µh = 6× 10−9 m2/Vs. The applied voltage was cor-
rected for the built-in voltage (Vbi) and the voltage loss over the ITO/PEDOT anode (VRs) in
both (a) and (b).

Hence, no effect of molecular weight on the mobility in the PF10TBT phase was found.
Measurements on pristine polymer layers revealed similar mobility values in both MW
cases, showing that the hole transport in the PF10TBT:PCBM blend is also not affected by
PCBM loading. This behavior contrasts to the case of heterojunctions of poly[2-methoxy-
5-(3’,7’-dimethyloctyloxy)-p-phenylene vinylene] (MDMO-PPV) and PCBM [21,23] and to
what has been reported for a similar polyfluorene copolymer. [24] From temperature de-
pendence measurements, the activation energy of hole transport in the blend was found to
be 0.33 eV in both cases. This exactly equals the theoretically predicted value, obtained by
plugging the measured low-field hole mobility at room temperature into Eq. (1.4).

Since the hole mobility in the blend is constant with molecular weight, and differs only
an order of magnitude with the electron mobility in PCBM, a space-charge limitation of
the photocurrent in these relatively thin solar cells is highly unlikely. [25]

Figure 2.4 presents a comparison of the photocurrent of two cells based on low- and high-
molecular-weight PF10TBT, plotted versus effective voltage. In both cases the photocur-
rent saturates at high effective voltage, indicating that at sufficiently large reverse bias all
photogenerated bound pairs are dissociated and extracted from the device. The occurrence
of saturation was verified with temperature-dependent measurements. The photocurrent
of the high-MW device (L= 147 nm) saturates at a higher value since it was thicker than the



low-MW cell (L = 86 nm). At lower voltages, however, the photocurrent of the low-MW
cell clearly depends more strongly on the electric field as compared to that of the high-MW
cell. In this voltage regime, a square-root dependence is observed. This is indicated by
the tilted dotted lines with slope 1

2 in Figure 2.5, which shows intensity dependence mea-
surements of the photocurrent in the low-MW solar cell. The experimental photocurrent
depends linearly on light intensity and the saturation voltage Vsat is intensity independent.
This combination of voltage and intensity dependence of the photocurrent is a clear finger-
print of a recombination-limited photocurrent.
Application of Eq. (2.1) in the square-root regime reveals a free-carrier lifetime of approxi-
mately 0.5 µs. However, as was mentioned before, illumination of organic solar cells does
not directly result in free charge carriers: instead, after charge transfer a bound electron–
hole pair is created. Due to the high Coulomb binding energy in organic solar cells, only
a certain fraction of all photogenerated bound electron–hole pairs Gmax is dissociated into
free charge carriers, depending on electric field and temperature, and therefore contributes
to the photocurrent Jph = qGL. Consequently, the generation rate G of free charge carriers
can be described by

G(T , E) =GmaxP (T , E) (2.2)

where P (T , E) is the probability of charge separation at the donor–acceptor interface. The
photogeneration of free charge carriers in low-mobility materials can be explained by On-
sager’s theory of initial recombination. [27] An important addition to the theory has been
made by Braun, [26] who stressed the importance of the fact that the bound electron–hole

Figure 2.4: Experimental photocurrents in solar cells from low- (squares) and high-molecular-
weight (circles) PF10TBT. The lines denote calculations of Jph = qGL, using a field- and
temperature-dependent generation rate G(T , E) = GmaxP (T , E) as given by the Braun model
(see Ref. 26). The photocurrent of the high-MW device (L= 147 nm) saturates at a higher value
since it was thicker than the low-MW cell (L= 86 nm).



pair (or charge-transfer state) has a finite lifetime. In Braun’s model, the probability that
a bound polaron pair dissociates into free charge carriers at a given electric field E and
temperature T is given by

P (T , E) =
kdiss(E)

kdiss(E)+ k f
(2.3)

with k f the rate constant with which the bound electron–hole pair decays to its ground
state, and kdiss(E) the rate constant for separation into free carriers, which is given by [26]

kdiss(E) =
3kR

4πa3
e−EB/kT

�

1+ b +
b 2

3
+

b 3

18
+

b 4

180
+ . . .

�

(2.4)

with a the initial separation distance of the bound electron–hole pair at the interface, b =
e3E/8πε0εr k2T 2, and EB the bound pair binding energy.

Once separated, the charge carriers can again form a bound pair with a recombination
rate constant kR. The dissociation model uses Onsager-Braun theory for field-dependent
dissociation, Langevin recombination of free electrons and holes [28,29] and a Gaussian dis-
tribution of electron–hole pair distances. Then, the generation rate of free electrons and
holes depends on the charge carrier mobilities µe and µh of the electrons and holes, re-
spectively, the relative dielectric constant εr , the initial separation of e–h pairs a, and the
ground state recombination rate k f .

As expressed in Eq. (2.3), the relative magnitudes of dissociation and decay rates deter-
mine a field- and temperature-dependent dissociation probability of bound pairs P (T , E).
Consequently, when the photocurrent of an organic solar cell is interpreted using Eq. (2.1),
the obtained lifetime is in fact an effective lifetime, equal to P (T , E)τ, where τ is now the
true lifetime of free charge carriers. [14] Using device modeling, we can determine whether
a low effective lifetime originates from short lifetimes of bound pairs (low P ) or of free
carriers (low τ).

We continue the investigation of the molecular-weight-dependent photocurrents of Fig-
ure 2.4 by modeling the field-dependent generation. The solid lines represent calculations
of the photocurrent according to Jph = qGL, using a field- and temperature-dependent gen-
eration rate of free carriers as given by the Braun model. [26,30] The dissociation probability
P (T , E) is parameterized by the initial separation distance of the bound electron–hole pair
a and the decay rate k f , which are now the only fit parameters since L is measured sepa-
rately and Gmax can be calculated directly from Jph = qGmaxL in the saturation regime. The
fits reveal a value of a = 2.2 nm, irrespective of molecular weight. However, the decay rate
k f in the low-MW cell is at 2.1× 106 s−1 an order of magnitude higher than k f of the high-
MW cell. This value is in very good agreement with the effective lifetime of free carriers as
determined from Eq. (2.1), since (0.5µs)−1 = 2× 106 s−1.



Figure 2.5: Intensity-dependent photocurrent of the low-MW device considered in Figure 2.4.
The tilted dotted lines denote slope 1

2 , indicating Jph ∝V 0.5, whereas the horizontal dotted lines
mark the saturated photocurrent at each intensity. The solid lines represent numerical device
simulations.

To model the photocurrent over the entire effective voltage range, we utilized our nu-
merical device model. [31] Since diffusion of charge carriers is now also taken into account,
the photocurrent can be simulated at low effective voltages as well. In the simulations,
shown in Figure 2.5, the experimentally determined values of the charge carrier mobilities,
layer thickness, dissociation parameters a and k f , and generation rate of bound pairs Gmax

were used. The calculations excellently fit the measured data at various light intensities.
This clearly shows that the photocurrent of low-molecular-weight PF10TBT:PCBM cells
is limited by recombination of short-lived bound electron–hole pairs. We speculate that
the limitation arises from insufficient phase separation, resulting in localization of bound
pairs in isolated donor–acceptor regions, which prohibits efficient dissociation. Indeed,
transmission electron microscopy (TEM) measurements on blends of varying molecular
weight have revealed little contrast in blends of low-MW PF10TBT with PCBM, whereas
pronounced PCBM and polymer-rich regions were observed in high-MW films. [6]

Figure 2.6 presents a direct comparison of the simulated current–voltage characteristics
under illumination of the cells of Figure 2.1. The model parameters that were used to fit the
current–voltage curves are summarized in Table 2.1. Compared with the simulation of the
curve of the low-MW cell, only three input parameters were changed to fit that of the high-
MW cell: (a) the slightly higher, experimentally determined electron mobility was used,
(b) Gmax was increased by 10% and (c) the previously determined lower bound pair decay
rate k f = 2.3× 105 s−1 was used. The increase in Gmax closely agrees with the small (6%)
enhancement in the calculated absorption for high-MW cells as presented in Figure 2.2b.
For these relatively thin active layers, using a constant generation rate Gmax throughout the
active layer does not change the simulation results compared to the use of the calculated



Figure 2.6: Experimental (symbols) and simulated (lines) current–voltage characteristics of the
solar cells of Figure 2.1 under illumination. The lines show numerical fits that only differ in the
used values of Gmax (representing enhanced absorption in high-MW PF10TBT) and k f (obtained
from Figure 2.4).

Table 2.1: Parameters used in the numerical simulation of the current–voltage characteristics
presented in Figure 2.6.

Parameter Symbol Value

Low MW High MW

Effective bandgap Egap 1.47 eV 1.38 eV

Electron mobility µe 8× 10−8 m2/Vs 1× 10−7 m2/Vs

Hole mobility µh 6× 10−9 m2/Vs 6× 10−9 m2/Vs

Effective density of states Nc 2.5× 1025 m−3 2.5× 1025 m−3

Generation rate Gmax 6.0× 1027 m−3s−1 6.6× 1027 m−3s−1

Relative dielectric constant εr 3.6 3.6

Initial bound pair distance a 2.2 nm 2.2 nm

Bound pair decay rate k f 2.1× 106 s−1 2.3× 105 s−1

optical profile as input. [32] The slightly higher Voc of the low-MW cell originates from the
inversely proportional relationship between the polymeric bandgap and the average num-
ber of repeat units in each chain. [33] At short-circuit conditions, the average dissociation
probability of bound electron–hole pairs in the high-MW cell is 19% higher (relative) than
in the low-MW device, due to the reduction in k f . Thus, the concomitant effects of en-
hanced absorption (+10%) and more efficient dissociation (+19%) add up to the observed
increase of short-circuit current (+30%) and fill factor.



Using optical and electronic device modeling, we have unraveled the molecular weight de-
pendence of the short-circuit current density and fill factor of PF10TBT:PCBM solar cells.
The use of high-molecular-weight PF10TBT causes an enhancement of the extinction co-
efficient of the blend layer, resulting in a slight increase in the amount of photons that are
absorbed. Charge transport in both phases was found to be virtually unaffected by a change
in molecular weight. The electron mobility in the blend is only slightly higher for high-
MW PF10TBT and a reasonably high, molecular-weight-independent hole mobility was
measured in blend layers as well as pristine polymer layers, which renders the influence
of space charge on the photocurrent insignificant. Intensity dependence measurements
confirmed that the photocurrent of low-molecular-weight cells is recombination limited.
From numerical device simulations, we conclude that a low dissociation probability of
short-lived bound electron–hole pairs is the main cause of the poor performance. The limi-
tation is most probably caused by insufficient phase separation, which leads to localization
of charges on isolated parts of the donor and acceptor phases.



Device preparation. PF10TBT was synthesized at the Netherlands Organization for Applied Scientific Research

(TNO) and used as received. In this study two batches were used, which are identified by their weight-average

molecular weight (Mw ). The low-MW polymer had Mw = 5× 103 g/mol and polydispersity index PDI ≈ 1.7, the

high-MW batch had Mw = 1.9× 105 g/mol and PDI ≈ 3.5. The electron acceptor, PCBM, was obtained from

Solenne. Polymer and fullerene were mixed in a 1:4 weight ratio and dissolved in chlorobenzene. Since the solu-

bility of high-MW PF10TBT in chlorobenzene at room temperature is low, solutions were stirred and processed

at 90◦C. ITO-patterned glass substrates were cleaned, treated in a UV-ozone reactor and coated with a 40−60 nm

thin hole-transporting buffer layer of PEDOT:PSS (H.C. Starck GmbH). The photoactive layer was spin coated

in air with typically 80− 100 nm thickness. Solar cells were finalized with evaporation of a 1 nm LiF / 100 nm

Al cathode to ensure an ohmic electron contact with the PCBM phase. To study hole transport properties of the

blend, an electron-blocking 20 nm Pd / 80 nm Au top contact was applied instead of the LiF/Al cathode.

Electrical measurements. Current–voltage characteristics were recorded using a Keithley 2400 SourceMeter.

Measurements were performed in the dark and under illumination from an uncalibrated Steuernagel SolarCon-

stant 1200 metal-halide lamp with an estimated intensity equivalent to 1.3−1.4 suns, as determined by comparison

of measured and calculated short-circuit current densities (see below).

Spectral responsivity (SR) measurements were carried out with a lock-in amplifier, a transimpedance amplifier

and a focused, chopped monochromatic beam from a quartz tungsten halogen lamp and several narrow band pass

filters. An estimation of the short-circuit current density Jsc under standard test conditions was calculated by con-

volving the SR spectrum with the AM1.5G reference spectrum, using the verified premise of a linear dependence

of Jsc on light intensity. The estimated illumination intensity for the material under study was taken as the ratio

of the measured and calculated Jsc.

Optical characterization. The refractive index n and extinction coefficient k of thin films of PF10TBT:PCBM

were determined with variable-angle spectroscopic ellipsometry (VASE), using a VASE ellipsometer from J.A.

Woollam Co., Inc. The VASE measurements were combined with transmission and reflection measurements to

enable accurate fits of the experimental ellipsometric data in the employed wavelength range from 300 to 1500 nm.

The optical constants of glass, ITO, quartz, silicon and PEDOT:PSS were determined separately. For ITO and

PEDOT:PSS, anisotropic optical constants were found. Since illumination during current-voltage measurements

takes place at normal incidence, the components in the direction perpendicular to the plane of the substrate were

used in the transfer-matrix calculations. The optical properties of LiF and aluminum were taken from literature.

Next, the n and k of composite layers of PF10TBT and PCBM on various substrates were determined by fitting

the data with several Gaussian oscillators. No indications of anisotropy in the active layers were found and the

data were interpreted with a uniform dielectric function throughout the layer.
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Abstract

In the previous chapter, we have seen that a low dissociation probability of bound
electron–hole pairs can lead to a profound limitation of the photogenerated current
in PF10TBT:PCBM solar cells. A similar issue has been identified in polymer:fullerene
solar cells based on the small-bandgap absorber PCPDTBT. In this case, device per-
formance can be improved dramatically by adding small amounts of 1,8-octanedithiol
to the solvent. This chapter presents an analysis of the experimental photocurrent of
PCPDTBT:PCBM cells with the focus on the influence of the process additive. It is
found that, in contrast to devices that are spin coated from pure chlorobenzene, cells
that are processed with the additive do not produce a recombination-limited photocur-
rent. Modeling of the experimental data reveals that a strong reduction in the decay
rate of photogenerated bound electron–hole pairs can fully account for the marked in-
crease in short-circuit current density and fill factor. At short-circuit conditions, the
dissociation probability of bound pairs is found to increase from 48% to 70%.
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Contrary to inorganic materials, conjugated polymers have a tunable chemical structure
that allows optimization of solar cell performance already during synthesis. Engineering
of the optical bandgap is of particular interest, as small-bandgap materials enable harvesting
of lower-energy photons that are not absorbed by large-bandgap materials. As illustrated
in Figure 3.1, a polymer with a bandgap Egap = 2 eV can potentially absorb only 21% of
all incoming solar photons. If absorption is extended to λ = 1000 nm by switching to a
small-bandgap absorber, this number increases to 55%. Since the higher photocurrent is
compromised by an inevitable decrease in voltage, there must be a bandgap at which the
achievable efficiency is highest. Depending on the specific assumptions used in predictive
simulations, the optimum donor bandgap for polymer solar cells with PCBM as electron
acceptor is projected to be around 1.5 eV. [1–3]

One of the more promising small-bandgap polymers receiving a lot of attention is
PCPDTBT (see Figure 1.7). [4,5] The combination of an electron-deficient benzothiadia-
zole unit with a thiophene-based moiety results in a LUMO energy level of 3.6 eV, which is
lower than that of poly(3-hexylthiophene) (P3HT), whereas the HOMO level at 5.3 eV re-
mains closer to that of polythiophenes. [6] The two fused thiophene rings reduce the tilt an-
gle, which contributes to the low electrochemical bandgap of 1.7 eV. The optical bandgap
as derived from absorption measurements on thin films was reported to be 1.4− 1.6 eV,
depending on the chosen reference point.

Figure 3.1: Solar photon flux (solid line) and cumulative fraction of solar photons with λ >
280 nm (dashed line) versus wavelength λ and photon energy hν. The total integral number of
solar photons in the AM1.5G spectrum (280 nm< λ< 4000 nm) amounts to 4.3×1021 m−2s−1.
Dotted lines: fraction is 21% at Egap = 2 eV (λga p = 620 nm) and 55% at Egap = 1.24 eV (λgap =
1000 nm).



Figure 3.2: Absorption coefficients of PCPDTBT:PCBM (1:4 w/w) and PF10TBT:PCBM (1:4
w/w) as a function of wavelength and energy.

Figure 3.2 compares the absorption coefficient α of thin films of PCPDTBT:PCBM (1:4
w/w) and PF10TBT:PCBM (1:4 w/w), as calculated from the extinction coefficient k using
α = 4πk/λ. The extinction coefficient was determined together with the refractive index
n using variable-angle spectroscopic ellipsometry. Although not all high-energy photons
are absorbed as efficiently, the absorption of PCPDTBT clearly has an improved overlap
with the solar spectrum.

(a) (b)

Figure 3.3: (a) Experimental Jsc (symbols) and calculated Jsat (solid line) of PCPDTBT:PCBM
cells with varying layer thickness. (b) Internal quantum efficiency (symbols) calculated from
IQE= Jsc/Jsat. The dotted line is a guide to the eye.



PCPDTBT has been used as an electron donor to PCBM in bulk heterojunction solar
cells with a power conversion efficiency of 2.7%. [7] Substitution of PCBM with [70]PCBM
resulted in an increase of the efficiency to 3.2% due to enhanced absorption in the visible.
In both cases, however, device performance was mainly limited by a rather low fill factor
(FF < 0.5). A significant improvement in photovoltaic performance has been found for
devices that were processed from solutions containing small amounts of 1,8-octanedithiol
(ODT). [8] The observed increase in efficiency was ascribed to improved phase separation.

In this chapter, we investigate the effects of processing with ODT on the experimen-
tal photocurrent of PCPDTBT:PCBM solar cells. Using numerical device simulations,
we demonstrate that the observed differences arise from more efficient generation of free
charge carriers upon addition of ODT, caused by reduced geminate recombination of charge-
transfer states.

In order to obtain a frame of reference for the remainder of this chapter, we first consider
the photovoltaic properties of solar cells processed from 1:4 w/w mixtures of PCPDTBT
and PCBM in pure chlorobenzene. From J −V measurements on a series of devices with
varying layer thicknesses, we found a maximum efficiency of η= 2.0% at layer thicknesses
of 90− 100 nm. As depicted in Figure 3.3a, this thickness region coincides with the max-
imum of the measured short-circuit current density of 73 A/m2. Transfer-matrix calcu-
lations based on the optical constants that were measured on similar layers reveal a total
exciton generation rate Gtot = 9.5× 1020 m−2s−1 in a layer of 95 nm thickness. Under
the assumption that all generated excitons contribute to the photocurrent, the saturated
photocurrent Jsat = qGtot is calculated to be Jsat = 150 A/m2. In reality not all absorbed
photons result in carriers that can be extracted at the electrodes, i.e., the internal quantum

Figure 3.4: Fill factor of PCPDTBT:PCBM (1:4 w/w) solar cells for various thicknesses.



efficiency (IQE) is less than unity. The IQE is given by the ratio of Jsc to Jsat and is calcu-
lated to be as low as 49% for L= 95 nm. It can be seen in Figure 3.3b that the IQE decreases
strongly with increasing thickness already for L< 100 nm.

The inefficient conversion of absorbed photons to free charges has a strong impact on
the fill factor as well. Due to space-charge effects and recombination, it is usually expected
that the fill factor drops for very thick layers. [9] However, as shown in Figure 3.4, the
average fill factor of PCPDTBT:PCBM cells with a thickness of only 100 nm is already
as low as 0.41. Evidently, the low values of Jsc and FF strongly limit the efficiency of
PCPDTBT:PCBM cells.

In recent years, an increasing amount of reports have emerged that deal with ways to in-
fluence the morphological characteristics of bulk heterojunction films during processing.
Proposed methods include changing processing solvents, using solvent mixtures and pro-
cessing with additives. [10–15] In the case of PCPDTBT:[70]PCBM, an improved efficiency
of 5.5% was reported after addition of ODT to the blend solution prior to spin coating. [8]

Similar to the case of the low-molecular-weight PF10TBT:PCBM cells discussed in
Chapter 2, the inefficient dissociation mechanism in PCPDTBT:PCBM cells is most prob-
ably related to an inappropriate nanoscale morphology. Instead of forming pronounced
phase-separated domains, the polymer and fullerene exhibit excessive intermixing. [16]

(a) (b)

Figure 3.5: (a) External quantum efficiency spectra of PCPDTBT:PCBM solar cells spin coated
with ODT (filled circles, 1:2.5 w/w) and without (open circles, 1:4 w/w). Both cells are 97 nm
thick. The inset contains a close-up of the EQE spectra normalized at λ = 710 nm, which
displays the spectral shoulder that arises upon addition of ODT. (b) Experimental characteristics
of the same devices. See Table 3.1 for a summary of the photovoltaic performance.



Table 3.1: Photovoltaic performance of PCPDTBT:PCBM cells processed from chlorobenzene
with and without 1.75 vol % ODT.

D/A ratio ODT L [nm] Jsc [A/m
2] Voc [V] FF η [%]

1:4.0 no 97 73 0.65 0.43 2.0

1:2.5 yes 97 97 0.60 0.52 3.0

Relative difference: +33% -8% +21% +50%

Figure 3.5a shows the influence of processing with ODT on the external quantum
efficiency of two 97 nm thick PCPDTBT:PCBM solar cells. It was found experimen-
tally that a donor–acceptor weight ratio of 1:2.5 gives the highest efficiencies for cells pro-
cessed with ODT. The cell that was processed from pure chlorobenzene had the standard
PCPDTBT:PCBM weight ratio of 1:4. Upon addition of ODT, the maximum EQE dra-
matically increases from 31% to 41% at 710 nm and a slight shoulder appears around λ =
800 nm (Figure 3.5a). Such spectral broadening has been observed before using ultraviolet-
visible absorption spectroscopy and was attributed to stronger interchain interactions and
improved structural order. [8] From integration of the EQE spectra with the AM1.5 global
reference spectrum according to Eq. (1.8), an increase of the short-circuit current density
of 35% is expected. A similar increase of Jsc was observed in J −V measurements, which
showed Jsc = 73 A/m2, Voc = 0.65 V, FF = 0.43 and η=2.0% for the cell from pure chloro-
benzene, and Jsc = 97 A/m2, Voc = 0.60 V, FF = 0.52 and η=3.0% for the device processed
with ODT. These results are shown in Figure 3.5b and summarized in Table 3.1.

The influence of processing with ODT on the photocurrent Jph is shown in Figure 3.6.
For the cell processed from pure chlorobenzene, it is observed that Jph shows a square-root
dependence on voltage (slope S = 1

2 ) at moderate effective voltages. The photocurrent of
the cell processed with ODT, however, does not exhibit such a voltage dependence. A clear
enhancement of Jph at moderate effective voltages is observed when processing is performed
with the additive, reflecting the increase of both short-circuit current and fill factor.

As discussed in Chapter 2, a Jph ∝
p

V dependence can be caused by the formation of
space charge due to unbalanced charge transport or by a low mobility–lifetime (µτ) prod-
uct due to recombination or trapping. [17] Using intensity-dependent photocurrent mea-
surements, Lenes et al. have shown that the photocurrent of PCPDTBT:PCBM cells (1:4



Figure 3.6: Symbols: experimental photocurrent of PCPDTBT:PCBM solar cells (L= 100 nm)
processed from pure chlorobenzene (squares) and chlorobenzene containing 1.75 vol% ODT
(circles). Please note that V0 is slightly higher (circa 30 mV) than Voc. P denotes the average
dissociation probability of bound pairs under short-circuit conditions. Lines: numerical sim-
ulations of the photocurrent in which only the value of k f was changed (solid lines; without
ODT k f = 1.4× 107 s−1; with ODT k f = 3× 106 s−1). The dashed line represents a simulation
using the parameters of the 1:4 w/w, no ODT device, but with µh =µe = 7× 10−8 m2/Vs.

w/w) is recombination limited when no additive is used. [18] Modeling of the experimen-
tal photocurrent revealed a short lifetime of bound e–h pairs, leading to a low probability
of dissociation at the donor–acceptor interface. In time-resolved spectroscopic studies on
PCPDTBT:PCBM composites, Hwang et al. observed a relatively short-lived intermedi-
ate charge-separated state as well. [19] Charge-transfer recombination to the ground state
directly limits the amount of mobile carriers and is therefore considered an important loss
mechanism in this materials system.

The numerical simulation of the photocurrent of our 1:4 w/w PCPDTBT:PCBM solar
cell is shown together with the experimental data in Figure 3.6. Using the previously re-
ported hole and electron mobilities of the blend, [18] the photocurrent is described well with
an initial bound pair separation distance a = 2.1 nm and a decay rate of k f = 1.4× 107 s−1.
These values are in very good agreement with the results of Lenes et al. Note that com-
pared to other polymer:fullerene systems, for which k f values ranging from 104 to 106 s−1

have been found, [20–22] PCPDTBT:PCBM heterojunctions have an extremely high bound
pair decay rate.

It has been shown that charge transport in PCPDTBT:PCBM composites processed with-
out ODT is well balanced with low-field hole and electron mobilities µh = 3×10−8 m2/Vs



and µe = 7× 10−8 m2/Vs, respectively. [18] Space charge effects [23] are therefore insignif-
icant in pristine PCPDTBT:PCBM blends. In order to assess whether changes in charge
transport can play a role in the improvement of the photocurrent of solar cells processed
with ODT, we examined the dark current JD under forward bias. In most bulk hete-
rojunctions JD is dominated by electrons, as these are the fastest carriers. A fit of the
single-carrier space-charge-limited current of Eq. (1.2) to the dark current gave a field-
independent electron mobility µe = 7×10−8 m2/Vs for both cells. It is most probable that
this number indeed represents the electron mobility in PCBM. However, it simultaneously
forms an upper limit for µh , which was not measured separately. We therefore simulated
the Jph curve of a 97 nm thick PCPDTBT:PCBM cell under the extreme assumption that
µh =µe = 7×10−8 m2/Vs, leaving all other simulation parameters the same as reported by
Lenes et al. for pristine layers. The simulation, of which the results are shown in Figure 3.6,
produces a fill factor of 46% and a short-circuit current density of 88 A/m2 and clearly does
not provide a good fit to the data of the device processed with ODT. It is therefore highly
unlikely that the improved performance of ODT-processed devices is related to improved
hole transport. Instead, the considerable improvement in Jph is expected to be related to a
change in recombination losses. [18]

The only parameter that needs to be changed in order to fit the markedly different pho-
tocurrent of the solar cell processed with ODT is the bound pair decay rate k f . An almost

Table 3.2: Parameters used in the numerical simulation of the current–voltage characteristics
presented in Figure 3.7.

Parameter Symbol Value

1:4 w/w, no ODT 1:2.5 w/w, with ODT

Effective bandgap Egap 1.10 eV 1.02 eV

Electron mobility µe 7× 10−8 m2/Vs 7× 10−8 m2/Vs

Hole mobility µh 3× 10−8 m2/Vs 3× 10−8 m2/Vs

Effective density of states Nc 2.5× 1025 m−3 2.5× 1025 m−3

Generation rate Gmax 9.5× 1027 m−3s−1 9.5× 1027 m−3s−1

Relative dielectric constant εr 3.4 3.4

Initial bound pair distance a 2.1 nm 2.1 nm

Bound pair decay rate k f 1.4× 107 s−1 3.0× 106 s−1



Figure 3.7: Experimental and simulated J −V characteristics of PCPDTBT:PCBM solar cells
under illumination.

five-fold reduction of the bound pair decay rate k f to a value of 3× 106 s−1 can account for
the entire improvement of Jph upon addition of ODT. Table 3.2 displays all device parame-
ters that were used in the calculations. These results are in keeping with a study by Clarke
et al., who used transient-absorption spectroscopy to demonstrate that increased photogen-
eration of charges in PCPDTBT:[70]PCBM cells processed with ODT can be assigned to
reduced geminate recombination losses. [24]

At high reverse voltages, the photocurrent saturates as the dissociation probability P of
bound pairs approaches unity and all photogenerated charges are extracted at the electrodes.
In this regime, the saturated photocurrent density is given by Jsat = qGL, where q is the
elementary charge and G the amount of generated e–h pairs. Since both cells have the same
thickness and show saturation of the photocurrent at the same value of Jsat, it is evident
that they produce the same amount of bound e–h pairs. The sole difference is the efficiency
with which these are dissociated. Outside the saturation regime, P < 1 and the generation
rate of free carriers is equal to PG. Figure 3.6 can therefore be used to directly assess P
at short-circuit conditions, by comparison of Jph with Jsat. It follows that the addition of
ODT results in an increase of the dissociation probability from 53% to 70%.

Using the experimentally determined model parameters, we simulated the entire cur-
rent–voltage characteristics of PCPDTBT:PCBM cells processed with and without ODT.
This is shown in Figure 3.7. As predicted, [18] the lower value of k f accounts for both the
enhanced short-circuit current and the increase in fill factor from 0.43 to 0.52.

In conclusion, we have shown that the photocurrent of PCPDTBT:PCBM solar cells loses
its recombination-limited character when the polymer:fullerene layer is processed from
chlorobenzene containing 1.75 vol % 1,8-octanedithiol. Numerical device modeling re-



vealed a reduction of the decay rate of bound electron-hole pairs from 1.4 × 107 s−1 to
3.0× 106 s−1 due to the addition of ODT. The lower amount of geminate recombination
enables more efficient dissociation of bound pairs into free charge carriers, which results
in a higher short-circuit current density and fill factor. The average dissociation probabil-
ity under short-circuit conditions was found to increase from 53% for the device processed
from pure chlorobenzene to 70% for the cell processed with ODT.

Device preparation. PCPDTBT (Konarka) and PCBM (Solenne) were dissolved in a 1:2.5 weight ratio in pure

chlorobenzene, or chlorobenzene containing 1.75 vol% ODT (Aldrich). The photoactive layers were spin coated

under a nitrogen atmosphere on thoroughly cleaned glass substrates patterned with indium tin oxide on which

a thin layer of PEDOT:PSS (VP AI4083, H.C. Starck) was applied. After thermal deposition of a 1 nm LiF /

100 nm Al cathode at 10−6 mbar, the samples were kept under nitrogen atmosphere for current-voltage (IV) and

external quantum efficiency (EQE) measurements.

Characterization. IV measurements were performed in the dark and under illumination from a Steuernagel

SolarConstant 1200 metal halide lamp set to 1 sun intensity using a silicon refence cell and correcting for spec-

tral mismatch (M = 1.05). [25] EQE spectra were recorded versus a silicon reference, using a custom-built setup

comprising a lock-in amplifier, a transimpedance amplifier and a focused, chopped monochromatic beam from a

quartz tungsten halogen lamp and a range of narrow-band-pass filters.
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Abstract

Metal oxides can be used as electron acceptor in hybrid organic-inorganic bulk hetero-
junction solar cells, thus providing an interesting alternative to the fullerene derivatives
that we have seen in the previous chapters. Within this class of inorganic materials, zinc
oxide is possibly one of the more versatile. When used as an electron acceptor, it can
be incorporated in the form of nanoparticles or via in situ conversion of an organo-
zinc precursor. In this chapter, we investigate the effects of the use of diethylzinc as a
molecular precursor for zinc oxide in polymer solar cells. We find that upon addition of
diethylzinc, the absorption spectrum of MDMO-PPV shifts to the blue and hole trans-
port through the polymer deteriorates dramatically. This indicates a reduction of the
conjugation length of the polymer backbone, most probably caused by the breaking
of trans vinyl bonds. To prevent such polymer degradation, P3HT is introduced as the
electron donor. The system of P3HT and precursor ZnO reveals an unchanged UV-VIS
absorption profile and zero-field hole mobility with respect to the pristine polymer, as
well as an improved photovoltaic performance with an estimated power conversion ef-
ficiency of 1.4%.
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Today’s most efficient polymer-based solar cells are constructed from an interpenetrating
network of an electron donating polymer and an electron-accepting fullerene derivative. [1]

However, other classes of materials with varying optoelectronic properties have been used
as an electron acceptor in BHJ solar cells as well, such as n-type conjugated polymers [2,3]

and inorganic semiconducting materials. The latter is perhaps the most versatile group:
mixtures of polymers with nanoparticles of TiO2

[4] and ZnO, [5–7] ZnO nanorods, [8] CdSe
nanorods [9] and tetrapods, [10,11] as well as polymers permeated in mesoporous networks
of TiO2

[12,13] have been successfully integrated in devices showing a photovoltaic effect.

Another method of realizing a hybrid nanoscale heterojunction consists in adding to
the polymer solution a molecular precursor that, via hydrolysis and condensation reac-
tions, converts to the desired n-type metal oxide, e.g. TiO2, [14,15] in situ during spin coat-
ing. This approach surmounts a much encountered problem associated with the applica-
tion of nanoparticles, which is that a common solvent for the polymer and the inorganic
acceptor is required. Furthermore, as with polymer-nanoparticle systems, the high elec-
tron mobility of the inorganic phase can be utilized in favor of the photoinduced current.

Unfortunately, however, in polymer:TiO2 solar cells from a molecular precursor the ill-
defined structure of the metal oxide phase actually limits the current and thus the overall
performance. At room temperature the titanium(IV) isopropoxide precursor is converted
in air into amorphous TiO2, whereas crystallization of the metal oxide would require in-
compatibly high temperatures well above 350 ◦C. [16] To overcome this limitation, Beek
et al. have successfully made MDMO-PPV:ZnO solar cells with diethylzinc as a precursor
for ZnO. Since ZnO crystallizes already at room temperature, moderate annealing temper-
atures can be used that are compatible with the presence of the conjugated polymer in order
to prepare a well-performing inorganic semiconductor phase. From EQE measurements,
promising power conversion efficiencies of 1.1% (AM1.5G, 1 kW/m2) were estimated. [17]

In this chapter, we show that the chemical reaction of diethylzinc with moisture that
takes place in situ during the fabrication of hybrid solar cells with MDMO-PPV has pro-
found effects on the optoelectronic properties of the polymer. It is found that the polymer
partially degrades, which has adverse effects on hole transport. Due to the chemical reac-
tion, the photovoltaic behavior of these cells is unpredictable and their efficiency is rather
low. To solve this problem, we demonstrate solar cells based on diethylzinc and P3HT,
which is not affected by the chemical reaction during processing.

The conversion of diethylzinc into ZnO is initiated upon exposure to water. Although the
rate of the process is tempered by the addition of THF to the diethylzinc solution, it is



important to keep the humidity of the surrounding atmosphere at a constant level. In spite
of the high level of control of the relative humidity in our experiments, we measured large
variations in the performance of MDMO-PPV:ZnO solar cells with 15 vol % ZnO and a
layer thickness of 100 ± 5 nm. Under illumination from a UV-filtered tungsten-halogen
lamp with an intensity of approximately 0.8 sun, the most efficient cell gave a short-circuit
current density Jsc of 20 A/m2, an open-circuit voltage Voc of 1.03 V and a fill factor FF
of 0.41. An identical device processed on another day, however, showed a substantially
reduced performance: Jsc = 8.3 A/m2, Voc = 1.00 V, and FF = 0.34. The parameters of
another 40 devices were scattered randomly between these two extremes, which resulted in
a substantially lower average efficiency of approximately 0.7%.

Because of this large variation in performance, an undesirable chemical side reaction
is anticipated that has a detrimental effect on the structural and electronic properties of
the polymer. The predominant degradation mechanism of conjugated polymers is photo-
oxidation, [18,19] which generally leads to a deterioration of the photoconductivity and thus
device performance under illumination in the presence of oxygen. [20] In poly(p-phenylene
vinylene) (PPV) derivatives this degradation presumably results in a decrease of the con-
jugation length of the backbone. As the vinylene moiety is the most reactive part of the
backbone, it is expected that the effects of the chemical reaction that is deliberately in-
duced during spin coating involves polymer degradation through the breaking of trans
vinyl (−C=C−) bonds.

In Figure 4.1, the absorption spectrum of three different solutions of MDMO-PPV in chlo-
robenzene are shown. The solid line shows the absorbance of pristine MDMO-PPV dis-
solved directly after it was taken out of the stock bottle, whereas the dashed line represents
the polymer after redissolving it from a pure MDMO-PPV layer that was spin coated on top
of a glass substrate and subsequently aged and annealed in humid nitrogen. No effect on the
absorption spectrum due to the processing under these conditions can be seen. However, a
blueshift (∆λ) of 17 nm is found for the absorbance maximum of the polymer redissolved
from a layer that was spin coated from a mixture of MDMO-PPV and diethylzinc under
humid conditions (dotted line). Such a blueshift is indicative of a reduction of the conjuga-
tion length of the polymer. Clearly, it is reasonable to expect that at least a small amount
of the trans vinyl bonds are affected during the chemical process of precursor conversion.

1

A change in chemical composition of the polymer should become apparent in proton
nuclear magnetic resonance (1H NMR) measurements. Since 1H NMR spectra of poly-



Figure 4.1: Absorption spectra of MDMO-PPV in chlorobenzene, dissolved directly from the
stock bottle (solid line), redissolved from a processed layer of the neat polymer (dashed line),
and redissolved from a composite layer with precursor ZnO (dotted line).

Processed with ZnEt2

From stock bottle

O

O

MEH-OPV5

Figure 4.2: Left: Chemical structure of MEH-OPV5. Right: 1H NMR spectra of MEH-OPV5
in CDCl3, dissolved directly from the stock bottle (bottom) and redissolved from an MEH-
OPV5:ZnO layer processed using in situ conversion of diethylzinc (top).

mers usually result in broad and ill-defined resonance peaks, we mimicked the processing
using the model compound (E,E,E,E)-1,4-bis[(4-styryl)styryl]-2-methoxy-5-(2-ethylhexyl-
oxy)benzene (MEH-OPV5, see Figure 4.2), [21] which was processed under similar condi-
tions as the MDMO-PPV cells using diethylzinc. The pristine five-ring oligomer MEH-
OPV5 contains four olefinic vinyl moieties that are clearly resolved by 1H NMR. When
diethylzinc (in a toluene/THF mixture) is introduced during the processing procedure,
new peaks appear between 7.84 and 7.69 ppm. Furthermore, several ill-defined multiplets
arise between 3.53 and 2.41 ppm. These additional shifts are reconcilable with disappear-
ance of some of the vinyl bonds and the formation of oxidized species such as alcohol or
ketone and the complementary formation of saturated C—C bonds. The most pronounced
signs of degradation, however, were found in the deterioration of charge carrier transport.



Figure 4.3: J −V characteristics of hole-only devices based on MDMO-PPV (squares) and
MDMO-PPV:ZnO (circles). The solid line represents a numerical fit using the single-carrier
space-charge-limited current with a density-dependent mobility. The dashed line shows the cal-
culated J −V curve for the 95 nm thick MDMO-PPV:ZnO device, using the model parameters
from the fit of the pristine MDMO-PPV diode (L = 66 nm). The dash-dotted line denotes a
numerical simulation which takes into account a low mobility and a large field-activation pa-
rameter.

Figure 4.3 shows the current densities under forward bias of hole-only devices from a neat
MDMO-PPV layer (squares) and from a composite layer, in which ZnO is introduced via
the conversion of diethylzinc (circles). Both layers were spin coated, aged and annealed in
40% relative humidity. The applied voltage was corrected for the built-in voltage (the volt-
age for which J becomes proportional to V 2) and the voltage drop over the series resistance
of the ITO/PEDOT:PSS electrode (typically between 25 and 40 Ω/�) to obtain the inter-
nal voltage (Vint) over the active layer. We used our numerical device model, [22] assuming
a density-dependent mobility, to make a fit to the hole-only current through the pristine
MDMO-PPV device. This resulted in a zero-field hole mobility µh (0) = 5× 10−10 m2/Vs,
a conductivity prefactor σ0 = 3.1× 107 S/m, an effective overlap parameter α−1 = 0.14 nm
and a width of the exponential density of states T0 = 518 K. Since these values are common
for MDMO-PPV at room temperature, [23] it is concluded that processing and annealing
under humid conditions has no influence on hole transport in a pristine MDMO-PPV
layer. Please note that the zero-field hole mobility of this batch of MDMO-PPV, which
was synthesized via the sulfinyl route, is ten times higher than previously reported for
MDMO-PPV. [24]

In a bulk heterojunction of MDMO-PPV and ZnO from diethylzinc, the hole current den-
sity at low voltages is about two orders of magnitude lower than in the pristine polymer



layer and the slope of J versus V is much larger. This can be seen more clearly by com-
parison of the measured data of the 95 nm thick hybrid device with the calculated current–
voltage characteristics. In the simulation, the model parameters of the pristine MDMO-
PPV layer were used and only the layer thickness and dielectric constant were changed
accordingly. Since the strong bias dependence of J could not be recovered in the simula-
tion, a fit to the data of the hybrid layer could not made under the assumption of a purely
density-dependent mobility. As an alternative indication of the change in hole transport,
the data was fitted numerically using SCL currents with a high field-activation parameter of
the mobility and a low zero-field hole mobility. The resulting room-temperature mobility
µh (0) = 1.8×10−12 m2/Vs was more than two orders of magnitude lower thanµh (0) in pris-
tine MDMO-PPV and the field-activation parameter amounted to γ = 1.3×10−3 (m/V)0.5.
Such a value of γ is abnormally high for a conjugated polymer, which makes justification of
this interpretation difficult. It nevertheless confirms that processing MDMO-PPV together
with diethylzinc in a humid environment has a huge undesired influence on hole transport
through the polymer, which can be caused by the disappearance of only a few percent of
the vinyl double bonds.

We note that the incorporation of neutral traps for charge carriers in the polymer phase
can also result in low currents and a strong dependency on voltage. However, using the nu-
merical device model with neutral traps that are exponentially distributed in energy, there
was no combination of parameters that could simultaneously describe the temperature de-
pendence of the hole current and its variation with sample thickness consistently. For a
given set of parameters extracted from fits to the temperature-dependent J −V curves, the
resulting calculated thickness scaling (see Ref. 25) of J was much stronger than the mea-
sured thickness dependence of the current density in multiple samples. Doubling the layer
thickness resulted in a calculated current density that was an order of magnitude lower
than the measured current, i.e., the dissimilarity was not caused by the uncertainty in the
thickness measurements. Moreover, it was necessary to incorporate an additional field de-
pendence of the mobility to obtain a good fit to the data. Therefore, neutral-trap-limited
hole currents are inadequate in describing the observed effect.

The remarkable change in the hole-only device characteristics possibly arises from field-
assisted detrapping of holes in the polymer, in which charged traps might have been intro-
duced due to interactions with diethylzinc or its reaction products during processing of the
layers. In this case the conductivity of the sample is increased as the escape rate of charges
from an oppositely charged trap is enhanced by the presence of an applied electric field E
(Frenkel-Poole emission, see Figure 4.4a). [26] The field dependence of the current density
in this regime is given by: [27]

J ∝ E exp

 

γFP

p
E

kT

!

(4.1)
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Figure 4.4: (a) Schematic representation of Frenkel-Poole emission. The Coulomb potential
barrier (solid line) is lowered (dash-dotted line) by an amount∆U in the direction of an applied
electric field (dashed line). (b) A plot of log(J/V ) versus

p
V will result in a straight line when

the current is dominated by Frenkel-Poole emission. This is not the case for space-charge-limited
conduction.

Figure 4.5: Plot of log(J/V ) versus
p

V for a 95 nm thick MDMO-PPV:ZnO hole-only device
at room temperature. The solid line is a linear fit to the data.

with γFP =
Æ

q3/πε. Under the assumption that the electric field can be approximated by
E ≈V /L, a data plot of log(J/V ) versus

p
V should yield a straight line, in contrast to the

case of SCL conduction (see Figure 4.4b).
In Figure 4.5, the current-voltage characteristics of the 95 nm thick MDMO-PPV:ZnO

device are shown in the log(J/V ) versus
p

V representation. The data clearly follow a
straight line, which indicates that the functional dependence of J on E as represented by
Equation (4.1) can be used to interpret the data.

Using Eq. (4.1), we can fit the J −V characteristics of our hybrid MDMO-PPV:ZnO
hole-only diodes for various temperatures and thicknesses by allowing the field activation
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Figure 4.6: Current-voltage characteristics of MDMO-PPV:ZnO hole-only diodes with a thick-
ness of (a) L = 95 nm and (b) L = 183 nm at T = 295 K (squares), T = 255 K (circles) and
T = 215 K (triangles), using γ/γFP = 0.85. The lines are fits using Eq. (4.1).

parameter γ to vary. All fits shown in Figure 4.6 were made using γ/γFP =0.85. From the
fact that the field dependence of our data closely resembles that of Frenkel-Poole emission,
we conclude that it is very likely that the deteriorated hole transport properties in MDMO-
PPV:ZnO diodes is related to the introduction of charged traps due to the presence of
diethylzinc.

In MDMO-PPV:PCBM cells, the hole mobility is enhanced due to the presence of the
acceptor phase. [28] Hole conduction in cells from MDMO-PPV and ZnO nanoparticles
shows no changes with respect to transport in the pristine polymer. [6] Therefore, the dete-
rioration of hole transport through MDMO-PPV processed under humid conditions and
in the presence of diethylzinc forms a major drawback in the use of this polymer for hybrid
solar cells with precursor ZnO.

Obviously, using a chemically more stable conjugated polymer is the most direct way of
avoiding the processing-related deterioration of hole transport. Polythiophene derivatives,
for example, do not contain vinyl moieties and are more resistant to oxidation than PPVs
under identical circumstances. [29] By comparison of the absorbance, J −V characteristics
and fitted hole mobilities of P3HT with and without ZnO to the results on MDMO-PPV,
we can conclude that P3HT is remarkably suitable for this purpose. Figure 4.7a clearly
shows that the absorbance of P3HT in chlorobenzene is not influenced by first processing
it under humid conditions, either in the presence of diethylzinc or without it. Also, as
expected, the J −V curves of hole-only devices from P3HT and P3HT:ZnO layers had
similar slopes (Figure 4.7b). The difference in magnitude of J is due to a difference in layer



(a) (b)

Figure 4.7: (a) Absorption spectra of P3HT in chlorobenzene, dissolved directly from the stock
bottle (solid line), redissolved from a processed layer of the neat polymer (dashed line), and
redissolved from a composite layer with precursor ZnO (dotted line). (b) J −V characteristics
of hole-only diodes made of P3HT (squares, L= 141 nm) and P3HT:ZnO (circles, L= 117 nm).
The lines denote numerical fits with a density-dependent mobility.

thickness. The fitted density-dependent hole mobility at room temperature as determined
with numerical simulations was equal for P3HT:ZnO and neat P3HT layers that were spin
coated, aged and annealed in nitrogen with 40% relative humidity. The fits resulted in
µh (0) = 2.0× 10−4 m2/Vs, σ0 = 1.6× 106 S/m, α−1 = 0.16 nm and T0 = 425 K, being equal
to earlier reported values for pristine P3HT layers. [30] These results indicate that it might
be advantageous to use P3HT instead of MDMO-PPV in BHJ solar cells with precursor
ZnO.

To obtain a one-to-one comparison, we prepared photovoltaic devices from P3HT:ZnO
with 15 vol % ZnO using the same procedure as for the cells from MDMO-PPV. The cells
were characterized by IPCE and J −V measurements at the Energy research Centre of the
Netherlands (ECN), under illumination from a UV-filtered tungsten-halogen lamp setup
with an intensity of circa 1.0 sun. A cell with a layer thickness of 102 nm resulted in a Jsc

of 35 A/m2, a Voc of 0.83 V, and a FF of 0.50. This is illustrated in Figure 4.8, together
with the J −V curve of the most efficient MDMO-PPV:ZnO device of 96 nm thickness,
measured at 0.8 sun intensity at the University of Groningen.

To account for the spectral mismatch, an estimation for Jsc of the P3HT:ZnO device
under standardized AM1.5G, 1 kW/m2 illumination (Jsc,calc) was made from the IPCE spec-
trum (see Figure 4.9). This was done by calculation of the spectral response from the IPCE
data and integration of its product with the AM1.5G spectrum over the wavelength range



Figure 4.8: Comparison of the photovoltaic effect in MDMO-PPV:ZnO (open circles) and
P3HT:ZnO (filled circles) diodes with 15 vol % ZnO, made via the precursor route using di-
ethylzinc. The light intensity was 0.8 sun for the PPV-based cell and 1.0 sun for the P3HT:ZnO
device.

from 380 to 950 nm, after making sure that the short-circuit current was linearly depen-
dent on light intensity. The resulting calculated short-circuit current density amounted to
33 A/m2, which is a factor of 1.4 higher than the Jsc,calc previously reported for MDMO-
PPV:ZnO cells. [17] It was then used together with the Voc and FF from the J −V mea-
surements to obtain an estimated value of the AM1.5G power conversion efficiency η of
1.4%.

The improvement of the photovoltaic performance is mainly due to the large increase in
Jsc. Unfortunately, this positive effect is opposed by a decrease in Voc of 0.2 V. It is unlikely
that this loss can be reduced, since the open-circuit voltage is a bulk property. For BHJ
cells with ohmic contacts, Voc is governed by the energy difference between the highest
occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) [31] or, in this case, the conduction band edge (CBE) of the acceptor. Be-
cause the HOMO level of regioregular P3HT (≈ 4.9 eV) is several tenths of an electronvolt
closer to the CBE of ZnO than the HOMO level of MDMO-PPV (≈ 5.2 eV), the observed
reduction in Voc is, most likely, inevitable.

To further explore the potential of P3HT for solar cells with precursor ZnO, we fabri-
cated devices with a ZnO content of 25 vol % and a layer thickness of about 200 nm.
Assuming that the hole mobility in P3HT remains as high as before and that the perco-
lation of the acceptor phase in the polymer matrix is enhanced by the increased amount
of ZnO in the blend, one expects higher currents and thus an improved efficiency. Figure
4.9 demonstrates, however, that the IPCE spectra of the 25 vol % ZnO and 15 vol % ZnO



Figure 4.9: IPCE spectra of P3HT:ZnO solar cell with a ZnO content of 15 vol % (open circles)
and 25 vol % (filled circles).

cells have similar shapes and maxima of approximately 26% at 500 nm. The calculation of
the AM1.5G current for a 25 vol % ZnO cell gave a Jsc,calc of 32 A/m2, which, combined
with a measured Voc of 0.73 V and FF of 0.47, resulted in an estimated AM1.5G power
conversion efficiency (PCE) of 1.1%. This efficiency is somewhat lower than in the P3HT
photovoltaic cells with 15 vol% ZnO. From additional J −V measurements on layers with
a thickness up to 250 nm, however, we expect that the optimal thickness for the 25 vol %
ZnO system is to be found beyond the 200 nm presented here. Further optimization of the
hybrid polymer:ZnO system is needed in order to verify this.∗

In agreement with the results of Beek and co-workers, [17] all precursor-route solar cells
were found to withstand short-term UV illumination from a tungsten-halogen lamp with-
out a significant decrease in performance. The shelf lifetime in nitrogen of unencapsulated
P3HT:ZnO cells with 15 vol % ZnO was found to be limited due to a decrease of approx-
imately 30% in both Voc and FF after 46 hours of storage, reducing the maximum power
point to about half its initial value. A proportional reduction was found by comparing
η as measured at ECN in a solar simulator with a mismatch factor of 0.99, one day after
processing, to the efficiency estimated with Jsc,calc from the spectral response, which was
measured shortly after processing. Strikingly, the short-circuit current was still at 80% of
its initial value after one week.

In conclusion, we have shown by means of UV-VIS spectroscopy, 1H NMR and charge
carrier transport studies that the presence of highly reactive diethylzinc during the pro-

∗ During the realization of this thesis, the P3HT:precursor-ZnO system was investigated further by Oosterhout et
al. They achieved a power conversion efficiency of 2% at a layer thickness of 225 nm and a ZnO volume fraction
of 20 vol %. [32]



cessing of bulk heterojunctions of MDMO-PPV and ZnO causes the polymer to degrade.
The degradation most likely involves a chemical reaction with trans vinyl bonds in the
PPV backbone, and the conversion to a non-conjugated species. Therefore, we have pre-
pared photovoltaic devices of precursor ZnO and P3HT, which does not contain trans
vinyl groups. No influence of the processing on the UV-VIS absorption spectrum and hole
transport properties of P3HT was found, indicating that diethylzinc does not affect this
polymer. Without optimization, solar cells based on regioregular P3HT and precursor
ZnO had an estimated AM1.5G power conversion efficiency of 1.4% and hence currently
belong to the best performing polymer:metal oxide photovoltaic devices.

Materials. MDMO-PPV (Mw = 5× 105 g/mol, PDI ∼ 2.7, synthesized via the sulfinyl route) was obtained from
TNO and used as received. Regioregular poly(3-hexylthiophene) (RR-P3HT, electronic grade; 98.5% regioregu-
lar; Rieke Metals, Inc.) was dissolved in distilled toluene, dedoped with hydrazine at 60 ◦C and precipitated in
methanol. The fraction collected was Soxhlet extracted for at least 64 hrs with methanol, n-hexane, CH2Cl2 and
finally with CHCl3. The chloroform fraction was precipitated in methanol, dried under vacuum and stored in
the glovebox under N2 atmosphere. Properties of purified RR-P3HT: Tg = 130 ◦C, Mw = 5× 105 g/mol, PDI
∼ 2. The structures of the polymers are shown in Figure 1.7(a).

Device fabrication. The preparation procedure of a typical solar cell based on a bulk heterojunction of MDMO-
PPV and precursor zinc oxide is described below. The fabrication of samples based on regioregular P3HT was
done analogously. A hole-transporting buffer layer of PEDOT:PSS was spin coated on top of a UV-ozone-cleaned
glass substrate, patterned with indium tin oxide (ITO). The photoactive layer was spin coated from a mixed solu-
tion of MDMO-PPV and diethylzinc. This solution was prepared by the addition of the appropriate amount of a
0.4 M solution of diethylzinc in toluene and tetrahydrofuran (THF) to a solution of MDMO-PPV in chloroben-
zene to give an overall polymer concentration of 5 mg/mL. Full conversion of diethylzinc into ZnO was assumed,
which resulted in a volume fraction of 15 vol % ZnO in the heterojunction if a 1:1 weight ratio of the polymer and
ZnO equivalent in the solution was used. The mixed solution (with a typical toluene to THF volume ratio of 1:2)
was spin coated in nitrogen atmosphere with a relative humidity of 40%, controlled by the nitrogen flow through
a gas diffusion bubbler. Subsequently, the hybrid film was aged for 15 minutes and annealed for 30 minutes at
110 ◦C in the same environment. The back contacts, consisting of 1 nm lithium fluoride (LiF) or 5 nm samarium
(Sm) topped with 100 nm aluminum (Al), were thermally deposited in vacuum (10−6 mbar).

Hole-only diodes were constructed for hole transport studies by applying an electron blocking contact, con-
sisting of 20−30 nm Pd and 60 nm Au, instead of the LiF/Al cathode. Under forward bias, the ITO/PEDOT:PSS
bottom electrode served as an ohmic hole injection contact.

Characterization. The J −V characteristics were recorded with a Keithley 2400 SourceMeter in nitrogen at-
mosphere, both in the dark and under illumination. The light source was a 50 W white light tungsten-halogen
lamp. Because of the photocatalytic activity of ZnO (3.2 eV direct gap) that leads to the degradation of organic
compounds in the UV region, [33] the lamp output was filtered with a Schott GG435 low-cut filter. The lamp/filter
combination had a spectral range from 425 nm to 900 nm, with the maximum at 630 nm. The light intensity at the
sample surface, i.e., after the UV filter, was approximately 0.8 kW/m2 for MDMO-PPV:ZnO cells. P3HT:ZnO
solar cells were characterized at ECN, The Netherlands, using a tungsten-halogen setup with an equivalent in-
tensity of 1 kW/m2. Transmittance and absorbance measurements on polymer solutions in quartz cuvettes were
performed with a Perkin-Elmer Lambda 900 Spectrometer.
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Abstract

Series-connected tandem polymer solar cells can be processed from solution by spin
coating a composite middle electrode of ZnO nanoparticles and modified PEDOT:PSS
between the two subcells. Since ZnO dissolves in acidic solutions, a modification of the
pH of PEDOT:PSS is required. In this chapter, we investigate the effects of a deliber-
ately increased pH of PEDOT:PSS on the performance of double-junction solar cells.
It is shown that the work function of PEDOT:PSS layers drops more than 0.5 eV when
the acidity is varied from pH 1.8 to 8.5 by addition of 2-dimethylaminoethanol. The
use of such a modified middle electrode in polyfluorene-based solar cells results in a sig-
nificant decrease in open-circuit voltage. This loss can be circumvented by covering the
modified PEDOT:PSS middle anode with a thin layer of a perfluorinated ionomer prior
to spin coating of the second photoactive layer. Such a middle electrode is demonstrated
in a PF10TBT:PCBM double-junction cell, which produces an open-circuit voltage as
high as 1.92 V.
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Most device architectures used for polymer multijunction solar cells contain two subcells
connected in series. Efficient operation of these tandem cells relies on the adopted mid-
dle electrode. A series connection requires the middle electrode to be conductive and
(semi)transparent and to simultaneously act as an anode and cathode for the two respec-
tive subcells. Furthermore, as low-cost processing is a major asset of organic photovoltaics,
the focus in research has recently shifted towards fully solution-processed solar cells. Metal
oxides are particularly suitable for use with such techniques, as evidenced by reports on
tandem cells containing interlayers of sol-gel processed TiOx

[1] and ZnO nanoparticles
dispersed in acetone. [2] The latter approach has the advantage that the inserted interlayer is
entirely solution-processed from stable dispersions without the need for thermal annealing
steps. It was demonstrated that covering a ZnO layer with a modified PEDOT disper-
sion yields a transparent and conductive interfacial contact, suitable for interconnection
of multiple solar cells based on P3HT and MDMO-PPV. To prevent the ZnO layer from
dissolving upon application of acidic PEDOT:PSS, a dispersion at neutral pH was used. [2]

It was shown that the neutral PEDOT-based middle anode provided an ohmic hole contact
for the P3HT:PCBM back cell. However, since P3HT has a rather low ionization poten-
tial of 4.9 eV, an important question is whether neutral-pH PEDOT:PSS is an appropriate
electrode for polymers having high ionization potentials as well. If this is not the case, the
open-circuit voltage and thus the efficiency might decrease. [3]

In this chapter, we investigate the influence of pH on the conductivity and work func-
tion of PEDOT:PSS layers and its effect on the performance of polymer:fullerene tandem
solar cells. We find that at increased pH the conductivity remains sufficiently high, but a
drop in the work function of PEDOT:PSS strongly limits the open-circuit voltage of single-
layer and tandem cells made of PF10TBT:PCBM. To solve this problem, we include a thin
layer of a perfluorinated ionomer, which raises the work function of the middle electrode
and eliminates the limitation of Voc.

Commonly used electronic grade PEDOT:PSS dispersions are strongly acidic due to an
excess of the polyelectrolyte PSS, which enables the formation of a waterborne dispersion
and acts as a charge-compensating counterion for oxidized thiophene units in the PEDOT
chains. Ultraviolet photoemission spectroscopy (UPS) studies have demonstrated that an
increased pH by addition of NaOH results in a decrease of the work function of electronic-
grade PEDOT:PSS. [4,5] Concomitantly, the ionization energy is unaffected, which indi-
cates that the Fermi level is separated from the HOMO level upon increasing pH, i.e., the
material undergoes a transition from metal-like to semiconductor-like behavior. At high
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Figure 5.1: (a) Chemical structures of PEDOT and PSS. (b) Titration curve of Clevios PH500
with a 1:8 dilution of DMAE in water. On the horizontal axis, the relative amount of DMAE
solution added tothe PEDOT:PSS dispersion is displayed.

pH a large injection barrier with a light-emitting polyfluorene derivative was found, as evi-
denced by a large decrease in the measured hole-only current. The observed effects on the
surface and interface characteristics of PEDOT:PSS layers, resembling those of dedoping,
were attributed to deformation of PEDOT chains in the bulk and formation of polaron
states on the doped thiophene, induced by changes in the PEDOT surroundings.

In order to systematically alter the pH of PEDOT:PSS (see Figure 5.1a for its chemical
structure), we added small amounts of a 1:8 dilution of 2-dimethylaminoethanol (DMAE)
in water to a commercially available PEDOT:PSS dispersion (Clevios Baytron PH500,
H.C. Starck). Figure 5.1b shows the resulting titration curve. The obtained acidity ranged
from pH 1.8 for unmodified PH500 to a slightly basic pH 8.5 after addition of 3.0 vol %
DMAE:H2O. As DMAE is a relatively weak base, the equivalence point is found at a pH
lower than neutral (2.7 vol %, pH 5).

It is relevant to know to what extent the acidity of PEDOT:PSS should be modified in
order to keep the underlying ZnO layer intact. As an indication, the UV-VIS absorbance
of a pristine ZnO layer was measured and its value at λ = 350 nm was compared to that
of layers on which PEDOT:PSS of varying pH was applied via spin coating. The mea-
surements were performed versus a glass reference and were scaled to the transmittance at
λ = 400 nm, where no ZnO absorbance is present. The results are shown in Figure 5.2.
Due to dissolution in acidic PEDOT:PSS, the absorbance of ZnO strongly decreases be-
low pH 3. Additionally, a major loss in wetting quality and film formation properties of
PEDOT:PSS on ZnO is observed at low pH. When applied in multilayer solar cells using
ZnO, the PEDOT:PSS dispersion should therefore have a pH≤ 3. In the remainder of this
chapter, we will refer to such dispersions as M-PH500.



Figure 5.2: Absorbance at λ = 350 nm of initially 75 nm thick ZnO layers on glass, after
application and spin coating of PEDOT:PSS of varying pH. Below pH 3, PEDOT:PSS starts to
dissolve ZnO, as evidenced by a decrease in absorbance and a concurrent loss in wetting quality.

Tandem solar cells comprising a ZnO/PEDOT:PSS middle electrode usually exhibit an
inflection point in the J−V curve around Voc when the illumination source has no or little
UV in its spectrum. This has been attributed to a non-ohmic contact between ZnO and
neutral PEDOT:PSS, which can be alleviated by sufficient photodoping of ZnO using UV
light. [2] The proposed mechanism involves photogeneration of electron-hole pairs in ZnO
upon exposure to UV and subsequent desorption of chemisorbed oxygen radicals after
capture of photoinduced holes. [6,7] This leaves excess electrons in the conduction band,
which enhances the n-type character of ZnO. In a porous nanoparticulate film, the surface-
to-volume ratio of ZnO is large and the effect of adsorbed oxygen can be considerable.

Figure 5.3 shows the effect of UV exposure on the current–voltage characteristics of
a PF10TBT:PCBM double-junction cell.∗ The device was measured under illumination
with a metal-halide lamp filtered with a UV cut-off filter, resulting in a spectrum with λ >
385 nm. In between measurements the filter was removed and the sample was illuminated
for time periods indicated in the legend, allowing photodoping of ZnO with UV photons
from the same light source. With increasing UV exposure times the J −V curves gradually
cease to be S-shaped.

In the discussion below, we assume that ZnO prior to UV illumination is a low-con-
ductive n-type semiconductor and PEDOT:PSS is highly p-doped and can be treated as a
high work function metal. When these materials are brought into contact, a Schottky bar-
rier forms at their interface as electrons flow from ZnO to PEDOT:PSS until the Fermi
levels line up. The barrier height is roughly equal to the work function difference, which
amounts to ΦPEDOT:PSS−ΦZnO = (5.2−4.4) eV= 0.8 eV. UV exposure results in a large in-

∗ The processing of such double-junction devices is discussed in more detail in Section 5.7.
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Figure 5.3: The effect of UV exposure on the photovoltaic performance of a PF10TBT:PCBM
double-junction cell with a ZnO/PEDOT:PSS middle electrode.
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Figure 5.4: Measured current-voltage characteristics of a polymer tandem solar cell with a
ZnO/PEDOT:PSS middle electrode, (a) in the dark and (b) under illumination with UV-filtered
light. The inset shows the same data on a semilogarithmic scale.

crease of the amount of free electrons in ZnO, [8] which reduces the Schottky barrier width
such that it becomes virtually transparent to charges due to the possibility of tunneling. As
a result, the counterdiode between the two subcells vanishes and the inflection point in the
curve disappears.

In order to understand the origin of the S-shaped J −V curves prior to UV illumina-
tion, we now focus on the current-voltage characteristics of a tandem solar cell in the dark
and under illumination, which are plotted in Figure 5.4. For comparison, the characteris-
tics after UV exposure are given as well. Several notable biasing conditions are indicated
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Figure 5.5: Approximate electronic band diagrams of a tandem cell with ZnO/PEDOT:PSS
interlayer prior to photodoping. The labels A–E correspond to the various biasing conditions
depicted in Figure 5.4.



(labels A–E), of which the corresponding energy band diagrams are given in Figure 5.5.∗ At
high forward bias (A), a considerable current flows through the cell both before and after
UV doping. When there is an ohmic contact between highly doped ZnO and PEDOT:PSS,
injected charges that arrive from the photoactive layers can readily flow through the middle
electrode without obstruction. In the ‘undoped’ interlayer, the onset of the dark current
occurs at a higher voltage since an additional voltage drop is needed to break down the
counterdiode. Since the latter is strongly biased in reverse at high forward bias of the tan-
dem cell, electrons injected from the LiF/Al contact can tunnel through the increasingly
depleted Schottky barrier and, subsequently, exit the device at the anode of the front cell. If
the field is increased even further, holes will eventually be able to pass the interlayer as well.
The same obviously holds for the device under illumination, as in this case the current at
high forward bias is governed by injection of dark carriers. In the following, we define Vbi

as the voltage that is required to have dark conductivity of the doped device. At a slightly
higher voltage (V =Vbi+δ, line B), the Schottky diode experiences a smaller reverse bias
than at A and now prohibits flow of injected charges through the undoped device. For the
same reason, a negligible current flows at voltages close to Voc of the undoped cell under
illumination. The band diagram corresponding to line D (V =Voc−δ) shows that under
these conditions the few photogenerated electrons arriving from the front cell cannot over-
come the barrier in order to recombine with holes from the back cell. This changes for
decreasing applied voltages, as an increasing amount of photogenerated electrons pile up in
the ZnO layer and holes arriving from the back cell are blocked at the ZnO/PEDOT:PSS
interface. As the quasi-Fermi level in the ZnO layer is increased relative to that of PE-
DOT:PSS, the diode effectively sustains an additional forward bias that enables a substantial
amount of electrons to pass and recombine with holes at the ZnO/PEDOT:PSS interface
(line E). As as result, the short-circuit current in the device is the same before and after
photodoping. In the dark, no current flows at zero bias in both cases since the direction of
the electric field opposes charge carrier injection (line C).

To assess the usability of our pH-modified PEDOT:PSS as constituent of a middle electrode
in tandem solar cells, we fabricated single-junction and double-junction P3HT:PCBM so-
lar cells. The non-optimized subcells were interconnected with layers of ZnO nanopar-
ticles and a M-PH500 dispersion at pH 3.4. A single thermal annealing step was car-
ried out under nitrogen atmosphere after all solution-processed layers were applied. The
current–voltage characteristics of P3HT:PCBM single-layer and tandem devices under illu-

∗ Please note that these diagrams are only illustrative, as the actual potential distribution in the device depends
on the (unknown) relative conductivity of the constituent layers. Furthermore, the amount of band bending
indicated in the photoactive layers and in ZnO is somewhat arbitrary.



Figure 5.6: Current−voltage characteristics of a single-layer P3HT:PCBM solar cell (open cir-
cles) and a tandem solar cell based on two P3HT:PCBM subcells (filled circles). Each photoac-
tive layer was approximately 120 nm thick.

mination are shown in Figure 5.6. The single-layer device gave Voc = 0.55 V, FF = 0.64
and Jsc = 48.1 A/m2, whereas the tandem device showed Voc = 1.10 V, FF = 0.67 and
Jsc = 22.6 A/m2. The reduction in Jsc is caused by a redistribution of the internal optical
field due to an interplay of transmission and reflection inside the device.∗ Strikingly, the
open-circuit voltages exactly add up and the fill factor of the tandem cell is even slightly
higher than that of the single-junction device. As a result, both cells have an approximate
power conversion efficiency of 1.9%.

As a means of constructing tandem solar cells based on P3HT:PCBM, the interlayer
combination of easy-to-process ZnO and PEDOT:PSS is very suitable. Featuring high
transparency, adequate conductivity and orthogonal solvent compatibility, the approach
appears to inflict no compromises on device preparation and performance. However, in
the specific case of P3HT:PCBM the requirements on electronic properties for modified
PEDOT:PSS are not very stringent. Even if the work function of PEDOT:PSS would be
considerably reduced from its usual value of 5.2 eV, [9] ohmic hole contact could still be
established with P3HT. Clearly, it is important to find out to what extent this remains
valid for polymers with higher ionization potentials.

Many new conjugated polymers used in present-day solar cells have a large ionization po-
tential (IP), often due to the incorporation of fluorene units. Designed to enable high
Voc and air stability, these polymers are particularly prone to electronic limitations due

∗ The fact that even the single-layer device produces a low current is related to the fact that (a) the P3HT:PCBM
layers used in this study were tentatively made rather thin to allow a sufficient amount of light to reach the back
cell and (b) the P3HT batch was not purified prior to use, which is known to negatively affect device performance.



Figure 5.7: Experimental J −V curves of a single-junction PF10TBT:PCBM cell (open circles)
and a tandem device (closed circles) under illumination (UV filtered, light intensity ∼ 1.2 sun).
The dashed line represents the constructed curve from the characteristics of the single-junction
cell, assuming no additional losses. The discrepancy in Voc between experiment and theory
amounts to 0.5 V.

to non-ohmic hole contact with PEDOT:PSS. One of these materials is the polyfluorene
derivative PF10TBT, which was introduced in Chapter 2 of this thesis. This polymer has
been used in conjunction with PCBM to create efficient solar cells with Voc close to 1 V. [10]

With its HOMO energy level at 5.4 eV, PF10TBT is an appropriate model compound for
investigation of the Voc−ΦW relationship.

According to Kirchhoff’s law, a series-connected double-junction solar cell of PF10TBT:
PCBM should produce an open-circuit voltage close to 2 V. However, using the ZnO/M-
PH500 interlayer, we found a rather large spread in Voc for such devices with a maximum of
only 1.5 V. This is shown in Figure 5.7, together with the predicted J−V curve of a double-
junction device as constructed from the experimental data of the single-layer cell. [11] The
calculation is only approximate as the entire J−V curve was scaled to give a Jsc similar to the
experimental value. Still, it is evident that a ZnO/M-PH500 interlayer in PF10TBT:PCBM
tandem cells imposes a considerable limitation to device performance.

We ascribe the reduction in Voc of PF10TBT:PCBM double-junction cells to a lowered
work function of the pH-modified PEDOT:PSS anode. The effect of a non-ohmic hole
contact for the back cell on the open-circuit voltage of a tandem device is depicted schemat-
ically in the simplified energy band diagrams of Figure 5.8. In the case of ohmic contacts
on both the anode and cathode side of the front (F) and back (B) subcells, the open-circuit
voltages are determined by the difference in energy between the HOMO of the donor and
the LUMO of the acceptor [3] and the tandem (T) device will have Voc,T = Voc,F +Voc,B.
The maximum attainable open-circuit voltage of the back cell decreases when the work
function of the middle anode is reduced, which results in an equal loss in the open-circuit
voltage of the tandem device.
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Figure 5.8: Simplified energy band diagram of a series-connected tandem bulk heterojunction
solar cell under open-circuit conditions in two situations: (a) all electrodes provide an appro-
priate ohmic contact, (b) a non-ohmic hole contact of the back cell, due to a reduced work
function of the anode, results in a reduction in open-circuit voltage∆Voc = 0.5 V of the tandem
device. The indicated energy levels correspond to the HOMO position of the donor and the
LUMO position of the acceptor. The subscripts F, B and T indictate front, back, and tandem,
respectively.

To investigate the influence of acidity on the conductivity and work function of PE-
DOT:PSS, several pH-modified PEDOT:PSS dispersions were spin coated on glass sub-
strates with and without sputtered ITO patterns. The films on plain glass were used to
determine the sheet resistance in a collinear four-point probe setup using the appropriate
geometric correction factor. [12] The conductivity shows a strong decrease up to pH 2.8,
where it reaches a value of 3.3× 10−3 S/cm (see Figure 5.9a). Films of PEDOT:PSS at
higher pH showed no further decrease in conductivity. Since standard electronic-grade dis-
persions of PEDOT:PSS (1 : 6 w/w) form layers with a conductivity between 2×10−4 S/cm
and 2× 10−3 S/cm, [13] this effect is not relevant in the solar cells under study.

Using the non-destructive Kelvin probe method, the work function of each PEDOT:PSS
layer on ITO was determined in a nitrogen atmosphere. Subsequently, a composite layer of
PF10TBT and PCBM (1:4 w/w) was applied on the substrates, followed by thermal depo-
sition of a LiF/Al cathode to obtain complete solar cells. The only intentional difference
between the photovoltaic devices was the acidity of the applied M-PH500 dispersion. The
fill factor and open-circuit voltage of the devices were extracted from the current–voltage
characteristics recorded under white-light illumination. The J −V curves (normalized at
V = 0), fill factor, work function and Voc are shown together as a function of pH in Figure
5.9b-d. Although the shapes of the J −V characteristics are dissimilar at different pH due
to process variations, there is no systematic effect of pH on the fill factor. The observed de-
crease in conductivity of PEDOT:PSS thus has no significant effect on device performance.
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Figure 5.9: (a) The influence of pH on the conductivity of PEDOT:PSS layers (squares). In-
dicated by the hashed area is the range of conductivity of standard electronic-grade (EG) PE-
DOT:PSS (Clevios VP AI4083) with pH 1.5− 2.5. [13] (b) J −V curves of PF10TBT:PCBM
single-layer cells on PEDOT:PSS anodes with varying pH. (c) Fill factor of the same cells. (d)
Open-circuit voltage of these cells (closed circles) and the work function of the PEDOT:PSS
layers before deposition of the photoactive layer (open circles).

However, the work function of PEDOT:PSS is found to strongly decrease with increasing
pH. At pH 3.4 it has dropped by more than 0.5 eV compared to that of unmodified PH500.
This is consistent with the loss in Voc from 2 to 1.5 V in double-junction cells made from
PF10TBT:PCBM (Figure 5.7). An even further decrease of the work function is observed
for higher pH. Clearly the open-circuit voltage of PF10TBT:PCBM cells follows the same
trend and is reduced markedly by the pH-induced work function change. Consequently,
the ZnO/M-PH500 middle electrode is only suited in combination with back cells based
on a donor that has an ionization potential of 4.8− 4.9 eV, such as P3HT.

In order for the back cell to produce the expected photovoltage, a method is needed to
recover the work function of the back cell anode. Electronic grade PEDOT:PSS can be



Figure 5.10: Current-voltage characteristics of a PF10TBT:PCBM reference cell (open circles)
and a tandem solar cell from two PF10TBT:PCBM subcells (filled circles). Each photoactive
layer was approximately 80 nm thick. The two subcells were interconnected with a ZnO/M-
PH500/Nafion middle electrode. Equivalent light intensity is 0.9 sun.

reformulated by addition of a 5 wt % Nafion R© perfluorinated resin solution in a wa-
ter/alcohol mixture to obtain a work function of 5.7 eV. [14] Addition of a Nafion solution
to pH-modified PEDOT:PSS dispersions is considered less feasible, since it introduces an
additional acidic component to the formulation. It is, however, possible to apply a thin
Nafion-only layer that raises the work function of the underlying PEDOT:PSS anode. Lee
et al. have reported that the work function of ITO increases with 0.5 eV when it is covered
with a thin Nafion layer [15] Moreover, using density-functional theory (DFT) calculations,
they showed that the ionization potentials of Nafion-like compounds are systematically
higher than those of polystyrene sulfonic acids.

Here, we incorporate an interfacial layer of Nafion in a double-junction solar cell of
PF10TBT:PCBM, by spin coating Nafion perfluorinated resin solution, highly diluted in
ethanol, on top of the M-PH500 (pH 3.4) anode before applying the second photoactive
layer. An ohmic hole contact between M-PH500 and PF10TBT is thus restored, without
compromising the compatibility with the underlying ZnO layer. As shown in Figure 5.10,
this method results in a well-performing double-junction PF10TBT:PCBM solar cell with
Voc = 1.92 V, FF = 0.61 and Jsc = 34.9 A/m2 when illuminated with white light at an
intensity of 0.9 sun. The single-junction reference device, processed on electronic grade
PEDOT:PSS, has Voc = 0.98 V, FF= 0.66 and Jsc = 56.0 A/m2. Now, due to the inclusion
of a thin layer of Nafion, the double-junction cell has an open-circuit voltage virtually
twice as high as the single-junction device. Altogether, the approximate power conversion
efficiency of the double-junction cell amounts to 4.5%, which is higher than that of the
optimized single-layer cell (η = 4.0%). The physical origin of this effect is discussed in the
next chapter.



Polymer tandem solar cells of P3HT:PCBM and PF10TBT:PCBM were fabricated using
solution-processed interlayers of ZnO nanoparticles and PEDOT:PSS at modified pH. The
effect of pH on film quality, conductivity and work function of PEDOT:PSS layers was
investigated by systematic tuning of the acidity by addition of DMAE in an aqueous so-
lution. In order to leave the underlying ZnO layer intact, PEDOT:PSS dispersions with
pH 3 or higher were required. Using a dispersion with pH 3.4, P3HT:PCBM tandem cells
were made that showed addition of Voc of the subcells and a maximum power point equal
to that of the single-layer cell.

Up to pH 2.8 the conductivity of PEDOT:PSS layers was found to decrease strongly.
At higher pH, it stabilizes to a level comparable to that of electronic grade PEDOT:PSS.
The work function of PEDOT:PSS decreases with more than 0.5 eV upon neutralization,
which yields a significant potential barrier when PF10TBT is contacted. A reduction in Voc

of solar cells based on this material results, which reduces the performance of the upper
cell in a double-junction stack and, consequently, strongly limits the performance of the
complete tandem device.

The introduction of a thin layer spin coated from a diluted perfluorinated resin solu-
tion recovers the work function of the modified PEDOT:PSS anode, as evidenced by the
high open-circuit voltage of 1.92 V of a PF10TBT:PCBM tandem cell. Together with a fill
factor of 0.61 and a decent short-circuit current density, the tandem device outperforms the
optimized single-layer cell with an absolute efficiency increase of 0.5%.

Processing of PEDOT:PSS. Glass substrates, with and without ITO patterning, were thoroughly cleaned with
soap water, acetone, isopropanol and a UV ozone treatment before application of the PEDOT:PSS layers. The
acidity of PEDOT:PSS (Clevios PH500, H.C. Starck) was tuned by addition of a 1:8 dilution of 2-dimethylamino-
ethanol in water. The pH was measured, after vigorous stirring, with a Mettler-Toledo FE-20 pH meter using
a Hamilton LIQ-GLASS electrode, calibrated with pH 4.01 and pH 7.00 buffer solutions. PEDOT:PSS layers
were spin coated in air at high rpm, assisting evaporation of water and eliminating the need for successive thermal
treatment. Conductivity measurements were performed with a collinear four-point probe method using the ap-
propriate geometric correction factor (square substrate, width of sample= 6× electrode spacing, correction factor
= 3.77).

ZnO synthesis. ZnO nanoparticles of 5 to 10 nm diameter were synthesized in methanol via hydrolysis and
condensation of zinc acetate dihydrate by KOH, as described elsewhere. [16,17] After centrifugation, the ZnO gels
were dispersed in acetone, [2] followed by sonication and filtration.

Device fabrication. Regioregular P3HT (Rieke Metals, Mw ≈ 5 × 104 g/mol, regioregularity ∼ 90 − 93%),
PF10TBT (TNO, Mw = 1.9× 105 g/mol, PDI∼ 3.5) and PCBM (> 99.5%, Solenne) were used as received. Pho-
toactive layers were spin coated under ambient conditions from hot chlorobenzene solutions of PF10TBT:PCBM
in a 1:4 weight ratio. P3HT:PCBM (1:1 w/w) layers were cast from a chloroform solution under nitrogen atmo-



sphere and annealed before application of a 1 nm LiF / 100 nm Al cathode. Nafion perfluorinated resin solution
(Aldrich, 5 wt % in a mixture of lower aliphatic alcohols and water) was diluted 1:20 with ethanol before spin
coating at high rpm on top of pH-modified PEDOT:PSS layers in a nitrogen-flushed compartment under ambient
atmosphere.

Characterization. Current-voltage characteristics were recorded with a Keithley 2400 SourceMeter. Unless stated
otherwise, the devices were illuminated with white light from a Steuernagel SolarConstant 1200, corrected for
spectral mismatch (M = 1.40, for both P3HT:PCBM and PF10TBT:PCBM) [18] and filtered with a GG385 UV
filter, resulting in a light intensity equivalent to 0.9 sun. Contributions to the photocurrent from regions out-
side the overlap of ITO and aluminum contacts were eliminated using illumination masks with apertures slightly
smaller than the overlap area.

IPCE spectra used for mismatch determination were measured at wavelengths from 400 to 1100 nm using a
custom-built setup comprising a 50 W quartz tungsten halogen lamp (Newport Research Series) with a highly sta-
ble radiometric power supply, 28 narrow bandpass interference filters (CVI Laser), a custom-built transimpedance
amplifier and a Stanford Research Systems SR830 lock-in amplifier. The spectral response was measured without
bias illumination but with room lights on, relative to that of a calibrated Si photodiode (Newport 818-SL) with
known spectral response.

Layer thickness measurements were done with a Veeco Dektak 6M or 150 profilometer. Optical absorbance
was measured with a Perkin-Elmer Lambda 900 spectrophotometer. Conductivity measurements were performed
with a custom-built collinear four-point probe setup.
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Abstract

Realizing a considerable improvement in the performance of polymer photovoltaic de-
vices seems to require a reduction of the absorber’s bandgap, which enables an enhanced
spectral overlap of absorption and irradiance. Ultimately, such small-bandgap materi-
als could be used in tandem solar cells containing two subcells with complementary
absorption spectra. However, realizing more efficient solar cells with tandem struc-
tures is not restricted to the use of new materials. This chapter deals with the role of
device architecture in the optimization of an existing bulk heterojunction system. It
is demonstrated that the optimum thickness of the 4%-efficient high-molecular-weight
PF10TBT:PCBM devices discussed in Chapter 2 is just 80 nm. Films that thin absorb
only half of the photons available in the absorption bandwidth. The thickness limita-
tion arises from electronic losses in thicker cells, which are subject to the effects of space
charge and recombination. In the previous chapter, we have presented a high-work-
function middle electrode that is compatible with PF10TBT in solution-processed tan-
dem devices. Here, we demonstrate with simulations and experiments that using such
a double-junction device architecture is a very effective way to decouple the optical and
electronic limitations in PF10TBT:PCBM solar cells. The measured power conversion
efficiency of tandem cells in which two thin subcells are integrated amounts to 4.5%,
which is 13% higher (relative) than that of an optimized single-junction cell.
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The power conversion efficiency of thin-film polymer photovoltaic devices is mainly lim-
ited by a relatively low photocurrent as a result of a high bandgap and narrow absorption
bandwidth. An enhancement in performance therefore primarily requires that more pho-
tons are collected. The most direct way to increase absorption is increasing the thickness of
the photoactive layer. However, in many polymer:fullerene systems the combined effects
of charge carrier recombination and the formation of space charge reduce the fill factor
and consequently the overall device efficiency of thick cells. [1] It has been suggested that
the photocurrent of thin polymer cells can be increased by introducing an optical spacer
that enhances light absorption by redistributing the optical electric field. [2,3] However, the
spacer effect is only beneficial if the BHJ film thickness does not coincide with a local max-
imum of optical power dissipation. [4] Alternatively, the optical properties of the photoac-
tive materials can be tuned. Promising results have been reported for solar cells in which
narrow bandgap polymers were introduced in order to absorb low-energy photons. [5–7]

The electron-accepting material can be modified as well: substitution of PCBM with its
more strongly absorbing C70-analogue generally results in a larger contribution to the pho-
tocurrent. [8] A further improvement of the spectral overlap with the solar spectrum can
be realized by incorporation of multiple heterojunctions with complementary absorption
spectra in a tandem solar cell. [9–11]

This chapter presents an alternative approach to improve the performance of thin-film
polymer photovoltaics using a tandem architecture. Instead of relying on a broader spec-
tral coverage of the solar spectrum using small-bandgap materials, it enables enhanced light
harvesting by the available absorber material. The working principle is generic for bulk
heterojunctions of which the optimum layer thickness is limited by electronic limitations.
As a model system, we use polymer solar cells based on PF10TBT and PCBM with a power
conversion efficiency of 4%. The efficiency is enhanced to 4.5% by combining two opti-
mized PF10TBT:PCBM solar cells in one double-junction device, without any change to
the constituents of the photoactive layer. The approach concurrently utilizes the enhanced
absorption of thick films and the superior electronic performance of thin films.

The efficiency of PF10TBT:PCBM solar cells is known to increase with the molecular
weight of the polymer. As discussed in Chapter 2, this is caused by a reduced recombi-
nation rate of bound electron–hole pairs at high molecular weights, which leads to more
efficient generation of free charges. [12] Therefore, the solar cells studied here are based on
bulk heterojunctions of PCBM and high-molecular-weight PF10TBT. The donor–acceptor



Figure 6.1: Experimental photovoltaic data of PF10TBT:PCBM solar cells with varying active
layer thickness (circles) and the results of combined optoelectronic simulations (solid lines).

weight ratio was fixed to the optimal 1:4 and all devices were processed from hot chloro-
benzene solutions.

The variation of short-circuit current density, open-circuit voltage, fill factor and power
conversion efficiency of PF10TBT:PCBM solar cells with photoactive layer thickness are
displayed in Figure 6.1. Each data point represents the average outcome for three or more
devices. The values of Jsc and η were corrected for spectral mismatch of the lamp with the
solar spectrum (see Section 6.5). Noticeable is the oscillatory behavior of Jsc, characterized
by maxima at L = 80 nm and L = 210 nm. Thicker cells clearly absorb more light as Jsc

is highest for L > 150 nm. However, since the open-circuit voltage is virtually indepen-
dent of layer thickness and the fill factor strongly decreases with increasing L, the overall
experimental η reaches its highest value of 4.0% already at L= 80 nm.

Next, we use combined optoelectronic modeling to gain insight in the major limitations
of PF10TBT:PCBM solar cells of varying thickness. In order to describe the experimental
results, we combine the optical and electronic models that were introduced in Section 1.5.



As input for the optical model, the index of refraction n, extinction coefficient k and thick-
ness of each layer in the device architecture are used. The optical constants were determined
previously using variable-angle spectroscopic ellipsometry [12] and are given in Figure 2.2a.
The light intensity I (λ, x) is calculated for each wavelength and position inside the entire
layer stack, taking into account the optical properties of each layer as well as the interfer-
ence of light that is incident on the device (AM1.5G, 1000 W/m2) with light that is reflected
by the back electrode. The exciton generation rate at each position in the polymer:fullerene
layer is given by the convolution of the local spectral photon flux and the absorption spec-
trum of the active layer. [13] In the calculation the relevant wavelength range is discretized
at exponentially equidistant values λi and the integral is consequently replaced by a sum-
mation:

G(x) =
∑

i

4πk(λi )

hc
I (λi , x)∆λi . (6.1)

G(x) is the exciton generation rate at position x, h is Planck’s constant, c is the speed
of light and I (λi , x) is the light intensity at wavelength λi and position x. The exciton
generation profiles G(x) are used below as an input for the electronic device model. A final
integration of G(x) over the position in the device gives the total generation rate Gtot of
excitons inside the photoactive layer.

By definition, the amount of absorbed photons is equal to the amount of photogener-
ated excitons Gtot. For the AM1.5G reference spectrum, the number of incident photons
with wavelengths within the effective absorption bandwidth of PF10TBT:PCBM layers,
i.e., 300< λ< 650 nm, is Nph = 1.05×1021 m−2s−1. A measure of the absorption efficiency
is now given by the ratio of Gtot to Nph, which is plotted versus layer thickness in Figure

Figure 6.2: Ratio of photogenerated excitons Gtot to the amount of photons Nph with 300 <
λ< 650 nm as a function of layer thickness. The lines denote different optical spacer thicknesses
as indicated in the legend.



6.2. At L = 80 nm, which is the point of the first maximum of the experimental Jsc, only
48% of the available photons are absorbed. Poor light absorption thus strongly limits the
current these thin PF10TBT:PCBM solar cells can produce. As expected, this conclusion is
not altered by the introduction of an optical spacer in the form of a thin ZnO layer between
the active layer and the cathode, since the incoupling of light is already optimal, giving a
local maximum of the dissipated optical power at L= 80 nm. At the other local maximum
of the experimental short-circuit current density, L = 210 nm, two-thirds of the available
photons are absorbed. This shows that the available light can be used more efficiently in
order to increase cell performance, without reducing the bandgap of the polymer.

In polymer:fullerene solar cells, each of the processes involved in photocurrent generation
generally introduces electrical losses that reduce the amount of extracted charges. The
cumulative effect of these losses at short-circuit conditions is represented in the internal
quantum efficiency, defined as the number of electrons in an external circuit per absorbed
photon, or IQE = Jsc/qGtot, where q is the elementary charge. The IQE can thus directly
be determined from the measured Jsc (Figure 6.1) and calculated Gtot (Figure 6.2). In Figure
6.3, the resulting IQE is plotted versus photoactive layer thickness. Approximately 80%
of the absorbed photons contribute to the photocurrent in thin cells. For thicker layers
this fraction decreases monotonically to around 70%, which is in good agreement with
previously reported results. [14]

Next, the current–voltage characteristics are simulated for each L in the range of exper-
imental layer thicknesses. Here we use again our numerical device model. [15] The exciton
generation profiles obtained by optical modeling are used as an input for the electronic
model. Since ultrafast electron transfer from the photoexcited polymer to PCBM is as-

Figure 6.3: The internal quantum efficiency IQE = Jsc/qGtot versus photoactive layer thick-
ness. The line serves as a guide to the eye.



sumed to occur with unity quantum yield, the model assumes that each exciton generates
a bound e–h pair at an interface of donor and acceptor molecules. In Figure 6.1, the results
of the optoelectronic simulations are depicted by the solid lines. Clearly, the oscillations
of the short-circuit current density and power conversion efficiency with thickness are re-
produced, as well as the strongly decreasing fill factor. The values that were used for the
parameters in the electronic model are in excellent agreement with those previously de-
rived for high-molecular-weight PF10TBT:PCBM cells (see Ref. 12 and Chapter 2) and are
summarized in Table 6.1. The simulations indicate an optimal thickness of around 70 nm,
which is close to the experimental value of 80 nm. The ratio of the amount of excitons that
are lost due to quenching at the electrodes to the total amount of photogenerated excitons
is large in very thin cells. As this quenching effect is not incorporated in the model, the
calculations slightly overestimate the fill factor and short-circuit current in thin cells and,
consequently, the predicted value of the maximum η of 4.3% is somewhat higher than the
optimal experimental value.

Based on the optical simulations, a relative increase of 40% in Jsc would be expected
for a 210 nm thick cell compared to the 80 nm thick device. As can be seen in Figure 6.1,
enhanced absorption in thicker cells does indeed enable the extraction of a higher current.
However, limited by space charge effects and recombination, the short-circuit current at
L= 210 nm is only 16% higher than that at L= 80 nm. The same limitation causes the fill
factor to drop considerably, resulting in a reduction of η to 3.2%.

This clearly demonstrates that the increased absorption in thick cells is opposed by less
favorable electronic properties. As a result, the processing window for optimized solar cells
is limited to thin layers. In the following section, the interlocking of optics and electron-
ics is reduced by using double-junction solar cells consisting of two optimized thin-layer
devices.

Table 6.1: Overview of the model parameters used in the simulations.

Parameter Symbol Value

Effective bandgap Egap 1.37 eV

Electron mobility µe 1× 10−7 m2/Vs

Hole mobility µh 6× 10−9 m2/Vs

Effective density of states Nc 2.5× 1025 m−3

Relative dielectric constant εr 3.6

Initial bound pair distance a 2.2 nm

Bound pair decay rate k f 5× 105 s−1



Multijunction solar cells are generally used to compensate for the relatively narrow absorp-
tion bandwidth of conjugated polymers. By inclusion of a second bulk heterojunction with
a smaller optical bandgap, photon harvesting can be extended from the visible towards the
near infrared. However, as discussed above, thin solar cells based on large-bandgap materi-
als fail to absorb a lot of photons with sufficient energy. In the remainder of this chapter, we
therefore choose to investigate the possibility to enhance absorption of these high-energy
photons.

The photovoltaic properties of a multijunction solar cell depend on the method of
interconnection of the subcells. The most practical approach is to use a series-connected
multijunction, in which an increase in the amount of absorbed photons is utilized to deliver
a higher voltage rather than a high current. Here, we employ the middle electrode made of
ZnO nanoparticles and pH-modified PEDOT:PSS, which was developed by Gilot et al. [16]

For practical reasons, the thicknesses of these layers are fixed to 20 and 30 nm, respectively.

As a reference, we first take a step back to examine the exciton generation profiles of a
thin and a thick device, as shown in the two left panels of Figure 6.4. Again we consider
the layer thicknesses at the maxima of the experimental Jsc and η, i.e., L = 80 nm and
L = 210 nm. The position x varies on the vertical axis and x = 0 corresponds to the
interface of PEDOT:PSS with the photoactive layer, while the cathode is located at x = L.
The light can thus be considered incident from the bottom of the figure. As expected,
both profiles show excellent incoupling of the incident light. Furthermore, as discussed in
Section 6.2, the ratio of the total exciton generation rates amounts to Gthick

tot /Gthin
tot = 1.40,

which means that the thick cell absorbs 40% more photons than the thin one.
In the rightmost panel of Figure 6.4, the exciton generation profiles inside the two

subcells of a double-junction device are plotted. As a one-to-one extension of the optimized
single-layer cell, the tandem device is chosen to incorporate two thin PF10TBT:PCBM cells
of 80 nm thickness. These are separated by a ZnO cathode (20 nm) for the front cell and
pH-modified PEDOT:PSS anode (30 nm) for the back cell, which results in a total device
thickness of 210 nm. It can be seen that the shape of the generation rate profile in the back
cell is similar to the one of the single thin layer because it is closest to the reflective cathode.
As expected the magnitude of G(x) in the back cell is lower than in the single-layer thin
cell due to optical interference effects and absorption in the front cell. However, in total
the double-junction absorbs more photons, in fact nearly as much (96%) as the 210 nm
thick single-layer device. In contrast, a single layer of 160 nm thickness absorbs only 81%
of Gthick

tot . In other words, the double-junction device absorbs more photons per unit length
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Figure 6.4: Calculated exciton generation rate profiles G(x) as a function of the position x in a
thin (left), a thick (middle) and a double-junction solar cell (right). The total integrated exciton
generation rate Gtot for each profile is indicated in the relevant figure panel.

of photoactive material than thick single-layer cells due to the presence of the transparent
middle electrode.

In order to predict the photovoltaic properties of the double-junction device, we con-
sider the general properties of a series-connected tandem cell. First, since each subcell is
as thick as the thin single-layer device and based on the same donor-acceptor system, it is
reasoned that they will exhibit a similar IQE, FF and Voc. Similarly, this also means that
the FF of the double-junction device will be the same as the FF of the subcells whereas its
Voc will be twice as large. Of the two subcells in the particular double-junction device con-
sidered in Figure 6.4, the front cell produces the least amount of excitons (Gfront

tot <Gback
tot ).

As the IQE is invariant, this subcell will be current-limiting under short-circuit conditions
and thus determine Jsc of the double-junction device. Then, the ratio of the short-circuit
current densities of the double-junction cell and the thin, optimized single-layer cell is close
to Gfront

tot /Gthin
tot = 0.63. It is thus predicted that a stack of two thin cells produces a Jsc that

amounts to circa 63% of the value for the single-layer device. Combined with a doubled
Voc and an unchanged FF, an ideal double-junction device is expected to have a 26% higher
efficiency than the optimized single-layer device. Based on optical modeling and measured
IQE values, Eerenstein et al. have predicted a very similar increase in efficiency of 23% for
an optimized PF10TBT:PCBM double-junction system. [17]

The efficiency increase that is obtained with the use of a double-junction structure can
be enlarged slightly when the layer thicknesses of the subcells are chosen such that light ab-
sorption is more balanced. As indicated in Figure 6.5, combined optoelectronic simulations



Figure 6.5: Active layer thickness dependence of the efficiency of a double-junction device as
predicted by combined optoelectronic simulations. The symbols indicate the optimal combina-
tion of subcell thicknesses (filled circle) and the case of two subcells with Lfront = Lback = 80 nm
(open circle).

of double-junction devices predict that the best performance would be expected for a device
with a front cell thickness front Lfront = 100 nm and a back cell thickness Lback = 70 nm.∗

For this layer thickness combination, losses are minimized as the subcells both operate
at their maximum power point. However, since a straightforward double-junction device
with two 80 nm thick subcells should perform much better than a single-junction cell as
well, this structure was employed in the experiments discussed below. According to the
simulations the short-circuit current density of the tandem cell is slightly higher than that
of the current-limiting front cell, [9,18] which causes a slight increase of the ratio of Jsc for
the tandem and the single-layer cell to 0.65.

Assessing the advantageous effect of a double-junction structure on the performance of a
real device requires the application of the surface modification to the anode of the back
cell presented in Chapter 5. To avoid a reduction of Voc, an ultrathin layer of Nafion
was spin coated on the middle electrode. [19] Since this interlayer is presumably only a few
monolayers thick, it is not expected to affect the optical properties of the layer stack. Figure
6.6 shows the measured and simulated J −V curves of single- and double-junction cells
with active layers of 80 nm thickness in panels (a) and (b), respectively. At a light intensity
of 0.9 sun, the experimental double-junction device delivers a Jsc of 34.9 A/m2 compared
to 56.0 A/m2 for the 80 nm thick single-layer cell. The Jsc ratio thus amounts to 62%,
which is in excellent agreement with the rationalized value of 63%. At 1.92 V the Voc

of the double-junction cell is very close to but slightly lower than the sum of the subcell

∗ The method used to predict the performance of multilayer cells is discussed in the next chapter.



(a) (b)

Figure 6.6: (a) Experimental and (b) calculated current density versus voltage curves of a single
and a double-junction cell under illumination (experimental light intensity ∼ 0.9 sun). Each
(sub)cell is 80 nm thick.

Table 6.2: Photovoltaic performance of the single- and double-junction cells measured at a
calibrated light intensity of 0.9 sun (see Figure 6.6).

Cell type Jsc [A/m
2] Voc [V] FF η [%]

Single junction 56.0 0.97 0.66 4.0

Double junction 34.9 1.92 0.61 4.5

voltages (2×Voc,single = 1.94 V). Unfortunately, the fill factor shows a small drop as well,
from 0.66 to 0.61, which is most probably caused by an additional series resistance due to
the thin insulating layer between the back photoactive layer and its anode. Nevertheless,
the power conversion efficiency increases with 13% from 4.0% for the optimized single-
layer device to 4.5% for the double-junction device (see Table 6.2). The decoupling of
optical and electronic limitations thus clearly enables an enhancement of the photovoltaic
performance. The working principle is therefore generic to all polymer:fullerene systems
that show optimum performance at small layer thicknesses.

In this chapter, we have described the photovoltaic properties of PF10TBT:PCBM solar
cells with combined optoelectronic modeling to identify the processes that limit the power
conversion efficiency. It was shown that 4%-efficient solar cells with an optimized layer
thickness of 80 nm absorb only 48% of the photons that are available within the absorp-
tion bandwidth. Optical modeling revealed that this figure can be increased to 67% if the



PF10TBT:PCBM layer is made 210 nm thick. However, a concurrent decrease in fill fac-
tor limits the efficiency of thick cells to 3.2%. It is shown that a double-junction solar cell
consisting of two optimized PF10TBT:PCBM layers absorbs photons more efficiently than
thick single-layer cells, as its structure disentangles the optical and electronic limitations.
Simultaneously, the subcells have the high internal quantum efficiency and fill factor asso-
ciated with thin cells. Overall, the power conversion efficiency is improved from 4.0% for
an optimized single-layer cell to 4.5% for the double-junction device.



Device fabrication. ITO patterned glass substrates were thoroughly cleaned with soap water, acetone, iso-

propanol and a UV ozone treatment prior to application of a layer of PEDOT:PSS (Clevios VP AI4083 SG,

H.C. Starck). PF10TBT (TNO, Mw = 1.9× 105 g/mol, PDI = 3.5) and PCBM (Solenne, > 99.5%) were used

as received. Photoactive layers were spin coated under ambient conditions from hot (90 ◦C) chlorobenzene so-

lutions of PF10TBT:PCBM in a 1:4 weight ratio and capped with a 1 nm LiF / 100 nm Al cathode. For the

middle electrode of double-junction devices, ZnO nanoparticles with a diameter of 5−10 nm were synthesized in

methanol via hydrolysis and condensation of zinc acetate dihydrate by KOH, as described elsewhere. [20,21] After

centrifugation, the ZnO gels were dispersed in acetone, [16] followed by sonication and filtration. The acidity of

PEDOT:PSS (Clevios PH500, H.C. Starck) was tuned by addition of a 1:8 dilution of 2-dimethylaminoethanol

in water. [19] Nafion perfluorinated resin solution (5 wt % in a mixture of lower aliphatic alcohols and water,

Aldrich) was diluted 1:20 with ethanol before spin coating at high rpm on top of pH-modified PEDOT:PSS layers

in a nitrogen-flushed compartment under ambient atmosphere.

Characterization. Current–voltage characteristics were recorded with a Keithley 2400 SourceMeter. The re-

sults of Figure 6.1 were recorded under illumination from a Steuernagel SolarConstant 1200, producing white

light with an intensity of 1.3 kW/m2. The light intensity was determined by (a) comparison of the measured

Jsc with the expected short-circuit current density as calculated from the convolution of the spectral responsiv-

ity curve with the AM1.5 global reference spectrum, taking into account the linear dependence of Jsc on light

intensity and (b) the deviation of the setpoint of a multicrystalline silicon reference cell from the value deter-

mined using accurate mismatch correction. [22] The same lamp was used for the measurements of Figure 6.6a,

using spectral mismatch correction (M = 1.40) and a GG385 filter, resulting in a light intensity equivalent to

0.9 sun. Contributions to the photocurrent from regions outside the anode/cathode overlap area were eliminated

using illumination masks with slightly smaller apertures. IPCE spectra were measured at wavelengths from 400

to 1100 nm using a custom-built setup comprising a 50 W quartz tungsten halogen lamp, 28 narrow bandpass

interference filters, a transimpedance amplifier and a lock-in amplifier. The spectral response was measured rela-

tive to that of a calibrated monocrystalline silicon photodiode (Newport 818-SL). Layer thickness measurements

were done with a Veeco Dektak 6M or 150 profilometer. Optical absorbance was measured with a Perkin-Elmer

Lambda 900 spectrophotometer.
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Abstract

In the previous chapters, we have investigated the use of a tandem architecture to con-
struct solar cells comprising two layers based on the same large-bandgap polymer. How-
ever, it goes without saying that these device structures are especially suitable for com-
bining different polymer:fullerene blends in one device. The aim of this chapter is to
investigate the potential of several novel materials and device architectures in tandem
solar cells using optoelectronic modeling. Several aspects of the complex interplay be-
tween optics and electronics in polymer tandem cells are highlighted. It is predicted
for the materials under study that the maximum increase in efficiency relative to the
optimized single-junction cells is about 25%.



The design rule that is generally considered most important for series-connected inorganic
multijunction solar cells involves matching of the current densities at the maximum power
point. Losses due to current mismatch are minimized by adjusting the layer thickness for
each layer, depending on the bandgap and absorption coefficient of the absorber material.
The material with the largest bandgap is usually the first cell encountered by the incoming
light, as photons that are not absorbed in this layer are passed through a tunnel junction
and may be absorbed in the smaller-bandgap layer(s) underneath. However, since polymer-
based solar cells operate fundamentally differently, the optimal design of tandem devices is
not necessarily equal to that of inorganic multijunction solar cells. A notable example is
the ‘inverted’ device structure adopted by Kim et al., [1] in which the less-performing small-
bandgap PCPDTBT:PCBM heterojunction had to be placed in front of the large-bandgap
P3HT:[70]PCBM layer for best results.

At the basis of studies on the optimization of tandem polymer solar cells is the descrip-
tion of interference effects on light absorption in the thin-film structure, similar to the case
of single-layer cells. [2–5] As a first step, one can then attempt to minimize optical losses
by looking for subcell thickness combinations that result in an equal amount of absorbed
photons in both subcells. [6] In a more elaborate approach, a measure of the short-circuit
current density can be obtained by taking into account the internal quantum efficiency,
either as a constant [7] or semi-empirical value. [8] Conditions of equal Jsc in the front and
back cell can then be used as a guide for device optimization. However, differences in
electronic performance of the subcells generally affect not only the short-circuit currents,
but the fill factor as well. Persson and Inganäs calculated the currents at the maximum
power points of tandem subcells as a function of their layer thickness and found distinctly
different optimal results compared to the optimization of absorption alone. [9] An empir-
ical optimization procedure for polymer tandem solar cells, incorporating the influence
of changes in the shape of the J −V curves with layer thickness as well as the internal
electrical biasing of subcells with different Jsc,

[10] was reported together with experimen-
tal verification by Gilot et al. [11] Although the methodology serves as a convenient means
of determining the optimal subcell thicknesses, it provides little information on the actual
device-physical origin of limitations to the performance of the system under study.

In this chapter, we discuss the optimization of tandem polymer solar cells based on sim-
ulations using an integrated optoelectronic device model. The final output comprises the
J−V curves of front, back and tandem cells at varying subcell layer thicknesses. In Section
7.2, we compare optimization procedures based on optical and combined optoelectronic
considerations and we show by device simulations that the effects of optics and electronics
on the performance of polymer tandem cells are strongly intertwined. Next, the advantage
of using an additive in the processing of PCPDTBT:PCBM cells (see Chapter 3) on the effi-



ciency of tandem devices with a PF10TBT-based front cell is investigated in Section 7.3. We
conclude this chapter with a discussion of tandem cells with an inverted device structure
(Section 7.4).

This section considers tandem polymer solar cells containing subcells of P3HT:PCBM
and PTPTBT:[70]PCBM. PTPTBT belongs to a series of coplanar semiconducting poly-
mers identified as thiophene-phenylene-thiophene (TPT) derivatives which were synthe-
sized by the Industrial Technology Research Institute (ITRI) in Taiwan. [12] The polymers
contain a backbone of thiophene units fused to neighboring phenylene moieties. These
TPT derivatives are based on earlier work of Wong et al., [13] who designed novel copla-
nar chromophores for organic light-emitting diode (OLED) applications with the aim to
increase the degree of π-conjugation and, thus, to enable efficient photoluminescence and
high charge carrier mobilities. Aryl groups were added as peripheral substituents to reduce
intermolecular π−π interactions. A promising power conversion efficiency of 3.3% was
achieved for a TPT derivative that was blended in a 1:3 w/w ratio with [70]PCBM and
spin coated from a dichlorobenzene solution. Later, a 2,1,3-benzothiadiazole moiety was
incorporated to reduce the bandgap of the polymer, which for the original TPT deriva-
tives was found to be around 2.1 eV. [14] This resulted in the polymer PTPTBT, of which
the chemical structure is shown in Figure 1.7. PTPTBT does show enhanced absorption
at higher wavelengths and from the solid-state absorption spectrum (Figure 7.1) an optical
bandgap Eopt

gap of approximately 1.7 eV can be estimated.

Figure 7.1: Absorption spectrum of a thin film of PTPTBT that was spin coated from ODCB
on a quartz substrate. The optical bandgap Eopt

gap amounts to ∼ 1.7 eV.



As a result, solar cells based on a blend of this polymer with [70]PCBM reached ef-
ficiencies up to 4.4% due to an increased Jsc of around 100 A/m2. [14,15] Moreover, using
a composite middle electrode based on sol-gel titanium oxide (TiOx) and PEDOT:PSS a
promising power conversion efficiency of 4.6% for a tandem cell of PTPTBT:[70]PCBM
and P3HT:[70]PCBM was obtained by Chen et al. [15] To find the best option for tandem
cells comprising P3HT and PTPTBT, we investigate devices in which the large-bandgap
cell is placed in front of the small-bandgap cell (P3HT/PTPTBT stack) and vice versa
(PTPTBT/P3HT stack). As a first step we determine the optical properties of the photoac-
tive materials and predict the optimum stack based on optical considerations only. Next,
we determine the electrical properties of the PTPTBT:[70]PCBM solar cells and design
the tandem structure based on matching of the short-circuit current density Jsc. As a final
step we do a global optimization based on the construction of the current–voltage curves
of the tandem cell and discuss the deviations that occur in comparison with the optical and
Jsc matching approach. We find that the highest efficiency of 4.9% is obtained when the
large-bandgap P3HT:PCBM subcell is placed in front, with active layer thicknesses of front
Lfront = 65 nm and Lback = 90 nm. When the order of the photoactive layers is reversed, the
optimal efficiency amounts to 4.6% at Lfront = 50 nm and Lback = 130 nm, which closely
agrees with experimental results reported by Chen et al. [15]

In order to assess the maximum attainable efficiency for tandem cells comprising these D–A
blends the optical constants of both BHJ systems are required. The n and k of a 1 : 0.8 w/w
blend of electronic grade P3HT from Rieke Metals Inc. and PCBM were taken from litera-
ture, [16] whereas those of PTPTBT:[70]PCBM were determined experimentally using the
VASE technique. In Figure 7.2, we compare the absorption coefficient α of the layers, calcu-

Figure 7.2: The wavelength-dependent absorption coefficient of P3HT:PCBM and
PTPTBT:[70]PCBM layers on glass.



(a)

Lfront [nm]

L
back  [nm]

N p
h 

[1
020

 m
-2

 s-1
]

 0  50  100  150  200  250  300

 0

 100

 200

 300
 0

 2

 4

 6

 8

 10

(b)

Lfront [nm]

L
back  [nm]

N p
h 

[1
020

 m
-2

 s-1
]

 0  50  100  150  200  250  300

 0

 100

 200

 300
 0

 2

 4

 6

 8

 10

Figure 7.3: Number of absorbed photons Nph in the subcells of (a) a P3HT/PTPTBT stack
and (b) a PTPTBT/P3HT tandem cell versus front and back layer thickness. The darker surface
represents the back cell. The black lines indicate the intersection of the surfaces, i.e., points
where Nph,front =Nph,back.

lated from α = 4πk/λ. Indeed, the absorbance spectrum of PTPTBT:[70]PCBM extends
to longer wavelengths. Unfortunately the contribution of the polymer to the total absorp-
tivity appears to be limited as the main features resemble those of pure [70]PCBM. [17] It is
therefore expected that the significant overlap of the absorption spectra of both blends will
impede highly efficient operation of tandem cells.

With the optical constants known we can calculate the photon absorption profiles
in the various layers of the tandem stacks. Integration of the photon absorption pro-
files over the subcell layer thickness gives the number of photons absorbed in that layer,
Nph. This number is plotted for each subcell and tandem stack type (P3HT/PTPTBT and
PTPTBT/P3HT) versus front and back layer thicknesses between 10 and 300 nm in Fig-
ure 7.3. Comparison of Nph in the front cell of the two different stacks clearly shows that
the PTPTBT:[70]PCBM system absorbs more photons due to its enhanced spectral cov-
erage of the solar spectrum. Furthermore, absorption in the P3HT:PCBM back cell of
PTPTBT/P3HT stacks with a thick front cell is severely hampered by this strong absorp-
tion in the PTPTBT:[70]PCBM layer. In the thickness regime under study, the maximum
of the equal- Nph curve (isoline) of the P3HT/PTPTBT stack amounts to 5.4×1020 m−2s−1

at Lfront = 140 nm and Lback = 250 nm. These would be the layer thicknesses of choice based
on the optical optimization. For the PTPTBT/P3HT stack, the maximum of matched Nph

occurs at Lfront = 85 nm and Lback = 225 nm. Of course, thicker layers absorb more light
and most probably there are more local maxima at Lfront and Lback values beyond 300 nm.
However, device performance will undoubtedly go down due to electronic losses in such
thick cells.



Before we can calculate the J − V curves of tandem polymer solar cells containing a
PTPTBT-based subcell, we should be able to model the experimental data of single-layer
cells. The current–voltage characteristics of solar cells from blends of PTPTBT and PCBM
or [70]PCBM are shown in Figure 7.4a. Except for the value of Jsc, which changes due to
stronger light absorption by the less symmetrical [70]PCBM, [17] the photovoltaic proper-
ties of PTPTBT:PCBM and PTPTBT:[70]PCBM cells are very similar. As shown in Figure
7.4b, the record efficiency of 4.4% obtained by Chen et al. [15] could not be reproduced due
to a lower short-circuit current. The results for PTPTBT:PCBM, however, were closely
reproduced, with Jsc = 57 A/m2, Voc = 0.81 V, FF= 0.54 and η= 2.6%.

The main experimental inputs for our electronic model are the hole and electron mo-
bilities and the field-dependent charge generation parameters. To determine the hole mo-
bility in PTPTBT:[70]PCBM diodes, standard electronic-grade PEDOT:PSS could not be
used. The forward-bias current through ITO/PEDOT/PTPTBT:[70]PCBM/Pd/Au de-
vices was found to be injection limited, which makes a direct determination of the hole
mobility less obvious. By replacing the electron-blocking palladium back electrode by a
molybdenum trioxide / aluminum (MoO3/Al) hole-injecting contact, an ohmic hole con-
tact was realized which resulted in a J ∝V 2 dependence of the current density on voltage.
From temperature-dependent hole transport measurements on such PTPTBT:[70]PCBM
(1 : 3 w/w) diodes (Figure 7.5), we determined a low-field hole mobility of 1.5×10−8 m2/Vs
and an activation energy ∆ = 0.28 eV. The dark current of solar cells with PEDOT:PSS

(a) (b)

Figure 7.4: (a) Experimental J −V characteristics of PTPTBT-based solar cells with PCBM
and [70]PCBM as acceptor. The cells show Voc = 0.80± 0.01 V and F F = 0.53± 0.01, but Jsc
is 50% higher for the [70]PCBM cell (87 A/m2) compared to the cell with PCBM (58 A/m2).
(b) Experimental power conversion efficiency of PTPTBT:[70]PCBM solar cells, as taken from
Ref. 14 (filled circle, η = 4.4%) and as measured in the present study (open circle, η = 3.6%).
The line represents the result of an optoelectronic simulation discussed below.



(a) (b)

Figure 7.5: (a) Hole-only current density through an ITO/PEDOT/
PTPTBT:[70]PCBM/MoO3/Al device at various temperatures. In forward bias the
MoO3/Al electrode injects holes into the HOMO of PTPTBT. The applied voltage was
corrected for the built-in voltage (Vbi) and the voltage loss over the ITO electrode (VRs). The
lines denote numerical simulations with a field-dependent mobility. A low-field hole mobility
of 1.5 × 10−8 m2/Vs was obtained at room temperature. (b) The activation energy of the
mobility is determined to be∆= 0.28 eV.

and LiF/Al electrodes was assumed to be electron-dominated. From fits of the SCL current
under forward bias an electron mobility of 8.4× 10−8 m2/Vs was estimated.

The remaining input parameters are determined by modeling the field- and temperature-
dependent photocurrent of single-layer PTPTBT:[70]PCBM devices. In Figure 7.6, the ex-

(a) (b)

Figure 7.6: Temperature dependence of the experimental photocurrent (symbols). Saturation
at high reverse bias indicates that all charges are extracted. From fits using the Braun model
(lines), preliminary values of a and k f are determined. (b) Light intensity dependence of the
photocurrent (symbols), together with numerical device simulations (lines).



perimental data are shown together with calculated fits. Fits of the photocurrent at various
temperatures to Jph = qGL with G given by Eq. 2.2 according to the Onsager-Braun model
resulted in approximate values of the initial e–h pair separation distance a = 2.0 nm and
the bound pair decay rate k f = 2.5× 106 s−1 (see also Table 7.1). It is clear that Jph satu-
rates at high effective voltages, which allows an unambiguous determination of Gmax. Next,
the photocurrent was measured at various light intensities and numerical simulations were
performed to model the experimental data over the entire voltage range. At short-circuit
conditions, a light intensity dependence Jph ∝ I 0.97 was observed, which shows that the
photocurrent is not limited by space charge formation. This is in line with the lack of a
region with Jph ∝ V 1/2 and it is fully consistent with the high value of µh and the obser-
vation of a reasonable fill factor FF = 0.52. However, this fill factor is still considerably
lower than that of P3HT:PCBM devices, mainly originating from the larger k f value. This
shows that the dissociation probability in PTPTBT:[70]PCBM devices is reduced due to a
stronger recombination of the electron–hole pairs, similar to the case of PCPDTBT:PCBM
solar cells. [18]

The result of a calculation of the layer thickness dependence of the power conversion
efficiency of single-junction PTPTBT:[70]PCBM cells based on the derived device param-
eters is shown together with the maximum efficiencies achieved at ITRI [15] and in the
present study in Figure 7.4b. In agreement with the experiments, the simulations pre-
dict an attainable efficiency of 4.4%. Nevertheless, the model shows a strongly thickness-
dependent efficiency and indicates that for best results the PTPTBT:[70]PCBM layer should
be kept thin.
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Figure 7.7: Short-circuit current density Jsc of the subcells in (a) a P3HT/PTPTBT stack and
(b) a PTPTBT/P3HT tandem cell versus front and back layer thickness. The darker surface
represents the back cell. The black lines indicate the intersection of the surfaces, i.e., points
where Jsc,front = Jsc,back.



As a next step, the optimum tandem cell device structure is designed by incorporation
of electronic effects through optimization of matching Jsc. Note that the optical absorption
profiles are taken as an input for the electrical J −V calculations. This optoelectronic
modeling enables the determination of the short-circuit current of each separate subcell
and the layer thicknesses at which current matching is accomplished. We have plotted the
short-circuit current density of each subcell inside the two stacks versus Lfront and Lback (see
Figure 7.7). Each point on the Jsc surface is extracted from a simulated J −V curve.

It can be seen that the combined electronic and optical effects cause a change in shape
of the 3D data surfaces as compared to the optical optimization (Figure 7.3). In Figure 7.7a,
for example, the smaller slope of Jsc versus Lback compared to that of Nph− Lback in Figure
7.3a causes a strong shift of the isoline towards lower Lfront for the P3HT/PTPTBT stack.
In other words, for thick PTPTBT:[70]PCBM back cells a match is found with thinner
P3HT:PCBM cells due to the low internal quantum efficiency of the former. According
to this procedure, the optimal P3HT/PTPTBT tandem device consists of front and back
subcells with layer thicknesses of 80 nm and 90 nm, respectively, and produces a (matched)
short-circuit current density of 58.7 A/m2. For the PTPTBT/P3HT stack the optimal
thicknesses are Lfront = 45 nm and Lback = 135 nm, with Jsc = 53.7 A/m2. These results are
rather different from the design following the optics-only analysis.

Matching of the short-circuit currents does not necessarily lead to the global optimum of
η. [11] Since the tandem cell is optimized for maximum output power at Vmpp > 0, there is

Table 7.1: Parameters used in the numerical simulations of the current–voltage characteristics
on which Figure 7.8 is based.

Parameter Symbol Value

P3HT:PCBM PTPTBT:[70]PCBM

Effective bandgap Egap 0.97 eV 1.21 eV

Electron mobility µe 3.0× 10−7 m2/Vs 8.4× 10−8 m2/Vs

Hole mobility µh 1.5× 10−8 m2/Vs 1.8× 10−8 m2/Vs

Effective density of states Nc 2.5× 1025 m−3 2.5× 1025 m−3

Relative dielectric constant εr 3.4 3.6

Initial bound pair distance a 1.8 nm 2.0 nm

Bound pair decay rate k f 2× 104 s−1 2.5× 106 s−1



(a) (b)

Figure 7.8: Calculated power conversion efficiency η of (a) P3HT/PTPTBT and (b)
PTPTBT/P3HT tandem solar cells as a function of front and back layer thickness. The cir-
cles indicate the global maxima of η.

no obvious reason why both subcells should produce the same amount of current under
zero bias. As a final step we calculate the full J −V characteristics of the tandem solar
cells and determine the efficiency for each tandem cell configuration. Table 7.1 shows
the model parameters that were used in the simulations. Those of PTPTBT:[70]PCBM
are based on the photocurrent modeling of the single-layer devices shown in the previous
paragraph and the values for P3HT:PCBM were taken from literature. [19,20] The results are
shown in Figure 7.8. The simulations show a slightly higher maximum efficiency when
the large-bandgap P3HT:PCBM subcell is placed in front: η = 4.9% at Lfront = 65 nm and
Lback = 90 nm. For the PTPTBT/P3HT stack, the maximum efficiency is η = 4.6% at
Lfront = 50 nm and Lback = 130 nm. Excellent agreement is found between our simulations
and the experimental results of Chen et al., who have reported an efficiency of 4.6% for
a PTPTBT/P3HT tandem cell using active layer thicknesses of 50 nm and 120 nm for the
front and back cell, respectively. [15]

Figure 7.9 shows all isolines based on the analyses of Nph, Jsc and η projected on the
Lfront − Lback plane, together with the corresponding optimized layer thickness combina-
tions. It is clear that the outcome of the optics-only analysis differs substantially from
those of the optimization procedures taking into account electrical effects. Tandem cells
designed on the basis of optical optimization alone would result in efficiencies of 3.2%
(P3HT/PTPTBT) and 3.6% (PTPTBT/P3HT), which shows that optical modeling alone
is not sufficient. The optimum layer thickness combination and device efficiency based on
Jsc matching in the case of the PTPTBT/P3HT stack is rather close to the global optimum
of η, determined by full optoelectronic modeling. Matching of Jsc leads to an optimal effi-
ciency of 4.5%, which shows that it is a good indicator of the overall optimum efficiency



(a) (b)

Figure 7.9: All isolines plotted in the Lfront − Lback plane for (a) P3HT/PTPTBT and (b)
PTPTBT/P3HT tandem devices. The open circles indicate the optimal layer thickness combi-
nations based on only optical considerations (solid isolines) and matching of Jsc (dashed isolines).
The filled circles mark global maxima of η.

of tandem cells for this particular layer stack. A larger difference is found in the opti-
mal Lfront of the P3HT/PTPTBT stack, which is mainly caused by the higher FF of thin
P3HT:PCBM front cells. In general, the differences in Jsc and FF of the subcells together
will determine whether Jsc matching is a good predictor of the optimal design or not (see
also Section 7.4).

Although the PTPTBT/P3HT stack has a lower global optimum of the efficiency com-
pared the P3HT/PTPTBT sequence, Figure 7.8b shows that there is a larger Lfront− Lback

window in which the efficiency depends on layer thickness only weakly. The η-isolines
indicate that for all front cell thicknesses between 75 and 100 nm, independent of Lback, the
PTPTBT/P3HT tandem solar cell has an efficiency of 3.5% or higher. In contrast, in the
same thickness region, the P3HT/PTPTBT stack has points where η < 3.0%. It is obvi-
ous that due to optical interference there is a strong effect of Lback on the efficiency of the
tandem cell, but it is not yet clear whether the effect is purely optical.

In the following, we take into account the contributions of both the short-circuit cur-
rent and the fill factor to the efficiency by assessing the interference effects on the current at
the maximum power point Jmpp. To elucidate the difference between the situations inside
the two stacks, we take a cross-section of Figure 7.8 at an indicative front layer thickness
Lfront = 80 nm. As shown in Figure 7.10a, at this front layer thickness, the PTPTBT/P3HT
stack outperforms the P3HT/PTPTBT sequence for 120 nm < Lback < 200 nm. At these
back layer thicknesses, where one would intuitively expect a valley in η due to interference
effects on Jmpp, the profile of η versus Lback is flattened by a sudden bump in the fill factor



(a) (b)

(c) (d)

Figure 7.10: (a) The efficiency of the PTPTBT/P3HT stack varies less strongly with Lback. (b)
A sudden bump of the fill factor of the tandem cell is found, which originates (c) from the fact
that front and back cell are alternatingly limiting Jmpp. (d) In the P3HT/PTPTBT cell, the back
cell limits Jmpp for all Lback and no beneficial effect of FF is obtained.

of the tandem cell, which is plotted in Figure 7.10b. In the P3HT/PTPTBT stack, no such
rise in FF is observed. As shown in panel (c), this is related to the occurence of a change in
the cell that is limiting Jmpp. The fill factor of the tandem cell closely follows the fill factor
of the current-limiting cell, [21] which is the P3HT:PCBM back cell for Lfront = 80 nm and
Lback between 100 nm and 175 nm. For all other values of Lback the PTPTBT:[70]PCBM
front cell limits the fill factor of the tandem device. In the case of the P3HT/PTPTBT stack
(Figure 7.10d) the PTPTBT:[70]PCBM back cell is current-limiting for all back layer thick-
nesses and, therefore, the gradually decreasing FF does not ‘fill in’ the dip in the η− Lback

curve.



Bulk heterojunctions of the low-bandgap polymer PCPDTBT and PCBM exhibit signifi-
cant absorption at wavelengths between 600 and 900 nm. This materials system is therefore
a promising candidate for tandem solar cells when combined with a large-bandgap junc-
tion such as PF10TBT:PCBM. As shown in Chapter 3, the efficiency of single-junction
PCPDTBT:PCBM solar cells depends drastically on the solvent system that is used for
processing. Upon addition of 1,8-octanedithiol (ODT) to the polymer:fullerene solution,
the efficiency of PCPDTBT:PCBM solar cells was increased from 2.0% to 3.0% due to de-
creased recombination of photogenerated bound pairs. Here, we investigate the effect that
processing with the additive has on the optimization of a tandem cell.

A similar sequence of optoelectronic simulations as discussed in the previous section
was performed to find the optimal layer thickness combination with maximum efficiency.
No effect of the addition of ODT on the optical properties of PCPDTBT:PCBM layers
was assumed, which means that any change in absorption due to different PCBM loading
was neglected as well. The simulations of PCPDTBT:PCBM junctions as discussed below
were performed using the optical constants and electronic device parameters presented in
Chapter 3. For PF10TBT:PCBM, the values presented in Table 6.1 were used.

First, the layer thickness dependence of Jsc and FF of a single-junction PCPDTBT:PCBM
device are considered. The calculated data are shown in Figure 7.11, together with the best
experimental results. Since the simulations predict a slightly larger short-circuit current,
the resulting maximum power conversion efficiency is marginally higher than those found
in experiment (without ODT η= 2.1%, with ODT η= 3.2%).

(a) (b)

Figure 7.11: The influence of ODT on (a) the short-circuit current density and (b) fill factor of
single-layer PCPDTBT:PCBM devices with varying layer thickness, both simulated (lines) and
measured (symbols).



(a) (b)

Figure 7.12: Simulated power conversion efficiency of tandem cells with a PF10TBT:PCBM
front cell and a PCPDTBT:PCBM back cell, (a) without and (b) with 1,8-octanedithiol.

Next, a PF10TBT:PCBM and PCPDTBT:PCBM tandem stack with ZnO/PEDOT:PSS
interlayers was considered. Figure 7.12 shows the influence of ODT on the resulting
power conversion efficiency. Please note that with the applied simulation parameters for
PF10TBT:PCBM, a maximum single-layer efficiency of 4.3% is obtained. It turns out that,
without using the additive, the PF10TBT/PCPDTBT tandem cell produces a maximum
efficiency of 4.6%. The advantageous effect on efficiency of adding a potentially 2.1%
efficient low-bandgap cell to the PF10TBT:PCBM device is thus only 0.3% absolute. Obvi-
ously, using the more efficient ODT-containing device leads to a higher performance with
a maximum η of 5.1%.

In both cases, the PF10TBT:PCBM subcell in the optimized tandem device is 110−
120 nm thick and has an efficiency of approximately 3.0% with Jsc = 52± 1 A/m2, Voc =
0.97 V and FF = 0.56± 0.02. As expected, the increase in efficiency is therefore largely
due to an enhanced Jsc and FF of the PCPDTBT:PCBM back cell (Jsc = 59 → 69 A/m2,
FF= 0.43→ 0.55).

Since light absorption in this system is much more complementary than in the P3HT/
PTPTBT systems of Section 7.2, the presence of a thick front cell does not hinder photocur-
rent generation in the back cell. This can be seen clearly in Figure 7.13a. At Lback = 300 nm,
for instance, the current density at the maximum power point of the back cell hardly de-
pends on the front layer thickness. Furthermore, the isoline is now closer to the Lfront-axis
as light absorption in the back cell increases more strongly with its layer thickness due to
its narrower bandgap. In other words, a small increase in Lback requires a large increase in
Lfront in order to maintain a balance in Jmpp.
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Figure 7.13: (a) Conditions of current matching at the maximum power points of the subcells
and (b) distribution of light absorption inside a PF10TBT/PCPDTBT tandem cell, modeled
using the parameters obtained from data of ODT-processed devices.

The maximum efficiency of 5.1% is obtained for subcell layer thicknesses Lfront =
120 nm and Lback = 80 nm. Figure 7.13b shows the spectral and spatial distribution of
light absorption in such a tandem device. The position x spans both photoactive layers and
the middle electrode, i.e., it runs from the PEDOT:PSS/PF10TBT:PCBM interface (x = 0)
to the PCPDTBT:PCBM/LiF interface (x = 250 nm). The transparency of the middle elec-
trode is clearly resolved, as the absorbance of UV light in ZnO and near-infrared photons
in pH-modified PH500 feature only minor bumps. Several peaks arise in the photoactive
layers due to complex interference effects influenced by wavelength-dependent light incou-
pling. The absorption profiles for various characteristic wavelengths are shown in Figure
7.14.

Figure 7.14: Absorption profiles inside the tandem device at various characteristic wavelengths
(cf. Figure 3.2): equal absorption coefficient for both junctions (λ = 450 nm), absorption
maximum of PF10TBT:PCBM (λ = 560 nm) and absorption maximum of PCPDTBT:PCBM
(λ= 700 nm).



Up to this point, the tandem junctions discussed in this thesis are constructed of two series-
connected bulk heterojunctions with a regular bottom-anode-top-cathode device structure.
Stability issues related to electrode degradation can be reduced by employing a bottom-
cathode-top-anode architecture containing an interlayer that now serves as anode for the
front cell and cathode for the back cell. There are reports on solution-processed inverted
tandem polymer solar cells comprising a composite PEDOT:PSS/ZnO middle electro-
de, [22,23] but partly due to the electrodes no positive effect on the efficiency was found.
This section discusses the processing and modeling of an inverted tandem device structure
that, although not entirely processed from solution, can be made robustly and is expected
to enable highly efficient tandem polymer solar cells.

The tandem structure used here is based on the inverted device structure proposed by
de Bruyn et al. [24] A precursor-route ZnO on ITO serves as the transparent cathode of the
front cell and a thin MoO3 layer deposited via vacuum evaporation acts as hole-extraction
layer. The second subcell starts with a ZnO bottom contact on top of the MoO3 anode of
the front cell and is completed with a MoO3/Al top electrode (Figure 7.15).

As a benchmark for this device structure, we prepared inverted PF10TBT:PCBM double-
junction cells. The performance of such a device is compared to that of a single-layer in-
verted reference cell in Figure 7.16. An S-shape of the J −V curve around Voc is obtained,
which indicates that charges are prevented from passing through the middle electrode. The
measurements were performed under white light illumination with substantial UV in the
lamp spectrum. It is possible that UV absorption in the first ZnO layer prevents sufficient
photodoping of the second, although illumination for extended periods did not change the
shape of the curve at all. The MoO3/ZnO middle electrode therefore acts either as a coun-

Al
MoO3

Photoactive layer

ZnO

ITO

MoO3

Glass

incoming light

Photoactive layer

ZnO

Figure 7.15: Device structure of an inverted tandem polymer solar cell. The metal oxide layer
thicknesses are 10 nm for MoO3 and 20 nm for ZnO.
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Figure 7.16: (a) Current-voltage characteristics and (b) electric power output of an inverted
PF10TBT:PCBM double-junction device and a single-layer inverted reference cell. The inclu-
sion of gold clusters at the ZnO/MoO3 interface eliminates its charge-blocking behavior and
the inflection point in the J −V curve.

teracting p-n junction (for low conductive ZnO) or Schottky barrier (if ZnO is doped).
Either way, it limits the efficiency of the tandem cell to 2.7%, whereas the single-layer in-
verted reference cell is 4.0% efficient. The charge-blocking behavior of the middle electrode
can be lifted by the inclusion of very thin layer of metal clusters [25] at the MoO3/ZnO in-
terface. Thermal evaporation of 1 nm of gold on MoO3 prior to the deposition of ZnO
efficiently removes the inflection point and enables an efficiency of 4.1%.∗

Since regular and inverted tandem cells contain different layers in a different sequence, it
is of relevance to compare the optimization of the two structures. For the back cell, we use
a small-bandgap copolymer of TPT and diketopyrrolopyrrole (DPP) referred to as PTPT-
DPP (Eopt

gap = 1.4 eV), which was synthesized at ITRI. [26] The optoelectronic properties of
PTPTDPP:[70]PCBM layers were determined in the usual manner, i.e., by measuring the
optical constants with ellipsometry and simulating the field- and temperature-dependent
photocurrent of representative single-junction (regular) solar cells. Figure 7.17 shows the
absorption spectra of PTPTDPP:[70]PCBM and PF10TBT:PCBM, as well as the simulated
J−V curves of optimized single-junction cells. Simulations based on the measured parame-
ters indicated an optimum layer thickness of 90 nm for single-layer PTPTDPP:[70]PCBM
solar cells with Jsc = 112 A/m2, Voc = 0.73 V, FF= 0.53 and η = 4.3%. These simulations
are in excellent agreement with the best experimental results obtained at ITRI. [27]

∗ The performance of the double-junction cell is limited by a lower fill factor of 0.55 (compared to 0.63 for the
single-junction device). The open-circuit voltage is virtually doubled with a loss of only 15 mV and the ratio of Jsc
in the tandem and single-layer cell amounts to 59%.
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Figure 7.17: (a) Absorption coefficient of PTPTDPP:[70]PCBM layers compared to
PF10TBT:PBCM. (b) Simulated J −V curves of the optimized single-junction cells.

We will now consider the PTPTDPP:[70]PCBM cell as the back cell in regular and
inverted tandem devices with a PF10TBT:PCBM front cell. After running the combined
optical and electronic simulations and constructing the J −V curves of the tandem cells,
the power conversion efficiency for varying layer thicknesses is calculated (see Figure 7.18).
The regular tandem cell has a maximum efficiency of 5.3%, which is an increase of 23%
compared to the optimized subcells. It is clear that the maximum efficiency of 5.0% for
the inverted structure is lower than that for the regular device and the corresponding front
cell thickness is smaller (160 nm versus 180 nm). Since the difference in efficiency is related
to a decrease in Jsc (see Table 7.2), the intuitive explanation would be that absorption in
MoO3 and related interference effects deteriorate light incoupling in the photoactive layers.
Indeed, the number of absorbed photons Nph is more unbalanced in the subcells of the

(a) (b)

Figure 7.18: Power conversion efficiency of (a) regular and (b) inverted tandem solar cells of
PF10TBT:PCBM and PTPTDPP:[70]PCBM. The maxima are indicated by the open circles.



Table 7.2: Simulation results for regular and inverted PF10TBT/PTPTDPP tandem cells. Op-
timized power conversion efficiencies are indicated in bold. The parameter limiting η of each
inverted tandem device (compared to the regular cell) is underlined.

Stack Cell L [nm] Jsc [A/m
2] Jmpp [A/m

2] Voc [V] FF η [%]

Regular Tandem 61 43 1.68 0.52 5.3

Front 180 57 40 0.96 0.50 2.8

Back 110 73 49 0.71 0.52 2.9

Inverted Tandem 57 40 1.67 0.52 5.0

Front 160 53 37 0.96 0.50 2.5

Back 110 78 53 0.71 0.51 2.8

Tandem 60 42 1.67 0.49 4.9

Front 180 56 37 0.96 0.46 2.4

Back 110 75 50 0.71 0.51 2.7

optimal inverted device with Lfront = 160 nm and Lback = 110 nm than in the most efficient
regular cell with Lfront = 180 nm and Lback = 110 nm. The short-circuit current density of
the inverted tandem cell is lower, as the current-limiting front cell absorbs less light than
in the regular stack. The question arises why the optimum for the inverted tandem cell
is not found at larger Lfront. After all, the optical simulations indicate that an inverted
stack with Lfront = 180 nm and Lback = 110 nm even absorbs 1% more photons than a
regular device with the same dimensions due to enhanced absorption in the back cell. As
indicated in Table 7.2, the decrease in efficiency relates to a lower fill factor of the inverted
device. Compared to the regular device, FF drops from 0.52 to 0.49 whereas no significant
difference in Jsc and Voc is found. The current-limiting PF10TBT:PCBM front cell with
FF= 0.46 is responsible for this result.

What causes the decrease in fill factor of the PF10TBT:PCBM front cell in the inverted
tandem device? The light enters the inverted cell through the transparent ZnO cathode,
whereas in the regular cell this occurs at the positive electrode. Since the absorption pro-
files in both cases have similar shapes and more light is absorbed close to the transparent
electrode, the photogenerated charge density is largest at the anode in the regular cell and
at the cathode of the inverted cell. This is illustrated by the dotted lines in Figure 7.19,
which represent the generation rate of bound pairs G versus the position x in the device,
taken as the distance from the cathode. Plotted in the same graph are the total generation
rate of free charge carriers (solid lines), given by the product of the dissociation probability
P and G, as well as the net free carrier generation rate U (dashed lines) at the maximum
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Figure 7.19: Generation and recombination in the PF10TBT:PCBM front cell of (a) a regular
and (b) an inverted tandem cell at its maximum power point. The position x is measured from
the LiF/Al (regular) or ZnO (inverted) cathode. The grey area represents the photogenerated
charges that are lost due to recombination. The potential drop over the front cell is 0.69 V for
the regular structure and 0.56 V for the inverted device.

power point of the tandem device. The difference between PG and U equals the amount
of recombined charges, which is given by the grey area between the curves. In the inverted
cell, the relatively slow holes in PF10TBT on average have to travel a longer distance to
the anode than in the regular cell. In steady state, this increases the average amount of
holes in the relatively thick subcell, which results in increased recombination and space
charge effects on the electric field. [28] At the maximum power point of the tandem device,
recombination losses amount to 14.9% in the regular cell and 17.4% in the inverted device.

It is noted that both panels (a) and (b) of Figure 7.19 illustrate the situation at the actual
maximum power point of the tandem device (MPPT) and not that of the front cell itself
(MPPF). This means that the potential difference over the front cell includes biasing effects
due to charging of the middle electrode at conditions of maximum output power for the
tandem cell. The determination of this voltage is illustrated for the inverted device in Figure
7.20a. At the maximum power point of the inverted tandem cell with Lfront = 180 nm and
Lback = 110 nm the current density equals 41.8 A/m2. Using Kirchoff’s law (horizontal
dotted line), we find that under these conditions the front cell operates at a voltage of
0.56 V, which is lower than its own Vmpp,F of 0.66 V (indicated by the uppermost filled
circle). The field in the front cell is therefore larger than at MPPF, whereas the back cell
experiences a slightly increased forward bias of 0.61 V compared to its maximum power
point at 0.54 V. This bias effect at MPPT is similar to the phenomenon that often occurs at
short-circuit conditions. [10,11]
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Figure 7.20: (a) Determination of the voltage over the front cell at the maximum power point
of the inverted tandem cell with Lfront = 180 nm and Lback = 110 nm. (b) Current density at
the maximum power point of the subcells. The darker surface represents the back cell; the solid
line denotes points where Jmpp,F = Jmpp,B.

The highest match of Jmpp,F and Jmpp,B in inverted tandem cells is 36.8 A/m2 at Lfront =
150 nm and Lback = 50 nm. No matches are found for Lback > 50 nm, since the back cell
produces much more current due to its broader absorption spectrum as shown in Figure
7.20b. It turns out that the overall maximum of Jmpp,T occurs in the inverted device with
Lfront = 180 nm and Lback = 110 nm, in which Jmpp,F and Jmpp,B are highly unbalanced (see
Table 7.2). At the global optimum of the efficiency, i.e., at Lfront = 160 nm and Lback =
110 nm, the currents at MPPF and MPPB are even more dissimilar. Although Jmpp,T is
lower at this front cell thickness than at Lfront = 180 nm, a higher FF and η are obtained as
it is compensated for by a larger Vmpp,T (1.23 V versus 1.17 V).

In this chapter, we investigated the influence of several design aspects in polymer tandem
solar cells. It was shown that device simulations should account for both optics and elec-
tronics in order to accurately predict the efficiency of polymer tandem solar cells. The
variation of the power conversion efficiency of a tandem cell with the thickness of its
P3HT:PCBM and PTPTBT:[70]PCBM subcells was found to be dependent on the or-
der of the photoactive layers, due to the simultaneous effects of optical interference and
dissimilar internal quantum efficiencies in the heterojunctions. Although PTPTBT has
a lower optical bandgap than P3HT, the beneficial effect of a tandem structure does not
seem to arise from complementary but rather more efficient absorption, similar to what
was found for PF10TBT:PCBM in Chapter 6. When PF10TBT:PCBM is combined with
PCPDTBT:PCBM, however, an efficiency enhancement of almost 20% can be expected if
the small-bandgap cell is processed with ODT. From a processing point of view, a tandem



cell of PF10TBT:PCBM and PTPTDPP:[70]PCBM is slightly more promising as simula-
tions indicate that a tandem cell efficiency of 5.3% may be achieved without the use of
additives or post-processing treatments. In an inverted tandem architecture the efficiency
of the relatively thick PF10TBT:PCBM front cell is reduced, as the inverted generation
profile causes increased recombination and space charge. At the maximum power point of
the optimized tandem solar cell, the front cell cannot match the high current generated by
the small-bandgap back cell.

A full understanding of the working mechanism of tandem polymer solar cells thus
demands meticulous modeling of their optical and electronic properties. The thin lay-
ered structure of polymer solar cells, their field-dependent photogeneration of charges and
the spatial and energetic disorder in organic materials yield the analysis distinctly differ-
ent from that of inorganic tandem cells. If photocurrent generation in polymer solar cells
were less field dependent and absorption more complementary, one would have more free-
dom in matching the currents at maximum power output by changing layer thicknesses
and higher efficiencies would be feasible. It remains to be seen whether it is possible to
design OPV materials with such properties. In any case, the possibilities for further op-
timization of (tandem) polymer solar cells will depend predominantly on the availability
and characteristics of novel materials.
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Solar cells convert sunlight into electricity. Upon exposure to light, they directly create a
voltage that can be used in an electronic circuit. This is called the photovoltaic effect. Solar
cells are therefore also often referred to as photovoltaic cells, which is a more general name
for devices that convert light from any arbitrary light source into electricity. The first solar
cells emerged in the 1950s and were made of silicon. Now, some sixty years later, the pho-
tovoltaic (PV) industry is still dominated by silicon technology. In spite of technological
advances and increasing market volumes, the price of solar energy remains relatively high
compared to that of grid electricity due to high material and production costs. Ongoing ef-
forts by science and industry to reach a breakthrough in the long-term contribution of PV
to the global energy supply are therefore often devoted to cost reduction by investigating
improved as well as novel technologies.

Plastic or organic photovoltaics (OPV) is such a relatively new field of research and
development, in which semiconducting polymers and organic molecules are used as light-
absorbing materials in thin films that can produce electric power. It is anticipated that
upscaling can ultimately result in low material and production costs. This involves large-
scale synthesis of plastic materials that can be applied from solution on large-area flexible
foils using coating and printing techniques at low temperatures in roll-to-roll processes. In
addition to the development of innovative technologies, it is imperative that the scientific
understanding about limitations to the performance of plastic solar cells is increased such
that methods to mitigate losses can be established.

The latter requirement is the main subject of the studies presented here. Experimental
findings on the performance of polymer solar cells are interpreted using previously devel-
oped electronic and optical models that describe the behavior of such devices. In the first
part of the thesis, we focus on single-junction solar cells. This means that the cell con-
tains one single light-absorbing or ‘photoactive’ layer that is made from a mixture of two
different semiconducting materials forming a junction at which electric charges are gener-
ated. The most efficient plastic solar cells today in fact contain many junctions distributed
throughout the bulk of the photoactive layer and are therefore aptly referred to as bulk
heterojunction solar cells. The specific distribution of the two intermixed phases —the



morphology— has a strong influence on the efficiency and is sensitive to many factors,
including the choice of solvent, processing technique and drying conditions.

In Chapter 2, it is shown how the maximum attainable power conversion efficiency of
solar cells based on a bulk heterojunction of a polyfluorene copolymer and PCBM (a solu-
ble derivative of buckminsterfullerene) depends on the molecular weight of the polymer. A
strong increase of the produced photocurrent with increasing molecular weight is observed
experimentally, leading to a significantly enhanced device performance. We find that both
light absorption and charge carrier mobilities do not change with molecular weight and
thus cannot account for the observed effect. Rather, it is concluded from device-physical
simulations that at high molecular weight the generation of free charges is more efficient,
which is attributed to an improved separation of the polymer and PCBM phases.

A similar effect is investigated in Chapter 3, which is concerned with the performance
of plastic solar cells made of a small-bandgap semiconducting polymer and PCBM. The
reduced bandgap of the polymer allows the absorption of light with lower energy —and
thus a longer wavelength— that would not be harvested by common large-bandgap cells.
We deliberately alter the drying conditions of the photoactive layer by introducing an ad-
ditive to the solution. Again, the improved morphology of the bulk heterojunction leads
to more efficient generation of free charges, which enhances the performance of the solar
cells drastically.

As an alternative for PCBM, one can use metal oxides such as zinc oxide (ZnO) to-
gether with a semiconducting polymer as photoactive layer. Different ways of producing
the ZnO phase have been reported, one of which is investigated in Chapter 4. It involves
dissolving the polymer together with an organozinc compound, which in the presence of
moisture converts into ZnO during layer deposition and a subsequent thermal treatment
step. A large variation in device performance is observed. Absorption measurements and
an analysis of charge carrier transport indicate that an unwanted chemical side reaction
takes place, which is avoided by replacing the polymer with a chemically more stable one.
The optoelectronic properties of the polymer are now indeed unaffected by the conversion
step and an enhanced power conversion efficiency is measured.

The second part of this thesis aims at tandem polymer solar cells, which comprise
two separate bulk heterojunction layers separated by a solution-processed middle electrode.
Tandem cell architectures are particularly suited to combine two solar cells with different
absorption spectra inside one device, in order to enhance the overlap with the solar spec-
trum. The realization of efficient tandem cells requires well-performing subcells as well as a
transparent, conductive middle electrode. Furthermore, the middle electrode should have
suitable electronic properties such that it simultaneously acts as an anode for one cell and
as a cathode for the other.

Chapter 5 investigates the properties of a solution-processed middle electrode that is
made from ZnO nanoparticles and the conductive polymer PEDOT:PSS. Common PE-
DOT:PSS dispersions are strongly acidic, which makes deposition on top of thin ZnO
films problematic due to dissolution of latter. We show that a modification of the acid-
ity by addition of an organic base can be used to avoid this problem, but simultaneously
changes the electronic properties of the PEDOT:PSS layer. As a result, it strongly limits



the maximum performance of solar cells processed on top of it for polymers with specific
electronic properties. A surface treatment that restores the anode quality is demonstrated,
which enables double-junction solar cells producing a high open-circuit voltage.

Strikingly, these double-junction solar cells —which comprise two equal bulk
heterojunctions— show an ehanced performance over the optimized single-junction cells.
In Chapter 6, we investigate the physical origin of this phenomenon. Experimental results,
which are interpreted by optoelectronic modeling, indicate that optimized single-junction
cells are rather thin due to significant electronic losses in thicker layers. Light absorption,
however, is not optimal in thin cells. The tandem structure therefore serves to disentangle
electronic and optical limitations that inevitably occur simultaneously in single-junction
cells.

In the last section of this thesis, Chapter 7, we turn to tandem cells based on two differ-
ent bulk heterojunction systems. Optoelectronic modeling is applied as a predictive design
tool. First, an analysis is made of various criteria that can be used to optimize tandem
polymer solar cells and the results are compared to experimental results from literature. A
large difference in the optimal subcell layer thicknesses is found when the optimization is
performed on the basis of optics and electronics simultaneously compared to optics alone.
Next, the additive processing described in Chapter 3 is considered for a subcell of a tan-
dem device and the influence on its optimal performance is assessed by simulations. The
results show that the beneficial effect of the additive on the maximum attainable efficiency
is smaller in the tandem device than in the single-junction cell. As a final case study, we
estimate the optimal efficiency and device structure for a tandem cell based on two high-
performance polymers. The calculations show that a relative increase of 25% in efficiency
can be expected if the cell has a conventional bottom-anode-top-cathode structure. An in-
verted tandem device, in which the order of the electrodes is reversed, is demonstrated ex-
perimentally and optimized by simulations. The calculated optimal performance is lower
compared to that of the regular structure due to less appropriate light incoupling, causing
stronger electronic losses.





Zonnecellen zetten zonlicht om in elektriciteit. Als ze worden blootgesteld aan licht,
ontstaat er direct een spanning die kan worden gebruikt in een elektronisch circuit. Dit
heet het fotovoltaïsch effect. Zonnecellen worden daarom ook vaak fotovoltaïsche cellen
genoemd, wat een algemenere benaming is voor devices die licht afkomstig van een wille-
keurige lichtbron omzetten in elektriciteit. De eerste zonnecellen verschenen in de jaren
’50 van de vorige eeuw en werden vervaardigd uit silicium. Nu, zo’n zestig jaar later, wordt
de fotovoltaïsche (PV) industrie nog altijd gedomineerd door siliciumtechnologie. On-
danks technologische vooruitgang en toenemende marktvolumes blijft de prijs van zonne-
energie relatief hoog vergeleken met die van elektriciteit uit het net vanwege hoge materiaal-
en productiekosten. De doorlopende inzet van wetenschap en industrie om een doorbraak
in de lange-termijnbijdrage van PV aan de mondiale energievoorziening te realiseren is
daarom vaak gericht op kostenreductie door het onderzoeken van verbeterde en nieuwe
technologieën.

Plastic of organische zonnecellen (OPV) vertegenwoordigen zo’n relatief nieuw veld
van onderzoek en ontwikkeling, waarin halfgeleidende polymeren en organische molekulen
worden gebruikt als lichtabsorberende materialen in dunne films die elektrisch vermogen
kunnen leveren. De verwachting is dat de materiaal- en productiekosten door opschaling
uiteindelijk laag kunnen zijn. Hierbij wordt gedacht aan grootschalige productie van plas-
tic materialen die vanuit oplossing op grote oppervlakken kunnen worden aangebracht bij
lage temperaturen middels coating- en printtechnieken op flexibele folies in zogenaamde
roll-to-roll (‘van-rol-tot-rol’) productieprocessen. Naast de ontwikkeling van innovatieve
technologieën is het van groot belang dat het wetenschappelijk begrip van beperkingen
aan het rendement van plastic zonnecellen toeneemt zodat manieren om verliezen te mini-
maliseren kunnen worden ontwikkeld.

Laatstgenoemde voorwaarde is het hoofdonderwerp van de studies die in dit proef-
schrift worden gepresenteerd. Experimentele vondsten met betrekking tot de prestatie van
polymere zonnecellen worden geïnterpreteerd met behulp van eerder ontwikkelde elektro-
nische en optische modellen die het gedrag van zulke devices kunnen beschrijven. In het
eerste deel van het proefschrift richten we ons op enkellaagse zonnecellen. Dit betekent



dat de cel één enkele lichtabsorberende of ‘fotoactieve’ laag bevat, die gemaakt is van een
mengsel van twee verschillende halfgeleidende materialen die een junctie (grensvlak) vor-
men waar elektrische ladingen worden opgewekt. De meest efficiënte plastic zonnecellen
van tegenwoordig bevatten eigenlijk vele juncties die door de bulk (het binnenste) van de
fotoactieve laag zijn verspreid. Deze cellen dragen daarom de toepasselijke naam: bulk
heterojunctie zonnecellen. De specifieke verdeling van de twee gemengde fasen — de mor-
fologie — heeft een grote invloed op het rendement van de zonnecel en wordt bepaald door
vele factoren, waaronder de keuze van het oplosmiddel, de manier van aanbrengen en de
omstandigheden tijdens het droogproces.

In Hoofdstuk 2 laten we zien hoe het hoogst haalbare rendement van zonnecellen geba-
seerd op een bulk heterojunctie van een polyfluoreen copolymeer en PCBM (een oplosbare
afgeleide van buckminsterfullereen) afhangt van het molekuulgewicht van het polymeer.
Experimenteel wordt een sterke toename van de opgewekte fotostroom met toenemend
molekuulgewicht geobserveerd, met een signifant verhoogd celrendement tot gevolg. We
stellen vast dat zowel de absorptie van licht als de mobiliteit van ladingsdragers niet veran-
deren met het molekuulgewicht en daarom het waargenomen effect niet kunnen verklaren.
Op basis van simulaties van de device fysica wordt geconcludeerd dat bij een hoger mole-
kuulgewicht de vorming van vrije ladingen efficiënter verloopt. Dit wordt toegeschreven
aan een verbeterde scheiding van polymeer en PCBM fasen.

Een vergelijkbaar effect wordt in Hoofdstuk 3 onderzocht, dat zich bezighoudt met
het rendement van plastic zonnecellen die zijn gemaakt van een halfgeleidend polymeer
met een kleine bandkloof en PCBM. De kleinere bandkloof van het polymeer zorgt voor
absorptie van licht met een lagere energie — en dus langere golflengte — dat niet zou kun-
nen worden opgevangen door meer gangbare polymere zonnecellen met een grote band-
kloof. We veranderen de omstandigheden tijdens het droogproces van de fotoactieve laag
met opzet door een additief aan de oplossing toe te voegen. De verbeterde morfologie van
de bulk heterojunctie leidt opnieuw tot een meer efficiënte opwekking van vrije ladingen,
waardoor het rendement van de zonnecellen drastisch toeneemt.

Als alternatief voor PCBM kan men metaaloxides zoals zinkoxide (ZnO) samen met
een halfgeleidend polymeer gebruiken als fotoactieve laag. Er zijn verschillende manieren
gepubliceerd om de ZnO fase te maken, waarvan er één wordt onderzocht in Hoofdstuk 4.
De methode behelst het oplossen van het polymeer samen met een organische zinkverbin-
ding, die onder invloed van vocht wordt omgezet in ZnO tijdens het aanbrengen van de laag
en een daaropvolgende verwarmstap. De werking van zulke zonnecellen varieert sterk. Ab-
sorptiemetingen en een analyse van ladingstransport duiden op een ongewenste chemische
nevenreactie, die wordt omzeild door het polymeer te vervangen door een minder reactief
exemplaar. De optoelektronische eigenschappen van het polymeer blijken daadwerkelijk
ongevoelig voor de conversie en er wordt een toegenomen rendement gemeten.

Het tweede deel van dit proefschrift richt zich op polymere tandem zonnecellen. Deze
cellen bevatten twee afzonderlijke bulk heterojunctie lagen die door een uit oplossing ver-
vaardigde middenelektrode worden gescheiden. Tandem celconstructies zijn in het bijzon-
der geschikt voor het combineren van twee zonnecellen met verschillende absorptiespectra



in één enkel device, zodat de overlap met het zonnespectrum wordt verbeterd. Voor de tot-
standkoming van efficiënte tandemcellen zijn goed presterende subcellen nodig, evenals een
transparante en geleidende tussenelektrode. Bovendien moet de tussenelektrode de juiste
elektronische eigenschappen hebben om gelijktijdig te dienen als anode voor de ene cel en
als cathode voor de andere.

Hoofdstuk 5 onderzoekt de eigenschappen van een uit oplossing vervaardigde tussen-
elektrode die gemaakt is van ZnO nanodeeltjes en het geleidende polymeer PEDOT:PSS.
Gebruikelijke PEDOT:PSS dispersies zijn zuur, wat depositie op een dunne ZnO film pro-
blematisch maakt omdat deze oplost. We tonen aan dat met een aanpassing van de zuurte-
graad door toevoeging van een organische base dit probleem omzeild kan worden. Gelijk-
tijdig worden echter de elektronische eigenschappen van de PEDOT:PSS laag aangetast. Er
wordt een oppervlaktebehandeling gedemonstreerd die de kwaliteit van de anode herstelt
en dubbeljunctie zonnecellen met een hoge openklemspanning mogelijk maakt.

Saillant is dat deze dubbellaagse zonnecellen — die bestaan uit twee dezelfde bulk hete-
rojuncties — beter presteren dan de geoptimaliseerde enkellaagse zonnecellen. In Hoofdstuk
6 onderzoeken we de fysische oorsprong van dit fenomeen. Experimentele resultaten, die
worden geïnterpreteerd middels optoelektronische modellering, wijzen erop dat de opti-
male enkellaagse zonnecellen nogal dun zijn vanwege aanmerkelijke elektronische verliezen
in dikkere lagen. De absorptie van licht is echter niet optimaal in dunne cellen. De tandem-
structuur dient daarom vooral voor het ontwarren van elektrische en optische beperkingen
die zich onherroepelijk tegelijkertijd voordoen in enkellaagse cellen.

In het laatste segment van dit proefschrift, Hoofdstuk 7, kijken we naar tandemcellen
die bestaan uit twee verschillende bulk heterojunctie systemen. Optoelektronische mo-
dellering wordt gebruikt om voorspellingen te doen op het gebied van device ontwerp en
prestatie. Ten eerste wordt er een analyse gemaakt van verschillende criteria die kunnen
worden gebruikt voor het optimaliseren van polymere tandemcellen. De resultaten wor-
den vergeleken met experimentele resultaten uit de literatuur. Er wordt een groot verschil
in de optimale laagdiktes van de subcellen gevonden wanneer de optimalisatie wordt uit-
gevoerd op basis van zowel optica als elektronica vergeleken met alleen optica. Vervolgens
bekijken we de toepassing van een additief zoals beschreven in Hoofdstuk 3 in een subcel
van een tandem device en bepalen we de invloed ervan op de optimalisatie van de dubbel-
laagse cel. De resultaten tonen aan dat het gunstige effect van het additief op het maximaal
haalbare rendement kleiner is in de tandemcel dan in de enkellaagse cel. Als afsluitende ca-
sus beramen we het optimale rendement en de beste device structuur van een tandemcel die
gebaseerd is op twee afzonderlijk goed presterende polymeren. De berekeningen tonen aan
dat een relatieve toename van 25% in rendement verwacht kan worden wanneer de cel een
gebruikelijke opbouw heeft (anode onder, cathode boven). Een geïnverteerde tandemcel
— waarin de volgorde van de elektrodes omgedraaid is — wordt experimenteel aangetoond
en met behulp van simulaties geoptimaliseerd. Het berekende optimale rendement is lager
dan dat van de conventionele structuur ten gevolge van toegenomen elektrische verliezen
die worden veroorzaakt door een minder geschikte inkoppeling van het licht.
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Dit proefschrift beschrijft de resultaten van vier jaar wetenschappelijk onderzoek. In deze
periode heb ik veel geleerd. Niet alleen op inhoudelijk vlak, maar vooral ook hoe het
is om een onderzoeker te zijn. Misschien wel het belangrijkste resultaat is het besef dat
wetenschappelijk onderzoek geen solitaire bezigheid is. Het bundelen van kennis en kunde
van personen met verschillende achtergronden, vaardigheden en karakters zorgt ervoor
dat anderszins onbegaanbare wegen begaanbaar worden en maakt het doen van onderzoek
nog fascinerender. Aan mijn tijd als aio in Groningen heb ik veel plezierige herinneringen
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die ik ervoer om zijn kamer binnen te stappen voor een inhoudelijke vraag of een gesprek
over auto’s was een natuurlijk gevolg van zijn bewonderenswaardige toegankelijkheid. Bert
zal nooit worden vergeten.

Kees Hummelen, René Janssen en Paul Heremans ben ik zeer erkentelijk voor het
lezen en kritisch beoordelen van het manuscript van mijn proefschrift en het geven van
deskundig commentaar.



Jan Anton, dit proefschrift was er wellicht niet geweest als ik niet door jou was gewezen
op de mogelijkheid om door te gaan met onderzoek naar polymere zonnecellen als aio bij
MEPOS. In het project heb ik veelvuldig en met genoegen gebruik gemaakt van het door
jou en Valy ontwikkelde elektronische device model. Ik ben nog altijd blij dat ik het niet
zelf heb hoeven maken. Dat geldt ook voor het optische model van Jan K. Jan, bedankt
daarvoor en voor je vlotte hulp bij het maken van aanpassingen in het programma.

Paul (de Bruyn), ik ben je erg erkentelijk voor de prettige samenwerking en je belang-
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deelden, heb ik mogen profiteren van jouw onderzoeksvaardigheden en de prettige samen-
werking. Het is niet meer dan logisch dat we nu ik elders aan OPV werk ‘gewoon’ met
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