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Introduction

Abstract
Polymer solar cells are believed to offer a cheap and environmentally friendly
solution to the world’s energy crisis. In this chapter an overview is given of the working
principles, photoactive layers, interface layers, and different device architectures. For
the most efficient solar cells a blend of two semiconducting organic materials is
processed from solution to create a phase separated network. Electron and hole
transport layers are used to enhance the efficiency. Different architectures of the device
can be used to increase light absorption, efficiency, and stability. These topics are
explained in this chapter, followed by an outline of the thesis based on these topics.

Chapter 1

1.1 Solar cells
The world is facing a depletion of fossil fuels, probably leading to an energy
shortage in the near future. Replacement of fossil fuels with sustainable renewable
energy sources is required. The daily irradiation of the sun on earth provides enough
energy to fuel the entire world. In search of new techniques for harnessing solar energy,
the development of photovoltaic solar cells that convert solar light directly into
electrical power is receiving considerable attention. The basis of every solar cell, the
photovoltaic effect was discovered by Becquerel in 1893.[1] The first solar cell, a p-n
junction in silicon was published in 1954 by Chapin et al.[2] Currently the market is
dominated by crystalline solar cells, for which both single crystal and multi crystalline
silicon is used. Multi crystalline devices are less efficient but cheaper. Small area
research cell efficiencies are 25.6% for single crystal [3,4] and 20.4% for multi-crystalline
[5]

silicon. The efficiency of the best devices on the market is around 20%. The

challenge for this type of solar cells is not to improve efficiency, but to reduce costs.
The main cost is in the material and thickness of the device, which is 200 – 500 m for
silicon solar cells.
New photovoltaic materials have been developed to reduce thickness of the
devices. Cadmium telluride (CdTe), copper indium gallium selenide/sulfide (CIGS), and
amorphous silicon (a-Si) are some of most promising. The efficiency of CdTe devices is
similar to crystalline silicon, with 20.4% cell

[6]

and 17.0%

[7]

module efficiency. The

biggest drawback of these solar cells is the environmental hazard associated with both
cadmium and telluride. CIGS cells can be thin because CIGS is a better absorber than
silicon. The devices can be made on flexible substrates, but since ideally high
temperatures are needed for the processing the highest efficiencies are obtained with
devices on glass. Current efficiency records are 20.5% for a cell

[8]

and 17.4%

[9]

for a

large area device. A third promising thin film technique is the amorphous silicon solar
(a-Si) cell, which is produced by plasma enhanced chemical vapor deposition. The main
advantage of a-Si solar cells is that no rare or toxic elements are used and the
production is cheap compared to crystalline silicon solar cells. Record efficiencies are
10.1% for amorphous Si [10] and 10.6% for microcrystalline Si research cells.[11]
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1.2 Organic solar cells
Organic semiconducting materials recently have become attractive for various
electronic applications, like field-effect transistors, detectors, light-emitting devices,
memories, and solar cells. In 1977 polyacetylene was doped to the level of metallic
conduction

[12,13]

and since then -conjugated polymers are seen as an alternative for

inorganic semiconductors. These materials show a high absorption coefficient
(exceeding 105 cm-1), so for solar cells a total device layer thickness of only several
hundreds of nanometer is needed. Device processing can also be done fast, easy and
cheap, because the -conjugated polymers can be processed from solution and hence
can be spin coated, spray coated, doctor bladed, or printed (e.g. ink jet or slot die).
The conversion of solar light into electrical energy starts with the absorption of
a photon in the photoactive layer of the device. All solar cells use a semiconducting
material with a certain band gap as photoactive material. A schematic representation of
the solar cell and energy levels is given in Figure 1.1. When the photon energy (Ephoton)
is larger than the band gap of the semiconductor (Eg), the photon can be absorbed. The
excess energy (Ephoton − Eg) is lost through thermalization. A photon with Ephoton < Eg
is not absorbed. In organic semiconductors the band gap of the material is largely
determined by the energy difference between the highest-occupied molecular orbital, or
HOMO; and the lowest-unoccupied molecular orbital, or LUMO. Absorption of a
photon in these semiconducting materials leads to the excitation of an electron form
the HOMO to the LUMO, leaving a positive charge on the HOMO (1). This electronhole pair is bound by coulombic forces due to the low electric permittivity of organic
materials and is called an exciton. This exciton has a limited diffusion length of around
10 nm (2).[14,15] To convert the exciton in free charges at different energy levels before it
recombines a second semiconducting material is needed. An offset between both
HOMO and LUMO levels of the donating and accepting material is needed to
efficiently separate the exciton into free charges at the interface of the donor and
acceptor material. After transfer from the LUMO of the donor to the LUMO of the
acceptor the exciton is still bound (3). This situation is referred to as the charge transfer
or CT state. When the photoactive layer is sandwiched between a front and back cell,
the work function difference between these electrodes creates an internal field which
-3-
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helps the CT state to dissociate into free charges (5). These free charges then drift to
the electrodes, the electrons via the electron acceptor material, and the holes via the
electron donor (6). A similar process can take place after absorption of a photon by the
electron acceptor, followed by a transfer of the electron from the HOMO of the donor
to the HOMO of the acceptor.

Figure 1.1: Energy level diagram of the organic solar cell, showing the light to charge conversion
process.

After the discovery of charge transfer between a -conjugated polymer and a
fullerene acceptor by Sariciftci et al.[16] the first efficient organic solar cells with a blend
of an electron donor and electron acceptor were made in 1995 independently by two
research groups: Halls et al.[17] and Yu et al.[18] Since then, efficiencies increased to 9.4%
[19]

for polymer based solar cells, and for -conjugated small molecules the efficiency

increased to 8.9%.[20] For organic thin films the highest certified efficiency is 10.7%,
obtained for a proprietary semiconductor developed by Mitsubishi Chemical.[3]

-4-
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1.3 Characterization of solar cells
To measure the efficiency of a solar cell, light is needed. Although the sun is a
cheap and abundant light source, the spectrum and intensity of sunlight is dependent
on the location on earth and time of the day. Therefore, a universal standard for the
light spectrum used for efficiency measurements is chosen: the air mass 1.5 global
(AM1.5G) spectrum (Figure 1.2a) at 1000 W/m2 at 25 °C. The factor 1.5 means that
the sunlight travels through 1.5 times the shortest possible path length through the
earth’s atmosphere (AM1.0G).

(b)
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Figure 1.2: (a) The AM1.5G solar irradiation spectrum of sunlight on earth. (b) J-V curve with the
common device parameters.

When the solar cell is illuminated and the bias or voltage over the solar cell is
swept, the corresponding current can be measured (Figure 1.2b). This current is
expressed as a function of solar cell area, to better compare different sizes of solar cells
to each other. From this current density to voltage or J-V curve, a number of
characteristic values can be extracted. The first one, the short-circuit current density (Jsc)
is the current density at zero bias. This current density depends on material choice of
the active layer, and active layer thickness. Another parameter is the open-circuit
voltage (Voc), the bias where no net current is flowing though the device. The opencircuit voltage is determined by the energy difference of the HOMO of the donor
material and the LUMO of the acceptor materials in the active layer.
At some voltage between V = 0 and V = Voc on the J-V curve the product of
current density and voltage is the highest. This point is the maximum power point or
-5-
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MPP. When this bias is applied to the cell the highest amount of power can be
extracted from the device: PMPP  J MPP VMPP . Another parameter which is normally
obtained from the J-V curve is the fill factor (FF) defined as the power at maximum
power point divided by the product of the open-circuit voltage and the short-circuit
current (Formula 1.1)
FF 

PMPP
J V
 MPP MPP
J sc Voc
J sc Voc

(1.1)

The fill factor is determined by the ease of charge collection, and can be
negatively influenced by several effects in the device such as bimolecular
recombination, unbalanced charge transport, and parallel and series resistance. When
the power of the solar cell is measured under AM1.5G illumination at PIN = 1000
W/m2 intensity, the maximum power point can be used to calculated the power
conversion efficiency (PCE).
PCE 

PMPP J sc Voc  FF

PIN
PIN

(1.2)

For a high efficiency solar cell, all three factors Jsc, Voc, and FF need to be high.
The relation between these parameters and material choice and processing conditions
will be revealed further on in this chapter. The PCE of a solar cell depends on the light
intensity as well as the lamp spectrum. During the J-V measurements a lamp plus filters
are used to mimic the solar light as good as possible, but for a more exact measurement
of the efficiency the external quantum efficiency (EQE) is measured. The short-circuit
current is the parameter which is most susceptible to light intensity and spectrum
changes, and this is what is measured more accurately with an EQE measurement.[21]
The ratio between incident photons and collected electrons at short circuit is measured
as function of the wavelength (λ) of the light. The Jsc based on the EQE or Jsc(EQE) can
be calculated by integrating the product of the spectrally resolved EQE and the
AM1.5G spectrum via:
J sc (EQE)   EQE(  )  E
-6-
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Here EAM1.5G is the AM1.5G spectral irradiance at 1000 W/m2, e represents the
elementary charge, h is Planck’s constant, and c is the speed of light. In this thesis, when
the term MPP is used the current is based on the J-V measurement and when the EQE
was measured and the Jsc(EQE) was determined, PCE is used.

1.4 Materials and morphology
1.4.1

Solar cell materials

A typical polymer solar cell comprises a photoactive layer sandwiched between a
transparent electrode and an opaque electrode. Generally, a glass substrate covered with
patterned indium tin oxide (ITO) is used as transparent electrode. In the regular
configuration, a layer of poly(3,4-ethylenedioxythiophene) : poly(styrene sulfonate)
(PEDOT:PSS) is spin coated on the ITO contact. PEDOT:PSS smoothens the
roughness of the ITO layer, adjusts the work function, and is a good hole conducting
layer. On top of the PEDOT:PSS layer, the photoactive layer is spin coated which, for
the most efficient cells, consists of a bulk heterojunction of a -conjugated polymer as
electron donor and a fullerene derivative as acceptor. The devices are then completed
with a pattered, opaque and reflecting back electrode, e.g. a layer combination of 1 nm
lithium fluoride (LiF) and 100 nm aluminum, which are deposited by thermal
evaporation in high vacuum. The geometric overlap between the ITO pattern and
LiF/Al pattern determines the photoactive area of the device. A cross section of a
typical device is shown in Figure 1.3.

-7-
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Figure 1.3: Layout of a standard bulk heterojunction solar cell.

The photoactive layer generally consists of an electron donor and electron
acceptor, which are deposited from a common solution. Figure 1.4 shows the most
used electron acceptors are fullerene derivatives such as [60]PCBM,[22] [70]PCBM,[23]
and ICBA.[24] For the electron donor semiconducting polymers are most frequently
used and there is a large variety in available materials. Regioregular poly(3hexylthiophene) (P3HT) (Figure 1.4) is the workhorse material of organic photovoltaic
(OPV) research. With optimized processing, efficiencies of 4-5% can be reached.[25-27]
The main issue with P3HT is the relatively large band gap of 1.9 eV and high HOMO
level, which leads to lower absorption in the infrared and a low open-circuit voltage in
combination with PCBM.
In recent years hundreds of new OPV polymers have been synthesized with
alternating electron donating and electron accepting groups, which allows tuning the
band gap and the HOMO and LUMO levels of the polymer (Figure 1.4). One efficient
material made with this approach is PCDTBT, an alternating copolymer first described
by Leclerc et al.[28] This polymer has a slightly smaller band gap than P3HT (1.88 eV)
with a HOMO of -5.50 eV resulting in a Voc of 0.89 V in cells with PCBM, which is
higher than for P3HT:PCBM cells. The maximum efficiency of this polymer is ~7%.[29]
Another important class of donor acceptor polymers are polymers with
diketopyrrolopyrrole as electron withdrawing unit.[30] Highest efficiencies of DPP based
solar cells are 7.2% for the polymer PBDTT-SeDPP,[31] 7.4% for PDPPTPT,[32,33] and
8.0%

for

the

alternating

copolymer

PDPP3TaltTPT.[33]

The

fluorinated

benzothiadiazole based polymer PPDT2FBT is even more efficient with 9.4% (Figure
1.4).[19]
-8-
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Figure 1.4: Molecular structures of some important active layer materials.

Important factors in the synthesis of polymers are the molecular weight and the
choice of side chains. Generally, the molecular weight of a polymer should be as high as
possible, while maintaining solubility. The side chains on the polymer can be used to
tune this solubility. High molecular weight polymers show better charge transport
properties and a more favorable morphology and higher efficiency when mixed with
[60]PCBM or [70]PCBM.[34,35]
-9-
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1.4.2

Morphology

The morphology of the photoactive layer, or the way the polymer and fullerene
are blended, is crucial for the efficiency of a solar cell. The first organic solar cell, made
by Tang et al. was using a bi-layer structure of evaporated molecules.[36] Bi-layer solar
cells are rather inefficient, because many of the created excitons recombine before
reaching the donor-acceptor interface. In a bulk heterojunction, charge separation is
more efficient,[17,18] leading to more efficient devices. In a bulk heterojunction, the
donor and acceptor are spin coated from one solution, and ideally a finely phase
separated network is formed (Figure 1.3). In an ideal bulk heterojunction the donoracceptor interface is present throughout the bulk of the material such that excitons
generated by absorption of a photon can be separated before they recombine. Also
percolating pathways in both the donor as the acceptor phase to the hole and electron
extracting contacts are needed to collect all the generated charges.
Shaheen et al.[ 37 ] found that the solvent plays an important role in the
morphology of the film. By using chlorobenzene instead of toluene as a solvent for
MDMO-PPV:[60]PCBM a smoother photoactive layer was formed. The performance
of the device increased from 0.9% in toluene to 2.5% in chlorobenzene. Another
strategy in improving the morphology of a photoactive layer is thermal annealing.
Annealing was first applied by Camaioni et al.[38] on P3HT:fullerene layers and further
developed by others.[39,40] Annealing was found to enhance the crystallization of P3HT
into fibers, increasing mobility in P3HT and the phase separation between P3HT and
[60]PCBM

[ 41 - 43 ]

annealing,[44,45]

Another approach to obtain these P3HT fibers is solvent

where the solvent is evaporated at a slow rate, allowing the fibers to self-

organize.
For many of the small band gap donor-acceptor type -conjugated polymers the
morphology with [60]PCBM is not optimal,[ 46 ] and annealing generally does not
improve the morphology. The morphology of these semi-crystalline or amorphous
polymers can be improved by the addition of a co-solvent, as discovered by Peet et al.
for PCPDTBT:PCBM.[47] The co-solvent should be a better solvent for PCBM than for
the polymer and has a higher boiling point than the main solvent. During spin coating,
PCBM stays dissolved in the co-solvent while the polymer can form a network, leading
- 10 -
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to a more optimal morphology.[48-50] In the end many parameters need to be optimized
to produce an efficient solar cell: the molecular weight, length of the side chains of the
polymer, main solvent, co-solvent, amount of co-solvent, concentrations of polymer
and fullerene and layer thickness.

1.5 Interface layers and device architectures
1.5.1

Interface layers

Interface layers are a crucial component in organic photovoltaics. They serve
several purposes: changing the work function of the metal or ITO electrode, selectively
transporting only one of the charge carriers in a device, or decreasing the roughness of
the ITO. In a bulk heterojunction solar cell, PEDOT:PSS generally serves as hole
transport layer (HTL) and LiF as electron transport layer (ETL). However PEDOT:PSS
is known to etch the ITO due to its acidity and decreases lifetime of the device.[51]
Both the HTL and the ETL can be replaced by metal oxides. Metal oxides offer
easy solution based processing, but sometimes annealing is needed to remove solvents
or complete the conversion of the precursor to the metal oxide. Annealing at
temperatures above 200 °C is not desirable for future processing on flexible substrates.
Also the stoichiometry of metal to oxygen and the formation of defect states are
important for the functional properties.[52] In a sol gel process a metal oxide precursor
reacts with water in hydrolysis and condensation reactions to form a metal oxide layer.
In certain cases spin coating of the metal oxide precursor using water of the ambient
atmosphere is sufficient to initiate the hydrolysis reaction. Sol-gel processed tungsten
oxide,[53,54] chromium oxide,[55] vanadium oxide.[56] and nickel oxide

[57,58]

layers have

been used in organic solar cells as HTL. Neodymium oxide,[ 59 ] zinc oxide.[ 60 ] and
titanium oxide

[61]

are ETL materials. Another form of incorporating metal oxides in

organic solar cells is the use of nanoparticles. Pre-synthesized metal oxide nanoparticles
can be dispersed in a solvent and spin coated and do not require annealing at high
temperatures. Examples are molybdenum oxide

[62,63]

and tungsten oxide

[64]

as HTL

materials and zinc oxide [65] as ETL material. Another important class of interface layers
are polymers.[

66 ]

Amine containing polymers such as poly[(9,9-bis(3′-(N,N-

dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN),[
- 11 -
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ethyleneimine (PEI), or polyethylenimine ethoxylated (PEIE)

[68]

have been used as

interlayers that modify the work function.
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Figure 1.5: Molecular structures of some important active layer materials.

1.5.2

Inverted devices

In the regular device configuration, the holes are collected at the transparent
ITO contact and the electrons at the opaque metal electrode (Figure 1.6a). When the
ETL and HTL are exchanged and the low work function metal electrode is replaced by
a high work function metal electrode, the polarity of the device is inverted, as shown in
Figure 1.6b. Because of the use of a high work function back electrode, inverted
polymer solar cells are generally more stable towards oxidation.[69,70]

Figure 1.6: Device layout of (a) a regular and (b) an inverted single junction solar cell.

Inverted polymer solar cells with an efficiency of 8.9% were produced with
ZnO/PEI as ETL and evaporated molybdenum oxide as HTL. The record efficiency
for inverted devices is 9.2% with PFN as electron collecting contact and evaporated
molybdenum oxide as HTL contact.[71]
- 12 -
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1.5.3

Tandem solar cells

The efficiency of polymer solar cells can be improved by using a tandem
configuration. Most tandem cells use a configuration in which the two sub cells are
connected in series. When the light enters the tandem device, it first encounters the
wide band gap active layer, where the high-energy photons are absorbed and the lowenergy photons transmitted. The transmitted photons can then be absorbed in the low
band gap back cell (Figure 1.7). When the open-circuit voltage of the wide band gap
sub cell is higher than that of the small band gap sub cell, the tandem solar cell reduces
both transmission and thermalization losses compared to the either of the two single
junction cells. Hence, a well-engineered tandem has an efficiency higher than either of
the two sub cells processed as single junction.

Figure 1.7: Schematic energy level diagram of an inverted tandem solar cell under open circuit
conditions.

The choice of materials used in the two photoactive layers and in the
recombination layer that serves to electrically connect the two sub cells in series are
crucial for the performance of a tandem cell. The photoactive layers must provide high
conversion efficiencies as well as complementary absorption. The recombination layer,
that interconnects the two sub cells electrically and optically, should provide a contact
with minimal resistive, optical, and energetic losses. When the Fermi levels are
successfully aligned in the recombination contact, the voltage over the tandem cell is

- 13 -
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sum of the voltages of the two sub cells and, following Kirchhoff’s law, the current in
the tandem device is the same as the current in the two sub cells
The first organic tandem cell was reported in 1990 by Hiramoto et al.[72] This
tandem cell used two series connected evaporated sub cells with an evaporated layer of
gold in between as recombination contact. The first tandem solar cells based on
solution processed layers were published in 2006. Dennler et al. published a tandem
solar cell with a P3HT:[60]PCBM front cell and an evaporated ZnPc:C60 back cell. They
used a C60/Au (1 nm)/ZnPc recombination contact.[73] Kawano et al. showed a tandem
with two MDMOPPV:[60]PCBM sub cells and a recombination contact of sputtered
ITO and PEDOT:PSS.[ 74 ] Hadipour et al. presented similar result with solution
processed cells and a partially evaporated LiF/Al/Au/PEDOT:PSS recombination
contact.[75] The first fully solution processed tandem solar cell was published by Gilot et
al.,[ 76 ] where a ZnO/PEDOT:PSS recombination contact was used with ZnO
nanoparticles from isopropanol. 9.6% efficient triple junction solar cells were also made
with this recombination contact.[77] The current efficiency record for organic tandem
solar cells is 10.6%.[78] and 11.6% for a triple junction device.[79]

1.6 Outline
In this thesis both the active layers as well as interface layers are studied, since
efficient absorption of charges, morphology, and collection of charges at the maximum
obtainable voltage are all important parameters in solar cell efficiency. The goal of the
work described is contributing to a (i) further enhancement of the power conversion
efficiencies of polymer solar cells by exploring the use of new charge transport layers
and device configurations and (ii) a deeper understanding by investigating the origins of
the open-circuit voltage and of morphology formation.
Chapter 2 presents an inverted tandem solar cell with an efficiency of 6%.
Solution processed V2O5 was used as HTL in the recombination contact and back cell.
In spite of the relatively high efficiency of the tandem solar cell, the reproducibility of
the processing was quite poor. The current of the front cell was found to be partially
dependent on the relative humidity of the air, but a clear cause of the irreproducibility
was not found.
- 14 -
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A more robust process to fabricate inverted tandem solar cells is presented in
Chapter 3. Here, PEDOT:PSS is used as HTL in the recombination contact. The
wetting problems of PEDOT:PSS on top of the P3HT:ICBA front cell were solved by
applying a mild plasma on top of the active layer to make it more hydrophilic. After
having calculated the optimal thicknesses of the front and back cell, a 5.8% efficient
inverted tandem was processed.
Chapter 4 describes a more detailed study on interface layers. In regular
configuration tandem devices, the work function of the pH neutral PEDOT:PSS layer
that is commonly used in the recombination contact is too low, leading to a voltage loss
over the tandem cell when the second sub cell has an open-circuit voltage that exceeds
~0.7 V. To solve this problem two methods were investigated, either by applying
partially neutralized regular PEDOT:PSS inside the tandem or by spin coating a
polyelectrolyte on top of the pH neutral PEDOT:PSS. A relation between the ion size
of the polyelectrolyte and the work function change was established from Kelvin probe
experiments and found to be useful for adjusting the electrode work function in single
junction devices, but the desired work function change was not obtained for tandem
devices.
In Chapter 5 the open-circuit voltage of photoactive layers made from a ternary
blend of PDPP2TBP, [60]PCBM, and ICBA is investigated. The voltage of the devices
changes slightly sub linearly when the ratio of [60]PCBM to ICBA in the blend is
varied. In search for an explanation, the CT state of the device was measured as
function of the [60]PCBM to ICBA ratio via EQE measurements. In contrast to
reports in literature, the CT-state absorption was found to be a linear combination of
the absorptions of the PDPP2TBP:[60]PCBM and PDPP2TBP:ICBA CT states, rather
than of a alloyed ternary CT state. In search for a physical explanation for the
phenomenon, the J-V curves of the devices with varying [60]PCBM to ICBA ratio were
modeled as (nano)parallel tandem junctions. The results showed a larger sub linearity
than the actual devices. A good explanation of the relation between open-circuit voltage
and CT-state in ternary blends is still unknown.
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In Chapter 6 a model for morphology formation is presented. When PDPP5T
and [70]PCBM were spin coated from chloroform, a low efficiency coarsely separated
morphology with large [70]PCBM droplets was observed. When the mixture was spin
coated at different at different coating rates, an increasing rate led to smaller droplets
and a field dependent current in the J-V curve. A model based on physical parameters
of the blend shows that the droplets grow during spin coating, but is quenched due to
faster solvent evaporation rates for higher spin coating speeds. The field dependent
current can be explained by residual [70]PCBM in the phase surrounding the [70]PCBM
droplets.
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Abstract
Solution processed vanadium oxide (V2O5) and zinc oxide (ZnO) layers were
tested for use as the charge recombination layer in polymer tandem solar cells with an
inverted polarity configuration. To create a voltage-loss free recombination contact it is
necessary to align the Fermi levels of the charge transport layers that collect electrons
and holes from the different sub cells. Furthermore, the recombination contact must be
resistant against the solvents used in the processing. Both conditions were met by
placing a poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) layer
from a pH-neutral aqueous dispersion in between the vanadium and zinc oxide layers.
Tandem cells with identical and with complementary absorber photoactive layers
fabricated with a V2O5/PEDOT:PSS/ZnO recombination contact showed almost no
voltage loss. For complementary absorber layers, power conversion efficiencies up to
6% were achieved. While demonstrating that this specific recombination contact is a
viable option, significant problems in reproducing the fabrication process make that the
solution processed V2O5/PEDOT:PSS/ZnO recombination contact is not widely
applicable. At least one reason for the poor reproducibility was the sensitivity of the
process to the relative humidity.

Chapter 2

2.1 Introduction
Single junction solar cell can only absorb a part of the solar spectrum efficiently
due to their fixed band gap. In tandem solar cells, two complementary absorbing active
layers are combined in one device, thereby increasing the absorption of the solar
spectrum. The development of polymer tandems cells is receiving increasing
attention.[ 1 - 7 ] So far most tandem cells reported have the traditional polarity
configuration, that is with a transparent hole collecting contact and an opaque metallic
electron collecting contact. However, inverted configurations with a metallic hole
collecting contact and transparent electron collecting contact,[8,9] may have an advantage
with respect to printability and stability due to the relative environmental stability of the
electron transport layer and hole-collecting contact.[ 10,11 ]
The first inverted tandem solar cells were reported by Sun and coworkers who
used

poly(3-hexylthiophene):[6,6]phenyl-C61-butyric

acid

methyl

ester

(P3HT:[60]PCBM) bulk heterojunction solar cells in both layers of the tandem.[12,13]
The intermediate recombination contact used was a complex stack of thermally
evaporated MoO3 and ultra-thin multiple metal layers of Ag, Al, and Ca. This
recombination contact provided an exact summation of the open-circuit voltage (Voc)
of the sub cells and a power conversion efficiency (PCE) of 2.8%. Improved
efficiencies for inverted tandem polymer solar cells were reported by Yang and
coworkers. By using a wide band P3HT:[60]PCBM front cell and a small bad gap
poly(4,4-dioctyldithieno(3,2-b:2',3'-d)silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7diyl):[6,6]phenyl-C71-butyric acid methyl ester (PSBTBT:[70]PCBM back) cell a PCE =
5.1% was obtained.[14] For the recombination contact MoO3 and Al were thermally
evaporated, followed by depositing ZnO using a precursor solution. Jen et al. reported
the first solution processed inverted tandem polymer solar cell using a
PEDOT:PSS/ZnO recombination contact between two P3HT:[60]PCBM photoactive
layers. They demonstrated that cells can be improved using a fullerene self-assembled
monolayer (C60-SAM) to modify the interface between the ZnO and the
P3HT:[60]PCBM layer. The highest tandem cell reported had PCE = 2.9%, but actually
performed less than the best single junction cell (PCE = 4.1%) presented in the same
study.[ 15 ] Krebs et al. reported another fully solution processed inverted polymer
- 22 -
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tandem solar cell with a P3HT:[60]PCBM front cell and a back cell consisting of
poly(dithienothiophene-co-dialkoxybenzothiadiazole)
[60]PCBM.[16]

(PDTTDABT)

with

The recombination layer consisted of V2O5/Ag nanoparticles/ZnO. The

inverted tandem showed an efficiency of PCE = 1.0% and a significant loss in Voc
compared to summed Voc’s of the single junction solar cells.
A crucial part of any tandem solar cell is the recombination contact between the
front and back cell. This recombination contact needs to be transparent and should not
lead to any voltage loss over the tandem. V2O5 might be a suitable candidate to be used
as one of the layers in a recombination contact of an inverted tandem solar cell. V2O5
layers are currently used as replacement for the very hygroscopic PEDOT:PSS that is
commonly used in organic solar cells. Devices with V2O5 show more resilience towards
water and oxygen, and therefore longer cell lifetimes. The first inverted solar cells with
V2O5 use an evaporated layer of V2O5. Evaporated V2O5 was used instead of
PEDOT:PSS in a regular configuration with P3HT:[60]PCBM, and on top of the active
layer of an inverted tandem with the same active layer and Cs2CO3 as n-type contact.[17]
V2O5 is also used on top of inverted devices with ZnO nanorods and P3HT as active
layer.[18] Another way of applying V2O5 is by dissolving an already formed V2O5 powder
in isopropanol by sonication. Here, the layer is also processed on top of a ZnO
nanorod layer with P3HT. Layer thicknesses and results are similar to the evaporated
V2O5.
Zilberberg et al.[19] were the first to use a sol gel processed V2O5 layer processed
at room temperature from a precursor, vanadium(V) oxytriisopropoxide (VOTIP).
VOTIP can be dissolved in isopropanol, and when this solution is spin coated in air
and left to react for an hour, the VOTIP is converted to V2O5 via hydrolysis and
condensation reactions. This sol gel route can be used both in regular single junctions,
where the V2O5 is processed on top of the indium tin oxide (ITO), and inverted single
junctions,[20] where the V2O5 is processed on top of the active layer (P3HT:[60]PCBM).
Chen et al.[21] showed that the solution processed V2O5 is similar to evaporated V2O5
that is exposed to air. Efficient inverted devices with either P3HT:[60]PCBM or
alternating poly(thiophene-phenylene-tiophene)-(2,1,3-benzothiadiazole (a-PTPTBT)
were made and lifetime tests is air showed that the cells with V2O5 layers outperformed
- 23 -
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the cells with PEDOT:PSS in between the active layer and the silver back electrode.
Chang et al.[22] reported even more efficient solar cells with V2O5 from VOTIP, a 6.3%
inverted cell with the proprietary OPV3 organic semiconductor from Polyera mixed
with [70]PCBM as active layer. Larsen-Olsen et al.[23] developed an inverted tandem
with V2O5 from VOTIP which is annealed and zinc oxide from the orthogonal solvent
methanol as recombination contact. The tandems suffer from a low fill factor and an Sshaped current-voltage characteristic such that the efficiency of the tandem is lower
than that of the sub cells.
The goal of this work is to process an inverted tandem solar cell with a voltageloss free recombination contact and with a higher efficiency than the efficiency of
either of the two sub cells. At the time when this work was performed, no such
tandems existed yet. V2O5 will be used as to create a selective contact for holes and zinc
oxide to extract the electrons, for both sub cells. The generic layout of this cell is shown
in Figure 2.1. The reason to use V2O5 as a hole transport layer (HTL) instead of the
more commonly used PEDOT:PSS layers are twofold. First, V2O5 can be processed
from isopropanol which considerably improves the wettability on top of a photoactive
layer compared to that of an aqueous PEDOT:PSS dispersion. Second, the energy level
of V2O5 make that the voltage of the cell does not suffer from the relatively low work
function of PEDOT:PSS at about −5.1 eV.

Figure 2.1: Generic stack design of the inverted tandem. ZnO is used as electron transport layer (ETL)
and V2O5 as hole transport layer (HTL).
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2.2 Single junction cells using V2O5
2.2.1

Regular devices

As the first step towards an inverted tandem, the V2O5 recipe of Zilberberg et al.[19] was
used to make a HTL in a regular configuration solar cell. On top of a pre-patterned
ITO glass substrate, either PEDOT:PSS or V2O5 from VOTIP were processed. The
PEDOT:PSS layer (45 nm) was spin coated in ambient air. The VOTIP solution was
prepared in the glove box, where it was mixed in a 1:70 ratio with isopropanol.
Subsequently, this solution was spin coated in ambient air and left to dry for 1 hour.
The resulting layer of V2O5 was approximately 12 nm thick. On top of the HTL, a 90
nm thick active layer consisting of a small band gap (Eg = 1.46 eV)
diketopyrrolopyrrole-quinquethiophene alternating copolymer (PDPP5T) (Figure
2.2)[24, 25] and [70]PCBM was spin coated in a 1:2 weight ratio. Evaporation of a lithium
fluoride / aluminum back contact completed the device.

Figure 2.2: Chemical structures of [60]PCBM, [70]PCBM, ICBA, PCDTBT, PFTBT, PEDOT:PSS, P3HT and
PDPPTPT.
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The current density – voltage (J-V) curves (Figure 2.3a) and the device
parameters (Table 2.1) of the solar cells with V2O5 as HTL are quite comparable to
those processed with PEDOT:PSS, the main difference is the lower current density.
This is also reflected in the external quantum efficiency (EQE) measurements (Figure
2.3b). The EQE of the devices with V2O5 is lower than these with PEDOT:PSS over
the entire wavelength range. The open-circuit voltage (Voc) and fill factor (FF) of the
devices are similar. Therefore, V2O5 is shown to be potentially a replacement for
PEDOT:PSS. XPS measurements (not shown) show that the layer is not fully
converted to V2O5 but has a sub stoichiometric amount of oxygen, and a part of the
V5+ reduced to V4+ similar to literature.[26] For convenience ‘V2O5’ will be used to refer
to this layer.
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Figure 2.3: (a) J-V characteristics and (b) EQE of regular ITO/HTL/PDPP5T:[70]PCBM/LiF/Al solar cells
with solution processed PEDOT:PSS or V2O5 as HTLs.
Table 2.1: Solar cell parameters of regular ITO/HTL/PDPP5T:[70]PCBM/LiF/Al solar cells.

HTL

Jsc
(mA/cm2)

Voc
(V)

FF

MPP
(mW/cm2)

Jsc,SR
(mA/cm2)

PCE
(%)

PEDOT:PSS

16.3

0.57

0.64

5.9

14.6

5.3

V2O5

15.1

0.56

0.62

5.3

12.1

4.2
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2.2.2

Inverted devices

The next step was to test the V2O5 layer in an inverted cell, where the V2O5
layer is processed on top of an active layer instead of on top of an ITO coated glass
substrate. Structures of the materials are shown in Figure 2.2. For the back cell of the
tandem, the small band gap active layer material poly[{2,5-bis(2-hexyldecyl)-2,3,5,6tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}

-alt-{[2,2′-(1,4-

phenylene)bisthiophene]-5,5′-diyl}] (PDPPTPT) mixed with [60]PCBM was chosen.
For the front cell, a high band gap material is needed. Three candidates were tested:
P3HT: Indene-C60 bisadduct (ICBA),[27,28] poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) with [70]PCBM, and poly(9,9dioctylfluorene)-co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole) (PFTBT) with [60]PCBM.
All these active layers need annealing to enhance the performance. The precise
configuration of the device made was ITO/ZnO/photoactive layer/V2O5/Ag.
(a)

Current density (mA/cm2)

5

P3HT:ICBA
PCDTBT:[70]PCBM
PFTBT:[60]PCBM
PDPPTPT:[60]PCBM

0

(b)

-5

P3HT

-10
-0.5

0.0

0.5

1.0

Voc FF
Jsc
MPP
(mA/cm2) (V) (-) (mW/cm2)
6.7
0.75 0.52
2.6

PCDTBT

9.2

0.80 0.37

2.7

PFTBT

7.4

0.96 0.44

3.2

PDPPTPT

9.3

0.79 0.63

4.7

Bias (V)

Figure 2.4: (a) J-V curves of the inverted devices with different active layer materials. The structure is
ITO/ZnO/active layer/V2O5/Ag. (b) Corresponding device parameters.

The green curve in Figure 2.4 represents the J-V characteristics of inverted
PDPPTPT:[60]PCBM cells. This device is the only device of this series that fits the
expectations based on the regular device architecture, with a Voc of 0.79 V and a high Jsc
and FF. Unfortunately, neither wide band gap materials has a fill factor similar to this
small band gap material. This is probably caused by the non-optimized processing of
these inverted devices with the V2O5 precursor. From the three candidates,
P3HT:ICBA seems to be the best, since the current in forward is similar to that of
PDPPTPT:[60]PCBM, showing a lower series resistance. The other two materials,
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PCDTBT:[70]PCBM and PFTBT:[60]PCBM might suffer from side reactions of the
reactive spin coating, increasing the series resistance and lowering the FF significantly.
2.2.3

Reproducibility

The processing of the inverted P3HT:ICBA front cell with V2O5 was further
optimized, but the performance of the solar cells varied from day to day in both Voc and
Jsc. To gain control over the processing, various parameters were investigated, such as:
-

Varying the thickness of the P3HT:ICBA layer

-

Varying the annealing time of the P3HT:ICBA layer

-

Adding water to the VOTIP solution to pre-hydrolyze the precursor

-

Changing the VOTIP concentration

-

Varying the time between making and spin coating of the VOTIP solution

-

Oxidizing the V2O5 layer with plasma from air

-

Spin coating of the zinc oxide nanoparticles from a different solvent

-

Annealing of the zinc oxide nanoparticles

-

Evaporating the silver at different pressures

-

Replacing silver by aluminum

Neither of these changes enhanced the processing stability. The only parameter
that did seem to influence the performance is the relative humidity. Figure 2.5 shows
the J-V curves of the P3HT:ICBA inverted single junction prepared on three different
days with three different values of the relative humidity.
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Figure 2.5: J-V curves of P3HT:ICBA single junction cells processed on different days with different
relative humidity.

A clear relation between relative humidity (RH) and the short-circuit current
density can be seen. A higher relative humidity gave improved performance of the solar
cells. The origin of this phenomenon is unknown. It could be caused by better wetting
of the VOTIP solution during spin coating, or faster hydrolysis of the VOTIP due to
the larger water content in the ambient air. It is known that vanadium can diffuse into
the active layer and degrade the polymer.[20] All though the contact time of the solution
with the active layer was reduced to a minimum by spin coating at 5000 rpm, small
varieties in spin coating could be the cause of reproducibility issues. Nevertheless, it
was chosen to continue with the P3HT:ICBA layer because it is still the best option out
of the available materials.

2.3 Recombination layer
Since inverted single junctions could be produced, the missing component
towards fabrication of a fully solution processed inverted tandem cell is the
recombination contact. To create a recombination contact layer ZnO nanoparticles (20
nm) were spin coated on top of a V2O5 layer (15 nm). When this bilayer was
sandwiched between ITO and Ag electrodes, a good ohmic contact was obtained. The
resistance of this contact could even be lowered by evaporation of silver (1 nm) in
between these metal oxides. However, when making tandem cells this combination of
materials was not resilient to the solvents used: when the second active layer, or only
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the solvent (chloroform) was spin coated on top of the layer stack, the first active layer
re-dissolved and no tandem cell could be made.
To solve this problem, pH neutralized PEDOT:PSS (denoted as pH PEDOT)
(15 nm) is spin coated on top of the V2O5 layer. To verify that it is really necessary to
use a pH PEDOT dispersion instead of the more common acidic dispersion, both were
spin coated on top of a glass/DPPTPT:[60]PCBM/V2O5 layer stack. UV-vis
spectroscopy measurements (Figure 2.6) normalized at the polymer absorption peak at
790 nm reveal that significantly lesser changes occur when using the pH PEDOT.
When acidic PEDOT:PSS was used a larger fraction of the originally present V2O5
disappeared as evidenced from the decreasing absorption the 350-500 nm region.
Hence, to maintain the integrity of the V2O5 layer the use pH PEDOT is beneficial.

PDPPTPT / V2O5

Normalized absorption (-)

2.0

+ pH neutral PEDOT:PSS
+ PEDOT:PSS
1.5

1.0

0.5

0.0

400

500

600

700

800

Wavelength (nm)

Figure 2.6: UV-vis spectra of glass/PDPPTPT:[60]PCBM/V2O5 stacks with different formulations of
PEDOT:PSS on top. The spectra are normalized at 790 nm, to reveal differences in the 350-500 nm
region.

2.4 Tandems
Since both the inverted single junctions and the recombination contact can be
made with V2O5 the next test is to combine this in an inverted tandem cell. As a first
attempt an inverted tandem cell was made with two identical layers of
PDPPTPT:[60]PCBM in a 1:2 weight ratio. The voltage of a PDPPTPT:[60]PCBM
single junction is 0.79 V, so the expected voltage of the tandem, assuming an ohmic
recombination contact is 1.58 V. The configuration of the tandem stack is shown in
Figure 2.7b. The J-V curves of the resulting devices are shown in Figure 2.7a and the
parameters are collected in Table 2.2.
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Figure 2.7: (a) J-V characteristics of the ITO/ZnO/PDPPTPT:[60]PCBM/V2O5/Ag single junction and
tandem cells before and after UV illumination. (b) The device configuration of the PDPPTPT:[60]PCBM PDPPTPT:[60]PCBM tandem.
Table 2.2: Solar cell parameters devices shown in Figure 2.7.

Single junction pristine

Jsc
(mA/cm2)
9.1

Voc
(V)
0.78

FF
(-)
0.53

MPP
(mW/cm2)
3.8

Single junction 1 min UV

9.3

0.79

0.63

4.7

Tandem pristine

3.5

0.78

0.27

0.7

Tandem 1 min UV

3.6

1.51

0.52

3.6

Before illumination with UV light, the J-V curve of the single junction and the
tandem cell shows an S-shape and a relatively low fill factor. By 1 min. of UV
illumination the S-shape can be eliminated. For ZnO it is well established that UV
illumination in inert atmosphere results in a persistent n-type photo-doping that enables
alignment of the Fermi levels of the zinc oxide and pH PEDOT.[29] The Jsc of the
tandem cell (Table 2.2) is somewhat less than half of the Jsc of the single junction cell
because the layer thicknesses of the two sub cells were not adjusted to generate the
same photocurrent. The used layer thickness (110 nm) is optimal for a single junction
cell and was used in both sub cells. As a consequence, the back cell is probably current
limiting and the current density is lower in this particular tandem configuration than the
maximum that could be obtained in a more balanced tandem cell. The open-circuit
voltage of the cell however is almost double the voltage of a single junction, with a
small voltage loss of 0.07 V.
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Since now all materials have been established, the inverted tandem with
complementary absorbing active layers can be processed. The front cell of the previous
tandem design is replaced by a 180 nm thick layer of P3HT:ICBA, which has
complementary absorption to PDPPTPT:[60]PCBM. The detailed layer stack is shown
in Figure 2.8b.
(a)

Current density (mA/cm2)

40
30
20

P3HT:[60]PCBM
PDPPTPT:[60]PCBM
constructed
Tandem

10
0
-10
-20
-1

0

1

2

Bias (V)

Figure 2.8: (a) J-V curves of the ITO/ZnO/P3HT:ICBA/V2O5/Ag single junction cells and of the
corresponding ITO/ZnO/P3HT:ICBA/V2O5/pH PEDOT/ZnO/PDPPTPT:[60]PCBM/V2O5/Ag tandem cell.
The J-V curve of the PDPPTPT:[60]PCBM single junction was constructed by subtraction of the voltage
of the P3HT:ICBA cell from the tandem for each current. (b) Device structure of the tandem.
Table 2.3: Device parameters of the P3HT:ICBA and P3HT:ICBA + PDPPTPT:[60]PCBM tandem device.

P3HT:ICBA
single junction
Tandem

Jsc
mA/cm2

Voc
(V)

FF
(-)

MPP
(mW/cm2)

9.5

0.74

0.55

3.8

7.0

1.49

0.58

6.0

The tandem shows an efficiency of 6.0% (Figure 2.8 and Table 2.3). At the time of
these experiments such high efficiency had not been reported for solution processed
inverted tandem solar cells. The open-circuit voltage of the tandem (1.49 V) is close to
the expected value of 1.53 V (0.74 for P3HT:ICBA and 0.79 V for
PDPPTPPT:[60]PCBM). This demonstrates, together with the high fill factor of 0.58
that the recombination contact works efficiently. The Jsc of the P3HT:ICBA cells is high
compared the Jsc of the device shown in Figure 2.4. This could be caused by the higher
humidity on the day of production of these tandems, as shown in Figure 2.5. To
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characterize this tandem in detail the corresponding single junctions are necessary to
properly adjust the light spectrum and intensity and measure the EQE of the tandem.
For this particular batch of cells, the preparation of PDPPTPT:[60]PCBM single
junction gave inferior results and could not be used. After solving some of the
reproducibility issues of the processing of the PDPPTPT:[60]PCBM single junctions, a
new attempt was made to make tandems and characterize them in detail. In this
experiment, all fabricated devices did work (Figure 2.9a and Table 2.4), but
unfortunately the performance of the tandem was lower than the tandem made before
(Figure 2.8a).
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Figure
2.9
(a)
J-V
curves
of
the
ITO/ZnO/P3HT:ICBA/V2O5/Ag
and
ITO/ZnO/PDPPTPT:[60]PCBM/V2O5/Ag single junction cells and of the corresponding
ITO/ZnO/P3HT:ICBA/V2O5/pH PEDOT/ZnO/PDPPTPT:[60]PCBM/V2O5/Ag tandem cell.
Table 2.4: Device parameters of the P3HT:ICBA and PDPPTPT:[60]PCBM single junction cells and the
corresponding tandem cell based on the same photoactive layers.

P3HT:ICBA

Jsc
(mA/cm2)
6.6

Voc
(V)
0.69

FF
(-)
0.51

MPP
(mW/cm2)
2.3

PDPPTPT:[60]PCBM

9.6

0.76

0.63

4.6

Tandem

5.4

1.41

0.53

4.0

The moderate performance of the tandem is mainly due to a drop in shortcircuit current and fill factor. The probable cause of this lower efficiency of the tandem
can be found in the P3HT:ICBA single junction, which gave a poor current density (Jsc
= 6.6 mA/cm2) for this batch of solar cells compared to good P3HT:ICBA devices for
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which a short-circuit current density Jsc of ~9 mA/cm2 is reached. Since the
P3HT:ICBA subcell is the current limiting sub cell, the low current of the P3HT:ICBA
cell causes of the low current in the tandem.
The EQE measurement of the tandem cell was performed with the protocol
developed by Gilot et al.[30] In short, the measurement of the tandem is carried out by
biasing the front cell with light (532 nm) that is more strongly absorbed by the front
sub cell than by the back sub cell. In this way the back sub cell is current limiting and its
EQE can be measured over the whole wavelength range. Alternatively, the EQE of the
front sub cell can be measured by biasing the back sub cell with light that is exclusively
absorbed in the back cell (780 nm). The currents at which the EQE measurements are
performed are calculated by optical modelling. The current measured in the single
junction is multiplied by the ratio in absorption of the active layer inside the tandem to
the absorption inside the tandem stack for the wavelength of the laser. When these
EQE spectra (Figure 2.9b) are integrated with the solar spectrum (AM1.5G, 100
mW/cm2) the short-circuit currents of the sub cells can be found: 5.2 mA/cm2 for the
front cell and 6.8 mA/cm2 for the back cell.

2.5 Conclusion
Inverted single junction solar cells with V2O5 processed layers from solution
have been made. The efficiency is comparable to the efficiency of regular single
junctions. A recombination contact of V2O5, pH PEDOT and zinc oxide nanoparticles
was

produced.

When

this

recombination

contact

is

used

in

a

double

PDPPTPT:[60]PCBM tandem, the voltage loss is minimal and the fill factor good. In a
first attempt to make a tandem cell with complementary wide and small band gap
absorbing active layers, a ~6.0% tandem cell was made, but this result could not be
reproduced. The efficiency of the tandems reduced to 4%, mainly due to a low and a
irreproducible photocurrent in the P3HT:ICBA cell. This was found to be, at least in
part, related to the relative humidity during spin coating. On days with a higher
humidity, the short-circuit current of the P3HT:ICBA cell is larger, leading to higher
performance.
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2.6 Experimental
Inverted devices were fabricated by spin casting ZnO nanoparticles from acetone onto
pre-cleaned indium tin oxide (ITO) covered glass substrates (Naranjo substrates), followed by
annealing in a nitrogen filled glove box at 150 °C for 15 min. For P3HT:ICBA single junction
and tandem cells, Plexcore PV2000 ink from Plextronics was spin cast on top of the ZnO/ITO
covered glass substrates and annealed for 30 min. at 170 °C in a nitrogen filled glove box. To
fabricate cells with PCDTBT (1-material), 7 mg/mL PCDTBT was mixed in a 1:4 weight ratio
with [70]PCBM in o-DCB with 30% v/v chlorobenzene. The layers were spin coated inside the
nitrogen filled glove box and subsequently annealed for 10 minutes at 70 °C. PFTBT (5 mg/mL)
was mixed in a 1:4 ratio with [60]PCBM in 70 mg/mL o-DCB in chloroform. The solution was
spin coated from a 60 °C hot solution with a pre heated pipette. Vanadium(V) oxytriisopropoxide
(Aldrich) was mixed with isopropanol in a 1:70 ratio inside a nitrogen filled glove box just before
use. The solution was spin coated at ambient air and the substrates were left in a dark ambient
environment for 1h to dry. For single junction cells, the device was completed by evaporation of
100 nm Ag. For tandem cells pH neutral PEDOT:PSS (Agfa Orgacon) mixed with water and
isopropanol 1:1:0.2 and spin coated on top of the V2O5 layer. Afterwards a layer of ZnO
nanoparticles was deposited from isopropanol. To complete the tandem cell
PDPPTPTT:[60]PCBM 1:2 5 mg/mL polymer concentration from chloroform/o-DCB was spin
coated on top of the annealed ZnO layer, followed by another layer of V2O5 prepared from a
fresh solution and 100 nm Ag is evaporated in high vacuum by thermal evaporation as back
contact.
EQE measurements were performed in a homebuilt set-up. Mechanically modulated
(Stanford Research SR 540 chopper) monochromatic (Oriel, Cornerstone 130) light from a 50 W
tungsten halogen lamp (Osram 64610) was used as probe light, in combination with continuous
bias light from a solid state laser (B&W Tek Inc. 532 nm, 30 mW and 780 nm, 21 mW). The
intensity of the bias laser light was adjusted using a variable neutral density filter. The response
was recorded as the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research
Systems SR830). For the single junction devices and the PDPTPT:[60]PCBM sub cell, the
measurement was carried out under representative illumination intensity (AM1.5G equivalent,
provided by the 532 nm-laser). For the P3HT:ICBA sub cell, the measured EQE was
mathematically corrected for the intensity difference between the monochromatic light and
AM1.5G. For the tandem sub cells, a compensating electrical bias was applied by the lock-inamplifier to ensure short-circuit conditions in the respective sub cells during the spectral response
measurements.
Current density versus voltage (J−V) curves were measured with a Keithley 2400 source
meter under illumination with a tungsten-halogen lamp with a Schott GG385 UV filter and a
Hoya LB120 daylight filter at 100 mW/cm2 light intensity. The short-circuit density of the single
junction solar cells was more accurately determined by convolution of the EQE with the
AM1.5G solar spectrum.
For the tandem solar cell measurements, the mimicked solar light spectrum was tuned to
provide appropriate illumination to both sub cells. The J−V curves of the tandem solar cell and
P3HT:ICBA single junction were measured under illumination through a mask of smaller
dimensions to the device area determined by the overlap of the ITO and Ag electrodes (0.0676
cm2 for the 0.09 cm2 cell and 0.1296 cm2 for the 0.16 cm2 cell), to avoid extra current generation
due to the high lateral conductivity of the PEDOT:PSS.
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Layer thicknesses were measured using a Veeco Dektak 150 Surface Profiler. The
absorption of the active layers was determined by spin casting on glass and measuring with a
Perkin-Elmer Lambda 900 UV-vis spectrometer.
Calculations of the optical electric field were performed with Setfos 3 (Fluxim AG,
Switzerland). Most optical constants were determined by measuring the absorption of a layer
thickness series with Perkin-Elmer Lambda 900 UV-vis spectrometer with integrating sphere.
Some optical constants were obtained from literature.[31,32,33]

- 36 -

Inverted tandems with solution processed vanadium oxide

2.7 References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

A. Hadipour, B. de Boer, J. Wildeman, F. B. Kooistra, J. C. Hummelen, M. G. R.
Turbiez, M. M. Wienk, R. A. J. Janssen, P. W. M. Blom, Adv. Funct. Mater. 2006, 16, 1897
J. Gilot, M. M. Wienk, R. A. J. Janssen, Appl. Phys. Lett. 2007, 90, 143512
J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T.-Q. Nguyen, M. Dante, A. J. Heeger, Science
2007, 317, 222
T. Ameri, G. Dennler, C. Lungenschmied, C. J. Brabec, Energy Environ. Sci. 2009, 2, 347
S. Sista, M.-H. Park, Z. Hong, Y. Wu, J. Hou, W. L. Kwan, G. Li, Y. Yang, Adv. Mater.
2009, 22, 380
J. Gilot, M. M. Wienk, R. A. J. Janssen, Adv. Mater. 2010, 22, E67
J. You, L. Dou, Z. Hong, G. Li, Y. Yang, Prog. Polym. Sci., 2013, 38, 1909
M. White, D. Olson, S. Shaheen, N. Kopidakis, D. Ginley, Appl. Phys. Lett. 2006, 89,
143517
C. Waldauf, M. Morana, P. Denk, P. Schilinsky, K. Coakley, S. Choulis, C. Brabec, Appl.
Phys. Lett. 2006, 89, 233517
K. Norrman, M. V. Madsen, S.A. Gevorgyan, F. C. Krebs, J. Am. Chem. Soc. 2010, 132,
16883
M. T. Lloyd, C. H. Peters, A. Garcia, I. V. Kauvar, J. J. Berrya, M. O. Reese, M. D.
McGehee, D. S. Ginley, D. C. Olson, Sol. Energy Mater. Sol. Cells 2011, 95, 1382
D. W. Zhao, L. Ke, Y. Li, S. T. Tan, A. K. K. Kyaw, H. V. Demir, X. W. Sun, D. L.
Carroll, G. Q. Lo, D. L. Kwong, Sol. Energy Mater. Sol. Cells 2011, 95, 921
X. W. Sun, D. W. Zhao, L. Ke, A. K. K. Kyaw, G. Q. Lo, D. L. Kwong, Appl. Phys. Lett.
2010, 97, 053303
C. -H. Chou, W. L. Kwan, Z. Hong, L.-M. Chen, Y. Yang, Adv. Mater. 2011, 23, 1282
S. K. Hau, H.-L. Yip, K.-S. Chen, J. Zou, A. K.-Y. Jen, Appl. Phys. Lett. 2010, 97, 253307
T. T. Larsen-Olsen, E. Bundgaard, K. O. Sylvester-Hvid, F. C. Krebs, Org. Electron. 2011,
12, 364
G. Li, C.-W. Chu, V. Shrotriya, J. Huang, Y. Yang, Appl. Phys. Lett., 2006, 88, 253503
K. Takanezawa, K. Tajima, K. Hashimoto, Appl. Phys. Lett, 2008, 93, 063308
K. Zilberberg, S. Trost, H. Schmidt, T. Riedl, Adv. Energy Mater., 2011, 1, 377
K. Zilberberg, S. Trost, J. Meyer, A. Kahn, A. Behrendt, D. Lützenkirchen-Hecht, R.
Frahm, T. Riedl, Adv. Funct. Mater., 2011, 21, 4776
C.-P. Chen, Y.-D. Chen, S.-C. Chuang, Adv. Mater., 2011, 23, 3859
Y.-M. Chang, J.-M. Ding, Thin Solid Films, 2012, 520, 5400
T.T. Larsen-Olsen, E. Bundgaard, K.O. Sylverster-Hvid, F.C. Krebs, Org. Electron. 2011
12, 364
V. S. Gevaerts, A. Furlan, M. M. Wienk, M. Turbiez, R. A. J. Janssen, Adv. Mater. 2012,
24, 2130
S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M. Wienk, R. A. J. Janssen, Adv.
Energy Mater. 2012, 2, 945
J. Meyer, K. Zilberberg, T. Riedl, A. Kahn, J. Appl. Phys., 2011, 110, 033710
Y. J. He, H. Y. Chen, J. H. Hou, Y. F. Li, J. Am. Chem. Soc., 2010, 132, 1377
G. J. Zhao, Y. J. He, Y. F. Li, Adv. Mater., 2010, 22, 4355
G. Lakhwain, R. F. H. Roijmans, A. J. Kronemeijer, J. Gilot, R. A. J. Janssen, S. C. J.
Meskers, J. Phys. Chem. C, 2010, 114, 14804
J. Gilot, M. M. Wienk, R. A. J. Janssen, Adv. Funct. Mater., 2010, 20, 3904
E. D. Palik, G. Ghosh, Handbook of Optical Constants of Solids, Academic Press, Boston,
MA, USA 1998
L. A. A. Pettersson, S. Ghosh, O. Inganäs, Org. Electron. 2002, 3, 143
J. Gilot, I. Barbu, M. M. Wienk, R. A. J. Janssen, Appl. Phys. Lett. 2007, 91, 113520
- 37 -

Inverted tandems with a
PEDOT:PSS/ZnO
recombination contact

Abstract

In search for a reproducible process to fabricate efficient inverted tandem solar
cells, a new recombination contact was developed. A PEDOT:PSS/ZnO
recombination contact was used to combine an inverted P3HT:ICBA front cell and a
PDPP5T:[60]PCBM back cell. Initially, PEDOT:PSS did not wet on top of
P3HT:ICBA, but after treatment with a mild N2 plasma the wetting was improved and
reproducible inverted tandem solar cells were processed. After optical modelling the
ideal layer thicknesses of the front and back cell were determined, leading to inverted
tandem solar cells with an efficiency of 5.8%, which is larger than the efficiency of
either of the two sub cells.

This work has been published: S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M.
Wienk, R. A. J. Janssen, Adv. Energy Mater. 2012, 2, 945

Chapter 3

3.1 Introduction
The efficiency of bulk heterojunction polymer fullerene organic solar cells has
recently approached 10%.[1,2] By using a tandem configuration, this efficiency can be
further improved. When compared to single junctions, tandem solar cells reduce
thermalization losses by absorbing the high energy photons first in the high band gap
front cell. This cell transmits the lower energy photons which are then absorbed in the
low band gap back cell. Important for the functioning of the tandem cell are both the
choice of the active layer materials for the front and back cell, as well as the
recombination contact. The layers of the recombination contact should be chosen as
such that optical, energetic, and resistive losses are kept at a minimum. Most tandem
solar cells shown in literature use a conventional architecture, with a transparent hole
collecting contact and an opaque electron collecting back contact.[3-9] Inverted tandem
cells, with a transparent electron contact and an opaque hole collecting back
contact,[10,11] are believed to be more stable towards oxidation of the back contact and
easier to print.[ 12,13 ]
The open-circuit voltage (Voc) of the two sub cells of inverted polymer tandem
solar cells reported in literature was virtually identical before publication of this work.[14]
Hence, neither of these inverted tandem cells really exploits the fundamental advantage
of a tandem configuration, where high energy photons are converted in a wide band
gap sub cell with a higher Voc and the low energy photons in a small band gap cell with
lower Voc. In this way thermalization and transmission losses can be reduced
simultaneously, leading to an inverted tandem device with an efficiency greater than the
efficiency of either of the two individual sub cells. Moreover, to enable future roll-toroll processing of efficient inverted tandem cells there is an obvious need for robust
solution processed recombination layers.
In the previous chapter a recombination contact consisting of solution
processed V2O5/pH neutral PEDOT:PSS (pH PEDOT)/ZnO was developed.
Tandems with an efficiency of 6% were made with a minor loss in voltage over the
device, but the processing of these recombination contacts proved to be poorly
reproducible and the efficiency susceptible to the relative humidity on the day of
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production. Because of this unstable processing the research on this recombination
contact was discontinued and this chapter provides an alternative to obtain a voltage
loss free recombination contact providing a tandem cell with better than either of the
two single junctions.
In this chapter an efficient inverted tandem polymer solar cell configuration
(Figure 3.1a) is presented that overcomes both the problem of reproducibility and the
sensitivity towards humidity during processing. A fully solution processed
PEDOT:PSS/ZnO recombination layer is developed that connects the two sub cells
with minimal losses. The inverted tandem cell uses a wide band gap bulk heterojunction
front cell consisting of P3HT as donor and indene-C60-bisadduct (ICBA)[15] as acceptor
(Figure 3.1c). P3HT:ICBA single junction cells give efficient solar cells with Voc = 0.84
V in a conventional configuration.[16] The small band gap back cell of the tandem
consists of a diketopyrrolopyrrole-quinquethiophene copolymer (PDPP5T, Figure 3.1c)
as donor with [60]PCBM as acceptor, that provides Voc = 0.58 V in a standard device
layout.[17] With band gaps of 1.87 and 1.46 eV, the optical absorption of the two active
layers are complementary and cover a large part of the solar spectrum (Figure 3.1b).
The individual P3HT:ICBA and PDPP5T:[60]CBM single junction cells in an inverted
configuration provide power conversion efficiencies (PCEs), respectively of PCE =
4.4% and PCE = 5.0% and reach PCE = 5.8% when combined in an inverted tandem
cell.
(b)
Normalized optical density

1.2
P3HT:ICBA
PDPP5T:[60]PCBM

1.0
0.8
0.6
0.4
0.2
0.0

400

500

600

700

800

Wavelength [nm]

- 41 -

900

1000

Chapter 3

Figure 3.1: (a) Layout of the inverted tandem cell. (b) Normalized absorption spectra of the P3HT:ICBA
and PDPP5T:[60]PCBM active layers. (c) Molecular structures of P3HT, ICBA, PDPP5T and [60]PCBM.

3.2 Single junction devices
To create an inverted device polarity it is necessary to modify the work function
of the optically transparent bottom ITO electrode. For this purpose a thermally
annealed solution processed ZnO nanoparticle layer is used as the electron collecting
contact.[18] Both P3HT:ICBA and PDPP5T:[60]PCBM can directly be deposited from
solution onto this ZnO layer. Compared to normal configuration tandem cells, the
challenge in making a solution processed inverted cell is establishing a robust procedure
for depositing a hole collecting layer on top of the first active layer. In principle
PEDOT:PSS is well suited for this purpose. However, PEDOT:PSS is generally
processed as a dispersion in water and it is notoriously difficult to form a closed, thin
(<50 nm), and smooth PEDOT:PSS layers on top of a polymer:fullerene layer by spin
coating. Especially for apolar and hydrophobic active layers such as P3HT:ICBA,
dewetting results in incomplete or poor film formation. This problem was effectively
solved by using a combination of pre-treating the P3HT:ICBA surface with a N2
plasma and using a PEDOT:PSS formulation designed for coating on plastic substrates.
Specifically, a mild N2 plasma (0.6 mbar, 10 W, 2 s) is used to make the P3HT:ICBA
surface more hydrophilic and then PEDOT:PSS (Clevios™ F CPP105D diluted with
isopropanol) is spin coated to create a continuous 40 nm thin PEDOT:PSS film. The
use of N2 as compared to air as plasma medium reduces the oxidation and deterioration
of the photoactive P3HT:ICBA layer by the plasma. Using this procedure inverted
single

junction

ITO/ZnO/P3HT:ICBA/PEDOT:PSS/Ag
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reproducibly. Figure 3.2 shows the current density – voltage (J−V) characteristics and
external quantum efficiency (EQE) of the optimized P3HT:ICBA inverted cells with an
active layer thickness of 225 nm. The short-circuit current density, determined from
integrating the EQE with the solar spectrum (Jsc = 8.27 mA/cm2), open-circuit voltage
(Voc = 0.82 V), and fill factor (FF = 0.65) result in a power conversion efficiency of
PCE = 4.4% (Table 3.1) for this cell. The EQE reaches a maximum value of 67% at
530 nm.
(a)

(b)
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Figure 3.2: (a) J−V curves of optimized single junction inverted ITO/ZnO/P3HT:ICBA/PEDOT:PSS/Ag
and ITO/ZnO/PDPP5T:[60]PCBM/MoO3/Ag solar cells under simulated AM1.5G (100 mW cm−2)
illumination. (b) EQEs of the same cells.
Table 3.1: Characteristics of the optimized single junction and tandem solar cells.

Jsc a)

Jsc (EQE) b)

Voc

(mA cm−2)

(mA cm−2)

(V)

P3HT:ICBA
(225 nm)

7.48

8.27

0.82

0.65

4.4

PDPP5T:[60]PCBM
(100 nm)

13.31

12.75

0.59

0.67

5

Active layer

FF

PCE
(%)

a) Determined from white light J−V. b) Determined from integrating the EQE with the AM1.5 G
spectrum.

For the back cells the processing is easier. The PDPP5T:[60]PCBM layer is
more polar and the deposition of PEDOT:PSS from water/isopropanol does not
require a plasma pre-treatment. Besides a PEDOT:PSS/Ag top contact, also MoO3/Ag
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was tested as hole collecting electrode, obtaining identical results. The J−V
characteristics

and

EQE

of

the

optimized

inverted

ITO/ZnO/PDPP5T:[60]PCBM/MoO3/Ag single junction cell with a 100 nm active
layer are shown in Figure 3.2. The optimized cell gives Jsc = 12.75 mA/cm2, Voc = 0.59
V, and FF = 0.67, resulting in a power conversion efficiency of PCE = 5.0% (Table
3.1).

3.3 Recombination layer
Having established reproducible procedures for making efficient inverted single
junction wide and small band gap cells, the construction of the tandem cell can be
considered. In the tandem cell a ZnO nanoparticle layer is deposited from isopropanol
on top of a PEDOT:PSS layer to create the intermediate recombination contact. UVvis measurements verified that isopropanol does not wash away the previously
deposited PEDOT:PSS layer. Acidic PEDOT:PSS solutions are known to readily
dissolve ZnO, but once the PEDOT:PSS layer has been thermally annealed the acidity
does not cause a problem when ZnO nanoparticles are deposited on top. To test the
performance of the intermediate contact, ITO/PEDOT:PSS/ZnO/Ag devices were
made. The J−V characteristics (Figure 3.3) show that an ohmic PEDOT:PSS/ZnO
contact is formed under UV illumination. The resistance measured is primarily
determined by the series resistance of the ITO. UV illumination creates free electrons
in the ZnO nanoparticles that help to establish a good contact with PEDOT:PSS.[19]
The effect of UV illumination saturates after 4 min. (Figure 3.3), but this time varies
with different batches of ZnO nanoparticles prepared.
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Figure 3.3: J−V characteristic of an ITO/PEDOT:PSS/ZnO/Ag device, showing the effect of UV
illumination on the recombination contact.

3.4 Calculating optimized layer thicknesses
In tandem polymer solar cells with series connection, the layer thicknesses of
the front and back cells have to be balanced to adjust the current extracted from each
layer. Gilot et al. have previously shown that in polymer solar cells equalizing the
current generation of the sub cells is not a sufficient design criterion due to the
significant dependence of the photocurrent on the applied voltage.[20] To establish the
optimal thickness of the photoactive layers in an inverted tandem configuration, the
corresponding

single

junction

ITO/ZnO/P3HT:ICBA/PEDOT:PSS/Ag

and

ITO/ZnO/PDPP5T:[60]PCBM/MoO3/Ag, devices were fabricated for a range of
active layer thicknesses. For each layer thickness, the cells were characterized and the
absorbed photon flux was calculated using a simulation of the optical absorption and
reflection of the entire layer stack of the device using the wavelength dependent
refractive index (n) and extinction coefficient (k) of the photoactive, charge transport,
and electrode layers. The spectrally averaged internal quantum efficiency (IQE) was
then determined as the ratio between the short-circuit current (obtained by integrating
the product of the solar spectrum with the experimental EQE of the solar cell) and the
absorbed flux of photons from the standard global air mass 1.5 sunlight (AM1.5G).
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Figure 3.4: Spectrally averaged IQE vs. layer thickness for P3HT:ICBA and PDPP5T:[60]PCBM inverted
solar cells. The solid lines represent the values used for modeling.

Figure 3.4 shows that the spectrally averaged IQEs decrease with thickness but
remain above 70% for both active layers. Combining the thickness dependent IQE and
J−V data with an optical simulation of the tandem cell configuration using the matrix
transfer

formalism

program

Setfos,

the

maximum

performance

for

a

ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PDPP5T:[60]PCBM/MoO3/Ag tandem
cell configuration is expected for layer thicknesses combinations ranging from 185 to
235 nm for the P3HT:ICBA front cell combined with 70 to 105 nm for the
PDPP5T:[60]PCBM back cell.

3.5 Tandems
Figure 3.5a shows the J−V characteristics of a tandem cell with a 220 nm front
cell and a 90 nm back cell after brief UV illumination to create the intermediate contact.
The inverted tandem cell is characterized by Jsc = 7.23 mA/cm2, Voc = 1.35 V, and FF =
0.60 resulting in a power conversion efficiency of PCE = 5.8% (Table 3.2). Over 20
nominally identical devices the tandem cell efficiency was 5.5±0.4%. The EQE of the
inverted tandem cell (Figure 3.5b), measured under appropriate bias illumination and
electrical bias conditions,[21] shows that the sub cells largely convert complementary
parts of the solar spectrum with peak EQEs over 50% in both cells. By integrating the
two EQE spectra with the solar AM1.5G (100 mW/cm2) solar spectrum the shortcircuit current densities of the sub cells were found to be 6.82 mA/cm2 for
P3HT:ICBA and 7.45 mA/cm2 for PDPP5T:[60]PCBM. With these values it is possible
to construct the J−V characteristics of the tandem cell from the corresponding single
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junction cells that were made on the same day as the tandem cells that have the same
layer thickness as the sub cells. The J−V characteristics of the two single junctions
(Figure 3.5a) were recorded under reduced illumination conditions, such that their
short-circuit currents match with the values obtained from the EQEs of the sub cells in
the tandem. Assuming a loss free recombination layer, the J−V characteristic of the
tandem can then be constructed (Figure 3.5a) by adding the two curves using
Kirchhoff’s law[22] and compared to the measured characteristics (Figure 3.5a and Table
3.2). This comparison reveals that the PEDOT:PSS/ZnO recombination contact
causes no loss in open-circuit voltage but that the fill factor in the tandem is reduced
from the expected value of 0.64 to 0.60 V. This is a small but significant loss that is at
least partly caused by resistive losses as evidenced by the observation that the current
density under forward bias in the constructed J−V curve (which assumes zero
resistance in the intermediate layer) exceeds the experimental values.
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Figure 3.5: (a) Comparison of the J−V characteristics of the measured and constructed tandem solar
cell with a 220 nm P3HT:ICBA front cell and 90 nm PDPP5T:[60]PCBM back cell. (b) Experimental EQE of
the same cell. (c) J−V curves of single junction reference cells measured under appropriate reduced
light intensity and the constructed tandem.
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Table 3.2. Characteristics of the single junction cells under reduced light intensity and of the
constructed tandem cell.

Active layer

Jsc
[mA/cm2]

Voc
[V]

FF

PCE
(%)

P3HT:ICBA (220 nm) single junction a)

6.82

0.80

0.65

-

PDPP5T:[60]PCBM (90 nm) single
junction a)

7.45

0.55

0.63

-

Tandem Constructed

6.98

1.35

0.64

6.1

Tandem Measured

7.23

1.35

0.60

5.8

a)

Measured under reduced light intensity to provide the same Jsc as determined from integrating the
EQE of the sub cell in the tandem cell with the solar AM1.5G spectrum (see text).

3.6 Conclusion
In conclusion, a solution processed recombination layer consisting of 40 nm of
PEDOT:PSS and 30 nm of ZnO nanoparticles can be used to make efficient tandem
solar cells with inverted polarity. By using a mild N2 plasma treatment and depositing
PEDOT:PSS from water/isopropanol, followed by spin coating ZnO nanoparticles it is
possible to reproducibly create a recombination contact onto hydrophobic P3HT:ICBA
layers. The inverted tandem cell that comprises P3HT:ICBA as wide band gap front cell
with high Voc and PDPP5T:[60]PCBM as small band gap back cell with lower Voc. As a
result the tandem cell has a power conversion efficiency of PCE = 5.8%, which is
higher than that of the optimized single junction cells and which is among the highest
ones reported for this type of solar cells to date.

3.7 Epilogue
After publication of this work,[14] several further improvements of the inverted
tandem structure were reported in literature. For example, Kippelen and coworkers use
ethoxylated polyethylenimine (PEIE) on top of PEDOT:PSS to make a fully functional
recombination contact without any voltage or fill factor loss.[23] Liu and coworkers
show an inverted tandem with an evaporated intermediate contact, where the
hygroscopic PEDOT:PSS is replaced by MoO3 and MoO3 doped with aluminum as
high transparency materials. The efficiency of devices with a poly[N-9′-heptadecanyl- 48 -
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2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT):[70]PCBM
front cell and poly(diketopyrrolopyrrole-terthiophene) (PDPP3T):[70]PCBM back cell
is PCE = 7.31%.[24]
Yang and coworkers showed an even further improvement in power conversion
efficiency,

with a

MoO3/modified-PEDOT:PSS/ZnO recombination contact.

Strikingly, they do not use two different complementary absorbers, but they reach an
efficiency of 10.2% with a single active layer material: poly[2,7-(5,5-bis-(3,7dimethyloctyl)-5H-dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3benzothiadiazole)] (PDTP-DFBT):[70]PCBM, which shows efficiencies of 8.1% for
single junctions.[25] This efficiency was even further improved by replacing the first
active layer for P3HT:ICBA, and changing the overall tandem design to a design similar
to

this

work:

ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PDTP-

DFBT:[70]PCBM/MoO3/Ag. The certified efficiency of 10.6% is the current record
device efficiency for organic tandem solar cells.[ 26 ] Brabec and coworkers tested
inverted tandems from commercially available materials by using doctor blading, a
technology which is closer to the current large scale fabrication methods, and gained a
maximum efficiency of 6.07%, showing the true potential of inverted tandems to
become a commercial product.[27]
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3.8 Experimental
Devices were fabricated by spin casting ZnO nanoparticles from acetone onto precleaned indium tin oxide (ITO) substrates (Naranjo substrates), followed by annealing in a
nitrogen filled glove box at 150 °C for 15 min. For PDPP5T single junctions, a 1:2 weight ratio
of 6 mg mL-1 PDPP5T and [60]PCBM (Solenne BV) was dissolved in a 5% v/v solution of odichlorobenzene (ODCB) in chloroform and spin casted. The devices were completed by
evaporation of 10 nm MoO3 and 100 nm Ag. For P3HT:ICBA single junctions and tandems,
Plexcore PV2000 ink from Plextronics was spin cast on top of the ZnO covered ITO substrates
and annealed for 30 min. at 170 °C in a nitrogen filled glove box. An N2 plasma of 10 W was
used for 2 s using a Diener Femto PCCE plasma reactor to make the active layer surface more
hydrophilic. On top, Clevios F CPP105D PEDOT:PSS (Heraeus) diluted with 25% v/v of
isopropanol was spin cast and annealed for 10 min. at 120 °C. For single junctions, the device
was completed by evaporation of 100 nm Ag. For tandem cells a layer of ZnO nanoparticles was
deposited from isopropanol and then annealed at 150 °C for 15 min. To complete the tandem
cell PDPP5T:[60]PCBM from chloroform/o-DCB was spin coated on top of the annealed ZnO
layer, followed by deposition of MoO3 and Ag in high vacuum by thermal evaporation.
EQE measurements were performed in a homebuilt set-up. Mechanically modulated
(Stanford Research SR 540 chopper) monochromatic (Oriel, Cornerstone 130) light from a 50 W
tungsten halogen lamp (Osram 64610) was used as probe light, in combination with continuous
bias light from a solid state laser (B&W Tek Inc. 532 nm, 30 mW and 780 nm, 21 mW). The
intensity of the bias laser light was adjusted using a variable neutral density filter. The response
was recorded as the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research
Systems SR830). For the single junction devices and the PDPP5T:[60]PCBM sub cell, the
measurement was carried out under representative illumination intensity (AM1.5G equivalent,
provided by the 532 nm-laser). For the P3HT:ICBA sub cell, the measured EQE was
mathematically corrected for the intensity difference between the monochromatic light and
AM1.5G. For the tandem sub cells, a compensating electrical bias was applied by the lock-inamplifier to ensure short-circuit conditions in the respective sub cells during the spectral response
measurements.
Current density versus voltage (J−V) curves were measured with a Keithley 2400 source
meter under illumination with a tungsten-halogen lamp with a Schott GG385 UV filter and a
Hoya LB120 daylight filter at 100 mW/cm2 light intensity. The short-circuit density of the single
junction solar cells was more accurately determined by convolution of the EQE with the
AM1.5G solar spectrum.
For the tandem solar cell measurements, the mimicked solar light spectrum was tuned to
provide appropriate illumination to both sub cells. The J−V curves of the tandem solar cell and
P3HT:ICBA single junction were measured under illumination through a mask of smaller
dimensions to the device area determined by the overlap of the ITO and Ag electrodes (0.0676
cm2 for the 0.09 cm2 cell and 0.1296 cm2 for the 0.16 cm2 cell), to avoid extra current generation
due to the high lateral conductivity of the PEDOT:PSS.
Layer thicknesses were measured using a Veeco Dektak 150 Surface Profiler. The
absorption of the active layers was determined by spin casting on glass and measuring with a
Perkin-Elmer Lambda 900 UV-vis spectrometer.
Calculations of the optical electric field were performed with Setfos 3 (Fluxim AG,
Switzerland). The other optical constants were obtained from literature.[17,19,28,29,30]
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the

work

function of PEDOT:PSS

Abstract

The fabrication of a tandem architecture is a promising way of enhancing the
efficiency of organic solar cells. One of the challenges here is the alignment of the
(quasi) Fermi levels of the recombination contact with the highest occupied molecular
orbital (HOMO) of the polymer in the back cell to form an Ohmic contact, which
otherwise would lead to a loss in voltage over the device. The problem is caused by the
too low work function of the pH neutralized PEDOT:PSS (pH PEDOT) normally
used in the zinc oxide/pH PEDOT recombination contact. In this chapter the work
function is increased by (partially) neutralizing regular PEDOT:PSS, application of a
work modification layer, or application of a layer of V2O5 on top of pH PEDOT.
However none of these approaches has led to reproducible tandem devices with the
expected voltage.

Chapter 4

4.1 Introduction
To make efficient multi-junction organic solar cells, the open-circuit voltage
(Voc) of each of the subcells must be maximized. Ultimately, the Voc of an organic solar
is determined by the effective band gap, i.e. the energy gap between the HOMO of the
donor and the LUMO of the acceptor. In practice, however, the Voc is lower because of
several fundamental and unintentional losses. One of the unintentional losses occurs
when the electrodes cannot form an Ohmic contact with the photoactive layer due to a
mismatch between the work function of the electrode and HOMO (or LUMO) level of
the semiconductor. Many organic solar cells use PEDOT:PSS to collect the holes.
PEDOT:PSS, at least the commonly used Hereaus VP Al4083 formulation, has a work
function that is at -5.05 eV and that is sufficiently deep to make a good contact with
many modern polymer semiconductors used in organic solar cells.
Recently, one of the focal points in synthesis of new semiconducting polymers
has shifted to the synthesis of medium band gap polymers to be used as a back cell in
tandem[1-8] or a middle cell in triple junction solar cells. As an example, Hendriks et al.
synthesized PDPPTPT from diketopyrrolopyrrole (DPP) and thiophene-phenylenethiophene (TPT) with Eg = 1.53 eV, HOMO = -5.48 eV, and Voc = 0.80 V when mixed
with PCBM.[9] This polymer has a relatively high Voc and small band gap, which makes
it suitable to be used as a back cell in a tandem or as middle cell in a triple junction. But
since the HOMO level of this polymer is relatively deep, the work function of
PEDOT:PSS hole transporting layer is very important.
To demonstrate this the current density – voltage (J−V) characteristics of two
ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al solar cells, where two different
formulations of PEDOT:PSS are used are shown in Figure 4.1. The first is the
commonly used Hereaus, VP Al4083 PEDOT:PSS, and the second is ‘pH neutral
PEDOT:PSS’ (or pH PEDOT), a pH neutralized formulation of PEDOT:PSS (Agfa
Orgacon) which is frequently used in the recombination contact of a tandem solar cell
on top of zinc oxide.[10] Strikingly, the Voc of these devices differs considerably: 0.80 V
for the device with normal PEDOT:PSS and 0.59 V for the device with pH neutral
PEDOT:PSS. This loss in voltage for the pH PEDOT device originates from the
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difference in energy between the work function (or Fermi level) of the pH PEDOT (4.65 eV)[11] and the HOMO of PDPPTPT (-5.48 eV),[12] where it is more difficult to
form an Ohmic contact than for the regular PEDOT:PSS that has a work function of
about -5.05 eV.[11]
For regular-configuration tandem cells the normal acidic PEDOT:PSS
formulation cannot be used, since the acidity of the aqueous PEDOT:PSS dispersion
deteriorates the zinc oxide layer when it is applied on top of it. For inverted
configuration tandem cells, the use of acid PEDOT is less a concern because the
deposition sequence is inverted. In pH PEDOT, a base has been added to increase the
pH but as a result the work function of the material is lower. Hence, the use of pH
PEDOT can lead to a voltage loss over the back cell, as shown in Figure 4.1b.
(b)

(a)
normal PEDOT:PSS
pH neutral PEDOT:PSS

2

Current density (mA/cm )

4
0
-4

-8

-12
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Bias (V)

Figure 4.1: (a) J−V characteristics of ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al solar cells made with
normal and pH neutral PEDOT:PSS. (b) Origin of the voltage loss in a tandem. Due to the energy offset
between the low work function pH PEDOT and the deep HOMO of the back cell, an energy loss occurs
with the recombination contact is off.

To solve this problem, the fluorinated acidic polymer Nafion has been used to
change the work function of pH PEDOT in tandems, but this only partially solved the
problem of the voltage loss

[13]

and suffered from day to day variations in both open-

circuit voltage of the devices with and without Nafion. Another proposed solution is
the use of intentionally thicker sputtered ZnO:Al layers with PEDOT:PSS on top,
where 10-50 nm of reduction in thickness of the ZnO layer is observed.[14] The goal of
the research described in this chapter was to develop a new recombination contact that
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can be universally applied in regular configuration tandem solar cells. Therefore, a work
function modification layer is needed on top of or instead of pH PEDOT (Figure 4.2).
The WML is required to be optically transparent, processed from solution, and provide
a voltage-loss free recombination contact inside a tandem device.

Figure 4.2: Device layout of the proposed tandem

4.2 Neutralization of PEDOT:PSS
Recently, Van Reenen et al.[15] proposed a universal mechanism of the work
function change by polyelectrolytes. They found a change in work function when a
work function modification layer (WML) was deposited on top of a conductor or
semiconductor with scanning Kelvin probe microscopy (SKPM). For many materials,
the change in work function was found to depend on the size of the mobile ion. A
small selection is shown in Figure 4.3a.
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(a)

Work function (eV)

4.5
Na-PSS
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Li-PSS
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Figure 4.3: (a) Relation between cation size and work function of Au a substrate covered with
different WMLs (5-10 nm) based on PSS salts. (b) schematic representation of the formation of the
image dipole at the interface between a semiconductor substrate and the WML.

Three different materials were used, X+PSS-, with X+ = H+, Li+, or Na+ as
cation in the material. When the work function was measured with respect to gold (Au),
the PSS variant with the largest cation (Na-PSS) did not result in any change in work
function. When a slightly smaller counter ion, lithium, is used a work function increase
can be seen. This increase is even larger when a proton is used.
From both these materials as well as other series with varying counter ions, a
relation was found between the size of the mobile ion and the work function change.
Smaller mobile ions are believed to be able to move closer to the surface and increase a
stronger dipole very close to the surface. In (semi)conductors, an image charge can then
be formed to stabilize this dipole, as shown in Figure 4.3b. The net result is a twofold
aligned dipole leading to a decrease or increase in work function.
It is known that the surface of PEDOT:PSS is rich in H-PSS,[16] which changes
the work function to the known value, but the acidic dispersion from which it is
deposited deteriorates the zinc oxide. pH PEDOT does not deteriorate the zinc oxide,
but does not have the correct work function. Therefore it is of interest to see if it is
possible to partially neutralize PEDOT:PSS to have both a good work function and not
affect the zinc oxide. Although changing the work function of PEDOT:PSS with
NaOH

[17]

and CsOH was found to be successful as published by Weijtens et al.,[18]

neutralization of PEDOT:PSS with NaOH was tried in our group but this did not lead
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to an optimum pH which ensured both a stable processing as well as a good voltage of
the device. Since a lithium ion is smaller and could probably lead to the correct work
function, it was tried to (partially) neutralize PEDOT:PSS with LiOH. The solutions
with varying pH were spin coated on top of zinc oxide and measured with UV-vis
spectroscopy to verify if the zinc oxide layer was affected. Figure 4.4 shows the optical
density (O.D.) at 350 nm, corresponding to zinc oxide, after depositing a partially
neutralized Li-PEDOT:PSS dispersion for different pH.

O.D. @ 350 nm (-)

0.06

0.04

0.02

0.00

0

1

2

3

4

5

6

7

pH

Figure 4.4: The optical density at 350 nm for ZnO/Li-PEDOT:PSS layer stacks with varying pH of the LiPEDOT:PSS. The solid line shows the O.D of the absorption peak of pure ZnO.

The measurements suggest that for a pH larger than 3 the zinc oxide is not
affected anymore, in agreement with results from Moet et al.[19] To see if the work
function

changed

together

with

the

pH,

single

junction

ITO/Li-

PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al solar cells were made with the different
Li-PEDOT:PSS dispersions. Figure 4.5a shows that for all Li-PEDOT:PSS layers the
voltage did increase to the maximum obtainable 0.80 V, whereas the voltage of the
devices with pH PEDOT is only 0.60 V. Since this experiment was successful, tandem
solar cells with two PDPPTPT:[60]PCBM active layers (ITO/PEDOT:PSS/
PDPPTPT:[60]PCBM/ZnO/Li-PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al)

were

made and tested. The Li-PEDOT:PSS inside the tandem was PEDOT:PSS neutralized
with LiOH to pH 3-7. Surprisingly, no reproducible results were obtained this
formulation. The maximum obtained Voc for the tandem is 1.41 V out of a possible 1.6
V, and results varied extensively in short-circuit current and open-circuit voltage.
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The same experiment was repeated with another formulation of PEDOT:PSS:
PH1000. After (partial) neutralization with LiOH it was used inside a tandem device.
The result is shown in Figure 4.5b. The J-V curve of the tandem device shows a leaking
current (open circles), and with Voc = 1.24 V under illumination (closed circles) the
voltage is lower than the voltage of the tandem with pH PEDOT (filled squares).
(b)

(a)
pH neutral PEDOT:PSS
PEDOT:PSS + LiOH
(pH 1.6 - 6.0)

Current density (mA/cm2)

Current density J (mA/cm2)

5.0

0

-5

-10
-0.5

0.0

0.5

1.0

Bias (V)

2.5

pH PEDOT light
PEDOT:PSS + LiOH dark
PEDOT:PSS + LiOH light

0.0
-2.5
-5.0
-7.5
-1

0

1

2

Bias (V)

Figure 4.5: (a) ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al devices with pH neutral PEDOT:PSS and
different variations of (partially) neutralized normal PEDOT:PSS with LiOH. (b)
ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/Li-PEDOT:PSS/PDPPTPT:[60]PCBM/LiF/Al tandem devices
with pH PEDOT or Li-PH1000 in the recombination contact.

4.3 Sulfonic acid derivatives
Since neutralizing different formulation PEDOT:PSS with LiOH did not result
in the desired operation in tandem solar cells, devices with pH PEDOT were prepared
using a WML spin coated sequentially on top of the pH PEDOT. Three different
materials were chosen to be used as WML (Figure 4.6b): p-toluenesulfonic acid (TsOH)
because it is similar to PSS and is supposed to enrich the surface of the pH PEDOT in
acidity and thereby change the work function. H-PSS, which is similar to TsOH, but a
polymeric form to limit diffusion of the WML into the layers below. Finally, Li-PSS is
chosen to see if the replacement of the hydrogen atom in H-PSS to a lithium ion and
thereby the loss of acidity has any change on the work function. All these materials
were dissolved in water.
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Figure 4.6: Structures of TsOH, H-PSS, Li-PSS and PAA.

PDPPTPT:[60]PCBM single junction devices were processed with a layer stack
as shown in Figure 4.7b. To determine the influence of the WML, both devices with
and without the WML were made. Surprisingly, the voltage of the devices with only pH
PEDOT changed from batch to batch. This is shown in Figure 4.7a. In example 1
(black squares) the voltage of the device is 0.65 V, and in example 2 (open squares) only
0.56 V. The origin for these differences is still unknown. The devices with TsOH were
very leaky in current, but gave a nice open-circuit voltage (Voc = 0.68 V). It was tried to
find an optimum in concentration of TsOH, but no optimum was found. A higher
concentration resulted in a higher Voc with a lower FF due to the leakage current.
When devices were processed with H-PSS on top of pH PEDOT, the desired
open-circuit voltage (Voc = 0.80 V) was obtained. Subsequently tandems were made in
the configuration ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/pH PEDOT/HPSS/PDPPTPT:[60]PCBM/LiF/Al. Unfortunately, all the attempts to make tandem
devices resulted in shunting, indicating that somehow the process is unstable.
Thirdly, Li-PSS was tested inside the single junction device. Regrettable, the
devices with Li-PSS showed no improvement in open-circuit voltage compared to the
devices without Li-PSS (Voc = 0.56 V). This indicates that apparently an acid is really
needed to change the work function in the case when pH PEDOT is used in a device.
This suggests that a lithium ion is indeed too big to properly alter the work function on
top of pH PEDOT.
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Figure 4.7: (a) ITO/pH PEDOT/WML/PDPPTPT:[60]PCBM/LiF/Al devices with varying WML. (b) Layer
stack of the single junction

4.4 Acrylic acid derivatives
Since it seems that the proton is the most important ingredient for a change in
work function inside the devices, it was tried to apply a poly(acrylic acid) (PAA) in a
device. PAA (Figure 4.6) is a carboxylic acid instead of a sulfuric acid. To check if the
work

function

is

changed

by

the

PAA,

ITO/pH

PEDOT/PAA/PDPPTPT:[60]PCBM/LiF/Al devices were made. The J-V curves are
shown in Figure 4.8.
(b)

(a)
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Figure 4.8: (a) ITO/pH PEDOT/PAA/PDPPTPT:[60]PCBM/LiF/Al single junctions without and with
different
concentrations
of
PAA.
(b)
ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/pH
PEDOT/PAA/PDPPTPT:[60]PCBM/LiF/Al tandems with different concentrations of PAA.
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The J-V curves (Figure 4.8a) of both single junction cells with PAA show the
expected voltage (Voc) of 0.80 V. The short-circuit current (Jsc) is slightly higher for the
device with 0.001 mg/mL PAA. When tandems were made (Figure 4.8b) the J-V curve
shows Voc = 1.46 V for the device with 0.01 mg/mL PAA and Voc = 1.55 V (MPP =
5.34 mW/cm2) for the device with 0.001 mg/mL. With a difference of only 0.05 V to
the desired open-circuit voltage, these results seem promising. However the device
without the layer of PAA showed exactly the same voltage. This again accentuates the
problem of pH PEDOT we encountered before: the voltage of the devices processed
with pH PEDOT vary from day to day. Although reference devices were processed
together with the devices with the WML, the exact effect of the WML on the voltage
and performance of the device is very hard to determine. Also reproducibility still is an
issue for many of the work function modification layers. This could have to do with the
partial re-dissolving of the pH PEDOT below the WML, since both use water as a
solvent.

4.5 Vanadium oxide
Since modification of PEDOT:PSS itself nor spin coating a polyelectrolyte on
top of pH PEDOT resulted in a stable device with the correct voltage, another
approach was chosen. A solution processed layer of vanadium oxide was shown to be
made from the precursor material vanadium(V) oxitriisopropoxide by Zilberberg et
al.[20] This method of producing a V2O5 layer was already used in Chapter 2. Since this
layer is spin coated from the more volatile isopropanol, it is expected to interfere less
with the pH PEDOT and lead to more robust processing conditions.
As a first step, ITO/pH PEDOT/V2O5/PDPPTPT:[60]PCBM/LiF/Al devices
were processed, to verify if the work function was changed. The results are shown in
Figure 4.9a. The J-V curve clearly shows that the correct voltage (Voc = 0.79 V) can be
obtained. Next, the recombination contact was tested. A ZnO/pH PEDOT and
ZnO/pH PEDOT/V2O5 contact were sandwiched between ITO and Al to test if the
contacts are ohmic (Figure 4.9b). The ZnO/pH PEDOT contact normally used in
tandem solar cells as recombination contact was processed for comparison. It was also
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tried to leave out the pH PEDOT and make a ZnO/V2O5 contact but this contact was
not impenetrable for solvents.
(b)
0.10

(a)

ZnO/pH PEDOT
ZnO/pH PEDOT/V2O5

with V2Ox

0
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-0.05
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-2
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0
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2

Bias (V)

Bias (V)

Figure 4.9: (a) ITO/pH PEDOT/V2O5/PDPPTPT:[60]PCBM/LiF/Al (b) I-V curves of the ZnO/pH
PEDOT/Ag/V2O5 recombination contacts with and without vanadium oxide and silver

The I-V curve of ZnO/pH PEDOT (black squares) is ohmic as expected, but
when the V2O5 is spin coated on top (black dots), the contact shows an S-shape, even
after illumination with UV-light.[21] It was tried to remove the S-shape by evaporating a
1 nm layer of silver between the pH PEDOT and the V2O5. As shown in Figure 4.9b
(open triangles) the recombination contact became ohmic again.
To confirm that all four layers in the recombination contact were still present,
UV-vis measurements were performed (Figure 4.10a). The layer of pH PEDOT only
shows absorption in the near infra-red (black circles) and this absorption profile does
not change when the solvent for spin coating the VOTIP on top, isopropanol is used.
After evaporation of the silver, a plasmonic absorption peak can be seen at 440 nm,
indication that the 1 nm layer of silver forms nanoparticles on the film. When only
V2O5 is spin coated on top of the pH PEDOT film, the absorption onset of vanadium
oxide is seen at 500 nm. When first the Ag is evaporated and then the V2O5 layer spin
coated, features of both are visible in the spectrum. The absorption of V2O5 is visible
for wavelengths lower than 400 nm, and the plasmonic peak of the silver is found at
500 nm, shifted because of the change in refractive index of the environment. This
shows that all these layers can be processed on top of each other, without deterioration
of one of them.
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Figure 4.10: (a) UV-vis measurements of the subsequentially spin coated layers of the recombination
contact.
(b)
J-V
curve
of
ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/pH
PEDOT/V2O5/PDPPTPT:[60]PCBM/LiF/Al tandems before and after UV illumination.

Following up on the recombination contacts, tandem cells could be made in the
configuration

ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/pH

PEDOT/Ag/

V2O5/PDPPTPT:[60]PCBM/LiF/Al. The performance of the tandems was poor, as
shown in Figure 4.10b. Although the silver helped getting rid of the S-shape before, the
J-V curve of the tandems shows an S-shape, lowering the Voc, Jsc and fill factor. The
recombination contact is not reproducibly ohmic inside the tandem.

4.6 Conclusion
A model describing work function changes by different WMLs was posed,
where the size of the counter ion in the polyelectrolyte was found to determine the
strength of the dipole by approaching the surface and the formation of image
charges.[15] Lithium and hydrogen were found as candidates to change the work
function of PEDOT:PSS. Normal PEDOT:PSS and PH1000 were partially neutralized
by addition of LiOH. Tandems with the neutralized PEDOT:PSS could not be made,
and the neutralized PH1000 did not give the correct voltage in tandem devices. To
create a more local work function change, TsOH, H-PSS, and Li-PSS were spin coated
on top pH PEDOT. The results with H-PSS in single junctions were promising, but no
reproducible tandems were produced. With PAA the results were more promising,
when this was processed on top of pH PEDOT Voc = 1.55 V was obtained for tandem
devices. Also the V2O5 processed from solution was tested on top of pH PEDOT. This
procedure did however not always result in ohmic recombination contacts.
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4.7 Experimental
Single junctions were processed by spin coating pH neutralized PEDOT:PSS (Agfa
Orgacon) on top of pre-cleaned indium tin oxide (ITO) covered glass substrates (Naranjo
substrates). On top, the WML was spin coated. Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) (Hereaus, VP Al4083) and PH1000 (Hereaus) were
neutralized with LiOH.H2O (Merck), a pH meter (Consort) was used to monitor the pH.
TsOH.H2O (Aldrich), H-PSS (Aldrich, Mw ~75.000 g/mol, 18 wt % in water), Li-PSS (Aldrich,
Mw ~70.000 g/mol, 31.5 wt % in water ) or PAA (Acros, Mw ~5.000 g/mol, 50 wt % in water)
was diluted with water and stirred overnight. Vanadium(V) oxytriisopropoxide (Aldrich) was
mixed with isopropanol in a 1:70 ratio inside a nitrogen filled glove box just before use. The
solution was spin coated at ambient air and the substrates were left in a dark ambient
environment for 1h to dry. After application of the WML PDPPTPT:[60]PCBM 1:2 5 mg/mL
polymer concentration from chloroform/o-DCB was spin coated. The back electrode, consisting
of LiF (1 nm) and Al (100 nm), was deposited by vacuum evaporation at ~ 3 × 10-7 mbar. The
active area of the cells was 0.091 or 0.16 cm2. For the tandem devices the following structure was
used:
ITO/PEDOT:PSS/PDPPTPT:[60]PCBM/ZnO/pH
PEDOT/(WML)/
PDPPTPT:[60]PCBM/LiF/Al, where ZnO nanoparticles (5 nm) are spin coated from
isopropanol.
Current density versus voltage (J−V) curves were measured with a Keithley 2400 source
meter under illumination with a tungsten-halogen lamp with a Schott GG385 UV filter and a
Hoya LB120 daylight filter at 100 mW cm−2 light intensity. The short-circuit current density of
the single junction solar cells was more accurately determined by convolution of the EQE with
the AM1.5G solar spectrum. EQE measurements were performed in a homebuilt set-up.
Mechanically modulated (Stanford Research SR 540 chopper) monochromatic (Oriel,
Cornerstone 130) light from a 50 W tungsten halogen lamp (Osram 64610) was used as probe
light, in combination with continuous bias light from a solid state laser (B&W Tek Inc. at 532
nm, 30 mW or at 780 nm, 21 mW). The intensity of the bias laser light was adjusted using a
variable neutral density filter. The response was recorded as the voltage over a 50 Ω resistance,
using a lock-in amplifier (Stanford Research Systems SR830). For the UV-visible spectroscopy
measurements, a Perkin-Elmer Lambda 900 UV/VIS/NIR spectrometer was used. SKPM
images were recorded in a glove box under N2 atmosphere ([O2] < 1 ppm and [H2O] < 1 ppm)
with a Veeco Instruments MultiMode AFM with Nanoscope IV controller, operating in lift mode
with a lift height of 50 nm. Au-coated silicon tips from MikroMasch were employed. During
surface potential measurements the sample was grounded. An Au substrate was used as reference
to monitor any tip wear after multiple measurements. The measurements were carried out at
room temperature. The thickness of the active layers was determined on a Veeco Dektak150
profilometer.
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Abstract
In ternary bulk heterojunction solar cells based on a semiconducting
dithienyldiketopyrrolopyrrole-biphenyl copolymer donor and two different fullerene
acceptors that distinctly differ in electron affinity, the open-circuit voltage is found to
depend in slightly sub linear fashion on the relative ratio of the two fullerenes in the
blend. Similar effects have previously been observed and have been attributed to the
formation of an alloyed fullerene phase possessing electronic levels that are the
weighted average of those of the two components. By analyzing the contribution of the
charge-transfer state absorption to the external quantum efficiency of the ternary solar
cells as function of blend composition, we find no evidence for a CT-state formed
between the polymer and an alloyed fullerene phase. Rather, the results are consistent
with the presence of two distinct CT-states, one for each polymer-fullerene
combination. The sub-linear behavior of the open-circuit voltage as function of blend
composition remains to be explained.

Chapter 5

5.1 Introduction
In the most efficient bulk heterojunction solar cells a binary blend of a
semiconducting donor polymer and a fullerene acceptor derivative is used as the active
layer.[1] Next to binary blends also ternary blends are being considered as photoactive
layers.[2-9] The topic attracts interest and has been subject of several recent reviews.[10-12]
There are various reasons why ternary blends can be beneficial compared to binary
blends.
One important reason is extending the absorption spectrum and maintaining a
high absorption coefficient. Most conjugated polymers have an intense, but rather
narrow absorption band. At higher photon energies above the band gap the absorption
coefficient is often reduced. For small band gap polymer solar cells absorbing in the
near IR this leads to a reduced absorption of light in the visible region and an overall
lower short-circuit current (Jsc). This can be alleviated by using two different conjugated
polymer donors that have complementary wide and small band gap absorption spectra
in a ternary blend with a fullerene acceptor. With such a combination it is possible to
create a panchromatic absorber layer that efficiently absorbs all photons with energies
higher than the lowest optical gap.
A second advantage of using ternary blends is the possibility to adjust the opencircuit voltage (Voc). The open-circuit voltage of any solar cell is determined by the
quasi-Fermi levels for electrons and holes. In binary polymer-fullerene blends with
Ohmic contacts the quasi-Fermi levels are limited by the HOMO level of the polymer
and the LUMO level of the fullerene. Initially, it has been proposed that in ternary
blends the open-circuit voltage will be limited by the highest HOMO and lowest
LUMO of the three components.[2] An intriguing example that the actual situation is
much more complex has been described by Khlyabich and coworkers.[13] They studied a
ternary blend consisting of a semiconducting polymer, poly(3-hexylthiophene) (P3HT),
and two different fullerene derivatives phenyl-C61-butyric acid methyl ester (PCBM)
and indene-C60 bisadduct (ICBA)(Figure 5.1a). The reduction potentials of these two
fullerene derivatives are −1.09 and −1.28 V vs. ferrocene/ferrocinium.[ 14 ] The
difference between the LUMO energy levels causes a difference in the open-circuit
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voltage. P3HT:PCBM cells have Voc = 0.605 V and P3HT:ICBA cells have Voc = 0.844
V when blended in a 1:1 polymer:fullerene weight ratio. Surprisingly, Khlyabich et al.
established that the open-circuit voltage could be varied gradually over the full range
between

these

two

extreme

values

in

a

near-linear

fashion

in

ternary

P3HT:PCBM:ICBA (weight ratio: 1 : 1-x : x) blends as function of the weight fraction
of ICBA relative to the weight of all fullerenes in the film (x = w(ICBA) / [w(PCBM) +
w(ICBA)]. For these ternary blends, the fill factor remained constant (FF = 0.57-0.60)
while the short-circuit current showed a small but distinct decrease from 9.90 to 8.23
mA/cm2 going from x = 0 to x = 1.[13] The remarkable result is that the difference in
reduction potential of ~190 meV between PCBM and ICBA, which amounts to about
seven times the thermal energy at room temperature, apparently does not lead to charge
trapping at the lower LUMO.
Kang and coworkers, however, observed a different effect.[15] They studied a
system of P3HT and an o-xylenyl C60 mono-adduct (OXCMA), with either the o-xylenyl
C60 bisadduct (OXCBA) or an o-xylenyl C60 trisadduct (OXCTA) as ternary component.
The LUMO levels estimated by cyclic voltammetry measurements increased for the
higher adducts (OXCMA: −3.83 eV, OXCBA: −3.66 eV, and OXCTA: −3.50 eV). As a
result the Voc of the binary blends of these adducts with P3HT increases from 0.634, via
0.834, to 0.899 V. Kang et al. show that low amounts of OXCMA act as a trap in the
P3HT:OXCTA blends.[15] The current drops to negligible values and the voltage for
these devices is smaller than the voltage of either of the two pure binary blends. For the
ternary blend of P3HT, OXCMA, and OXCBA, this trapping does not occur and Voc
increases gradually with composition but more steeply for lower OXMA concentration.
Yang et al.[ 16 ] investigated two different ternary blends, each with two
complementary semiconducting polymer absorbers and PCBM. The external quantum
efficiency (EQE) spectrum clearly shows that the photo-response of these ternary
blend has contributions from both polymers. Also in these ternary blends the Voc
changes gradually when the polymer with the highest HOMO level is progressively
replaced by the polymer with the lower HOMO level. However, there is no increase up
to 30% mixing and the increase is much steeper in the later stage when 70-100% of the
low HOMO polymer is present.
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Street et al. investigated the unexpected voltage behavior observed in ternary
P3HT:PCBM:ICBA blends in more detail.[17] By performing precise measurements of
the EQE as a function of the photon energy they assessed the states that are able to
generate charges. Apart from direct excitation of the donor or acceptor, followed by
electron transfer, direct absorption of light into the sub band gap charge-transfer (CT)
state is possible. It is well established that the CT state at the interface of the two
materials, where the hole is located on the HOMO of the donor and the electron is in
the LUMO of the acceptor, can be directly excited, but the absorption coefficient is
small. It has also been shown that the CT state energy is related to the Voc. At room
temperature and under one sun illumination intensity an empirical relation of qVoc ≈
ECT – 0.5 V (with q the elementary charge) has been established.[18,19] Street et al. found
that the CT state energy shifts as a function of blend composition in a similar fashion as
the open-circuit voltage.[17] More precisely, when measuring the photon energy at a
fixed value of the EQE within the broad CT absorption, the value shifts with the
PCBM/ICBA ratio in a similar fashion as the change in open-circuit voltage. Street et
al. propose that the continuous, almost linear, shift in CT-state energy and in Voc
originates from the formation of an alloy between ICBA and PCBM, leading to a mixed
acceptor, of which the CT-state energy with P3HT shifts depending on the
composition. It is not exactly explained, however, how the alloying can average the
LUMO levels of PCBM and ICBA.
To study the possible alloying of PCBM and ICBA in ternary blends it is of
interest to use a polymer with an optical band gap that is better tuned to the solar
spectrum than P3HT and that provides a smaller thermalization energy loss (Eg − qVoc).
In P3HT:PCBM cells the energy loss from the optical band gap of the polymer (Eg
=1.9 eV) and fullerene (Eg = 1.7 eV) to qVoc (0.605 eV) is considerable and the spectral
coverage is limited to the visible region. Here we use PDPP2TBP, an alternating
copolymer of dithienyldiketopyrrolopyrrole (DPP2T) and biphenyl (BP) (Figure
5.1a).[20] PDPP2TBP has an optical band gap at 1.63 eV and provides solar cells with
Voc ’s of 0.81 and 1.07 V in combination with PCBM and ICBA, respectively. To study
the possible alloying, the EQE of PDPP2TBP:PCBM:ICBA bulk heterojunction solar
cells was measured for a range of compositions and fitted to two different models: one
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for an alloyed CT state and one for a mixture of two CT-states. The later model fits the
results best.

5.2 Ternary blends of PDPP2TBP, PCBM and ICBA
PDPP2TBP (Figure 5.1a) is a wide-band gap analogue of PDPPTPT, which has
a single phenyl ring between adjacent thiophene rings instead of biphenyl and reaches a
power conversion efficiency (PCE) of 7.4 % in combination with the C70 analogue
PCBM.[21,22] The addition of the extra phenyl ring into PDPP2TBP increases the optical
band gap from 1.53 to 1.65 eV, but the Voc of the solar cell does not change and
remains at 0.80 V when mixed with PCBM.[20] The relative large energy loss (Eg – qVoc
= 0.83 eV) for the PDDP2TBP:PCBM cell suggests that it is possible to achieve a
higher Voc when PCBM is replaced by ICBA. Indeed for PDDP2TBP:ICBA solar cells
Voc increases to 1.07 V (Figure 5.1b), but the concomitant loss in Jsc by more than a
factor of two, results in an overall lower performance. Hence, by decreasing the
thermalization losses (Eg – qVoc), the quantum yield for charge separation has decreased.
The loss of Jsc when replacing PCBM with ICBA is more commonly observed,[14,23,24]
but distinct exceptions such as with P3HT [25] and PSPDTTBT [26] are known. The loss
in Jsc is commonly ascribed to a too small offset between the optical gap Eg and the CTstate energy (ECT),[14,25,26] but also morphological differences can contribute to the loss
in Jsc.[27] For PDDP2TBP:ICBA the energy difference Eg – qVoc is reduced to 0.58 eV.
This is below the limit of 0.60 eV that has been proposed by Veldman et al. as being
the lower limit for efficient photoinduced charge separation.[19] This explains the loss in
Jsc
Inspired by the results of Street et al. we thought it to be of interest to study
how Jsc and Voc change in ternary blends consisting of PDPP2TBP and PCBM-ICBA
mixtures as function of the PCBM:ICBA ratio but with total the weight ratio of
polymer to fullerene constant at the optimized value of 1:2. The solar cells with a device
configuration

glass/ITO/poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate)

(PEDOT:PSS)/PDPP2TBP:PCBM:ICBA (weight ratio: 1 : x : 2 − x)/LiF/Al were
made for x decreasing from 2 to 0, in steps of 0.2. The resulting current-density voltage
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J-V curves are shown in Figure 5.1b and the corresponding device parameters are
collected in Table 5.1.

5

(b)
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Figure 5.1: (a) Structures of PDPP2TBP, PCBM, and ICBA. (b) J-V characteristics of
PDPP2TBP:PCBM:ICBA (1 : x : 2 − x) solar cells for different compositions.
Table 5.1: Device parameters of ternary PDPP2TBP:PCBM:ICBA (1: 2(1 – x) : 2x) bulk heterojunction
solar cells for different compositions.

x

Jsc (mA/cm2)

Voc (V)

FF

PCE(%)

0.0

11.02

0.81

0.61

5.41

0.1

10.06

0.82

0.59

4.80

0.2

9.69

0.83

0.60

4.86

0.3

9.48

0.84

0.58

4.63

0.4

8.45

0.86

0.60

4.35

0.5

9.12

0.88

0.56

4.48

0.6

8.30

0.92

0.54

4.15

0.7

7.41

0.94

0.54

3.74

0.8

7.05

0.97

0.47

3.19

0.9

5.41

1.02

0.48

2.67

1.0

4.61

1.07

0.48

2.39

The J-V curves show a gradual increase in Voc (0.81 V to 1.07 V) and a gradual decrease
in Jsc (11.02 to 4.61 mA/cm2) with increasing concentration of ICBA. Also the fill factor
(FF) of the devices drops with an increasing amount of ICBA. The morphology of the
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PDPP2TBP:PCBM:ICBA blends with 1:2:0, 1:1:1, and 1:0:2 wt-% mixtures studied by
bright-field TEM did not show significant differences (Figure 5.2). Also in AFM (not
shown) no significant differences were observed. The origin of the gradual increase in
Voc therefore mainly originates from the changing electronic structure of the blend as
function of composition.
(a)

(b)

(c)

Figure 5.2: Bright-field TEM images of blends of PDPP3TBP with PCBM and ICBA. (a) PDPP3TBP:PCBM
(1:2). (b) PDPP3TBP:PCBM:ICBA (1:1:1). (c) PDPP3TBP:ICBA (1:2). The scale bar represents 100 nm.

5.3 The CT-state contribution to the EQE
To study the origin of the change in Voc as function of PCBM/ICBA ratio,
EQE measurements were performed in the spectral range from 350 to 1200 nm. The
data depicted in Figure 5.3a clearly show the contributions of absorption of light by the
fullerene in the wavelength ranging between 350 and 500 nm and by the polymer in the
high wavelength regime between 500 and 750 nm. The decrease of Jsc with increasing
amount of ICBA is also reflected in the EQE spectrum, which deceases in absolute
value over the entire wavelength range. The EQE maximum drops from 0.66 for the
PDPP2TBP:PCBM cell to 0.28 for the PDPP2TBP:ICBA cell (Figure 5.3a).
Figure 5.3b shows the same EQE data, but in a semi-logarithmic plot as
function of the photon energy, after normalization of each individual curve to the
maximum EQE. In Figure 5.3b the contribution of the CT-state absorption to the
EQE is visible in the region between 1.35 to 1.65 eV (950 - 750 nm), i.e. below the
onset of absorption of PDPP2TBP. A clear trend is visible. The low energy shoulder in
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the graph disappears when PCPM is replaced by ICBA, which suggests that the CTstate contribution shifts to higher energies for solar cells with more ICBA.
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Figure 5.3: (a) EQE vs. wavelength of PDPP2TBP:PCBM:ICBA solar cells function of the relative amount
of ICBA (x). (b) Normalized EQE as function of photon energy.

Figure 5.4 directly compares the shift in the CT band with the shift in Voc as
function of the ICBA content. The energy of the CT band was arbitrarily taken as the
photon energy where the normalized EQE has dropped to a value of 1.0 × 10-3 of its
maximum (dashed line in Figure 5.3b). Figure 5.4 shows that there is distinct difference
in the shift of Voc and the shift of CT-state energy. The change in Voc is about 0.26 V,
but the change in CT energy is only 0.10 eV and only about half the 0.19 eV of the
difference in reduction potentials between PCBM and ICBA.
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Figure 5.4: Voc and photon energy at a normalized EQE = 10-3 for PDPP2TBP:PCBM:ICBA solar cells as
function of the relative amount of ICBA to PCBM (x).
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5.4 Modeling of the EQE
To understand the origin of the changes in the EQE data as function of
composition the data are modeled in two different ways. First an alloy CT-state model,
where the PCBM:ICBA clusters are thought to be present that have a reduction
potential that depends on the weighted cluster composition such that the CT-state
energy shifts linearly with composition. This alloy CT-state model is inspired by the
work of Street et al.[17] The second is a two CT-state model, which assumes that two
distinct CT states are present, one for PDPP2TBP:PCBM and one for
PDPP2TBP:ICBA, whose relative contributions depend on the PCBM:ICBA ratio in
the ternary blend. Since the difference in voltage between the solar cells with pure
fullerenes is 0.26 V, the CT-state is assumed to shift over or differ by 0.26 eV
depending on the model used. To validate both models, the EQE spectra of the
intermediate blends are calculated and compared with the experimental EQE data.
The first step in making a quantitative model is to determine the location of the
maximum photon energy of the CT band from the EQE. To this end the normalized
EQE curve of the PDPP2TBP:ICBA blend is subtracted from the normalized
PDPP2TBP:PCBM EQE curve. This results in the red curve shown in Figure 5.5, of
which the low energy branch resembles a Gaussian function. Based on Marcus electron
transfer theory,[28,29] Vandewal et al. showed that the following relation applies for the
EQE in the spectral range of the CT state absorption as function of the photon energy
E:[30]

EQECT ( E ) 

 ( E    E )2 
exp   CT

4 kT
E 4 kT


f

(5.1)

In this equation λ is the reorganization energy, k the Boltzmann constant, T the
absolute temperature, and f a parameter proportional to the coupling matrix element
squared and further includes the thickness of the layer and internal quantum efficiency.
Fitting this equation to the difference EQE spectrum gives ECT = 1.50 eV and λ = 0.22
eV, such that the maximum of the CT band (ECT + λ) is found at 1.72 eV (Figure 5.5).
The value for λ falls within the range of λ = 0.2 – 0.3 eV that is commonly observed for
polymer-fullerene blends.[31] The value of the ECT = 1.50 eV is higher than expected
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when compared to the empirical relation ECT = qVoc + 0.5 eV, which would place ECT
≈ 1.30 eV.[18,19] However, as Vandewal et al. have pointed out,[31] this difference relates
to the different definition of ECT in Eq. (1) as compared to the definition used in the
empirical relation in previous publications.[18,19,32] The difference has been estimated to
be ~0.2 eV,[31] which reconciles the seeming discrepancy.
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EQE(E) ICBA
EQE(E) PCBM-ICBA
EQECT(E) PCBM
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1.4
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1.6
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1.9

2.0

Photon energy (eV)

Figure 5.5: Determination of the CT-state absorption spectra of PDPP2TBP:PCBM and PDPP2TBP:ICBA
blends. The former is determined by subtracting the EQE spectra of the two cells (red curve) and
fitting this to the equation for EQECT(E) (black markers). The latter is obtained by shifting the first over
0.26 eV over the photon energy axis.

Now the CT-state absorption of PDPP2TBP:PCBM is known, the CT-state
absorption of PDPP2TBP:ICBA can be estimated by adding the Voc difference (0.26
V), resulting in ECT = 1.76 eV. Both the shape and height of the CT absorption band of
PDPP2TBP:ICBA are assumed to be identical to those of PDPP2TBP:PCBM. Note
that the CT-state energy of ECT = 1.76 eV is significantly above the optical band gap of
PDPP2TBP (Eg = 1.65 eV). Hence, the contribution of the weak CT-absorption to the
EQE spectrum of the PDPP2TBP:ICBA will be masked by the much stronger direct
absorption of PDPP2TBP.
For the alloy CT-state model the CT-state absorption band shifts in small steps
to higher energy. The step size is the fraction of ICBA relative to PCBM+ICBA
multiplied by the total energy difference of 0.26 eV. This energy-shifted EQE in the
spectral range of the CT is subsequently added to the EQE data of PDPP2TBP:ICBA
to obtain EQE for the alloying model (Figure 5.6a). A similar approach is used for the
two CT-state model. Here, the intensities of the CT-absorption bands of
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PDPP2TBP:PCBM and PDPP2TBP:ICBA are multiplied with their relative
concentrations. Both weighted CT-state contributions to the EQE are added to the
experimental EQE data for PDPP2TBP:ICBA to obtain the modeled EQE curves for
each different fraction (Figure 5.6b). The resulting modeled EQE curves for the alloy
CT-state model and the two CT-state model are shown in Figure 5.6.
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Figure 5.6: Modeled EQE curves of: (a) The alloy CT-state model. (b) The two CT-state model. The
photon energies where the dashed line at EQE = 10-3 intersects with the EQE data are plotted in Figure
5.7.

To compare both models to the experimental EQE data, the photon energy
where the normalized EQE reaches 10-3 is plotted in Figure 5.7. Figure 5.7
demonstrates a much better correspondence of the two CT-state model to the
experiment than the alloy CT-state model. For the alloy CT-model the shift in CT-state
energy levels of completely for ICBA percentages higher than 60%. This relates to the
fact that that the EQE from the shifting CT-band becomes completely obscured by the
much more intense EQE arising from excitation of the polymer. On the other hand,
the two state CT model accurately describes both the shape and the magnitude of the
measured data of the onset of the EQE vs. ICBM content.
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Figure 5.7: Photon energy at a normalized EQE = 10-3 for ternary PDPP2TBP:PCBM:ICBA solar cells as
function of the relative amount of ICBA to PCBM. The experimental data (open squares) are compared
to two models: the alloy CT-state model (solid squares) and the two CT-state model (solid circles).

From this modeling it can be concluded that alloying of the fullerenes does not
describe the changes in the EQE spectra with composition accurately and hence the
analysis of the EQE strongly favors an understanding in terms of two distinct CT states
that both contribute to the EQE at low photon energies.

5.5 Modeling the J-V curves
Although the EQE data are satisfactorily described by the two CT-state model,
this model does not really answer the question why the Voc changes gradually. Because
the LUMO level of PCBM is 0.19 eV lower than that of ICBA, it would actually be
expected to pin the Voc to the LUMO level of PCBM for most blends. One possibility,
is the presence of a parallel tandem junction is present in the device on nanoscale. This
configuration has been termed as a parallel bulk heterojunction cell in the literature.[16]
To understand its operation it is useful to consider a parallel tandem cell. In a parallel
tandem connection, the voltage over the two sub cells is necessarily the same and
mainly determined by the sub cell with the lowest band gap.[33,34] The current through
the two sub cells can differ. In a parallel bulk heterojunction cell,[16] two sub cells are
thought to be present in one bulk heterojunction blend as schematically depicted in
Figure 5.8a. Excitons are separated into charges in two spatially different (nanoscale)
regions. In the present example this would be a PDPP2TBP:PCBM region and a
PDPP2TBP:ICBA region. This model is also consistent with the two CT-state model
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inferred from the EQE analysis. Depending on the relative domain sizes of the two
regions, one can expect the voltage to change, although it is likely that it will be
dominated by the voltage of the PDPP2TBP:PCBM regions.
To test this explanation, the J−V curves of the ternary P3HT:PCBM:ICBA
blend were modeled as a parallel bulk heterojunction empirically. The morphology of
the photoactive layer is assumed to mimic a parallel tandem cell. Hence, for at each
voltage the current density of the sub cells can be added to obtain the J−V curve of the
parallel junction. A linear combination of the J−V curves of the individual sub cells is
taken to calculate the J−V curves of the different blends using: . Before adding the
J−V curves are added, they were first corrected for the series resistance of the cell
caused by the series resistance of the ITO and LiF/Al contact (Rs = 250 Ω), using Vcorr
= V − JR. The open-circuit voltages resulting from adding the corrected J−V curves
are shown in Figure 8b (solid squares). When the modeled Voc is compared to the
experimental Voc as function of x it can clearly be seen that the modeled Voc is
significantly more sub linear than the measured Voc. Hence, this parallel tandem
configuration does explain the gradual sub linear dependence of Voc found
experimentally, and hence such explanation needs further study.
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Figure 5.8: (a) Schematic representation of the parallel ternary bulk heterojunction. (b) Shift in Voc for
the experimental and parallel tandem model.
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5.6 Conclusion
We have studied the origin of the Voc in ternary PDPP2TBP:PCBM:ICBA bulk
heterojunction blend solar cells. Similar to previous results published for ternary
P3HT:PCBM:ICBA blends,[13,17] the Voc is found to shift gradually and slightly sub
linear with the relative concentration of PCBM and ICBA over a range as large as 0.26
V. The remarkable result is that the Voc is not pinned by the LUMO level of PCBM,
which is 0.19 eV lower in energy than the LUMO of ICBA.
In search for the origin of this gradual shift, we measured the contribution of
the CT-state absorption to the EQE. The changes in the EQE in the spectral range of
the CT state absorption were simulated using two different models as function of the
composition. The first model assumes that a single CT-state energy exists at the
interface of PDPP2TBP with PCBM:ICBA alloy clusters.[17] The second model assumes
that PDPP2TBP forms distinct CT-states with PCBM and ICBA. The modeling results
show that the latter two CT-state model fits the experimental results, whereas the
former, alloy CT-state, model does not.
In an attempt to explain the gradual shift in CT-state energy, the ternary
PDPP2TBP:PCBM:ICBA blends were modelled a so-called parallel tandem bulk
heterojunction.[16] Indeed, combining the J-V characteristics of the two individual cells
to simulate a parallel tandem configuration provides a sub linear dependence of the Voc
on blend composition. However, the sub linearity is substantially larger than in the
experiment.
In conclusion, the EQE results suggest that it is unlikely that an electronically
alloyed PCBM:ICBA phase exists in ternary PDPP2TBP:PCBM:ICBA blends. The
EQE data can only be explained with two distinct CT states that both contribute to the
absorption of light, depending on the relative concentration of the two fullerene
acceptors. However, despite these results, the slightly sub linear dependence of the Voc
on blend composition remains to be explained in detail.
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5.7 Experimental
PDPP2TBP was synthesized as described previously.[20] PCBM and ICBA were obtained
from Sollene BV. Photovoltaic devices were made by spin coating poly(3,4ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) (Hereaus, VP Al4083) onto precleaned, patterned indium tin oxide (ITO) substrates (14 Ω per square) (Naranjo Substrates). The
photoactive polymer:fullerene layers were deposited from chloroform using 3% 1chloronaphthalene (1-CN) as a co-solvent. The back electrode, consisting of LiF (1 nm) and Al
(100 nm), was deposited by vacuum evaporation at ~ 3 × 10-7 mbar. The active area of the cells
was 0.091 or 0.16 cm2.
Current density – voltage characteristics were recorded using a Keithley 2400 source
meter. White light 100 mW/cm2 illumination was provided by a tungsten-halogen lamp corrected
with a Schott GG385 UV filter and a Hoya LB120 daylight filter. EQE measurements were
performed with the devices kept in a nitrogen-filled sealed box with a quartz window and
illuminated through an aperture of 2 mm. Mechanically modulated (Stanford Research, SR 540)
monochromatic (Oriel, Cornerstone 130 Monochromator) light from a 50 W tungsten halogen
lamp (Osram 64610) was used as probe light, in combination with continuous bias light from a
solid state laser (B&W Tek Inc. 532 nm) to create representative illumination intensity for 1 sun
conditions. The response was amplified with a Stanford research systems SR570 low noise preamplifier and recorded using a lock-in amplifier (Stanford Research Systems SR830).
Transmission electron microscopy was performed on a Tecnai G2 Sphera TEM (FEI)
operated at 200 kV. Bright field TEM images were acquired under slight defocusing conditions.
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Predicting morphologies
of solution processed
polymer:fullerene blends

Abstract
The performance of solution processed polymer:fullerene thin film photovoltaic
cells is largely determined by the nanoscopic and mesoscopic morphology of these
blends that is formed during the drying of the layer. Although blend morphologies have
been studied in detail using a variety of microscopic, spectroscopic, and scattering
techniques and a large degree of control has been obtained, the current understanding
of the processes involved is limited. Hence, predicting the optimized processing
conditions and the corresponding device performance remains a challenge. An
experimental and modeling study on blends of a small band gap diketopyrrolopyrrolequinquethiophene alternating copolymer (PDPP5T) and [6,6]-phenyl-C71-butyric acid
methyl ester ([70]PCBM) cast from chloroform solution is presented. The model uses
the homogenous Flory-Huggins free energy of the multi-component blend and
accounts for interfacial interactions between (locally) separated phases, based on
physical properties of the polymer, fullerene, and solvent. Spinodal liquid-liquid demixing occurring during drying is responsible for the observed morphologies. The
model predicts an increasing feature size and decreasing fullerene concentration in the
polymer matrix with increasing drying time in accordance with experimental
observations and device performance. The results represent a first step towards a
predictive model for morphology formation.

This work has been published: S. Kouijzer, J. J. Michels, M. van den Berg, V. S. Gevaerts, M.
Turbiez, M. M. Wienk, R. A. J. Janssen, J. Am. Chem. Soc. 2013, 135, 12057

Chapter 6

6.1 Introduction
The power conversion efficiency (PCE) of solution processed organic
photovoltaics (OPV) has rapidly increased in previous years and the highest reported
efficiency for polymer:fullerene solar cells is now 9.2% for single and 10.6% tandem
junction devices.[ 1 , 2 ] Combined with the promise of fast roll to roll processing on
flexible substrates OPV has potential as a future source of renewable energy.[3] A major
contribution to the surge of power conversion efficiencies has come from developing
new semiconducting polymers with a wider absorption range and higher quantum
efficiencies for charge transfer and charge collection in photo-induced electron transfer
reactions with fullerene derivatives.[4-6] These new semiconducting polymers have finely
tuned optical band gaps (Eg) and ionization potentials that serve to optimize the
product of short-circuit current density (Jsc) and open-circuit voltage (Voc) by absorbing
a significant part of the solar spectrum and minimizing the energy loss (Eg−qVoc) in the
photon to electron conversion.
Another crucial ingredient in making efficient solar cell is the morphology of the
active layer. The intimacy of mixing, the size and composition of phase separated
domains, their crystalline character, the concentration gradient in the vertical direction,
and the presence of percolation pathways all have been considered important aspects in
optimizing the photoactive layer of photovoltaic blends.[7-10] The blends are typically
produced by solution-based processing such as spin coating, doctor blading, spray
coating, inkjet printing, or slot dye coating. To reach the optimized blend morphologies
the choice of the solvent,[11] co-solvent,[12-14] drying time,[15,16] the solute concentration,
and subsequent thermal[17] or solvent vapor annealing[18] all have been found important.
Finding the right processing conditions is as much a challenge as designing the right
molecular structure for phase separation.
Several techniques have been developed to study the bulk morphology.
Atomic force microscopy (AFM), scanning Kelvin probe microscopy (SKPM),
transmission electron microscopy (TEM), and electron tomography have been used to
directly image the surface or the three-dimensional volume of the blends while a variety
of scattering techniques based on X-ray diffraction or neutron reflectivity have been
- 86 -
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used to gather structural information.[19] In addition, reports are addressing the time
evolution of morphology formation during drying. Schmidt-Hansberg et al. have
studied the drying process of solar polymer:fullerene solar cells.[16,20] For mixtures of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
([60]PCBM) it was shown that [60]PCBM crystallizes at the final stage of drying
although its solubility limit is reached in a very early stage.[16] For poly[(4,4-bis(2ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]
(PSBTBT) and [6,6]-phenyl C71-butyric acid methyl ester ([70]PCBM) in situ grazing
incidence X-ray diffraction (GIXD) and laser reflectometry were used to investigate the
nanomorphology and revealed that the blend is quite insensitive to the drying process
and higher temperatures can be used to increase drying rates without altering device
performance.[20]
Remarkably, until now the understanding of the processes is rather
phenomenological and no model has been developed that can describe or predict the
morphology based on physical properties of the polymer, fullerene, solvent, and
processing conditions. This makes morphology optimization somewhat of a skill rather
than a truly rational approach. Moreover, if such a model would exist, morphology
could be calculated from measurable properties of the starting materials. In this way,
optimization of device processing will take less time and is probably easier to translate
from one coating technique to another.
Figure 6.1 schematically shows the different phase separation processes that
may occur during drying of a solution containing the two components a
semiconducting polymer and a fullerene derivative. Before the solvent has fully
evaporated either liquid-liquid (L-L) or liquid-solid (L-S) de-mixing may occur. Failing
either of these processes, the blend will likely end up in an intimately mixed
morphology that can undergo subsequent solid-solid phase separation e.g. induced by
thermal annealing. Blends of poly(3-hexylthiophene) (P3HT) and [60]PCBM, when spin
coated from a fast evaporating solvent and subsequently annealed are likely an example
of this route.[16,21] On the other hand, when drying is slow, L-S de-mixing may occur. A
well-known example is the formation of P3HT fibers in solution by adding a nonsolvent for the polymer with [60]PCBM present and subsequent casting of these pre- 87 -
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aggregated solutions.[ 22 ] A similar example is found for blends of poly[(4,4-bis(2ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene)-2,6-diyl-alt-(2,1,3benzothiadiazole)-4,7-diyl] (PCPDTBT) with [70]PCBM that give intimate blends when
spin coated from chlorobenzene without using a processing additive such as 1,8diiodooctane (DIO).[14,23-25] However, in the presence of DIO, PCPDTBT tends to
aggregate in solution and gives a more phase separated blend after casting.[23,24]
Examples of liquid-liquid de-mixing during film formation are numerous. The
first example is that of poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylene
vinylene] (MDMO-PPV) and [60]PCBM

[11,26-28]

or [70]PCBM.[29] When using solvents

like toluene large (100-300 nm), almost circular domains of PCBM are formed in a
matrix of polymer and fullerene. Similar results have been obtained for alternating
polyfluorene (APFO) copolymers with [60]PCBM.[12,30,31] In fact, these large PCBM
domains are encountered in many modern small band gap polymers based on for
example diketopyrrolopyrrole,[13,32] thienopyrroledione,[33] thienothiophene,[34] and isoindigo[35-37] when processed from a single solvent. Typically these large PCBM domains
afford sub-optimal device performance. To reach higher performances with these novel
small band gap polymers, typically co-solvents are used that result in more intimate
blends. Examples are PTB7 which provides PCE = 9.2%,[1,34] PDTG-TPD with PCE =
8.5%,[33,38] and PDPP3T-alt-TPT with PCE = 8.0%.[39 ] Also for PBDTTPD which
provides a high PCE = 8.5%, there is a positive effect of the processing agent, but less
strong.[40] It is intriguing how a small amount of co-solvent can change the morphology
and OPV performance so drastically and there is discussion in the literature on the
origin of the effect, but so far there is no adequate and consensual explanation for this
rather general phenomenon. Before the role of the co-solvent can be understood, first
morphology formation occurs without the co-solvent is studied. This is the topic of this
chapter.
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Figure 6.1: Schematic overview of the phase separation processes that may occur during drying of a
solution that contains two components. L-L: liquid-liquid phase separation; L-S: liquid-solid phase
separation; S-S is solid-solid phase separation; and D-O disorder-order transition.

In this work the phase separation formed in blends of a small band gap (Eg =
1.46 eV) diketopyrrolopyrrole-quinquethiophene alternating copolymer (PDPP5T) [41,42]
with [70]PCBM (Figure 6.2) as an example of a modern small band gap polymer with
relatively good PCE exceeding 5% when spin coated with [70]PCBM from chloroform
containing 10 vol% o-dichlorobenzene (o-DCB) as co-solvent. However, when cast
from pure chloroform solution these blends show liquid-liquid phase separation and
the PCE is much decreased. The size of the domains was found to be varying with
drying time. The PDPP5T:[70]PCBM morphology for different processing conditions
was investigated with AFM and TEM and analyze the device performance. A
theoretical model was set up that uses the homogenous Flory-Huggins free energy of
the multi-component blend, augmented with a square-gradient description to account
for free energy contributions stemming from interfacial interactions between (locally)
separated phases of the polymer, fullerene and solvent to describe the phase separation
process. Spinodal liquid-liquid de-mixing was shown to be occurring during drying of
the layer is responsible for the observed morphologies. The simulation results suggest
an increasing feature size and decreasing fullerene concentration in the polymer matrix
with increasing drying time in accordance with experimental observations and as such
represents a first step towards a predictive morphology model.
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Figure 6.2: Molecular structures of PDDP5T and [70]PCBM.

6.2 Active layers spin coated from chloroform
Solar cells of photoactive PDPP5T:[70]PCBM layers, spin coated in a 1:2 weight
ratio from chloroform and sandwiched between a transparent indium tin oxide (ITO)
front electrode covered with poly(ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and a reflective LiF/Al metal back electrode, provide a rather low power
conversion efficiency (PCE) of 1.3% (Jsc = 3.2 mA/cm2, Voc = 0.67 V, FF = 0.60). The
performance is increased dramatically by addition of a co-solvent; with 10 vol.% of oDCB in chloroform, the PCE improves to 5.2% (Jsc = 13.8 mA/cm2, Voc = 0.57 V, FF
= 0.67). The current density – voltage (J−V) curves for both cells shown in Figure 6.3a
reveal that the main difference between the cells is a factor of four in current density.

Current density (mA/cm2)

(a) 5

(b)

(c)
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Figure 6.3: (a) J−V characteristics of PDPP5T:[70]PCBM blends cast from chloroform and from
chloroform/o-DCB (9:1 v/v). (b) Bright-field TEM images of active layers from chloroform. (c) Same for
chloroform/o-DCB (9:1 v/v). The scale bar in (b) and (c) corresponds to 200 nm. The inset in panel (c)
shows the morphology at four-fold higher magnification.
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The origin of these differences can be found in the morphology of the active
layer. Figures 6.3b and 6.3c show bright field TEM images of the active layers, where
dispersed regions enriched in polycrystalline [70]PCBM show as darker and the polymer
matrix as light grey. The blend layer spin coated from chloroform shows large, almost
circular, agglomerates of [70]PCBM of 50 to 200 nm in diameter in a polymer matrix
that may contain additional [70]PCBM. At some positions the [70]PCBM domains are
clearly overlapping, suggesting that these domains do not extend over the entire
thickness of the films. The size of the fullerene domains, clearly exceeds the exciton
diffusion length and this morphology exhibits a too coarse phase separation to be able
to generate a high current density. For the photoactive layer that is spin coated from
the chloroform/o-DCB solvent mixture, the morphology is dramatically different. The
[70]PCBM is finely intermixed with the polymer that shows a thin fibrillar network.
Large pure [70]PCBM domains do not occur and the current density and PCE (1.3%
vs. 5.2%) are much larger for devices made with these active layers. A similar fibrillar
network has been observed for related DPP polymers and seems to be a characteristic
morphology-element for well-performing DPP-polymer:fullerene blends.[39,43]
Despite giving non-optimal cell performance, it is important to first understand
on a more fundamental level the PDPP5T:[70]PCBM morphology formation from a
single solvent (i.e. chloroform), before attempting to understand those made out of
solvent mixture like chloroform/o-DCB. The lateral globular domains observed in
polymer-PCBM blends processed, from a volatile solvent (i.e. chloroform), are likely
due to a solvent-quench in the coexistence region of the phase diagram of the liquid
ternary (i.e. solvent, polymer, and PCBM) mixture.[30] Due to the high solvent volatility
and short drying time, competing mechanisms, such as liquid-solid phase separation
and crystallization, are suppressed. Hence, under those circumstances morphology
evolution is controlled by liquid-liquid phase de-mixing, during which interfacial forces
between different fluid phases determine domain size and shape. Moreover, although
being random in general appearance, these morphologies usually seem to exhibit
characteristic length scales, strongly indicative of a spinodal process governing the
development of the microstructure.[30]
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Varying the spin rate during coating of the CHCl3:PDPP5T:[70]PCBM blend,
while maintaining the solids concentration, will affect the thickness of the active layer,
where a higher spin rate results in thinner layers. More interestingly, Figure 6.4 also
reveals that the domain size of the phase separation changes with spin rate. Both the
AFM and TEM images show a strongly phase separated system with globular shapes.
The thinnest layer shows many domains with sizes exceeding the exciton diffusion
length multiple times. When the layer is thicker, the size of the domains further
increases with an associated decrease in their number density. This observation strongly
suggests that the blend components reside in a mobile state for a longer duration in
case of a thick layer, allowing late stage domain coarsening via fluid-phase Ostwald
ripening. The growth of domains with time was confirmed in an experiment where the
layer was spin coated initially at a high rate (2000 rpm) first followed by drying at a
much slower rate (200 rpm). In this case the [70]PCBM domains were about 25% larger
than when spin coating was at 2000 rpm, while the layer thickness remained similar as it
is mainly determined by the initial spin rate. This gives further evidence that the blend
morphology evolves from liquid-phase de-mixing. The height of the [70]PCBM-rich
domains is twice as large as that of the matrix phase, independent of layer thickness.
The TEM images show polycrystalline [70]PCBM dispersed in a matrix phase of
predominately PDPP5T.[44] The TEM image of the thickest layer (Figure 6.4f) reveals
some smaller agglomerates in between the larger ones. The smaller domains are not as
thick as the larger ones, hence the lighter gray color. Some of these smaller domains
also seem to overlap with each other or the larger domains.
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Figure 6.4. AFM (a, b, c) and TEM (d, e, f) images (3.5 μm × 3.5 μm) of 64 nm (a, d), 104 nm (b, e), and
180 nm (c, f) thick layers of PDPP5T:[70]PCBM spin coated from chloroform. Height scale is 80 nm in
panel (a) and 100 nm in panels (b) and (c).

To study the morphology in more detail, a thin ~100 nm active layer was used
to create a thin cross section sample with a focused ion beam. The TEM image of the
cross section (Figure 6.5, top) shows the active layer sandwiched between the
PEDOT:PSS front electrode and the LiF/Al back electrode on Si wafer. Large
[70]PCBM globules are embedded in the polymer-rich phase. A thin (>5 nm) skin layer
of the matrix phase seems to be present between the [70]PCBM domains and the
aluminum contact. On the PEDOT:PSS side, some blobs seem to touch the
PEDOT:PSS while others seem to be floating inside the matrix. For a thick ~200 nm
film the [70]PCBM domains observed in the cross-section are larger laterally and
vertically (Figure 6.5, bottom), consistent with the AFM results (Figure 6.4). Also for
the thick films a skin layer can be seen that surrounds the domains at the top.
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Figure 6.5: Cross section TEM image of a Si wafer with a layer stack of
PEDOT:PSS|PDPP5T:[70]PCBM|LiF|Al and covered with Pt for thin (~100 nm, top) and thick (~ 200 nm,
bottom) blend films. The size of the images is identical and shows that in the thicker films the
[70]PCBM domains are larger laterally and vertically. In both images the [70]PCBM domains seem to
have a thin skin layer of PDPP5T-rich phase at the top and the bottom.

6.3 Simulating liquid-phase de-mixing
Structure evolution in the OPV blend due to liquid-phase de-mixing can be
modeled by extending the homogeneous (mean field) free energy expression of a multicomponent blend with terms describing the interfacial interactions between (locally)
separated phases, as proposed by Cahn and Hilliard.[ 45 , 46 ] For a ternary blend
comprising two (polymeric) solutes and a solvent the following phenomenological
expression for the isothermal free energy density form has been proposed:[47,48]

1 3

2
F=  f h ( i )+ ki i dV
2 i=1



(6.1)

Here, i is the volume fraction of component i, i is the volume fraction
gradient, and fh is the homogeneous free energy, for instance given by the FloryHuggins equation. According to Flory-Huggins theory,[49] the homogeneous (local) free
energy density of a ternary blend reads on a per lattice segment (monomeric unit) basis:
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f h =f FH =

kT
v seg



2
3
1ln 1  + N ln  2  + N ln  3  +χ 121 2 +χ 131 3 +χ 23 2 3 
2
3



(6.2)

Here, kT is the thermal energy, seg is the volume of one lattice segment (in this
work: seg = solvent), Ni is the number of lattice segments constituting one molecule of
component i, and χij is the dimensionless Flory-Huggins parameter representing the
(enthalpic) interaction between components i and j. In this work subscript 1 = CHCl3,
subscript 2 = PDPP5T, and subscript 3 = [70]PCBM. Flory-Huggins theory assumes
the blend to be incompressible ( 1  2  3  1 ), resulting in two mathematically
independent volume fractions. The second term in the integrand of Eq. (1) represents
the non-local contributions to the free energy which result from the formation of
concentration gradients upon phase separation. A schematic representation of the
system is shown in Figure 6.6. For further detail of the model see the paper and
supplemental information of Kouijzer et al.[50]

Figure 6.6: Schematic representation of the model. White = chloroform, light gray = PDPP5T, dark
gray = PCBM. For illustrative purposes the non-realistic values N2 = 7 and N3 = 4 are used.

In the simulations developed and implemented by dr. Jasper Michels from Holst
Centre a two-dimensional (2D, top view) description is used and it was assumed that all
material transport exclusively takes place via diffusion, although flow-related
phenomena cannot be excluded. Furthermore, the effective 2D top-view simulation
geometry excludes any 3D and possible substrate- or air-interface-induced effects on
de-mixing. In reality it is likely that stratified phase separation does take place at early
times, as has been shown both experimentally as well as theoretically,[51-56] also for
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solvent-borne polymer/PCBM-based blends,[57-59] but for the present study our aim is
to focus on the mixing thermodynamics of the blend layer and the time-dependent
composition of coexisting phases.

6.4 Flory-Huggins interaction parameters
The Flory-Huggins interaction parameters χij used in the calculations were
determined according to the approach used earlier by Moons et al.[30] This method is
based on the determination of the surface energies of (spin coated) layers of pure
polymer and PCBM using water contact angle measurements. The conversion of the
measured contact angles into substrate surface energies was accomplished with
Neumann’s method.[60] For apolar materials a linear relationship exists between the
(Hildebrand) solubility parameter (δ) and the square root of the surface energy (γ):
δ=K γ ,

(6.3)

where K is a more or less universal proportionality constant. Once the value of
K has been established using known data on δ and γ of compounds of similar polarity,
the Flory-Huggins interaction parameter may be evaluated according to the expression:

χ ij =

v seg

δ -δ 
kT
i

j

2

+χ s

(6.4)

Here, χs is the entropic contribution to the interaction parameter, which, for a
non-polar polymer in a non-polar solvent, typically adopts a value between 0.3 and
0.4.[61] An often used value is χs = 0.34. Its exact value did not significantly affect the
outcome of the calculations performed in this work.
The measured surface energies of layers of pure PDPP5T and [70]PCBM are
listed in Table 6.1, together with the proportionality constant K = 116 × 103 m-1/2,
determined from independently measured literature data on δ and γ of compounds of
similar polarity and chemical integrity, i.e. P3HT, poly(9,9-dioctylfluorenyl-2,7-diyl)
(PF8), and [60]PCBM.
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Table 6.1: Surface energies, solubility parameters, and proportionality constants (see equation (3))
determined for various donor and acceptor materials.

PDPP5T
P3HT
PF8
[70]PCBM
[60]PCBM

γ (mN/m)

δ (MPa1/2)

K (×103 m-1/2)

20.2 a
26.9 b
25.3 d
35.8 a
35.4 f

16.5 a
19.1 c
18.8 e
21.9 a
21.7 g

116
118
115

a
This work. b Ref. 62. c Average of the values reported in Ref. 63.d Ref. 30. e Ref. 64, f Average of values
reported in Refs 30, 65, and 66. g Average of values reported in Ref. 63.

The resultant solubility parameters were then substituted in Eq. (6.4) to yield: χ23
= 1 and χ12 = 0.4 (Table 6.2), the latter using: δ1 = 18.7 MPa1/2. χ13 = 0.9 was taken
from literature,[30] and is close to the value χ13 = 0.7 obtained from our measurements.
It was verified that the actual value of χ13 does not affect the outcome of the modeling
in a significant way. It is of interest to note that χ23 is comparable to the interaction
parameter determined for the blend PF8:[60]PCBM (χ = 0.9), which was shown to
exhibit very similar lateral globular phase morphologies upon spin coating from a
sufficiently volatile solvent. [30]
Table 6.2: Flory-Huggins interaction parameters and effective degrees of polymerization for the
CHCl3/PDPP5T/[70]PCBM ternary blend. Subscripts: 1 = CHCl3, 2 = PDPP5T, and 3 = [70]PCBM.

χ 12

χ13

χ23

N2

N3

0.4

0.9

1

89

7

6.5 The ternary phase diagram
To make predictions on the phase behavior of the ternary blend of
CHCl3:PDPP5T:[70]PCBM and to estimate the composition of coexisting phases, the
liquid-phase ternary phase diagram using Flory-Huggins theory (Eq. 6.2) was calculated.
As input for this model values of the three interaction parameters χ12, χ13, and χ23 (Table
6.2), as well as the effective degrees of polymerizations Ni of the blend components are
required. The effective degrees of polymerization Ni were estimated considering the
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segmental site molar volume to be equal to the molar volume of one solvent molecule:
Vm,CHCl3 ~80 cm3/mol (hence: N1 = 1). Based on molecular modeling using ACD labs
ChemSketch[67] it was estimated that the solvent molecular volume is approximately
equal to the volume of one thiophene ring (backbone), one DPP unit (backbone), and
four CH2 segments (side chains) of the PDPPP5T. The effective degree of
polymerization N2 was then obtained from the physical one, calculated from the
average molecular weight determined by GPC and the molar mass of one DPP5T
monomer.[68] N3 was calculated by dividing the molar volume of [70]PCBM (calculated
to be Vm,[70]PCBM ~600 cm3/mol) by Vm,CHCl3. All input parameters for the Flory-Huggins
model are listed in Table 6.2.
The ternary phase diagram (Figure 6.7) shows the division of composition space
in single phase and coexistence regions separated by the binodal (blue line), obtained by
the common tangent construction. The limit of instability is indicated by the spinodal
(green line), obtained analytically by solving

2 f h
=0 . Using
φ 2

3 f h
=0 the
φ 3

composition at the critical point was calculated to be: φ1 = 0.883, φ2 = 0.032, φ3 =
0.085. Tie lines, given for various solvent volume fractions, connect the corresponding
binodal compositions with equal chemical potential. The slope of the tie lines expresses
the preference of the solvent for residing in the polymer-rich phase, rather than in the
[70]PCBM-rich phase (originating from the significant difference between χ12 and χ13, as
χ12 < χ13). Due to the fact that PDPP5T and [70]PCBM are only moderately compatible,
as expressed by the relatively high value for χ23, the single phase region covers only a
small fraction of the phase diagram. In contrast, instability is expected for a
considerable part of composition space. The left most arrow shows the trajectory
followed upon solvent quenching and subsequent continued evaporation for a 1:2
(w/w) PDPP5T:[70]PCBM blend ratio. It indicates that this blend is likely to be
quenched in the instable part of the coexistence region and would therefore decompose
spinodically, as already hinted by the apparent presence of a characteristic length scale
in the microscopic images of Figure 6.4.
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Figure 6.7: Ternary phase diagram of the CHCl3:PDPP5T:[70]PCBM blend, calculated using FloryHuggins theory; volume fractions of the three components are indicated on the axes; the blue and
green lines represent the binodal and spinodal compositions, respectively; tie lines connect the
compositions of corresponding phases at equal chemical potential; the dashed black line indicates the
solvent quench depth assumed in the numerical simulations; the dashed red arrows indicate the
change in blend composition upon solvent evaporation for a 1:2 (w/w), a 1:0.33, and a 1:0.12 (w/w)
PDPP5T:[70]PCBM ratio, from left to right.

Another striking feature is the pronounced asymmetry of the binodal, induced
by the considerable size difference between PDPP5T and [70]PCBM. The important
consequence is the presence of a significant fraction of [70]PCBM in the region of the
polymer-dominated branch of the binodal located not too far from the critical point. In
contrast, the corresponding [70]PCBM-dominated phase in this region is already quite
pure. This observation indicates that, depending on the stage at which the phase
separated morphology is kinetically frozen due to drying, more or less residual
[70]PCBM may be present in the polymer-rich phase. This will probably have a
significant influence on the electronic characteristics of the OPV cell.

6.6 Simulating the phase separation in time
Figure 6.7 shows the simulated temporal evolution of the phase separation for a
blend of PDPP5T and [70]PCBM in chloroform solution. The starting composition
was chosen just below the critical point with volume fractions at t = 0 of φ1 = 0.8, φ2 =
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0.086, and φ3 = 0.114, i.e. corresponding to a 1:2 (w/w) solids composition, assuming
mass densities of 1 and 1.5 g/cm3 for PDPP5T and [70]PCBM, respectively. This rather
shallow quench depth corresponds to a relatively high solvent content to plausibly
allow for sufficient mobility for de-mixing as well as subsequent coarsening to take
place during film drying, as suggested by the experimental images (Figure 6.4).

Figure 6.8: Simulated [70]PCBM volume fraction (φ3) as a function of spatial coordinate for six
sequential time intervals, calculated for χ13 = 0.1. Image dimensions are arbitrary. In the top panel the
color scale interpolates between φ3 = 0 (black) to φ3 = 1 (white); in the bottom panel between φ3 = 0
(black) to φ3 = 0.1 (white).
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The evaporation process was allowed to proceed after quenching by an
algorithm that removed a quantity of solvent from the entire domain at each simulation
time. Further details on the modeling algorithm are given in the supplemental
information of Kouijzer et al.[50] 13 = 0.4 was used in the simulations, as calculated by
Eq. (4) or χ13 = 0.1, the value obtained when the entropic contribution χs in Eq. (4) is
omitted. Both gave very similar behavior and Figure 6.8 represents the data for χ13 =
0.1. The images show dispersed [70]PCBM-enriched domains with globular shapes,
characteristic to structure evolution in the liquid phase, dominated by capillary forces.
The results qualitatively resemble the AFM and TEM images.
The reason for the dispersed nature of the [70]PCBM in a PDPP5T rich matrix,
despite the total volumetric excess of [70]PCBM relative to PDPP5T, is the difference
in solvent compatibility between the polymer and [70]PCBM. This is indicated by the
tie lines in Figure 6.7, which tilt in favor of the polymer-rich phase. As a result, the
polymer-rich phase will be more dilute than the [70]PCBM-rich phase. Mass
conservation prescribes that the total volume of the polymer-rich phase should then be
larger than the volume of the [70]PCBM-rich phase, explaining the dispersed nature of
the latter. In the final stage of drying, which is not covered by the liquid-phase
simulations, the polymer-rich phase collapses around the [70]PCBM domains, which is
nicely demonstrated by the cross sectional TEM image (Figure 6.5). This partitioning
phenomenon has also been reported to influence the morphology of liquid-phase demixed films of solvent-borne blends of polystyrene and poly(methyl methacrylate).[69]
To track the composition of the matrix phase as a function of time the
[70]PCBM concentration is shown on a magnified color scale in the bottom panel of
Figure 6.8. By interpolating between φ3 = 0 (black) and φ3 = 0.1 (white), the dispersed
[70]PCBM phase shows up white. In agreement with the phase diagram the [70]PCBM
concentration in the matrix phase decreases with time from φ3 = 0.06 at early times to
φ3 = 0.015 at the end of the simulation, despite the blend becoming more concentrated
due to solvent evaporation. The main reason for this is the fact that residual [70]PCBM
in the matrix phase thermodynamically depletes as long as the system remains
sufficiently mobile during film formation and solvent evaporation.
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Close inspection of Figure 6.8 reveals that during coarsening of the phase
separation the smaller, highly curved [70]PCBM domains temporarily re-dissolve into
the matrix, to be subsequently absorbed by the larger domains. As a result, the domain
number density decreases, but the average size increases. This process is a consequence
of the fact that the residual [70]PCBM concentration in the vicinity of small domains is
higher than in the vicinity of large domains.[70] As the average domain size increases
according to R ~ t1/3, known as the Lifshitz-Slyozov law, it is expected that the
contribution to the total [70]PCBM concentration in the matrix due to re-dissolution
decreases with increasing residence time in the mobile state (i.e. drying time).
The simulations qualitatively reproduce the experimental morphologies and
confirm that liquid-liquid de-mixing is the main cause for this type of morphology. The
calculations also predict that the concentration of [70]PCBM decreases with drying
time. As will be shown in the next section, this prediction can be confirmed
experimentally from the electrical characteristics of the blends for different thickness.

6.7 Charge generation and transport for different
morphologies
Figure 6.9 shows the J−V characteristics of the PDPP5T:[70]PCBM blends,
spin coated from chloroform at different spin rates. The changes in the J−V as a
function of blend layer thickness are remarkable. Strikingly, the short-circuit current
density decreases with increasing layer thickness whereas usually one would expect it to
increase as thicker layers absorb more light and thus generate more current. Figure 6.9
and Table 6.3 also show that the fill factor increases with increasing layer thickness.
This is counterintuitive, because the fill factor usually decreases with increasing layer
thickness due to an increased probability for bimolecular recombination when charges
have to move over a longer distance before they can be collected. Figure 6.9 clearly
shows that the thickest cells produce little current, but the charges that are created can
be easily collected. The strong bias dependence of the current-density observed for the
thin layers is also remarkable. It was verified that this is not due to leakage current.
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Figure 6.9: J−V characteristics of the PDPP5T:[70]PCBM blend processed from chloroform as function
of layer thickness.
Table 6.3: Solar cell parameters for PDPP5T:[70]PCBM solar cells spin coated from chloroform at
different layer thickness.

d (nm)

Jsc (mA/cm2)

Voc (V)

FF

PCE (%)

64
84
104
122
149
180

3.70
3.14
2.41
2.25
2.27
1.84

0.666
0.657
0.648
0.652
0.645
0.642

0.510
0.556
0.621
0.636
0.652
0.689

1.26
1.15
0.97
0.93
0.95
0.81

Closer inspection of Figure 6.9 suggests that the photocurrent consists of two
components. One component that is rather independent of layer thickness and one that
seems to increase almost linearly with reverse bias in the range measured with a slope
that is larger for thinner films. The explanation for this unusual behavior can be found
in the composition of the blend that changes with layer thickness. The numerical
simulations (Figures 6.8) suggest that for thin blends, with a shorter drying time, the
films consist of many small [70]PCBM domains and a PDPP5T-rich matrix that
contains a certain volume fraction of [70]PCBM. For thicker films, that need more time
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to dry, the [70]PCBM domains grow in size and the concentration of [70]PCBM in the
matrix decreases. The AFM and TEM images (Figure 6.4) confirm the changing size of
the domains but give no information about the [70]PCBM concentration in the blend.
It is proposed that the change in [70]PCBM concentration is reflected in the shape J−V
curve. In the thick blends excitons created by absorption of a photon will
predominantly dissociate into charge carriers at the interface between the two relatively
pure phases. These charges are easy to collect owing to the high purity of the phases
through which they drift and diffuse, and in which they are unlikely to recombine
because oppositely charged carriers are absent. This is the origin of the high fill factor
for thick films. Excitons created elsewhere in the device have a high probability to
recombine and do not contribute to the current. On the other hand, for thin blend
layers charges will also be generated in the PDPP5T-rich matrix because it contains an
appreciable amount of finely dispersed or possibly molecularly mixed [70]PCBM. The
negative charges created on the [70]PCBM molecules in the matrix are more difficult to
collect, when the concentration of [70]PCBM is low and does not provide efficient
percolating pathways. These charges will experience a strong electric field dependent
mobility, resulting in a photocurrent that increases with reverse bias. A similar dual
charge generation-collection mechanism was recently proposed to explain the currentvoltage

characteristics

of

polymer:fullerene

(MDMO-PPV:[60PCBM)

bulk

heterojunction solar cells at different degrees of nanoscale phase separation.[ 71 ] A
schematic drawing for the different charge generation and collection mechanisms in
thin and thick films is shown in Figure 6.10.
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Figure 6.10: Charge generation and collection in thick and thin blend layers of PDPP5T (light gray)
and [70]PCBM (dark gray) blend layers cells. For the thick layers charges are predominantly created at
the interface between the large domains, for thin layers additional charges are created in the PDPP5T
domains that contain a larger amount of [70]PCBM. These latter charges are more difficult to extract.

To find additional experimental evidence for the proposed dual charge
generation and collection mechanisms processes, external quantum efficiency (EQE)
measurements as function of applied external bias (V) were performed for three cells
with increasing layer thickness (85, 159, and 246 nm) (Figure 6.11). These EQE−V
experiments reveal that for thinner layers the contribution of the PDPP5T absorption
in 600-850 nm wavelength range to the photocurrent increases significantly relative to
that of the contribution of [70]PCBM in the 400-600 nm range at higher reverse
electrical bias. This indicates that the bias dependent charges in the J−V characteristics
predominantly originate from the higher wavelengths, i.e. corresponding to the polymer
rich phase. This observation supports the proposal that residual amount of [70]PCBM
in the polymer-rich phase causes the bias dependent current.
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Figure 6.11: EQE vs. wavelength for different bias voltages of PDPP5T:[70]PCBM blends spin coated
from chloroform at different layer thickness (a) 85 nm. (b) 159 nm. (c) 246 nm. The thick black line
represents 0 V bias.

The remaining question is: how much [70]PCBM is dispersed in the polymer
causing this effect? To experimentally estimate the amount of residual [70]PCBM the
matrix phase was mimicked by adding an increasing amount of [70]PCBM to the
mixture from 0 to 45 wt.-%, while the optimized blends have 66 wt.-%. The PDPP5T
concentration in the spin coating solution and the final layer thickness were kept
constant. Figure 6.12a shows that for low weight percentages of PCBM, the slope of
the J−V at bias V < 0.5 V, is increasing with increasing weight percentage. For weight
percentages higher than 11%, the slope saturates. From that point on larger
agglomerates of [70]PCBM are formed as was confirmed by an increased corrugation of
the surface of the film observed with AFM (not shown). The fill factor also starts to
increase from this point on (Figure 6.12b). The total current still increases, as well as
the fill factor. Starting from 25% the series resistance (inverse slope at J = 0) does not
increase anymore, indicating that the morphology is similar to the optimal one. As
indicated by the red arrows in the phase diagram (Figure 6.7), 11% [70]PCBM (1:0.12
(w/w) blend ratio) and 25% of [70]PCBM (1:0.33 (w/w) blend ratio) correspond to
quenches near or in the metastable region of the phase diagram, suggesting that for
those blend ratio’s the observed [70]PCBM agglomerates may form via nucleation-andgrowth rather than spinodal decomposition.
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Figure 6.12: (a) J-V curves of PDPP5T:[70]PCBM cells spin coated from chloroform with low [70]PCBM
weight fractions. (b) Fill factor of the device as a function of the percentage of PCBM in the blend.

6.8 Conclusion
Film formation in OPV blends of PDPP5T and [70]PCBM spin cast from
chloroform has been studied experimentally using AFM and TEM microscopy. The
temporal evolution of the phase separation was effectively described by a model that
uses the homogenous Flory-Huggins free energy of the of the solvent:polymer:fullerene
mixture and accounts for interfacial interactions between separated phases, based on
physical properties of the components. From the experiment and model it is concluded
that for blends of PDPP5T and [70]PCBM, spin coated from chloroform, the phase
separation in the thin film results from liquid-liquid de-mixing during the drying of the
film. The large, rather pure, [70]PCBM domains formed in these blends, that protrude
from the film surface when dry, result from a liquid droplet phase that (mainly)
contains solvent and [70]PCBM. This liquid droplet phase has separated via spinodal
de-mixing from the second continuous phase that contains solvent, PDPP5T, and
[70]PCBM. For longer drying times, i.e. for thicker films, the large droplets grow at the
expense of smaller droplets via Ostwald ripening and the amount of [70]PCBM in the
continuous phase decreases. The model consistently explains the microscopy (AFM and
TEM) of these blends and the J−V and EQE−V measurements on the corresponding
solar cells.
Because the large [70]PCBM domains observed in PDPP5T:[70]PCBM films
spin coated from chloroform are characteristic for the phase separation in numerous
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other polymer:fullerene blends cast from single solvent,[11-13,26-37] it is assumed that the
spinodal liquid-liquid de-mixing and the time evolution are universal for many of the
polymers developed for OPV applications. However, that exceptions exist e.g P3HT,[21]
PCPDTBT,[14] and PSBTBT[20] do generally not lead to liquid-liquid de-mixing when
mixed with [60] or [70]PCBM. Moreover, our model does not describe how the
addition of a processing additive or co-solvent, sometimes in small amounts, can
change the morphology completely (c.f. Figure 6.3).
In the future, the model could be expanded to four components to include the
co-solvent. Ideally, this model can be then be used as a predictive one: by measuring
certain properties of a newly synthesized polymer one can know beforehand which
conditions to use in solar cell fabrication, to gain an optimal morphology and optimized
performance.
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6.9 Experimental
ITO (indium tin oxide) substrates (Naranjo substrates) with active area of 0.091 or 0.16
cm2 per cell were subsequently cleaned in acetone, soap, ultrapure water and isopropanol.
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)) (Heraeus Clevios P VP
Al 4083) was spin coated on top of UV-ozone treated ITO substrates. The active layer was spin
coated in a nitrogen filled glove box from a solution of 6 mg/mL PDPP5T (Mw = 48,000 g/mol,
PDI = 1.75) and 12 mg/mL [70]PCBM (Solenne BV) in chloroform or chloroform:o-DCB
(90:10 volume ratio). Devices are completed with a 1 nm LiF and 100 nm aluminum back
contact, evaporated in a vacuum of < 3 × 10−7 mbar.
J−V characteristics were measured with a Keithley 2400 source meter under illumination
of a tungsten-halogen lamp with a Hoya L120 daylight filter and Schott GG385 UV filter at ~100
mW/cm2. EQE spectra were measured under monochromatic light from a 50 W tungsten
halogen lamp combined with a monochromator. The light was modulated with a chopper and the
response recorded with a lock in amplifier (Stanford Research systems SR830). To obtain 1 Sun
conditions, the cell was biased with a 532 nm laser. For a more exact value of the short circuit
current the EQE spectrum is convoluted with the solar spectrum, where a calibrated silicon cell
is used as a reference. The device itself was encapsulated in a quartz windowed nitrogen filled
box.
Active layer thickness was measured using a Veeco Dektak 150 profilometer. Atomic
Force Microscopy (AFM) was measured using a Veeco MultiMode AFM in tapping mode with
PPP-NCH-50 tips from Nanosensors. Transmission electron microscopy (TEM) measurements
were obtained using a Tecnai G2 Sphera TEM (FEI) in bright field imaging mode operating at
200 kV. Images were taken under slight defocusing conditions. The samples for cross section
TEM measurements were made using a focused ion beam (FIB) from a Quanta 3D FEG SEM
(FEI). Contact angles of demi-water on organic layers were measured with a Dataphysics OCA
30 using the sessile drop method averaging over more than 10 measurements.
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Summary
“Photoactive and interface layers in polymer solar cells”
The development of renewable energy sources is of key importance for a
sustainable world. Since fossil fuels are depleting rapidly, the development of renewable
energy sources is highly desirable. Solar cells can collect the abundant energy of the sun
by converting sunlight directly into electricity, and are therefore a promising energy
source for the future. Currently crystalline silicon is the dominating type of solar cell on
the market. Polymer solar cells can potentially be made with large area roll-to-roll
printing techniques, which provides a promising alternative to the expensive and timeconsuming production of crystalline silicon solar cells.
In polymer solar cells an electron donating semiconducting polymer and
electron accepting fullerene derivative are intimately mixed to form the photoactive
layer. When light is absorbed, an exciton is created which can be separated into a free
hole and electron at the interface of the two materials. This process occurs via a charge
transfer state, where the exciton is still coulombically bound across the interface. The
free charges are subsequently transported via charge selective interface layers to their
respective electrodes. The mixing of the photoactive layer materials, or morphology, is
crucial to make efficient devices. Also the interface layers ensure to gain the maximum
voltage obtainable for the device. The efficiency of the polymer solar cell can be further
improved by making use of specific device architectures. The aim of this thesis is
twofold, first to gain insight into fundamental processes in organic solar cells, such as
morphology formation and the origin of the open-circuit voltage in polymer solar cells.
Second, to further enhance the efficiency new interface layers and device architectures
were explored.
One way of improving the efficiency of a polymer solar cell is to fabricate a
tandem device which uses two complimentary absorbing photoactive layers. To
combine the two solar cells, a recombination contact consisting of an electron
conducting and hole conducting interface layer is needed. These layers are solution
processed on top of each other, while being transparent and providing a voltage loss
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free and ohmic recombination contact. In an inverted tandem solar cell electron and
hole collecting electrodes are switched such that the polarity is inverted. Because
different materials can be used, this is known to enhance the cell stability in single
junction devices. Solution processed vanadium oxide and zinc oxide were investigated
as interface layers in a recombination contact in inverted tandem polymer solar cells.
Although efficient devices were fabricated (6.0%), reproducible processing of the
recombination contact and thus of the tandem cell remained a problem. It was found
that this is related to the relative humidity affecting the formation of the vanadium
oxide layer.
The irreproducibility was solved by replacing the vanadium oxide and zinc oxide
with modified PEDOT:PSS and zinc oxide. PEDOT:PSS is a commercial transparent
conducting polymer, supplied as aqueous dispersion. Initially the layer of PEDOT:PSS
did not wet on top of the hydrophobic first photoactive layer, but this was solved by
using a mild plasma treatment. This produced a more hydrophilic surface and enabled
the wetting of PEDOT:PSS on top of the first photoactive layer. After optimization of
the layer thicknesses of two photoactive layers by optical and electrical modelling of the
tandem device, a 5.8% efficient inverted tandem polymer solar cell was produced.
The recombination contact is also important in regular configuration tandem
solar cells. In such regular tandem configuration, a recombination contact of zinc oxide
and pH neutralized PEDOT:PSS is often used. The pH neutralized PEDOT:PSS is
used because it does not affect the zinc oxide, but has a lower work function than
PEDOT:PSS. This leads to a loss in voltage over the tandem device with photoactive
layer materials which show voltages of ~0.7 V in single junction devices. A work
function modification layer was added to the solar cell to circumvent this problem. A
relation between the ion size and work function for work function modification layers
was found with Kelvin probe measurements and was proven to be valid in single
junction devices, however tandem devices with desired work function change were not
obtained.
The open-circuit voltage was also studied in devices with ternary blend active
layers: next to an electron donating polymer, two different electron accepting fullerenes
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were used: [6,6] phenyl-C61-butyric acid methyl ester ([60]PCBM) and indene-C60-bisadduct (ICBA). Upon solar cell fabrication, the voltage of the devices increased slightly
sublinear with increasing ICBA content. The charge transfer (CT) state absorption band
could be identified by measuring the external quantum efficiency (EQE) as function of
photon energy. Experimentally it is known that the energy of the CT state relates to the
open-circuit voltage. In contrast to earlier reports on ternary blends, the CT state
absorption band was found to be a linear combination of the CT absorption bands of
the two specific fullerenes with the polymer as function of the blend composition,
rather than shifting continuously in energy as previously proposed. The current density
to voltage (J-V) curves of the solar cell devices were then modelled as parallel junction
tandems, which show a different voltage as function of the ratio in which the current
flows through the two subcells. The results show a larger sublinearity than for the real
devices. The physical background for the different behavior of the CT state absorption
band and voltage on the blend composition remains to be explained.
A good morphology is essential for high efficiency polymer solar cells. The
morphology of a photoactive layer is formed in a few seconds during spin coating.
Many techniques have been used to study morphology, but the formation of
morphology had not been studied in much detail. A model describing and predicting
morphologies based on the process parameters and material properties did not exist. To
study the formation of morphology, a diketopyrrolopyrrole-quinquethiophene polymer
(PDPP5T) and [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) were used. When
spin coated from pure chloroform, a coarsely phase separated morphology was
observed containing droplets of [70]PCBM. The size of these droplets was found to be
dependent on the thickness of the layer which is inversely correlated to the spin coating
speed. The formation of these droplets was modelled with a homogeneous FloryHuggins model based on physical parameters of the materials. Spinodal liquid-liquid
demixing was found to be the origin of the formation of this morphology, and the
model also matches the observed current density to voltage curves of the solar cells.
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Samenvatting
“Fotoactieve- en transportlagen in polymeerzonnecellen”
De ontwikkeling van hernieuwbare brandstoffen is essentieel voor de transitie
naar een duurzame wereld. Dit is mogelijk met zonnecellen die energie uit het zonlicht
direct in elektriciteit kunnen omzetten. Op dit moment zijn silicium zonnecellen het
dominerende type zonnecel op de markt. Polymeerzonnecellen kunnen in de toekomst
op grote schaal geprint worden, wat een veelbelovend alternatief is voor het dure en
tijdrovende proces voor de productie van silicium zonnecellen.
In een polymeerzonnecel bestaat de fotoactieve laag uit een mengsel van twee
halfgeleidende materialen: een elektrondonerend -geconjugeerd polymeer en een
elektronenaccepterend fullereenderivaat. Als licht wordt geabsorbeerd in de zonnecel,
wordt een gebonden elektron-gat paar, een exciton, gemaakt in de fotoactieve laag. Dit
exciton kan vervolgens op het grensvlak tussen de twee materialen gesplitst worden in
een vrij gat en een vrij elektron. Deze vrije ladingen worden vervolgens getransporteerd
naar de elektroden, het gat via het elektrondonerende polymeer en het elektron via het
elektronaccepterende fullereenderivaat.
Voor het maken van efficiënte zonnecellen is de menging van de twee
halfgeleidende materialen, de morfologie van de fotoactieve laag, belangrijk.
Transportlagen tussen de fotoactieve laag en de metaalelektroden zorgen ervoor dat de
zonnecel de optimale spanning levert. De efficiëntie van een polymeerzonnecel kan
verder verbeterd worden door gebruik te maken van extra lagen of een andere volgorde
van de lagen. Het doel van dit proefschrift is tweeledig: enerzijds is dat inzicht
verkrijgen in de fundamentele processen in polymeerzonnecellen. Zo wordt het
ontstaan van de morfologie tijdens het aanbrengen van de fotoactieve laag bestudeerd,
en de oorsprong van de openklemspanning in polymeerzonnecellen. Anderzijds
worden manieren onderzocht om de efficiëntie te verhogen, zoals het testen van
nieuwe materialen voor de transportlaag en het toepassen van nieuwe celconfiguraties.
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Het maken van een tandem zonnecel met complementair absorberende
fotoactieve lagen is een bekende manier om de efficiëntie te verbeteren. Om de twee
zonnecellen met elkaar te verbinden, is een recombinatiecontact nodig. Dit contact
bestaat uit een elektronengeleidende en een gatengeleidende transportlaag, welke vanuit
oplossing op elkaar geplaatst worden en niet mogen leiden tot elektrische of optische
verliezen. In een geïnverteerde tandem zonnecel zijn de elektrodes en grensvlaklagen
omgedraaid, zodat de polariteit van de tandem omdraait. Het is bekend van
enkelvoudige zonnecellen dat de inversie van de polariteit leidt tot een grotere
stabiliteit, aangezien er andere materialen gebruikt kunnen worden. Vanuit oplossing
aangebrachte zink oxide en vanadium oxide zijn onderzocht als lagen voor
recombinatiecontact

van

een

geïnverteerde

tandem

zonnecel.

Met

dit

recombinatiecontact is een tandem efficiëntie van 6.0% gehaald, maar de
reproduceerbaarheid van het maken van het recombinatiecontact en dus de tandem was
onvoldoende. Dit is onder andere gerelateerd aan de luchtvochtigheid tijdens de
productie van de vanadium oxide laag.
De reproduceerbaarheidsproblemen zijn opgelost door het vervangen van
vanadium oxide en zink oxide door PEDOT:PSS en zink oxide. PEDOT:PSS is een
commercieel verkrijgbaar transparant halfgeleidend materiaal. Een milde plasma
behandeling met lucht is gebruikt om het oppervlak van de eerste fotoactieve laag
hydrofiel te maken, anders vloeit de PEDOT:PSS niet uit. Na optisch en elektrisch
modelleren van de optimale laagdiktes voor de eerste en tweede zonnecel in de tandem,
is een 5.8% efficiënte geïnverteerde tandem gemaakt.
Het recombinatiecontact is ook belangrijk in tandem cellen met de normale
laagvolgorde. In zo een tandem cel wordt vaak een recombinatiecontact bestaande uit
twee transportlagen gebruikt: het elektronengeleidende zink oxide en het
gatengeleidende pH neutrale PEDOT:PSS. pH neutrale PEDOT:PSS wordt gebruikt
omdat deze de zink oxide laag niet aantast, maar het nadeel ervan is dat de werkfunctie
lager is. Dit leidt tot een verlies in voltage voor zonnecellen die normaal een
openklemspanning van ~0.7 V of hoger tonen. Om dit probleem op te lossen is een
laag toegevoegd die werkfunctie kan modificeren. Na het vaststellen van de relatie
tussen de grootte van het tegenion en de werkfunctieverandering zijn er enkelvoudige
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zonnecellen gemaakt met de juiste spanning, maar tandems met het juiste voltage
konden niet worden gemaakt.
De openklemspanning is ook onderzocht in fotoactieve lagen uit een
zogenaamd ternair mengsel, waarin naast een halfgeleidend polymeer twee
fullereenderivaten zijn gebruikt: [60]PCBM en ICBA. Wanneer [60]PCBM deels wordt
vervangen door ICBA, stijgt het voltage sublineair met de concentratie ICBA. De
energie van de ladingsoverdracht (CT)-toestand, die gerelateerd is aan de
openklemspanning, kon bepaald worden met behulp van externe kwantumefficiëntie
(EQE) metingen. Uit de metingen bleek dat bij verandering van de ICBA concentratie,
de verhouding tussen de intensiteit van de twee CT absorptiebanden van het polymeer
met de beide fullereenderivaten ook verandert. Dit is in tegenstelling met de literatuur,
waar wordt beweerd dat er een gecombineerde CT toestand is die verschuift in energie.
De stroomdichtheid-spannings (J-V) curve werd vervolgens gefit als een parallelle
tandem, welke een verschillend voltage geeft naargelang de verdeling van de stroom
over beide deelcellen. Dit model voorspelt echter een grotere sublineariteit dan de die
in de gemeten zonnecellen. Een fysische verklaring voor de verandering van de CT
toestand en de openklemspanning van de zonnecellen als functie van de
fullereensamenstelling ontbreekt vooralsnog.
Een goede morfologie is essentieel voor het bereiken van hoge efficiëntie
organische zonnecellen. De morfologie van de actieve laag wordt gevormd in enkele
seconden tijdens het drogen van de laag wanneer deze uit oplossing wordt aangebracht.
De uiteindelijke morfologie is bestudeerd met een groot scala aan technieken, maar de
vorming van de morfologie is nog nauwelijks in detail bestudeerd. Een model wat de
morfologie omschrijft en voorspelt op basis van fysische parameters van de
componenten bestond nog niet. Om de vorming van morfologie te bestuderen zijn het
polymeer PDPP5T en het fullereenderivaat [70]PCBM gebruikt. Als van dit mengsel
een laag wordt aangebracht vanuit een chloroformoplossing, ontstaat een morfologie
met relatief grote domeinen van [70]PCBM. De grootte van de domeinen was groter bij
een langere droogtijd, die toeneemt met de laagdikte. Spinodale vloeistof-vloeistof
ontmenging blijkt verantwoordelijk voor de vorming van deze morfologie. Het model
verklaart tevens de J-V curves van de actieve lagen met verschillende laagdiktes.
- 119 -

Curriculum Vitae
Sandra Kouijzer werd geboren op 18 september
1986 te Hulst. Na het behalen van haar gymnasium
diploma aan het Reynaertcollege in Hulst begon zij aan
de studie Scheikundige Technologie aan de Technische
Universiteit Eindhoven. Tijdens haar master Molecular
Engineering liep ze stage bij TNO waar zij onderzoek
deed naar plasmadepositie van zink oxide lagen voor CIGS zonnecellen. Tijdens haar
afstudeeropdracht in de vakgroep Moleculaire Materialen en Nanosystemen heeft zij
onderzoek gedaan naar de invloed van solvent additieven op de morfologie van
organische zonnecellen. Eind 2010 begon zij aan haar promotieonderzoek in dezelfde
groep onder begeleiding van dr. Martijn Wienk en prof. René Janssen. De resultaten
van dit onderzoek zijn beschreven in dit proefschrift.
Sandra Kouijzer was born on the 18th of September 1986 in Hulst. After having
finished pre-university college at the ‘Reynaertcollege’ she studied Chemical
Engineering at the Eindhoven University of Technology. During the Masters program
Molecular Engineering she did an internship at TNO researching plasma deposition of
zinc oxide layers for CIGS solar cells. She graduated in the Molecular Materials and
Nanosystems group on the effect of co-solvents on the morphology of organic solar
cells. At the end of 2010 she started a PhD in the same group under supervision of dr.
Martijn Wienk and prof. René Janssen. The results of this research are presented in this
thesis.

- 121 -

List of publications
Publications in scientific journals
“The charge transfer state energy in ternary bulk-heterojunction polymer-fullerene solar
cells”
S. Kouijzer, W. Li, M. M. Wienk, R. A. J. Janssen
in preparation
“Origin of work function modification by ionic and amine-based interface layers”
S. van Reenen, S. Kouijzer, R. A. J. Janssen, M. M. Wienk, M. Kemerink
Advanced Materials Interfaces, 2014, DOI: 10.1002/admi.201400189
“Predicting morphologies of solution processed polymer:fullerene blends”
S. Kouijzer, J. J. Michels, M. van den Berg, V. S. Gevaerts, M. Turbiez, M. M. Wienk,
R. A. J. Janssen
Journal of the American Chemical Society, 2013, 135, 12057
“Efficient inverted tandem polymer solar cells with a solution-processed recombination
layer”
S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M. Wienk, R. A. J. Janssen,
Advanced Energy Materials, 2012, 2, 945
Publications on international conferences
S. Kouijzer, J. J. Michels, M. van den Berg, V. S. Gevaerts, M. Turbiez, M. M. Wienk,
R. A. J. Janssen
“A Combined Experimental and Theoretical Study on Morphology Formation in
Organic Solar Cells”
Materials Research Society Conference in San Francisco (USA), 2013 (presentation)
S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M. Wienk, R. A. J. Janssen
“Efficient inverted tandem solar cells with a solution processable recombination
contact”
Gordon Research Seminar, Lucca (Italy), 2012 (presentation)
S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M. Wienk, R. A. J. Janssen
“Inverted polymer tandem solar cells”
Gordon Research Conference, Lucca (Italy), 2012 (poster)
S. Kouijzer, C. H. Frijters, M. Turbiez, M. M. Wienk, R. A. J. Janssen
“Inverted polymer tandem solar cells”
Photovoltaics at the nanoscale, Hasselt (Belgium), 2011 (poster)

- 123 -

Dankwoord
Met het schrijven van dit dankwoord heb ik niet alleen het laatste onderdeel van
mijn proefschrift geschreven, maar rond ik ook een periode van vier jaar van mijn leven
af. Ik heb in die periode veel mogen leren, zowel op wetenschappelijk als persoonlijk
vlak. Hiervoor wil ik een aantal mensen bedanken.
Als eerste wil ik mijn begeleiders prof. René Janssen en dr. Martijn Wienk
bedanken. René, hoewel je een heel drukke agenda hebt, maak je toch altijd genoeg tijd
vrij om je promovendi te begeleiden. Ik heb dit altijd gewaardeerd, net als je creatieve
en praktische oplossingen voor de onderzoeksproblemen die we onderweg tegen zijn
gekomen. Het is een voorrecht om bij jou te mogen promoveren. Zelfs een potje
tafelvoetbal toont jouw gedrevenheid en enthousiasme. Martijn, ik vond het heel fijn
om jou als dagelijks begeleider te hebben gehad. Ik heb je kritische blik, nauwkeurigheid
en nieuwe invalshoeken altijd kunnen waarderen. Ook kan dankzij jouw inzet en
praktische oplossingen iedereen altijd de experimenten uitvoeren die nodig zijn.
I also would like to thank my PhD committee members, prof. Manca, prof.
Moons, prof. Riedl, prof. Schouten and prof. Sijbesma. Thank you for carefully reading
my thesis and taking place in the PhD committee on this important day in my life.
Verder wil ik Jasper Michels bedanken; jouw berekeningen waren essentieel om
hoofdstuk 6 zo mooi en volledig te maken als het nu is. Ik heb genoten van onze
samenwerking en de resultaten daarvan. Fijn dat je deel uit wilde maken van mijn
promotiecommissie.
Ik heb het genoegen gehad twee goede masterstudenten te hebben mogen
begeleiden: Corné Frijters en Mauricio van den Berg. Corné, dankzij jouw
doorzettingsvermogen hebben we het uiteindelijk voor elkaar gekregen om de
geïnverteerde tandems te maken, wat beschreven staat in hoofdstuk 3. Mauricio dankzij
jouw talent en vooral geduld voor het verzamelen van data zijn de berekeningen van
Jasper in hoofdstuk 5 mooi in de praktijk bevestigd. Ik wens jullie allebei veel succes
met jullie verdere carrière.

- 125 -

Ik wil graag Stephan van Reenen en Martijn Kemerink bedanken voor de
samenwerking op het gebied van de polyelektrolieten. Tiny Verhoef wil ik danken voor
zijn hulp bij de XPS metingen. I’d like to thank Niek Lousberg and Kirill Aparov for
making cross-section TEM samples en Veronique voor de TEM metingen. Veronique,
ik vond het ontzettend fijn om met je samengewerkt te hebben maar vooral ook
konden praten als projecten niet gingen zoals gepland, en ik ben blij dat we naast
kantoorburen en flatnummerburen ook echt vrienden zijn geworden. Daarom ben ik
ook heel blij dat je een van mijn paranimfen wilde zijn.
I would like to thank all my colleagues of MST and especially M2N for the great
working atmosphere the last four years. Working in a group where almost all measuring
equipment is available and everyone is prepared to help each other is very beneficial for
cutting edge research. I want to thank a few colleagues in particular for the fun and help
in the lab, lunch meetings, lunches, conferences and parties in the last 4 years: Johan,
Jan, Stefan, Serkan, Alice, Koen, Hans, Tom, Robin, Veronique, Dominique, Daniele,
Duncan, Gaël, Gijs, Dhritiman, Weiwei, Andréanne, Bardo, Kevin, Erik, Erwin, Rein,
Harm, Seva en Christian. Ook het ‘ondersteunend’ personeel is daarin niet te vergeten,
dus Nora, Jolanda, Patricia, Martina, Hans, Henk, Marco en Wijnand bedankt! Ook
mijn kantoorgenootjes Maartje, Mellany, Hans en Koen mogen niet ontbreken op deze
lijst. Naast hard werken was er in STO 4.31 ook altijd tijd voor serieuze en minder
serieuze gesprekken. Mellany, succes met de laatste loodjes van jouw promotie, ik vind
het heel fijn dat jij mijn paranimf wil zijn!
Naast mijn promotie was er gelukkig ook nog tijd voor ontspanning. Hiervoor
wil ik in het bijzonder Bart, Roderigh, Peter en Robin van Prometheus; Eva, Floor,
Anke, Pieternel, Monique, Joep, Meilof en Marleen van studenten schaatsvereniging Isis
en Lonneke, Paul, Bert, Els, Claudia en Adèle van triahtlonvereniging de Triotters
bedanken. Ook wil ik Isis trainers/coaches Frouke, Jos, Bram en Marjan speciaal
vernoemen, jullie hebben naast sportieve begeleiding nog veel meer voor mij betekend.
Ook mijn vrienden Ivo, Tom, Juliën, Maartje en Rom, Martijn en Tess, Patrick en
Müge, AnnA en Bram, Erik en Elise, Veronique en Ramon, Mellany en Niek, Anna
Catharina en Mattijs, Martin en Daniëlle, Sven, Ron en Marjolein hebben gezorgd voor

- 126 -

afleiding in de vorm van etentjes, feestjes, weekendjes weg, spelletjes avonden,
fietstochten en trainingskampen. Ik hoop dat er nog vele mogen volgen!
In de laatste alinea wil ik mijn familie bedanken. Mijn ooms en tantes, neven en
nichten, opa en oma Kouijzer en oma de Maat waren altijd geïnteresseerd in wat ik nu
precies deed en of het goed met me ging. Marco en Angelique, bedankt voor alle steun
en afleiding. Ik vond het fijn om tante van Lorenzo te mogen worden tijdens mijn
promotie. Als allerlaatste wil ik natuurlijk de belangrijkste twee mensen in mijn leven
bedanken: mijn ouders. Jullie hebben mij altijd gesteund in wat ik ook deed, en ik weet
dat jullie er altijd voor me zullen zijn wat er ook gebeurt.

Sandra

- 127 -

