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Abstract
Organic solar cells have caught considerable attention in the past few years due
to their potential for providing environmentally safe, flexible, lightweight,
inexpensive, and roll‐to‐roll feasible production solar cells. However, the
efficiency achieved in current organic solar cells is quite low, yet quick and
successive improvements render it as a promising alternative. A hopeful
approach to improve the efficiency is by exploiting the tandem concept which
consists of stacking two or more organic solar cells in series.
One important constituent in tandem solar cells is the middle electrode layer
which is transparent and functions as a cathode for the first cell and an anode for
the second cell. Most studies done so far have employed noble metals such as
gold or silver as the middle electrode layer; however, they suffered from several
shortcomings especially with respect to reproducibility.
This thesis focuses on studying a new trend which employs an oxide material
based on nano‐particles as a transparent cathode (such as Zinc‐oxide‐nano‐
particles) along with a transparent anode so as to replace the middle electrode.
Thus, this work presents a study on solution processable zinc oxide (ZnO)
nanostructures, their proper handling techniques, and their potential as a middle
electrode material in Tandem solar cells in many different configurations involving
both polymer and small molecule materials. Moreover, the ZnO‐np potential as a
candidate for acceptor material is also investigated.
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Chapter 1: Basic description of
photovoltaic
1 Introduction
1.1 PV impact on society
It is expected that the global energy demand will double within the next 50 years. Fossil
fuels, however, are running out and are held responsible for the increased concentration of
carbon dioxide in the earth’s atmosphere. Hence, developing environmentally friendly,
renewable energy is one of the challenges to society in the 21st century. One of the renewable
energy technologies is photovoltaic (PV), the technology that directly converts daylight into
electricity. PV is one of the fastest growing industries of all the renewable energy technologies
[1]
. Solar cell manufacturing based on the technology of crystalline, silicon devices is growing by
approximately 40% per year and this growth rate is increasing [1].

1.2 Positioning OPV in PV market
At present, the active materials used for the fabrication of solar cells are mainly
inorganic materials, such as silicon (Si), gallium‐arsenide (GaAs), cadmium‐telluride (CdTe), and
cadmium‐indium‐selenide (CIS). The power conversion efficiency for these solar cells varies
from 8 to 29%. With regard to the technology used, these solar cells can be divided into two
classes. The crystalline solar cells or silicon solar cells are made of either (mono‐ or poly‐)
crystalline silicon or GaAs. About 85% of the PV market is shared by these crystalline solar cells
[1]
. Amorphous silicon, CdTe, and CI (G)S are more recent thin‐film technologies.
The current status of PV is that it hardly contributes to the energy market, because it is
far too expensive. The large production cost for the silicon solar cells is one of the major
obstacles. Even when the production costs could be reduced, large‐scale production of the
current silicon solar cells would be limited by the scarcity of some elements required, e.g. solar‐
grade silicon. To ensure a sustainable technology path for PV, efforts to reduce the costs of the
current silicon technology need to be balanced with measures to create and sustain variety in
PV technology. Therefore, it is clear that implying better solar cell technologies is essential [2] in
|Page
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the field of inorganic thin‐films, technologies based on cheaper production processes are
currently under investigation. Another approach is based on solar cells made of entirely new
materials, conjugated polymers and molecules.

1.3 Economical expectations of OPV
Conjugated polymers and small molecules have the immense advantage of facile,
chemical tailoring their properties. Conjugated materials (Figure 1) combine the electronic
properties known from the traditional semiconductors and conductors with the ease of
processing and mechanical flexibility of plastics. Therefore, this new class of materials has
attracted considerable attention owing to its potential of providing environmentally safe,
flexible, lightweight, inexpensive electronics.

Figure 1: Molecular structures of conjugated polymers MDMO‐PPV, P3HT, PCBM and small molecules C60 and CuPc.

In the conjugated polymer case, the cost reduction mainly results from the ease of
processing from solution. Solution processing requires soluble polymers. Poly[p‐phenylene
|Page
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vinylene] (PPV, Figure 1) is hardly soluble. Attachment of side‐groups to the conjugated
backbone, as in poly [2‐methoxy‐5‐ (3’,7’‐dimethyloctyloxy)‐1,4‐phenylene vinylene] (MDMO‐
PPV, Figure 1), enhances the solubility of the polymer enormously. Furthermore, the nanoscale
morphology, affecting the optoelectronic properties of these polymer films, can be partially
controlled by proper choice of the position and nature of these side‐groups. Recent
developments in ink‐jet printing, micro‐contact printing, and other soft lithography techniques
have further improved the potential of conjugated polymers for low‐cost fabrication of large‐
area integrated devices on both rigid and flexible substrates. Architectures to overcome
possible electronic scale‐up problems related to thin film organics are being developed [3]. In
contrast to conjugated polymers, conjugated molecules are mainly thermally evaporated under
high or even low vacuum with the ability of precisely controlling each layer thickness.
The necessity for new PV technologies together with the opportunities in the field of
organic electronics, such as roll‐to‐roll production, have drawn considerable attention to plastic
solar cells in the past few years. Apart from application in PV, it is expected that plastic solar
cells will create a completely new market in the field of cheap electronics.

2 Electrical Characteristic parameter of the solar cell
A solar cell under illumination is characterized by the following parameters: the short‐
circuit current, the open‐ circuit voltage, the fill factor and the power conversion efficiency. In
the following paragraphs these parameters are clarified. In (Figure 2) these parameters are
indicated on a current‐ voltage curve of a solar cell under illumination.

Figure 2: current voltage curve of a solar cell under illumination with the most important parameters included
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2.1 Short‐ circuit current
The short circuit current (ISC) is the current in the illuminated device at 0 V bias. The
amount of current is determined by the overlap between the absorption spectrum of the solar
cell and the solar spectrum, the intensity of the sunlight, the thickness of the active layer and
the excitation/ charge collection efficiency.

2.2 Open‐ Circuit voltage
The open‐circuit voltage (VOC) is the voltage represents the bias we have to apply in our
device in order to decimate the current generated by the illumination of our device. So, at the
VOC point there are no external current which flowing through the device under illumination
(I=0 A).

2.3 Fill factor
The purpose of a solar cell is to deliver power (current × voltage). The fourth quadrant
of the current‐ voltage curve shows where the cell can deliver power. In this quadrant a point
can be found at which the power reaches its maximum, called the maximum deliverable power,
the maximum power point, versus the theoretical maximum power (Ptheor max), the product of
VOC and ISC.

FF =

Pmax
Ptheor max

=

I max .Vmax
I SC .VOC

It is a measure for the diode properties of the solar cell. The higher the number, the
more ideal the diode is. The quality of the diode can be negatively affected by series and shunt
resistances, second diode effects and non‐linear effects like bulk and surface injection‐
dependent recombination velocities.

2.4 Power conversion efficiency
The power conversion efficiency (η) reflects how good the solar cell can convert light
electrical current. It is ratio of delivered power to the irradiated light power (P light).
|Page
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η=

Pmax
I .V .FF
= SC OC
P light
Plight

Since the efficiency is temperature excitation, spectrum and illumination intensity
dependent, test conditions were designed to obtain meaningful and comparable values.
Standard test conditions include measurement at 25°C under 1000W/m2 of Air Mass (AM) 1.5
irradiation. AM1.5 is the spectrum of the sun (Figure 3), which can be considered to be a
blackbody radiator at 5800 k, attenuated for scattering and absorption in the atmosphere.
More specially, sunlight attenuated by a travel through 1.5 times the thickness of atmosphere.
This is comparable to an insulation at 48.2° from the zenith.

Figure 3: The AM 1.5 solar spectrum with a total irradiation power of 1000 w/m2

2.5 Dark current
The dark current is the current through the diode in the absence of light. This current is
due to the ideal diode current, the generation/recombination of carriers in the depletion region
and any surface leakage, which occurs in the diode.
When a load is applied in forward bias, a potential difference develops between the
terminals of the cell. This potential difference generates a current which acts in the opposite
direction to the photocurrent, and the net current is reduced from its short circuit value. This
|Page
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reverse current is usually called dark current in analogy with the current Idark(V) which flows
across the device under an applied voltage, or bias, V in the dark. Most solar cell behave like a
diode in the dark, admitting a much larger current under forward bias (V>0) than under reverse
bias (V<0). This rectifying behavior is a feature of photovoltaic devices, since an asymmetry is
needed to achieve charge separation.

Figure 4: Current‐voltage characteristic of ideal diode in the light and the dark. To a first approximation, the net current is
obtained by shifting bias dependent dark current by a constant amount, equal to the short circuit photocurrent. The sign
convention is such that the short circuit photocurrent is positive.

The net current response of the cell can be approximated as the sum of the short circuit
photocurrent and the dark current (Figure 4). This step is known as the superposition
approximation. Although the reverse current which flows in response to voltage in an
illuminated cell is not formally equal to the current which flows in the dark, the approximation
is reasonable for many photovoltaic materials.
‐The ideal diode dark current density
J dark =

⎡ ⎧ ⎛ q(V − JRs ) ⎞ ⎫ V ⎤
⎟ − 1⎬ +
⎢ J 0 ⎨exp⎜
⎥
Rs + R p ⎣⎢ ⎩ ⎜⎝ nk B T ⎟⎠ ⎭ R p ⎥⎦
Rp

Where J0 is constant, KB is Boltzmann’s constant and T is temperature in degree Kelvin.
The shunt resistor RP (in Figure 5) is due to recombination of charge carriers near the
dissociation site (e.g. Donor/Acceptor interface). Provided the series resistor RS is at least one
|Page
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order of magnitude lower than RP, it may also include recombination further away from the
dissociation site e.g. near the electrode. Otherwise an extra shunt resistor has to be considered.
RP can be derived by taking the inverse slope around 0V:

⎛1⎞
RP ≈ ⎜ ⎟
⎝V ⎠

−1

This is because at very small voltages the diode D is not conducting and the current
driven by the external voltage (positive or negative) is only determined by RP + RS with RP
(typically) being much larger.
The series resistor RS considers conductivity i.e. mobility of the specific charge carrier in
the respective transport medium. For example mobility of holes in a p‐type conductor or
electron donor material. The mobility can be affected by space charges and traps or other
barriers (hopping). RS is also increased with a longer traveling distance of the charges in e.g.
thicker transport layers. RS can be estimated from the (inverse) slope at a positive voltage > VOC
where the IV curves becomes linear:

⎛1⎞
RS ≈ ⎜ ⎟
⎝V ⎠

−1

This is because at high positive external voltages V the diode D becomes much more
conducting than RP so that RS can dominate the shape of the IV curve.

2.6 The Equivalent Circuit Diagram (ECD)
A solar cell can be described with a network of ideal electrical components: a current
source, a diode, a parallel resistance and a series resistance. The current source represents the
photo‐generated carriers. The diode stands for the non linear shape of the IV curve. The parallel
and the series resistance shape the ideal diode characteristic into the real diode characteristic
from the actual solar cell. These resistances are important since they influence the fill factor to
a large extent. A physical interpretation can be assigned to these resistances. The series
resistance stands for any factor influencing the carrier movement, e.g. the charge carrier
mobility, the thickness of the active layer, contact barriers and contact resistances. The parallel
or shunt resistance influenced by charge carrier recombination and shunting paths (paths of
high conductivity).
|Page
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Figure 5: Equivalent circuit for a standard solar cell (a) in the dark and (b) under illumination

These kinds of electronic circuit can also be described mathematically with an
expression of the device under dark measurement condition. The following expression equation
of the solar cell comes from the ideal diode mathematical expression in which we have added
the influence of the Rs and RP.
‐Ideal diode expression:

⎡ ⎛ qV − JRS ⎞ ⎤
J (V ) = J 0 ⎢exp⎜
⎟ − 1⎥
nkT
⎝
⎠ ⎦
⎣
‐Expression of the Solar cell:

⎡ ⎛ qV − JRS ⎞ ⎤ V − JRS
J (V ) = J 0 ⎢exp⎜
− Jl
⎟ − 1⎥ +
nkT
R
⎠ ⎦
⎣ ⎝
P
This last expression is commonly used to describe the performance of all kinds of different
photovoltaic devices among which also organic solar cell [3,5]. Upon illumination the light
generates a photo current JL that is simply superimposed (added) upon the normal rectifying IV
characteristics of the diode D. The addition of JL results in a region of the fourth quadrant
where electrical current and voltage can be extracted from the solar cell. The highest voltage in
this quadrant develops at the electrodes when JL just manages to cancel the dark current. Thus,
given a constant JL the VOC is higher the smaller the dark current is ‐ note that J0 determines the
height of the characteristics.
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3 Optoelectrical Process in OPV
In general, for a successful organic photovoltaic cell, there are four important physical
processes that have to be optimized in order to obtain a high conversion efficiency of solar
energy into electrical energy. These are the following:
‐ Absorption of light
‐ Charge transfer and separation of the opposite charges
‐ Charge transport
‐ Charge collection

3.1 Absorption of light
For an efficient collection of photons, the absorption spectrum of the photoactive
organic layer should match the solar emission spectrum (Figure 3) and the layer should be
sufficiently thick to absorb all incidents light. Electrons from the HOMO level can be excited
over the energy gap to the LUMO level by absorbing electromagnetic radiation. Photons with
energy less than the energy gap can not be absorbed. In order to absorb in the visible part of
the electromagnetic spectrum –extending from 400 to 700 nm‐ a band gap of 3.1 to 1.8 eV is
required.
Organic semiconductor materials often are fluorescent, a feature which is not observed
in the classical inorganic semiconductors. This is caused by the fact that in organic materials the
excited states are tightly bound coulombic interaction, whereas in inorganic semiconductors
this is generally not the case. In those materials free electrons and holes are generated upon
optical excitation. This occurs for two reasons, explained in the following.
While most inorganic semiconductors have high dielectric constant (15 is a typical
value), organic materials have low dielectric constants (4 is a typical value) causing a large
coulomb radius.

rC =

q2
4πεε 0 KT

Here q is the elementary charge, ε0 the permittivity of vacuum, ε the relative dielectric
permittivity of the material, K the Boltzmann constant ant T the absolute temperature. This
means that in materials with high dielectric constant the charge are easily screened by the
matrix, while in materials with low dielectric constants they are not. This makes that generated
electrons and holes can “sense” each other over a longer distance in low dielectric constant
|Page
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materials. In addition, due to the low charge carrier mobility in organic materials the excited
electrons and holes are not fast enough to escape the already large Coulomb radius observed in
theses materials. Therefore optically excited states in organic materials will be tightly bound
and are called excitons.
When in inorganic semiconductors like silicon is referred to excitons, those are
considered very lightly bound wannier type excitons [4]. The typical wannier exciton binding
energy is in the order of 10 meV. Since the thermal energy at room temperature is already 26
meV those will only exist at low temperatures. In organic materials on the other hand, excitons
are frenkel type excitons [4] and are located on one molecule. These Frenkel excitons have a
strong binding energy, typically in the order of 0.5 eV [4]. It is important to realize that these
excitons are so tightly bound they will not spontaneously dissociate at room temperature, nor
are the typical electric fields (107V/m) in organic solar cells sufficient to separate the hole and
electron of the exciton. Photodetectors (light sensors) on the other hands, typically operated at
strong reverse bias (voltage), are able to do this. Hence, a mechanism had to be found to
efficiently dissociate these excitons in solar cells.

3.2 Exciton dissociation‐ Charge transfer and separation of the opposite
charges: The heterojunction
The issue of exciton dissociation was solved by adding a second material which is the
acceptor material. The material containing the excitons is then called donor material.
The acceptor material is chosen on basis of the position of its HOMO and LUMO levels.
Both should lie at higher energies (considered from the vacuum level) than the HOMO and
LUMO levels of the donor. For the electron of the exciton it is then energetically favorable to
jump from the donor LUMO level to the acceptor LUMO level, while the hole will remain on the
donor since the jump from the donor HOMO to acceptor HOMO is energetically unfavorable.
(Figure 6‐a) This is called charge transfer. In the case where the acceptor HOMO would lie
above the donor HOMO, both electron and hole would move to the acceptor and no exciton
splitting would occur, but plain energy transfer. (Figure 6‐b)
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Figure 6: a) Charge transfer; b) Energy transfer.

From research in which several donor and acceptor materials were tested a large
dependence of the Voc on the acceptor’s LUMO level and the donor’s HOMO level was
absorbed [5,6]. The creation of free charge over donor/acceptor heterojunction gives rise to a
chemical potential which is the change in free energy of a system when a particle is added or
withdrawn, for charged particles this relates to an electrical potential. It is their finding that
therefore the maximum open circuit voltage is determined by the energy difference in HOMO
level of the donor and LUMO level of the acceptor. During the process of optical excitation the
electrons gain potential energy. A part of this energy –the energy difference between donor
and acceptor LUMO levels‐ is lost when the electron is transferred to the LUMO level of the
acceptor. Therefore it is desirable that the LUMO‐LUMO energy difference is not too much in
excess of the exciton binding energy since this results in a loss of VOC.
For an efficient charge generation, it is important that the charge‐separated state is the
thermodynamically and kinetically most favorable pathway after photo excitation. Therefore, it
is important that the energy of the absorbed photon is used for generation of the charge
separated state and is not lost via competitive processes like fluorescence or non‐radiative
decay. In addition, it is of importance that the charge‐separated state is stabilized, so that the
photo generated charges can migrate to one of the electrodes. Therefore, the back electron
transfer should be slowed down as much as possible.
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The excitons have only limited time before they recombine (typically 10‐9s) and
therefore the exciton diffusion length is also limited. Exciton diffusion lengths are typically in
the order of a few nanometers [7]. In the case of a planar junction this means only excitons
created near the junction are able to reach the donor‐ acceptor interface. Layers with thickness
exceeding this diffusion length are in fact useless and are even hampering the device operation
du to optical filter effects and due to increasing series resistances in thicker layers.
Most of the developments which have improved the performance of organic PV devices
are based on D/A heterojunction. The idea is to use two materials with different electron
affinities and ionization potential in order to create at the interface an asymmetric potential
which may favor the exciton dissociation: the electrons will be accepted by the material with
the lower affinity. In order to create the charge dissociation, the differences in the potential
energy are larger than exciton binding energy.
There are two different kinds of heterojunction (Figure 7), the planar‐ heterojunction
(also called bilayer) and bulk‐ heterojunction (also called single layer).

Figure 7: Donor‐ Acceptor principle, (a) bulk heterojunction: 1‐Light absorption and exciton formation, 2‐Coulomb escape, 3‐
electron and hole transport towards cathode and anode, respectively. (b) bilayer heterojunction: 1‐Light absorption and
exciton formation, 2‐ Exciton diffusion towards D‐A heterojunction and subsequent charge transfer, 3‐Electron and hole
transport through donor and acceptor material, respectively.

The concept of Bulk Heterojunction (Figure 7‐a) consists on of a blend with donor and
acceptor material. The philosophy behind this approach is to bring the interface to the exciton
instead of the exciton to the interface. This blend allows increasing the dissociation rate since
the length scale of the belt is similar to the exciton diffusion length. Hence, charge generation
takes place everywhere in the active layer.
| P a g e 12
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3.3 Charge transport
The free charges now have to be transported to the electrodes. Organic crystals have
small conduction and valence band compared to the inorganic covalent crystals due the weak
van der waals interaction between the molecules. However, it is still debated whether charges
can move freely in these bands because of polaron effects. Polarons are charge accompanied
by a structural deformation provoked by the generally strong electron‐phonon coupling in
organic materials which can hamper smooth charge transport [8]. In disordered organic
materials, conduction and valence bands are unlikely to occur and the transport levels rather
are defined as a collection of HOMO and LUMO levels. These states are by definition localized
and hence the carriers will be localized too. In polymers this means that carriers will be
localized on one conjugated segment. Although the mobility of the charges within a conjugated
segment can be extremely high (30 cm2/Vs in PPV) [8], the rate limiting step is the movement
from one state to another. This is done by so‐called hopping.
Hopping transport was found to be temperature and electric field activated. In contrast,
band transporters do not show an electric field dependence and have a negative temperature
dependence.

3.4 Charge collection
To create a working photovoltaic cell, the photoactive material (D+A) is sandwiched
between two dissimilar (metallic) electrodes to collect the photo‐generated charges. The anode
collects the positive charges, the cathode the negatives ones. However, under illumination this
phenomenon is reversed for some unexplained reason, where the cathode material (at V>VOC)
collects the positive charges and the anode material collects the negative ones as illustrated in
(Figure 8).
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Figure 8: Ideal position of the electrode workfunctions for barrier‐ free charge extraction.

The basic requirement is to have barrier‐free carrier extraction. This entails the
workfunction of the electrode to be as close as possible to the energy level of the charges to be
extracted. In the case of the electrons this is at the position of the LUMO level of the acceptor,
and for the holes at the position of the HOMO level of the donor (Figure 8). This requires an
electrode with a high workfunction for the holes and one with a low workfunction for the
electrons. Moreover, in the selection of the electrodes it is important that they are chemically
stable. Especially in the choice of the low workfunction metal, which is generally prone to
oxidation, this is an issue. Also, one of the electrodes should be transparent in order to enable
illumination of the active layer.

3.5 Driving force for directional transport
Until now it was summarized how charges are generated, transported and extracted in
an OPV. The force driving the charges to the appropriate electrode remains to be discussed.
Traditionally, in semiconductor physics two forces are used to explain carrier motion: drift and
diffusion; drift of charges in the presence of an electric field and charge carrier diffusion driven
by charge carrier concentration gradients.
In the metal‐insulator‐metal model (MIM) [9], the solar cell’s active layer is regarded to
be insulating. Insulating does not mean that no conduction of charges is possible; it simply
means that very few intrinsic charges are expected.
When a semiconductor layer is connected with a metal electrode, the Fermi level of the
semiconductor will try to align with the workfunction of the metal. Hereby, a depletion region
| P a g e 14
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will be created with the width determined by the number of charges necessary to establish the
alignment.

Figure 9: Directional transport in an OPV explained with Metal‐ Insulator‐ Metal (MIM) picture on a I‐V curve of a solar cell
under illumination.

Since in insulating materials virtually no such free charges are present, when
sandwiched between two metal electrodes (MIM picture) the insulating layer will be fully
depleted and alignation will be obtained between the workfunctions of the electrodes. In
(Figure 9) at short‐circuit conductions (zero volt bias), the Fermi levels of the electrodes will
coincide and the insulator bands can be regarded as exhibiting a long‐range linearized band
bending. Hence, an electric field is present in the entire active layer film. The consequence is
that all –optical generated‐ carriers in the active layer will drift in an electric field. Positive
charge will be directed towards the anode and negative charges to the cathode.
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3.6 Charge recombination
After charge transfer, the charges may either escape their mutual Coulombic attraction
and can be collected, or they recombine with a charge carrier of opposite sign to the ground
state at the donor–acceptor interface. At the interface, the charges can either recombine
geminately or non‐geminately.
In case of geminate recombination, the charge carriers within a single photogenerated
charge pair recombine. In this case, the recombination rate is expected to be independent on
excitation density, and the concentration of the generated charge pairs depends linearly on
excitation density (monomolecular decay).
In case of non‐geminate recombination, the charge carriers from multiple charge pairs
recombine and the recombination kinetics is therefore strongly dependent on excitation
density. Non‐geminate recombination is expected at high excitation densities. In the absence of
trap sites, non‐geminate recombination is a bimolecular reaction and occurs at a single reaction
rate (non‐dispersive).
In the presence of trap sites, non‐geminate recombination does not necessarily show
bimolecular type kinetics. Relaxation of the photogenerated charge carriers to trap sites in the
disordered potential landscape leads to dispersive recombination kinetics [10]. In disordered
materials, a power‐law type decay of the charge carriers has been observed and related to
dispersive recombination kinetics [11,12,13]. If the recombination is limited by the detrapping rate
of the charge carriers, it may show decay rates, which are independent of intensity in certain
time range. In such a case, it is difficult to distinguish the non‐geminate bimolecular decay from
a monomolecular decay process.

3.7 An OPV example: The MDMO‐PPV:PCBM blend, its opto‐electrical
properties
A well‐studied blend of materials for bulk‐heterojunction solar cells is the combination
of MDMO‐PPV (poly [2‐methoxy‐5‐(3’,7’‐dimethyloctyloxy)‐1,4‐ phenylene vinylene]) and PCBM
(1‐(3‐methoxycarbonyl)‐propyl‐1‐phenyl‐[6,6]C61). Photovoltaic devices based on this blend give
an optimum performance by mixing the MDMO‐PPV and the PCBM in a 1:4 weight ratio [14, 15].
The morphology of the blend has been studied in detail[16,17] When films are spin‐coated from a
solution containing MDMO‐PPV and PCBM in a ratio of 1:4 by weight, domains rich in PCBM
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with typical dimensions around 80–100 nm are observed which are embedded in a matrix of
material rich in polymer.

Figure 10: Left: Schematic drawing of bulk‐ heterojunction solar cell. The cell consists of the MDMO‐PPV:PCBM blend as
active layer, sandwiched between a transparent electrode (ITO) and Al electrode. An additional PEDOT:PSS layer is used to
improve charge collection. Right: Chemical structure of MDMO‐PPV and PCBM.

Transmission electron microscopy and selected‐area electron diffraction studies showed
that the PCBM‐rich clusters consist of many PCBM nano‐crystals with random crystallographic
orientations [18]. The PCBM rich phase extends throughout the film [16] and a model in which
PCBM is present in domains with columnar shape has been proposed [17] A schematic picture of
the MDMO‐PPV:PCBM solar cell is shown in (Figure 10). In the MDMO‐PPV:PCBM blend, most
light is absorbed by the MDMO‐PPV, because of its high absorption coefficient in the solar
spectrum. Photogeneration of the charge carriers occurs with a time constant of 45 fs and a
quantum yield near unity [19,20,21,22] Because the properties of the MDMO‐PPV:PCBM blend are
well known, it serves as the ideal model system for study of the charge recombination dynamics
in polymer bulk‐heterojunction solar cells.
In the results and discussion section, we can see the I‐V curve and the electrical characteristics
for this device.
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4 Structure and property of Tandem solar cell
4.1 Introduction
Due to the narrow absorption bands and low charge‐carrier mobilities of most polymers
and organic materials results in the poor performance of the cell compared to inorganic solar
cells. In an organic solar cell only a small region of the solar spectrum is covered. For example,
a bandgap of 1.1 eV is required to cover 77% of the AM1.5 (AM: air mass) solar photon flux
(assuming complete absorption of the solar‐emission intensity by the material), whereas most
solution‐processable semiconducting polymers (e.g. poly(phenylene vinylene)s (PPVs), poly(3‐
hexylthiophene (P3HT)) have band‐gaps larger than 1.9 eV, which covers only 30% of the AM1.5
solar photon flux (assuming complete absorption of the solar‐emission intensity by the
material) [23].

Figure 11: Left: Description of the top and bottom cell which form the tandem cell, Right: Absorption spectra of the large‐
bandgap polymers PFDTBT,P3HT, and MDMO‐PPV

In addition, because of the low charge‐carrier mobilities of most polymers, the thickness
of the active layer is limited to ca. 100 nm, which, in turn, results in an absorption of only ca.
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60% of the incident light at the absorption maximum (without back reflection from the
electrode). All known solution‐ processable semiconducting polymers exhibit band‐gaps larger
than 1.2 eV and narrow absorption bands, which results in a limited overlap of their absorption
spectrum with the solar spectrum. Since a very broad absorption spectrum is not feasible in one
single organic material, a tandem cell (Figure 11), consisting of multiple cells each with their
specific absorption maximum and width, can overcome this limitation.
In tandem solar cells, the photon energy is used more efficiently since the charges are
collected in each sub‐cell at a voltage closer to the energy of absorbed photons in that cell
which enables covering up a larger part of the absorption spectrum.
Consequently, a tandem cell configuration could improve the efficiency. This was
demonstrated for organic tandem photovoltaic cells processed by co‐evaporation of small
organic molecules [24–30] In this method, layers of organic molecules are thermally deposited on
top of each other [31,32]. In such a stacked geometry, the absorption spectra of both cells are
identical and, consequently, can only be used for very thin organic films that do not absorb the
intense solar flux (even with an aluminum mirror as top electrode). In order to harvest as many
photons of the solar spectrum as possible, the tandem cell consists of two cells with
complementary absorption spectra (Figure 4). The two sub‐cells are separated by a composite
middle electrode.
In general, because ideally the single cells have completely different absorption spectra,
high‐energy photons are absorbed in the bottom cell and low‐energy photons are absorbed in
the top cell, the whole visible part of the solar spectrum can be covered. The sub‐cells are
electronically coupled together in series, which results in an open‐circuit voltage (VOC) of the
tandem cell that equals the sum of the VOC of each sub‐cell. Attenuation of incident light on the
top cell, caused by absorption and the optical cavity of the bottom cell, leads to the lower
photocurrent in the top cell, which determines the current of the tandem cell.

4.2 The Middle Electrode
The two organic solar cells are electronically linked together by a composite electrode.
Since the two sub‐cells are connected in series, this composite middle electrode provides a site
for recombination of electrons and holes approaching from the bottom and top cells,
respectively. Therefore, the middle electrode does not have to be highly conductive, since, in
the tandem cell, no current is extracted from this electrode. Furthermore, to efficiently extract
the electrons from the bottom cell and the holes from the top cell (in order to recombine at the
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middle electrode), the middle electrode has to provide an Ohmic contact for both sub‐cells,
since insufficient recombination results in limited currents in both devices. The middle
electrode has to act as the cathode (with a low work function to align with the LUMO of the
acceptor) for the bottom cell and, at the same time, as the anode (with a high work function to
align with the HOMO of the donor) for the top cell [33].
Another replacement of the single‐material‐Middle‐electrode is by using a transparent
cathode (e.g. Zinc oxide nanoparticles) connected to a transparent anode (e.g. PEDOT). These
two materials together can act as a middle electrode as it will be demonstrated later.

5 Zinc Oxide nanoparticles Solution
5.1 Introduction
Zinc Oxide nanoparticle (ZnO‐np) has received much attention because it has a wide
range of properties that depend on doping, including a range of conductivity from metallic to
insulating, high transparency, wide‐bandgap semiconductivity, and a large excitation binding
energy (60 meV). Without much effort, it can be grown in many different nanoscale forms, thus
allowing various novel devices to be achieved.
The unique properties of ZnO and the ease of ZnO nanostructure fabrication make this
material extremely interesting for applications. In recent years, the number of applications of
ZnO nanostructures has risen dramatically and this can be expected to be just the beginning.
Here we introduced ZnO‐np as the n‐type semiconductor in hybrid solar‐cells as it is a
cheap and environmentally friendly material that can be synthesized in high purity and
crystallinity at low temperatures. It also has a high electron mobility and approximately 5 nm
diameter (Figure 12). ZnO‐np can act as a donor of many conjugated polymers and small
molecules such as MDMO‐PPV and CuPc.
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Figure 12: (a) AFM pictures of ZnO grow on top of MDMO‐PPV:PCBM layer, (b) structure model of ZnO.

5.2 The ZnO nanoparticles as a donor with an acceptor conjugated polymers
MDMO‐PPV
The MDMO‐PPV has a HOMO equal to 5.3 eV and LUMO equal to 3.0 eV, while the ZnO‐
np (Figure 13‐b) has a valence band equal to 7.6 eV and a conduction band equal to 4.4 eV [34]
(where all values are relative to the vacuum level). (Figure 13) indicates that exciton
dissociation of photoexcited MDMO‐PPV via electron transfer may occur at the interface with
ZnO, thus enabling the photogeneration of electrons and holes. This kind of devices may have
efficiency equal to 1.6 % [35].
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Figure 13: (a) structure of MDMO‐PPV conjugated polymer, (b) Energy band diagram showing the photogeneration in the
PEDOT/MDMO‐PPV/ZnO/Al

5.3 The ZnO nanoparticles as a donor with an acceptor small molecules CuPc

Figure 14: (a) structure of CuPc organic small molecules, (b) Energy band diagram showing the photogeneration in the
PEDOT/CuPc/ZnO/Al
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As in the case of conjugated polymer, Photovoltaic devices can also be made by using
ZnO nanoparticles as a donor and organic small molecules as an acceptor. A Bulk heterojunction
photovoltaic device consisting of hybrid organic (CuPc)–inorganic (ZnO) structure has been
already reported [36]. This device delivered a short‐circuit photocurrent of 3.6 10‐5 A/cm2 and
open‐circuit voltage of 0.84 V, when sandwiched between Al and ITO.
In the end of the next chapter, we will compare between a bulk heterojunction
photovoltaic device and a bilayer heterojunction CuPc/ZnO‐np device ‐ where ZnO is a solution
to be spincoated on top of thermal evaporated CuPc ‐.

5.4 ZnO nanoparticles as a transparent cathode in OPV
Due to the unique ZnO‐np properties, it can be used as a transparent cathode that
collects electrons from the acceptor layer, knowing that the ZnO‐np is conductive only in
vertical direction and totally insolative in the lateral direction.
In the following chapter, all the fabricated tandem cells are based on Zno‐np as
transparent cathode that can along with the transparent anode work as a middle electrode for
the tandem structure.
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Chapter 2: Results and discussion
1 Substrate preparation
The substrate used consists of a (1cm2) piece of glass that is covered by two lines of
indium Tin Oxide (ITO) which is highly conductive and transparent and hence can be used as an
electrode. The ITO used in this work had a resistivity of 20Ω/sq. The substrate consists of 8 solar
cell devices where each device has an active area of 0.033 cm2.

1.1 Cleaning process
The substrates were first subjected to an extensive cleaning procedure, which is
summarized in the following:

•

Ultrasonic soap bath for 20 minutes

•

Ultrasonic de‐ionized (DI) water bath for 20 minutes

•

Ultrasonic acetone bath for 20 minutes

•

Boiling isopropanol (IPA) for 20 minutes

•

Drying with nitrogen gun

Directly before the actual device fabrication, the substrates were cleaned to obtain a
clean electrode surface. The substrates were treated for 10 minutes at 100w in an oxygen
plasma treatment to remove the remaining carbon residuals.
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2 Devices Structures
2.1 Polymer tandem Solar Cell using ZnO nanoparticles solution
Our device structure for a tandem solar cell with the intermediate layers processed from
solution is shown in (Figure 15).

Figure 15: structure of tandem cell

For fabrication of the devices, cleaned indium tin oxide (ITO) patterned glass substrates
were covered by spin coating a poly(3,4‐ethylenedioxythiophene) poly (styrenesulfonate)
(PEDOT:PSS) from (Baytron P VP .AI 4083 PE FL, HCD04P012, H.C. Starck) at speed of 5000 r.m.p
and annealed at 120 degree for 10 minutes.
For the active layers, MDMO‐PPV, and PCBM (Solenne BV) were used. The thin films of a
blend of MDMO‐PPV:PCBM with a weight ratio of 1:4 were spin coated from a 3 mg/ml
chlorobenzene solution at speed of 1000 r.p.m. The ZnO deposited by spin coating at 3000
r.p.m to obtain a 30 nm thick layer.
The acidic Baytron P dispersion of PEDOT:PPS in water could not be used to deposit the
hole transporting layer (HTL) onto this electron transporting layer (ETL) because it dissolves
ZnO. Therefore we used a modified PEDOT dispersion at neutral pH (Orgacon, batch
nr.5555708/01), which was spin coated from water after 1:1 dilution to obtain a 15 nm layer at
5000 r.p.m and since the annealing at high temperature damage the structure of the ZnO the
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devices is covered and leave it at room temperature for 10 minutes to dry slowly. Subsequently,
the second active layer was deposited via the same procedure as used for the first layer. All
layers could be deposited on top of each other without disrupting the underlying layers. The
spinning of all the layers take place inside the glove box under nitrogen atmosphere, after
completion the samples moved into the deposition chamber filled with nitrogen to evaporate
80nm of Al as the top electrode at 10‐8 torr.
After that the devices moved to another nitrogen glove box where the Current‐voltage
characteristics were measured with Agilent semiconductor parameter analyzer. Illumination
was carried out with UV filtered light. The light intensity of this light source provides for
MDMO‐PPV:PCBM blends Calibrated to have a power of 100 mW/cm2.
The results in (Table 1) and (Figure 16) represent the I‐V characteristics starting with the
top cell (ITO/PEDOT:PSS/PPV:PCBM/Al) and the effect of adding each layer till reaching the final
tandem cell. We can clearly see from these results the increasing of VOC from 850 mV for single
cell to 1490 mV for the tandem cell. This voltage, however, is not the sum of the voltages of the
two single junction cell and that is due to a poor Ohmic contact between the ZnO and the
modified PEDOT layers. On the other hand, we can also clearly see how the fill factor FF
decrease and that decrease were expected due to the additional of more layers, and hence
increased resistivity.

Voc(mV)

Jsc(mA/cm2)

FF%

Efficiency%

ITO/PEDOT/PPV:PCBM/Al

850

2.10

55

0.95

ITO/PEDOT/PPV:PCBM/ZnO/Al

830

1.76

51

0.74

ITO/PEDOT/PPV:PCBM/ZnO/modified PEDOT/Al

800

2.26

50

0.90

ITO/ PEDOT/PPV:PCBM:PPV/ZnO/modified
PEDOT/PPV:PCBM/Al

1490

1.7

37

0.93

Table 1: Electrical properties of MDMO‐PPV:PCBM top cell and the effect of adding each layers till the complete formation
of the tandem cell.
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Figure 16: (a) ITO/PEDOT:PSS/PPV:PCBM/Al (b) ITO/PEDOT/PPV:PCBM/ZnO/Al (c) ITO/PEDOT/PPV:PCBM/ZnO/modified
PEDOT/Al (d) ITO/ PEDOT/PPV:PCBM:PPV/ZnO/modified PEDOT/PPV:PCBM/Al

After that I tried to replace one of the active layer (MDMO‐PPV:PCBM) with an other
material with different band gaps to have an increase coverage of the solar spectrum, so I used
one of the well established material the poly(3‐hexylthiophene) (P3HT) as electron donors
mixed with soluble fullerene derivative [6,6]‐phenyl‐C61‐butyric acid methyl ester (PCBM) as
electron acceptor. The thin film of a blend of P3HT:PCBM with a weight ratio 1:1 were spin
coated from a 10 mg/ml chlorobenzene solution.
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Figure 17: Current density–voltage characteristics of the tandem cell, (a) MDMO‐PPV:PCBM/P3HT:PCBM, (b)
P3HT:PCBM/MDMO‐PPV:PCBM

In (Figure 17), we can clearly see the increase in Voc between figure (a) where
P3HT:PCBM is the back cell (Voc=1340 mV) and figure (b) where P3HT:PCBM is the front cell
(Voc= 940 mV). The cause of that difference in Voc is not well known and could be due to the fact
that the ZnO‐np is not working as a good cathode for P3HT as compared to Aluminum.
In conclusion, we fabricated an organic tandem solar cell by solution processing using a
cathode layer composed of ZnO‐nanoparticles and pH neutral PEDOT. Besides evaporation of
the final metal back electrode, no other techniques than spin coating were required.
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2.2 Polymer/Organic Small molecules tandem Solar Cell

Figure 18: Left: Structure of the Tandem Cell, Right: absorption Spectra of MDMO‐PPV:PCBM, CuPc, C60 and tandem cell.

I have chosen a polymeric spin coated bulk heterojunction MDMO‐PPV:PCBM as a Front
Cell and an evaporated small‐molecule bilayer heterojunction copper phthalocyanine CuPc/
fullerene C60 as a Back Cell (Figure 18). The Fabrication process and the layers thicknesses are
similar to what was mentioned in the previous part (Fabricated Polymer Tandem Solar Cell). As
for the Back Cell, after spin coating of the neutral PEDOT, the samples were loaded into the
Organic Vacuum Chamber at a pressure of 2.10‐8 torr. Then, deposition of 20 nm of CuPc
(donor) was done by thermal evaporation under 300 ⁰C with a rate of 1 Å/S. After that,
deposition of 35nm C60 (Acceptor) was also done by thermal evaporation under 370⁰C with a
rate of 1.5 Å/S. Thereafter, a thin PCB layer (10 nm) was added as a buffer layer in order to
protect the C60 from the Al (cathode) layer. Then, the samples were moved to the metal
deposition chamber where 80 nm of Al was deposited.
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Figure 19: Chemical structures of the conjugated small molecules.

While MDMO‐PPV:PCBM is mainly absorbing below 550 nm, CuPc exhibits a significant
absorption well beyond 600 nm and extends the overall absorption in the case of the tandem
solar cell. The spectral absorption ranges of PPV:PCBM and CuPc, however, still have a
considerable overlap [37,38,39].
(Figure 18) shows the absorption spectra of the different active layers as well as the
absorption of the tandem cell. The MDMO‐PPV:PCBM absorption range extends from the UV up
to approximately 650 nm. The absorption of the CuPc/C60 active layer is dominated by two CuPc
bands located at about 600 and 690 nm. By combining these two material systems the
absorption spectrum of the tandem cell can be spread over almost the entire visible spectrum.
The most critical issue for monolithic tandem cells is matching the subcell currents. The thinner
the MDMO‐PPV:PCBM absorbing layer, the more light is transmitted and can be absorbed by
the CuPc/C60 heterojunction. Thus it is possible to match the cell current by changing the
absorber thicknesses. Due to the moderate ISC in our CuPc/C60 heterojunctions we had to
choose a rather thin active polymer layer as compared to optimized single cell devices.
Due to the absorption of the front cell and spectral overlap of both material systems,
the ISC of the CuPc/C60 is expected to be smaller in the tandem geometry. Thus we expect the
maximum overall power conversion efficiency when the polymer cell ISC is less than the small‐
molecule cell ISC. The electrical cell properties of a single MDMO‐PPV:PCBM and a single
CuPc/C60 are summarized in (Table 2).
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Figure 20: Output Characteristic of Front, Back and Tandem Cell under illumination

Voc(mV)

Jsc(mA/cm2)

FF%

Efficiency%

Front Cell: PPV:PCBM

850

2.10

55

0.95

Back Cell: CuPc/ C60

390

3.86

54

0.59

Tandem Cell: PPV:PCBM/CuPc/C60

1120

2.61

37

1.07

Table 2: Electrical properties of Front Cell (MDMO‐PPV:PCBM ), Top Cell (CuPc/C60) and the tandem cell

(Figure 20) and (Table 2) shows the IV characteristics of our tandem cells. The VOC of all
cells with doped recombination zones was around 1.1 V. This is almost equal to the sum of the
open circuit voltages of both contributing cells. This is a clear evidence for a properly working
monolithic tandem cell [39].
After that, the donor material “CuPc” was replaced with another donor called
Chloro[Subphthalocyanine]boron(III) (SubPc) that has a higher VOC and is equal to 920 mV under
1 sun intensity [40]. As can be seen from the IV characteristics (Figure 21‐a), the VOC obtained is
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equal to 1150 mV while the expected value is much higher (around 1800mV) since it consists of
950 mV for the SubPc small molecules plus 850mV for the MDMO‐PPV CBM polymer. This is
probably due to the use of neutral PEDOT ‐ which is water based ‐ right under the SubPc layer.
Therefore, a single cell device that have the structure shown in (Figure 21‐b) was
fabricated where Neutral PEDOT has been added between the ITO and the SubPc layers. By
comparing the result obtained here with that of the regular device (without neutral PEDOT) [40]
which is manifested in (Figure 21‐c) and (Table 3), it can be seen that VOC has decreased from
920 mV to 760 mV and also the JSC and the total power efficiency have decreased as well.

Figure 21: Current density–voltage characteristics

Voc(mV)

Jsc(mA/cm2)

FF%

Efficiency%

Tandem cell (structure a in figure 21)

1150

2.39

32

0.87

Single cell SubPc/C60 (structure b in figure 21)

760

3.97

59

1.78

Single cell SubPc/C60 (structure c in figure 21)

920

5.42

60.7

3.03

Table 3: Electrical properties of the tandem cell and single cell
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As a consequence of the obtained results, it can be suggested that using the small
molecules in the front cell will retain the performance of our device and this is the subject of
the next part.
In conclusion, we have demonstrated a tandem cell from two stacked organic solar cells
with different active layers made from polymers and small molecules by using the zinc oxide
nano‐particles as middle electrode.

2.3 Organic Small molecules tandem Solar Cell
As mentioned in the previous part, for obtaining better electrical characteristics we have
to use the small molecules in the front cell. However, the encountered problems was the lack of
sufficient information regarding ZnO‐np, how it is grown on top of small molecules, the defects
that might be obtained while doing so, will it dissolve the small molecules, will it work as a
middle electrode, and will there be a good ohmic contact between the two sub‐ cells.
First, I started with the fabrication of the single CuPc/C60 sub‐ cell. Then I spin coated the
ZnO layer on top of C60. After that, without adding the BCP buffer layer I thermally evaporated
80nm of Al. From the result shown in (Figure 22‐a) and (Table 4) and after comparing it to the
regular cell (ITO/CuPC/C60/BCP/Al), we can see that we almost have the same IV characteristic
and not only that, but we can conclude as well that ZnO can act as a buffer layer which allows it
to replace BCP. The next step that I’ve done was the fabrication of the entire tandem cell using
small molecules CuPc as Front and Back cell.
As can be seen from (Figure 22–b) and (Table 4), the result obtained is promising. VOC is
equal to 740 mV which is almost the double of the VOC of a single cell (CuPc/C60), a minor
decrease in the short circuit current density (JSC) and the Fill Factor, and an increase in the total
power efficiency from 0.51% for single sell to 0.96% for the tandem cell.
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Figure 22: Current density–voltage characteristics of the Tandem Cell and Single Cell

Voc(mV)

Jsc(mA/cm2)

FF%

Efficiency%

Tandem Cell with CuPc/C60 on front and back cell

740

2.55

37

0.69

Single cell CuPC/C60

380

3.21

41

0.51

Table 4: Electrical properties of the tandem cell and single cell

In conclusion, we have fabricated a tandem cell from two stacked organic solar cells
where both active layers were made by organic small molecules. The result obtained
demonstrates that ZnO nano‐particles along with neutral PEDOT can act perfectly as a middle
electrode for any small‐molecules‐tandem‐structure solar cell.
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2.4 The ZnO nanoparticles as a donor with an acceptor small molecules CuPc

Figure 23: (a) structure of CuPc organic small molecules, (b) Energy band diagram showing the photogeneration in the
PEDOT/CuPc/ZnO/Al

Photovoltaic devices can be made by using ZnO nanoparticles as a donor and organic
small molecules as an acceptor. A Bulk heterojunction photovoltaic device consisting of hybrid
organic (CuPc)–inorganic (ZnO) structure has been already reported [36]. This device delivered a
short‐circuit photocurrent of 3.6x10‐5 A/cm2 and open‐circuit voltage of 0.84 V, when
sandwiched between Al and ITO.
In order to be able to compare between a bulk heterojunction photovoltaic device and a
bilayer heterojunction CuPc/ZnO‐np device ‐ where ZnO is a solution to be spincoated on top of
thermal evaporated CuPc ‐, a bilayer device has been fabricated having the structure shown in
(Figure 24‐a).
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Figure 24: (a) structure of single cell (ITO/CuPc/ZnO/Al), (b) I‐V characteristic under 1 sun illumination

From the result shown in (figure 24 b), it is clear that we got a poor PV device as
compared with the bulk heterojunction CuPc:ZnO device, which was expected as explained in
the heterojunction part. This device has a short‐circuit photocurrent of 4.36 x10‐5 A/cm2 and
open‐circuit voltage of 0.22 V. Although we have a poor device, but we can at least notice that
this solution‐spincoated‐ZnO‐np can act as a donor material for the CuPc. Furthermore, it is
important to mention that the ZnO‐np is only conducting in the vertical direction where the
thickness is around 30 nm.

3 Conclusion
In short, this work presented a study on solution processable zinc oxide (ZnO) nano‐
particles, their proper handling techniques, and their potential as a transparent cathode that
can along with the transparent anode (PEDOT) work as a middle electrode in tandem structure
for many various combinations between polymers and small molecules. It is important to note
that no further treatment was needed other than simply spin‐coating the ZnO which is
dissolved in acetone.
The results obtained through the study showed a doubling of the open circuit voltage
especially in the "polymer/ polymer” and “small molecules/ small molecules” tandem devices.
In the case of PPV:PCBM in front and back cell we had an increasing of Voc from 850 mV single
cell to 1490 mV in the tandem structure. While in the case of polymer (PPV:PCBM) in the front
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cell and small molecules (SubPc/C60) in the back cell, the Voc obtained is equal to 1150 mV while
the expected value is much higher. This is probably due to the use of neutral PEDOT –which is
water based‐ right under the SubPc layer. In the third case where both front and back cells
were made using small molecules (CuPc/C60), the results obtained are promising, Voc is equal to
740 mV which is almost the double of the Voc of a single cell (CuPc/C60), a minor decrease in the
short circuit current density (JSC) and the fill factor, and an increase of total power efficiency
from 0.51% for single cell to 0.69% for the tandem cell.
Moreover, the ZnO‐np potential as a candidate for acceptor material was also
investigated. We got a poor PV device having a short‐circuit photocurrent of 4.36 10‐5 A/cm2
and open‐circuit voltage of 0.22 V. Although we have a poor device, but we can at least notice
that this solution‐spincoated‐ZnO‐np can act as a donor material for the CuPc. Furthermore, it is
important to mention that the ZnO‐np is only conducting in the vertical direction where the
thickness is around 30 nm.
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