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Abstract

Plastic solar cells have attracted enormous attention due to their potential in attributing to
the energy production, being light weighted, flexible and produced in a cheap and environ-
mentally friendly way. Especially the bulk-heterojunction solar cells, consisting of blends
of conjugated polymers or of conjugated polymers and small molecules, are promising for
this purpose.

In this thesis the power conversion efficiency and lifetime of bulk heterojunction solar
cells are analyzed. The electrical and optical losses are investigated for one representative
material combination using two models for the bulk heterojunction solar cells. These models
allow the simulation of current-voltage characteristics of the solar cells. The deficiencies
of the bulk heterojunction are analyzed and experiments for enhancing the efficiency are
tested. The lifetime of bulk heterojunction solar cells is analyzed under working condition
using elevated temperature for accelerating the degradation. The degradation mechanisms
are analyzed using the two models.

Zusammenfassung

Plastiksolarzellen konnen zu einer sauberen Energieproduktion beitragen. Die Vision
ist, daB Plasiksolarzellen die direkte Umwandlung von Sonnenlicht in Strom ermoglichen,
wobei sie giinstig und grofflichig produziert werden konnen, ohne dafl die Produktion
selbst einen negativen EinfluB} auf die Umwelt hitte. Besonders die Bulk Heterojunction
Solarzellen, bei denen die aktive Schicht aus einer Mischung von konjugierten Poylmeren
oder konjugierten Poylmeren mit organischen Molekiilen besteht, versprechen schnell die
Anforderungen fiir eine Kommerzialisierung zu erfiillen.

In dieser Arbeit werden zwei Kriterien der Kommerzialisierung untersucht: die Effizienz
der Energieumwandlung und die Lebenszeit der Solarzellen. Fiir die Untersuchungen wer-
den zwei Modelle benutzt, die die Simulation der Strom-Spannungs-Kennlinie erlauben
und einen Zusammenhang zwischen Produktionsparametern und Effizenz herzustellen er-
moglichen. Diese Zusammenhiinge werden in verschiedenen Experimenten gepriift und
Versuche unternommen, die Effizienz zu steigern. Die Lebenszeit der Bulk Heterojunction
Solarzellen wird im Betrieb und bei erhohter Temperatur ermittelt und die Mechanismen der
Degradation werden mit den Modellen analysiert.
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Chapter 1

Introduction to Plastic Solar Cells

1.1 Motivation

Solar cells may contribute to renewable and environmentally friendly energy conversion,
without emission of the carbon dioxide. Since the discovery of solar cell in 1954 [1,2], the
photovoltaic research is focused on crystalline silicon solar cells, but so far the photovoltaic
energy is limited to niche markets in comparison with other energy production techniques.
The relative high cost of solar energy, converted by silicon solar cells, hinders a break-
through of the photovoltaics, so far. Polymeric bulk heterojunction solar cells have attracted
a lot of attention due to their high potential in cost reduction for large area elements. Conju-
gated polymer based solar cells (blends of conjugated polymers or of conjugated polymers
and small molecules) have the potential to be significantly cheaper produced, than con-
ventional semiconductor solar cells, while offering at the same time high environmental
compatibility of the production process.

In contrast to classical bilayer junction devices, a bulk heterojunction device consists of
a more or less homogeneous mixture of donor and acceptor materials. Most times, and also
in this thesis, the donor is a conjugated polymer and the acceptor a fullerene.

In this thesis, the losses in the power conversion efficiency of organic bulk heterojunc-
tion solar cells are analyzed, for one representive semiconductor combination. Based on
the findings of this loss analysis, improvements of the power conversion efficiency are sug-
gested, tested and evaluated. Further, the operational stability of bulk heterojunction solar
cells, which is one of the key parameters for solar cells, being decisive for the rentability, is
investigated.

1.2 Outline of the Thesis

In the introduction, an overview on the working principle of organic bulk heterojunction
solar cells will be given. In chapter 2 the materials used for the bulk heterojunction solar
cell, the layout of the bulk heterojunction and the technologies used for the preparation of
the bulk heterojunction are discussed. The measurement setups are introduced in chapter
In chapter 3.1/the processes and efficiencies of the photon to electron conversion and the
power conversion are explained and discussed. The physics of these conversion efficiencies
and parameters, influencing these efficiencies are discussed.
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8 CHAPTER 1. INTRODUCTION TO PLASTIC SOLAR CELLS

Two models, which allow the simulation of bulk heterojunction solar cells are discussed
in chapter|4. The first model describes the bulk heterojunction solar cells on a microscopic
level with the numeric solution of the transport, rate and Poisson equations. The second
model is an extended equivalent circuit, where a standard 1-diode model is expanded for the
particularities of the bulk heterojunction.

The efficiencies, deficiencies and potentials of the power conversion efficiency are ana-
lyzed in chapter 5.

In chapter |6 the degradation of an organic bulk heterojunction is analyzed. Possibilities
for accelerating the degradation measurement are evaluated and the degradation mechanisms
of the accelerated degradation are discussed.

1.3 Working Principle of Organic Bulk Heterojunction So-
lar Cells

In 1977 the conductivity and semi-conductivity of polymers were discovered [3]. This
opened the research on organic molecules and polymers for classical semiconductor ap-
plication like transistors, light emitting diodes and also solar cells. Solar cells were first
designed as Schottky diodes, where the charge separation was due to the band bending on
the metal-semiconductor interface. Here the light is absorbed in the polymer and an exciton
is generated. An exciton is a bound electron hole pair. As the binding energy of exci-
tons is high [4], the approximation of free carriers, as it is done for inorganic materials, is
no longer valid for organic materials. The diffusion length of the excitons is measured to
be about 10nm [5,6,7]. The exciton diffusion length is small in comparison to diffusion
lengths of charge carriers in inorganic semiconductors (2 1um) or in comparison to layer
thicknesses of polymer films usually used (= 0.1pm). Only carriers generated close to the
Schottky-junction are split into free carriers and contribute to the photogenerated current.

This limitation can be overcome with the bulk heterojunction. The concept of bulk
heterojunctions is based on the photo induced charge transfer between a donor and an ac-
ceptor [8]. Most time the donor is a conjugated polymer. And as acceptor a C'gy or a Cyg
- derivate is used. At the interface of the polymer and the Cy, - derivate the photo induced
charge transfer takes place in a fs time range [9]. The bulk heterojunction is an intimate
mixture of the materials on the nm-scale (Figure 1.1). In the optimal case, this should guar-
antee an efficient charge separation and charge transport via percolation at the same time.
The splitting of quasi Fermi levels due to the illumination produces the photo-voltage.

For a real bulk heterojunction deviations from the ideal case are observed. The mor-
phology, the actual mixing of the two materials in the active layer has a large influence on
the charge separation, the photogenerated current and on the total power conversion effi-
ciency [10, 11,/12]. If the domains are too large, separation will not be efficient. If the
domains are too small, recombination of free charges may be favored and charge transport
hindered.

The photon to electron conversion consists of several succeeding single steps, which will
be explained with a special look at the particularities of the organic bulk heterojunction. The
photon to electron conversion can be described by almost the same processes for the organic
bulk heterojunction solar cell, as for the classical pn-junction solar cell. These processes
are photon absorption and charge generation, charge separation, charge transportation and
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Figure 1.1: Scheme of the working principle of bulk heterojunction solar cells. The bulk het-
erojunction is depicted as a mixture of the two materials electron donor (pink) and electron
acceptor (brown). The two materials are distributed randomly in the layer. The chemi-
cal structures of a typical representative are drawn. The bulk heterojunction is sandwiched
between two electrodes. On the left is a semitransparent electrode and on the right is a
non-transparent electrode. Through the semitransparent electrode the solar cell can be il-
luminated (white arrow). The light can be absorbed and charges are generated. At the
interface the charges are separated. The separated charges are transported via conduction
paths (represented by red and green lines) formed by the respective material phase to their
respective electrodes.

extraction. The main difference to pn-junction solar cells is that the charge separation takes
place all over the active layer and not just in a small fraction of the space charge region and
therefore the carrier transport is governed by the majority carrier transport. The minority
carrier diffusion length is about 10nm.

The first step in the photon to electron conversion is the photon absorption. The bulk
heterojunction is an intimate mixture of the electron donor with the electron acceptor, as
depicted in Figure [1.1 and Figure [1.2| Both materials have different absorption spectra.
The photons are absorbed according to the absorption spectrum on the respective material
(Figure(1.2a). Here we consider the polymer a photoactive counterpart of the blend, however
the same is valid for absorption on the electron acceptor. With the absorption of photons with
an energy larger than the band gap £, excitons are formed. Photons with energy smaller
than the band gap will not be absorbed and will not lead to a charge generation.

Excitons are bound electron-hole-pairs. For organic material this binding energy is rel-
atively high [4,/13,14] and therefore the approximation of free carriers, which is normally
done for inorganic materials, can not be done for organic materials. As the binding energy is
high, the exciton lifetime is short and therefore the exciton diffusion length, which is the dis-
tance the electron-hole-pairs can cover prior recombination, is in the order of 10nm [5,6,7].
The exciton diffusion length corresponds to the minority carrier diffusion length of inorganic
semiconductors, which is usually several orders of magnitude larger than the exciton diffu-
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(a) charge generation (b) charge seperation

~100nm

~100nm

(c) charge transport (d) charge collection

Figure 1.2: Scheme of processes of photon to electron conversion. Shown is the scheme
of the bulk heterojunction, with the polymer (red) and the fullerene (brown) forming an
interpenetrating network. For each step an enlargement to the respective process with the
band diagram of the donor and acceptor material is shown. (a) Photons are absorbed by
the polymer, forming an exciton. (b) The exciton is split at the interface between the donor
and acceptor. The interface has to be reached within the exciton diffusion length, which is
typical in the order of some tens of nm. (c) The separated charges are transported to the
respective electrodes. The field is assumed as the driving force. The transport is along the
interpenetrating network from one molecule to the other via a hopping process. (d) The
charges are collected on the electrodes and are fed into the outer circuit.
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sion length of organic semiconductors. For an efficient charge separation the pn-interface
has to be reached within the exciton diffusion length by the excitons and the interface has to
be distributed all over the active layer, like in the bulk heterojunction. On this interface the
light induced charge transfer takes place (Figure/1.2b) [8] and the electron is transfered from
the polymer to the electron acceptor. This charge separation is due to an energetic difference
of the LUMO (Lowest Unoccupied Molecular Orbit or 7* orbital) levels of the polymer and
the electron acceptor, respectively, and is a fast process [9]. With this step the exciton is
separated into a free hole on the polymer and a free electron on the electron acceptor. These
charges are now majority charge carriers with a relatively long lifetime [15,16].

The possibility for recombination is lowered, but not excluded for the separated charges.
The charge transport, as shown in figure [1.2(c), is in competition with recombination of
charge carriers. On the boundaries between the p-type and n-type semiconductor the charges
may encounter an opposite charged carrier and recombine with this carrier. This is called
direct recombination, second order recombination or bimolecular recombination. The rate of
this recombination is proportional to the carrier density of electrons and holes and therefore
quadratic with the total carrier density and therefore quadratic with the illumination intensity
[17]. Charges may get trapped and then recombine with the opposite carrier of a generated
electron-hole-pair. The rate of this trap assisted recombination is proportional to the carrier
density, which is proportional to the illumination intensity [18,19]. The charge transport is
field driven (as discussed in chapter 4.1) and the relevant transport parameters are the carrier
mobility u, carrier lifetime 7 and internal electric field £. The mobility is a measure for the
speed of the carriers in the electric field. The lifetime is the average time the charge carriers
survive prior recombination and therefore the inversion of the recombination rate, normed
to the carrier density. The internal field £ is the sum of the applied field and the internal
field E}; due to the internal built-in voltage V}; or flat-band-voltage Vg p.

On the contacts the carriers are collected. Ideally the contact should be ohmic for one
material and form an energetic barrier to the other material. At the same time both materials
should have one ohmic contact and one blocking contact. If a contact builds a barrier to both
materials, the internal field will be reduced from V/,; to the flat-band voltage Vyp. Surface
recombination may also take place, which would lower the number of extracted carriers.

The total photon to electron conversion efficiency, also called the external quantum effi-
ciency (FQFE), is the product of the single efficiencies for photon absorption (exciton gen-
eration) 7apsorption. generation of free charge carriers (exciton splitting) 7generation, charge
transport and collection 7,.ansport (€quation (1.1)).

EQE = Nabsorption * Tgeneration * Ntransport (11)

The origin of the open circuit voltage, which is the voltage of the solar cell, when no
current flows, is a matter of controversial discussions. The upper limit of the open circuit
voltage is the difference of the conduction band edge of the acceptor to the valence band
edge (also called HOMO: Highest Occupied Molecular Orbit or 7 orbital) of the donor (Fig-
ure|1.3 a). The quasi-Fermi levels can split up to these bands and determine the open circuit
voltage. Limitation may arise due to the contacts. In the model of a metal-insulator-metal
(MIM) - diode [20], the work functions of the electrodes are limiting the open circuit volt-
age (Figure b). Alternatively, the open circuit voltage is given by the difference of the
LUMO of the Cy - derivative and the work function of the semitransparent electrode (Fig-
ure'1.3 ¢). This takes into account, that the fullerene pins the Fermi level of the metal. If the
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Figure 1.3: Energy band scheme of a bulk heterojunction solar cell. The limitations for the
open circuit voltage, as discussed in the text are depicted with a), b) and c).

valence band of the p-material is above the work function of the semitransparent electrode
the open circuit voltage may be reduced to the difference of the conduction band edge of the
Cgo - derivative to the valence band edge of the p-material [21,22,23]. Another model takes
into account the morphology of the bulk heterojunction [24].



Chapter 2

Fabrication of Bulk Heterojunction Solar
Cells

In this chapter I will discuss the layout of organic bulk heterojunction solar cells. The
materials, processing as well as the function of the single layers, the solar cell is made
of, are discussed. An overview of the variations in the sample fabrication, used for the
experiments in this thesis, is given.

2.1 Layout of Bulk Heterojunction Solar Cells

The schematic layout of a bulk heterojunction solar cell is shown in Figure 2.1. The active
layer, the bulk heterojunction itself, is sandwiched between the two electrodes.

The bulk heterojunction is a homogeneous mixture of the donor and acceptor. One ma-
terial is a p-type semiconductor the other one is a n-type semiconductor. The materials
typically form a morphology with phase separation in the nm-scale. This leads to an in-
crease of the interface area between the p- and n-type semiconductor. At the same time the
bulk heterojunction should allow the percolation of both materials from anywhere in the
bulk to their respective electrode. The morphology has a large influence on the solar cell
performance [10,24, 12] and will be discussed later in this thesis (chapter|4 and|5).

For the substrate glass is used. On the glass substrates the transparent electrode indium-
tin-oxide (ITO) and an interfacial layer of poly(ethylene dioxythiophene) doped with poly-
styrene sulphonic acid (PEDOT:PSS) are deposited. This electrode is the high work function
electrode for the collection of holes. The second contact is an evaporated metal layer, which
is typically a low work function electrode for the electron collection. The bulk heterojunc-
tion solar cells are illuminated through the ITO contact.

2.2 Materials

In this section an overview of the materials used is given. First the p-type and n-type semi-
conductors are discussed in terms of electrical and optical properties. Then the electrodes
and the interface layer are discussed.

13
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/’ I Packaging |

Electrode Il ‘

Polymeric Semiconductor
Bulk-Heterojunction Layer

Electrode |

Substrate

Figure 2.1: Layout of a bulk heterojunction solar cell. The active layer is sandwiched be-
tween the semi transparent bottom electrode, consisting of the glass substrate, ITO electrode
and PEDOT interface layer and the top metal electrode.

2.2.1 The Hole Transporter

Polymeric semiconductors are usually hole conductors. In this thesis poly alkyl thiophene
(PAT) is used as p-type semiconductor and electron donor. The chemical structure of PAT is
given in Figure 2.2, where the alkyl group is hexyl (poly3 hexyl thiophene or P3HT). For
pure films of P3HT a value of the hole mobility in the range of p, = 0.2to 10" cm?V 1571
[29,30] was measured. The absorption of P3HT is shown in Figure 2.3l The band gap is
about 1.9¢V and the Fermi level lies in the middle of the gap [31]. The valence band edge
is about 4.9..5.2¢V below the vacuum level (Figure 2.2) [25,26,27]. The conduction band
edge is at about 2.9..3.3eV below the vacuum level [25,26,27]. The value for the HOMO
and LUMO energies are calculated either electrochemically or via the Fermi level and band
gap determination [27] or relative to the work function of a metal [25].

2.2.2 The Electron Transporter

As electron transporting material, the fullerene [6,6] - phenyl Cg; - butyric acid methyl ester
(PCBM) is used. The chemical structure and the energy diagram are given in Figure 2.4!
The HOMO is about 6.1..6.8eV [26,32,33] below the vacuum level and the LUMO is about
3.7..4.1eV [26,32,33] below the vacuum level. The values for PCBM and C§, are often
supposed to be the same [34,20]. Variations in the literature values of the HOMO and
LUMO arise due to the different measurement methods. For pure films of PCBM a value of
the electron mobility in the range of 10~3cm?V ~1s~! [35] was measured. The absorption
spectrum is shown in Figure 2.3.
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Figure 2.2: (a) Chemical structure of poly3hexyl thiophene (P3HT) and (b) the energy
scheme of P3HT. The values for the HOMO and LUMO change for different measurements.
The value for the HOMO level varies from 4.9¢V to 5.2eV [25,26,27,28]. The band gap is
measured to 1.9¢V (see Figure 2.3). The value for the LUMO level ranges from 2.9¢V to
3.3eV [25,26,27,28].
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Figure 2.3: Absorption coefficient of P3HT (green triangles), PCBM (red circles) and blend
of P3BHT with PCBM (black squares) vs. the photon energy. At the onset of the absorption
spectra a straight line can be fitted. From the intercept of this line with the x-axis, the
bandgap can be calculated.
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- === 3.7-4.1eV
LUMO PCBM

[6,6]PCg1BM HOMO PCBM
- === 6.1-6.8eV

(a) (b)

Figure 2.4: (a) The chemical structure of [6,6]-phenyl C61-butyric acid methyl ester (the
fullerene PCBM). (b) Energy scheme of PCBM. The values for the HOMO and LUMO
change for different measurements and are often supposed to be the same as for C'gy [20,34].
The value for the HOMO level is given from 6.1 eV [33,26] to 6.8 eV [32]. The value for
the LUMO level is given from 3.7 eV [33,26] to 4.1 eV [32].
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2.2.3 Blends of the Electron Transporter with the Hole Transporter

Blends of P3HT with PCBM form a bulk heterojunction. Blends are produced by casting a
solution of both materials on a substrate. The solvent is usually aromatic (chlorobenzene,
xylene, toluene) or non aromatic (chloroform, tetrahydrofuran). The absorption spectrum is
shown in Figure (2.3 and is a superposition of the absorption spectra of the pure materials.
Upon illumination a photoinduced charge transfer takes place [36,37].

Blending of the two materials influences the hole and electron mobility. For films, where
one component is below the percolation threshold of about 17% [38, 39, 40], the mobility
of the highly concentrated component is nearly unchanged and the mobility of the other
one is lower, than for the pristine film [41]. For comparable concentrations of the electron
and hole transporting material, where both materials are above the percolation threshold,
the value of the n-mobility is given by the n-material and the value of the p-mobility is in
the range of the p-material. The lower mobility is limiting the charge extraction, because
differences between the p- and n- mobility lead to the formation of space charge. As the
mobilities of both materials used are in the same magnitude, the mobility is in the same
order of magnitude (1, , ~ 10"cm?V ~1s71) [35,29,30] .

The difference of the LUMO of the PCBM and the HOMO of the P3HT limits the
maximum photo-voltage [22,21], while this maximum photo-voltage may be lowered due
to the given morphology [24]. If the contacts are non ohmic, the work function of the contact
may also have an influence of the photo voltage [33].

2.2.4 High Workfunction Electrode

The bottom electrode is indium-tin-oxide (ITO) sputtered on glass substrate. ITO is a highly
doped n-type semiconductor with a band gap of ~ 3.8eV" and therefore semi transparent for
visible light. The exact parameters, like work function, surface roughness, of the ITO may
change from one batch to the other [42].

2.2.5 Interfacial Layer

An interfacial layer is introduced between the ITO and the bulk heterojunction, in order
to compensate for the variation in the ITO parameters, like work function and roughness.
The interfacial layer is poly(ethylene diozythiophene) (PEDOT) doped with polystyrene
sulphonic acid (PSS), a highly doped organic semiconductor. The chemical structure is
given in Figure 2.5. The work function of PEDOT can be tuned to form an ohmic contact to
the polymer [23,43].

2.2.6 Low Workfunction Electrode

The top electrode is an evaporated low work function metal layer, such as aluminum, cal-
cium, magnesium.
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Figure 2.5: The chemical structure of PEDOT and PSS.

2.3 Coating Techniques for Bulk Heterojunctions

The particularity of bulk heterojunction solar cells is that the layers can be deposited from
solution. The semiconductors are solved in a common organic solvent. The semiconductor
solution is cast on the substrate or underlying film in order to form a homogeneous wet
film of the semiconductor solution. The solvent is then dried and the semiconductor film is
formed. The two casting methods used will be discussed in this section.

2.3.1 Doctor Blading

Blade Assembl
.
Precision Lamella el
Doctor Blade S ; %
i e Doctor Blade Polymer layer
\ gl Contact Angle

Movement of substrate

Substrate

Figure 2.6: Scheme of the working principle of the coating done by doctor blading. On the
substrate (blue) the solution (red) is placed in front of the blade. The blade is moved over
the substrate with a defined slit height and blading speed. Picture after [44]

The doctor blading process is mostly compatible with common printing techniques for
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a role-to-role production. With the doctor blading technique, the solution is spread over the
substrate with a doctor blade. The principle of this technique is shown in Figure 2.6. The
blade is placed with a distance in the order of several tens of micrometers over the substrate.
The solution is placed in front of the blade. The casting is done by moving the blade relative
to the substrate. The thickness of the film is governed by the concentration and viscosity of
the solution and can be influenced by the blading parameters, such as speed of the blade,
distance of the blade to the substrate, angle of the blade or shape of the blade. The blading
parameters have to be optimized in order to get a homogeneous layer.

2.3.2 Spin Coating

a)
Pt
Dispense
b)
Spin Cycle

Figure 2.7: Scheme of the working principle of the spin coating technique. a) The solution
(orange) is dispensed on the substrate (blue). b) The substrate is rotated and due to the
spinning the wet film is formed.

The spin coating process is a process for discrete production of single samples. With the
spin coating technique the solution is spread over the substrate by rotation of the substrate.
The principle of this technique is shown in Figure 2.7, A certain amount of solution is
dropped on the substrate. The substrate starts to rotate and due to the rotation the solution
forms a homogeneous film on the substrate. Both, during and after the spinning the solvent is
evaporated. Parameters of the technique are the rotation speed and acceleration, the duration
of the spinning and the possible combination of several spinning steps with different rotation
parameters. The choice of solvent and concentration have a large influence on the film
thickness and quality.

2.4 Overview of the Variations in the Preparation

Throughout the thesis different polymers, coating techniques, solvents were used. Table 2.1
summarizes the different variations. In the following chapters a reference to this table will
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be done either on the process number or name of the process.

| Name | Process# | Solvent | donor | acceptor | |
| Reference [ 1 | non-aromatic-solvent |  PAT | PCBM | spin-coating |
‘ Optimized ‘ 2 ‘ aromatic solvent ‘ PAT ‘ PCBM ‘ blading ‘
‘ Purified ‘ 3 ‘ non-aromatic-solvent ‘ purified PAT ‘ PCBM ‘ spin-coating ‘

Table 2.1: Overview of the parameters, used for the sample preparation.

In this thesis two different process variations are discussed and compared to the reference
process#1: the change of the solvent and a usage of different polymers. The two polymers
discussed are both poly-thiophenes, one with a larger impurity content (process#1) and the
other with low impurity content (process#3). The impurity content arises due to the chemical
synthesis and is mainly due to ionic, inorganic elements, like Zn and Br. The change of the
solvent in process#2 is accompanied with a change in the coating technique.



Chapter 3

Measurement Methods

In this chapter the methods of measurement are shown. The setups for the measurements
are described. Possible sources for uncertainties in the measurements and the evaluation
methods are discussed. These measurement methods will later be used for the analyses of
the organic bulk heterojunction solar cells.

3.1 Current-Voltage Measurement

The standard measurement is the measurement of the current-voltage behavior. This mea-
surement is done by doing a voltage sweep and for every voltage V' applied to the sample
the current density I through the sample is measured. The experimental scheme is shown
in Figure 3.1(a). The I'V-curve is measured using a Keithley2400 Source-Measure-Unit,
controlled by a LabView program. For the [V-measurement under illumination, a solar sim-
ulator (Fa. Steuernagel) is used, which provides a homogeneous illumination close to the
spectrum of the sun (AM1.5 simulated spectrum). The light intensity is measured using a
calibrated Si-solar cell. As the spectral sensitivity of the Si-solar cell and the sample are
different, the mismatch between the solar simulator spectrum and the true solar spectrum,
may result in an over- or underestimation of the photon flux.

Very informative is the variation of the I-V measurement with the illumination intensity
and the temperature. The illumination intensity can be varied by inserting neutral density
filters between the solar simulator and the sample. The temperature of the sample can be
controlled with a Peltier element, which is thermally coupled to the sample via a block of
copper or with the samples placed in a temperature controlled cryostat.

The power conversion efficiency is one of the most critical parameters of a solar cell.
The power, a power source is producing, is the product of the current density, discussed
above (1.3), with the applied voltage and can be determined out of the current - voltage -
curve.

A typical IV-curve is given in Figure 3.2/in the dark and under illumination. The dark
IV-curve shows diode behavior, with low current densities for reverse voltages (negative bias
on ITO) and an opening, with high current densities, for forward voltages (positive bias on
ITO).

Under illumination the photogenerated current is added to the dark IV-curve. In a first
approximation this added photocurrent can be assumed as constant. In the 4th quadrant the
product of voltage and current is negative and the solar cell generates power, while in the 1st

21
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Figure 3.1: (a) Scheme of the IV-measurement setup. The sample (solar cell) can be illumi-
nated via a solar simulator. A voltage is applied on the sample and the current through the
sample is measured. (b) Scheme of the setup for measuring the external quantum efficiency.
The incident light passes through a monochromator and a chopper wheel. The photocurrent
is measured using lock-in technique in respect to the chopper frequency and recorded with
a LabView Program.

and 3rd quadrant it consumes power. The photogenerated current under condition V' = 0V
applied bias is the short circuit current density /s-. The dependence of the photogenerated
current with the voltage is discussed in chapter 4.2/and chapter 5.1.1.3

The intercept of the illuminated I'V-curve with the x-axis is the open circuit voltage V.
At the Vo the photogenerated current compensates the dark current and therefore the total
current is zero.

For an ideal solar cell, the IV-curve would be perpendicular and forming a rectangle
together with the x- and the y-axis. Then the maximum power would be the product of the
Isc with the Vo, as depicted with the yellow rectangle in Figure In reality, the IV-
curve deviates from this ideal behavior and therefore the maximum power is lower than this
product. The maximum power of a real solar cell is determined by multiplying the measured
current with each applied voltage and taking the maximum of the produced power in the 4th
quadrant. The maximum power point 1, is shown in Figure and the area of the green
square is representing this m,,,. A measure for the ideality of the solar cell is the ratio of the
my, to the ideal power given by the product of the /sc and V¢ and is called the fill factor
ff (equation (/3.1)).

Mpp
[sc : ‘/oc
The power conversion efficiency is the ratio of the maximum power extracted from the solar
cell to the incident light power F;,,; and can be expressed with the Ig¢, Voc and f f, as

fr= (3.1
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shown in equation (3.2).
- myy  Isc Voo ff
Bight Plight

The short circuit current represents the photon to electron conversion efficiency as discussed
above (chapter/1.3). The shape of the dark IV-curve governs the open circuit voltage and the
fill factor and as the dark I'V-curve is a diode curve, the parameters of the diode determine
the ff and Vpe. On the other hand the diode parameters will represent the layout of the
solar cell, like junctions, morphology, carrier density. This will be discussed in more detail
in the next chapters/4 and

The power conversion efficiency of solar cells can be represented by the solar cell para-
meters open circuit voltage V¢, short circuit current /s and fill factor f f. For an increase
of the efficiency the single parameters should be increased. The examination of these pa-
rameters and their improvement will be discussed in the following chapters.

J
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Figure 3.2: Characteristic [V-curve of a solar cell in the dark (upper curve) and under illu-
mination (lower curve). The parameters /sc, Voo, mpp and the power of the incident light
Pignt are depicted. The ideal power of a solar cell is represented by the area of the yellow
square. The real maximum power is represented by the green square.

3.2 Absorption and Transmission

The absorption is measured in reflection geometry or in transmission geometry. The mea-
surement in reflection geometry uses an integrating sphere and corrects reflection on inter-
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faces.

For the measurement of the transmission coefficient of a single layer, the absorption of
the sample (substrate + layer) is measured in reflection geometry. First a baseline is taken
with a white reflecting teflon piece instead of the sample. Then the sample is measured with
a light trap, which is reflecting no light, behind the sample, to measure just the reflection on
the interfaces. Finally, the sample with a mirror behind the sample is measured. With these
three curves the transmission spectra Tsqmpe can be calculated according to equation (3.3)

T —1 Rsample - Rlight—trap
sample —

Rbaseline - Rlight—trap ' (33)

If reflections on layer interfaces are expected to be low, these measurements can also be
done in transmission geometry, using a reference measurement of the substrate.

For the measurement of the part of absorbed photons in the device, the measurement of
the baseline is done as before. The measurement of [%j;gn¢—trqp 1S done with the light trap
and no sample. For the measurement of the device the metal electrode is used as reflecting
mirror. The percentage of absorbed photons in the whole device is then calculated as given
in equation (3.4).

Rdevice - Rlight—trap

Adevice - (3 4)

Rbaseline - Rlight—trap

3.3 External and Internal Quantum Efficiency

The external quantum efficiency (EQE) is a spectral measurement of the percentage of the
number of electrons extracted out of a solar cell per incident photon.

The measurement setup is shown in Figure [3.1(b). The photocurrent spectrum is mea-
sured. The light is spectrally dispersed by a monochromator. The light intensity is modu-
lated by using a chopper wheel with a frequency around 200/ z. The chopped, monochro-
matic light illuminates the solar cell and the current of the solar cell is measured. With
lock-in technique the current produced by the chopped, monochromatic light can be calcu-
lated and any background current due to noise or bias light is corrected.

This photocurrent spectrum is measured twice, first for a calibrated Si-solar cell with
known photocurrent spectrum. With this measurement the spectrum of the lamp is calcu-
lated. Then the photocurrent spectrum of the sample is measured. With these two measure-
ments the EQE can be calculated. The first calibration scan can be repeated to cross-check
if the spectrum of the lamp is changed during the measurement.

The internal quantum efficiency (IQE) is the spectral measurement of the number of
electrons extracted out of a solar cell, normalized on the number of photons absorbed within
the active layer. For this measurements the optical losses have to be known. The number
of photons absorbed within the active layer are calculated according to equation (3.3). The
IQE is the EQE corrected for optical losses, as given in equation (3.5)

[QE = EQE/Adem'ce ) (35)

with Age.ice being the ratio of absorbed photons in the active layer. With an interfacial layer
in between the substrate and the active layer, this absorption has to be corrected, as will be
discussed later in section|5.1.2/and section|5.1.3|
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3.4 Measurement of the Illumination Intensity Dependence
of the Photocurrent

In the ideal case, a solar cell should have a linear response of the photogenerated current
ILj;gn+ on the incident illumination intensity F;g5;. In the real case the response is in the form
of equation (3.6)

Ilight ~ Pl(;ght . (3.6)

The scaling exponent « can be determined by measuring the photogenerated current ;4.
for different light intensities either using grey filters as discussed above in section (3.1, or
with a more accurate linearity measurement.

The measurement using neutral density filters is straightforward, but have a quite high
uncertainty, because two measurements are necessary for each light intensity. First the light
intensity has to be determined using a calibrated Si-solar cell and then second the photogen-
erated current of the sample has to be measured. If the calibrated solar cell and the sample
have different spectral sensitivities, these reference measurements will lead to an over- or
underestimation of the light intensity, especially if the absorbance spectra of the grey filter
is not flat and/or changing the relative absorption spectra from one filter to another.

To overcome this uncertainty, we measure the response of the sample on a small chopped
illumination with various bias light intensity, as depicted in Figure|3.3(a) and called linearity
measurement. A chopped light beam, either monochromatic, or white light is used to probe
the sample. The photocurrent, generated by this chopped light is measured via a lock-in
amplifier, while the sample is illuminated with a bias light of changing intensity. At the
same time the bias light is measured. The light intensity of the chopped light should be
small in respect to the bias light intensity.

The sample gives a response according to equation (3.6). A small change in the light in-
tensity is then the deviation of equation (3.6) and measured by the lock-in (equation. (3.7)),
where Lockin is the value, measured by the lock-in amplifier.

. Aljigh _
Lockin = — ~ - P&} (3.7)
APlight lilght
In a double logarithmic representation of the lock-in value vs. the measured bias current
Lignt, @ slope m can be evaluated, using equation 3.8, This leads to the dependence of the
1

the scaling exponent o = ———..

log (Lockin) ~ log (Pﬁ‘l;ét) = (o —1) - log (Piignt) (3.8)

—1)

. «Q 1
log (Lockin) ~ ( log (Liignt) = (1 — a) log (Liiight)

1 , A[log (Lockin)]
= aq=———withslopem =
m—1 P Allog (Liight)]

With this linearity measurement the scaling exponent o can be determined without any
uncertainties from neutral density filters. This measurement can be done as a function of the
chopping frequency or the wavelength of the chopped or bias illumination, but no influence
of these parameters are detected for the samples measured.
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Figure 3.3: (a) Scheme of the linearity measurement setup. An additional current due to
a chopped light beam is measured as a function of the bias light intensity using lock-in
technique. (b) Scheme of the setup for measuring the transient photocurrent decay. A light
pulse of a LED excites the sample and the current of the sample is recorded by an A/D-
converter card.

3.5 Transient-Photocurrent Decay Measurement

The measurement of the transient photocurrent decay is aimed to study the response time of
solar cells. The measurement setup is depicted in Figure [3.3(b). The sample is exposed to a
pulsed light beam of monochromatic or white light. The current is recorded as a function of
the time. The measurement is done either with a 16bit resolution A/D-converter card with
a sample frequency of 200kHz, or with an oscilloscope with a 8bit current resolution and
a sample frequency of 60MHz. The measurement curve is an integration over at least 100
single measurements.

Possible parameters of this measurement are the duration, wavelength and intensity of
the light pulse. Further the voltage applied to the sample during the current measurement,
the temperature of the sample and the bias light can be a function of this measurement.

3.6 Measurement of the Accelerated Degradation

Temperature accelerated life time measurements were performed on organic bulk hetero-
junction solar cells. The current - voltage - behavior of these samples under white light
illumination is monitored over time for different elevated temperatures 7’, ranging from
T = 40..95°C". Illumination is provided by standard halogen lamps. The illumination inten-
sity is kept to approximate Py, ~ 40 + 20 mWem™2. No control of the humidity is done.
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Up to nine samples with eight single solar cells each can be monitored at the same time.
The current - voltage - curve is measured once per hour. In-between the measurements the
samples are short cut, so the photogenerated current is flowing through the samples.

The measurements are done on encapsulated samples. The devices are sandwiched be-
tween two glass substrates, so the influence of oxygen or water vapor should be low.
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Chapter 4

Models of the Bulk Heterojunction Solar
Cell

For an understanding of the bulk heterojunction solar cells, two models are introduced and
discussed, which allows a simulation of the measured IV-curves. In the first model, called
the microscopic model, the bulk heterojunction solar cell is described on a microscopic
level, where the transport equations are numerically solved in one dimension for one vir-
tual semiconductor, representing the relevant parameters of both materials used for the bulk
heterojunction. The second model, called the macroscopic model, describes the bulk het-
erojunction solar cell with an extended one-diode equivalent circuit".

4.1 Microscopic Model

In this section a one dimensional model is reviewed [47,46], based on solving the transport
equations numerically. This model allows a numerical simulation of the current - voltage
characteristic, which is compared to the measured IV-curves. Further, the energy levels,
carrier density, current density and recombination rates are calculated by the model, which
will be discussed in this section.

In contrast to p-n-junction solar cells, the bulk heterojunction has no spatially separated
p- and n- region, but a mixture of the p - type and n - type semiconductor on a nanome-
ter scale. Under the assumption that charge separation and generation is uniform all over
the bulk, the blend of two unipolar semiconductors can be described as one virtual semi-
conductor representing the properties of both single materials, where the properties of the
valence band is given by the polymer and the properties of the conduction band is given by
the properties of the acceptor material.

It is assumed, that the virtual semiconductor is essentially un-doped and is in thermal
equilibrium without illumination, represented by one Fermi level in the middle of the band
gap. Under illumination, the thermal equilibrium is disturbed and the quasi Fermi levels for
electrons ¢,, and holes ¢,, are splitting from the equilibrium Fermi level E; according to
equation and equation ,

b = B — LA (ﬁ) 4.1

q n;

IPart of this work is published in [45,46]

29
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6, = By + L™ (3) (4.2)

q n;

with n; the intrinsic carrier concentration and n and p as the total carrier concentrations
of the fullerene and polymer respectively. The difference of the quasi Fermi levels is the
upper limit for the potential difference V;,; = ¢,, — ¢, across the active layer.

With this simple model for the bulk heterojunction, the solar cell can be described by
a geometric model, where the virtual semiconductor is sandwiched between two contacts.
Figure 4.1(a) shows the scheme of the device. The semitransparent contact is a two layer

— measured TD1368
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Figure 4.1: (a) The schematic layout of the bulk heterojunction solar cell. As a semitrans-
parent contact (anode), the ITO, followed by the PEDOT:PSS layer is used. The virtual
semiconductor is sandwiched between the PEDOT:PSS layer and the top metal contact. (b)
Comparison of a measured (red) and simulated (black) I'V-curves. The simulation was done
by solving the transport equations self-consistently.

contact of the ITO and the PEDOT:PSS, which are assumed as highly doped semiconduc-
tors. For the virtual semiconductor the parameters listed in Table [4.1] are assumed. The
Fermi level pinning is taken into account for the top metal contact [22,21].

The analysis of the organic bulk heterojunction solar cell on this microscopic level re-
quires the simultaneous solution of two carrier semiconductor transport equations: the hole
and electron continuity equations, the Poisson equation and the current transport equa-
tion [48] in the one dimensional case, as given in equation (4.3), with the mobility u of
the electrons and holes, the generation rate (&, the recombination rate R, the electrical field
E, and the densities of negative and positive charge carriers n and p, respectively, the current
densities of electrons and holes I,, ,,, respectively, the net charge p, the elementary charge ¢
and the dielectric constant ¢.

q Oz
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| polymer | virtual semiconductor | fullerene |

valence band [eV/] 5 5 6.5
conduction band [eV/] 3.2 4 4
band gap [eV/] 1
optical band gap [eV/] 1.8 1.8 2.5
absorption coefficient ag [cm ™| 70000
Fermi level intrinsic: 4.5eV
p-mobility [cm?V s 1] 103 103 <5-107
n-mobility [cm?V 15! <5-1077 1073 1073
carrier life time [xs] 1
Doping [cm ™3] 10
layer thickness 200nm

Table 4.1: Shown are the values for the virtual semiconductor and the corresponding values
of the p- and n-type semiconductor, which the virtual semiconductor is composed of.

I = qup (nE+ %g—i)
(‘;_th :G—R(p,n)Jré% 4.3)
%—G—R(p,n)+é%

2w

The absorption is assumed to be the classical direct absorption, with the absorption co-
efficient o = ag\/hv — Eopt gap, Where Eop gqp 18 the onset of the optical absorption. The
band gap of the real semiconductors have a larger band gap than the virtual one.

With this model the I'V-curve under illumination can be reproduced correctly, as shown
in Figure 4.1, The parameters used for the virtual semiconductor are measured values, given
in Table 4.1.

Figure|4.2 shows the characteristics of the energy bands, namely the conduction and the
valence band and as well as of the quasi Fermi levels, under zero bias, (a) & (c), and under
bias compensating the built-in voltage, (b) & (d). Figure shows that the electric field is
constant over the active layer and no or negligible deviation from this behavior is observed
under illumination for all relevant voltages. This shows that the field is the driving force of
the carriers. No or negligible influence of the diffusion of carriers can be seen, otherwise a
band bending would be expected.
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Figure 4.2: Dependence of the electrical potentials (a)&(b) and the quasi Fermi levels
(c)&(d) on the applied voltage as calculated by the microscopic simulation. Shown are
(a)&(b) the conduction band edge (black) and the valence band edge (red) and (c)&(d) the
quasi Fermi levels for electrons (black) and holes(red) over the distance from the ITO elec-
trode. The PEDOT layer is up to 60nm and assumed as a p-type semiconductor. The bulk
heterojunction layer is between 60..260nm distance from the ITO electrode and assumed as
an ambipolar semiconductor. The metal electrode is more than 260nm away from the ITO
electrode. The potential within the bulk of the solar cell is nearly flat for voltages near V¢
(b) and shows a constant decrease, which can be clearly seen under short circuit condition
(a) without band-bending.
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In summary, this one dimensional model allows to predict the current-voltage-behavior
of bulk-heterojunction solar cells. The blend of a polymeric p-type semiconductor with a
molecular n-type semiconductor on a nm scale is treated as one virtual, ambipolar semicon-
ductor with the conduction band given by the n-type semiconductor and the valence band
given by the p-type semiconductor. A constant field and no band-bending across the 200nm
photoactive layer is observed. The driving force for the photogenerated carriers is found to
be the field and no or negligible influence of the diffusion could be detected.

4.2 Macroscopic Model

An extended equivalent circuit describing the current-voltage characteristics of bulk het-
erojunction polymer solar cells at different light bias levels is discussed. This extended
equivalent circuit was developed together with C. Waldauf and is further described in his
thesis [49] and in [45]. This model consists of a one diode-model, which is extended by an
extraction model for photogenerated carriers taking into account the effective reduction of
the mean distance which the charge carriers cover when sweeping the electrical bias through
the 4th quadrant of the solar cell. The model properly describes the current - voltage behav-
ior of bulk heterojunction solar cells over more than three orders in light intensity with one
set of parameters.

In the previous section, the current voltage characteristics of bulk heterojunction solar
cells were described by solving the transport equations self consistently with the electrical
field. These simulations showed that a bulk heterojunction composite can be successfully
described by a single intrinsic semiconductor layer with the energy levels of the valence and
conduction band as the HOMO of the polymer and the LUMO of the fullerene, respectively.
The electrical field is found to be constant over the active layer and no or negligible deviation
from this behavior is observed under intense illumination (Figure|4.2). Based on this finding,
a macroscopic equivalent circuit is suggested, capable of describing the current - voltage
characteristics of bulk heterojunction solar cells under different illumination densities with
a single set of parameters. Such an equivalent circuit takes into account the field dependence
of the photocurrent.

Before describing the expanded replacement circuit, the deficiencies of the standard one
diode model are discussed when applied to describe the current - voltage characteristics
of bulk heterojunction solar cells. The model is schematically depicted in Figure 4.3/ and
equation (4.4) describes the current balance in this circuit. Here, the photo-induced current
Iphotogeneratea 18 added as a current source.

e-(V—1-R; V—1-R;
I — IO ' <€$p ( ( nkBT )> - 1) - T + Iphotogenerated = 07 (44)
P

where I is the current through the diode, [ is the saturation current, kg is the Boltzmann
constant, 7" the temperature, V' is the external bias applied to the diode, n the ideality factor
of the diode, R, is the serial resistance and R, is the parallel resistance. The dependence
of the parallel resistance [?, on the illumination intensity is taken into account by adding a
photoconductive part to the dark shunt R,, 4,1 as discussed later (chapter|5.3). This is done
by adding a second photoconductive parallel resistor 12 whose photoconductivity
is proportional to the light intensity FP;gp;.

Pphotoshunt?
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Figure 4.3: Equivalent circuit diagram representing the macroscopic model for describing a
solar cell with one diode. The total current at a given voltage V' is the sum of single currents:
the current through the diode, which is represented by the parameters n and [, the current
due to the shunt resistance Rp, the limiting series resistance Ry, Of the active layer and
R wire of the feed-lines and the light current /pp,ot0generated-

Figure 4.4 shows typical current - voltage characteristics of bulk heterojunction solar
cells, measured under different illumination intensities together with the optimal fit, by using
equation (4.4). The fit parameters are listed in Table|4.2| where R, is calculated with R, .«
and IR via the light intensity.

Pphotoshunt

The general quality of the fits is satisfying. The shunt (characteristic in the voltage
regime around 0 V', where the I'V-curve is linear) and the diode turn on (characteristic in the
voltage regime between 0.3V and 0.6 V') of the dark IV-curve is correctly reproduced with
a meaningful set of parameters. The slope of the I/V characteristic in the turn on regime
is dominantly influenced by the ideality factor n. Also the illuminated IV-curves can be
reproduced correctly, however, in order to properly describe the open circuit voltage under
increasing illumination density, a continuous increase of the saturation current /; is neces-
sary. The variation of I by a factor of two is significant and gives an equivalent shift of
the open circuit voltage by nearly 50 mV. The variation of diode parameters under illumi-
nation can not be justified, since it would correspond to a change of the diode itself under
illumination. This is in conflict with equation (4.4), where I,j,otogenerated 1S the only param-
eter sensitive to illumination. A fixed set of parameters /, and n does not reproduce the
illumination dependence of V¢ correctly (see Figure 4.5): the higher the light intensity the
larger the error in V. Also a two diode model, where the second diode is implemented as a
Shockley-Read-Hall (SRH) recombination diode [18, 19], could not explain the illumination
intensity of the Vo, independent on the ideality factors of these two diodes.

The discrepancy discussed above brings up the deficiencies of the one diode model given
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Figure 4.4: IV-curves of a bulk heterojunction solar cell (process# 1) measured under dif-
ferent illumination intensities (boxes) with fitted curves using the standard 1-diode-model
(lines). Values for the parameters n and [, are given for each light intensity in the legend.
The light intensity is given by the value of the optical density (OD) of the various grey filters
and the light intensity of 110mWem =2 @ O DO.0.

in equation (4.4). In order to remove this discrepancy, a more sophisticated model can be
used. It was shown above (section|4.1) that the photoinduced current of bulk heterojunction
solar cells is driven by the internal electrical field. This is not further surprising for devices
with active layers in the 100 nm range, and a constant electric field (as seen in Figure [4.2)
further supports these findings. Applying an external bias close to the built-in voltage V,
will compensate this field. Consequently, a decrease of the the average mean carrier distance
or drift length dg.; 1, given in equation (4.5), is expected, where 7 is the average lifetime of
the carriers, p the carrier mobility and L the thickness of the sample.

Vi
darifr = mfb (4.5)

If losses due to the contacts or diffusion are present, the built-in voltage has to be replaced
by the flat-band voltage Vg, which takes these losses into account. Equation (4.5) suggests
that [,potogenerated Should not be considered as constant with voltage. If the drift length is
smaller than the thickness of the sample, just the fraction % will reach the contacts and
can be extracted from the solar cell. Therefore in the expansion of the one diode model, the
dependence of Iphotogeneratea ON the voltage should be taken into account. Similar models
have been used to describe IV-curves of amorphous silicon (a-Si) - solar cells [50,51], when

transport is limited by the field driven average mean-carrier-distance.
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Figure 4.5: The open circuit voltage (Vo ) vs. light intensity (open circles (), fitted with
the standard one-diode-model (closed triangle A) and fitted with the extended model (closed
circle o). The inset shows the relative error of the V-value calculated within the standard
model and the extended model to the measured value. Data taken from devices fabricated
by using the process#1.

First, the current density of the photogenerated charge carriers is calculated. Since the
solar cells discussed here show no or only negligible carrier losses (an internal quantum
efficiency of ~ 100 % and an external quantum efficiency of ~ 80 % was measured [52], as
discussed later in 5.13), the current density of the photogenerated carriers can be estimated
directly from the short circuit current /g which is equivalent to Inotogencrated (V' = 0). The
photogenerated charge carriers are now driven by the field due to the difference between
the internal built-in voltage V3; [21,22] and the applied voltage V. The number of carriers
which can be extracted from the device equals the total number of carriers multiplied by the
ratio of the drift length and the thickness of the sample, whereas this factor is at maximum
1. The overall photogenerated current Ipjotogenerated Can be rewritten as given in equation (

4.6).

_|Isc| ZfMT(VbZiL_V)>L
Iphotogenerated - |[sc| ’lf M7 - LLVM) > L (46)
| Ise| - o7 - (_VLJ;VM) else

Here the assumptions are made, that the charge carriers are generated homogeneously over
the whole bulk heterojunction layer and the all carriers have the same carrier mobility and
lifetime.

Reversal of the photocurrent between the 4th and the 1st quadrant is a consequence of a



4.2. MACROSCOPIC MODEL 37

er | n | saturation current J, 2 s [Qem
| OD filter | | saturat t Iy [A/em?®] | R, [Qem?] |

0 1.84 1.3-1077 2.2
0.6 1.84 9.3-1078 2.5
1.0 1.81 8.1-1078 2.5

3 1.82 5.7-1078 2.6
dark 1.82 5.7-107% 24

Table 4.2: Fit parameters n, I, and R, for IV-curves (process#1) measured under vari-
ous light intensities, fitted using standard 1-Diode-Model. The light intensity is given by
the value of the optical density (OD) of the various grey filters and the light intensity
of 110mWem™2 @ ODO0.0. R, is calculated with the dark shunt R, go,x = 1540Qcm?
parallel to a photo conductive resistor with the photo conductivity R;hlotoshmt = 5.3 -
1075Q tem ™ 2mW L,

field driven light generated current. In forward direction the photocurrent contributes to the
total current, e.g. due to photoconductivity. Equation (4.6) does not contain direct carrier
recombination. In the case of recombination losses, Is¢ in equation (4.6) has to be replaced
by Isc o , the maximum possible (optically limited) primary photocurrent which can be ex-
tracted under high reverse bias. Alternatively, more sophisticated models can be taken into
account. Such models, regarding the influence of direct recombination processes have been
discussed for a-Si devices [50,51]. These models were applied to fit the bulk heterojunction
data presented in Figures and and it turned out, that direct recombination processes
are not relevant for the bulk heterojunction data presented. However, the relevance of these
more sophisticated models [50,51] for other bulk heterojunction materials or material com-
binations, can not be excluded.

The extended one diode model composed of the standard one diode model (equation
(4.4)) and the field depended photo current extraction (equation (4.6)) will now be tested on
the experimental data set shown in Figure 4.4. The fitting of IV-curves is done by iteratively
minimizing the mean least error x, which is given by the sum over the differences between
the measured and fitted currents at each voltage, as shown in equation (4.7).

X2 - Z [Imeasured (V) - ]fitted (V)]2 + [ZOQ (]measured (V)) - lOg (Ifitted (V))]2 (47)
\%

With this iterative method, the parameters of the dark diode Iy, n, s and R, 4., are deter-
mined first. Then, keeping the dark diode parameters constant, the built-in voltage, the mo-
bility 1 and the carrier life time 7 are determined by fitting the illuminated IV-curves. The set
of fitted parameters is listed in Table 4.3\ The mobility was kept constant at 10 3cm?V ~ts!
in accordance to literature values for P3HT [53,54] and PCBM [53,35]. Figure /4.6 shows
again the experimental data compared to the fitted data as calculated from equation (4.3).
Again, excellent agreement is observed, but, in contrast to the simple one diode model, the
expanded model can reach this high quality of the fit with one and the same set of parame-
ters. Most importantly, the open circuit voltage is fitted correctly over more than three orders
of magnitude of variation of illumination intensity with one set of parameters (Figure 4.5).
Plotting the IV-curve in a linear scale reveals a small deviation in the fourth quadrant
just before the open circuit voltage is observed (Figure [4.6). This deviation is supposed
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[ n | Iy [ R | Ryan | p | | V|
| 1.791 [ 4.8 - 10 %Acm ™2 | 2.1Qcm? | 1540Qem? | 10 3em?V 1s7! | 7.1-107% | 0.61V |

Table 4.3: Fit parameters n, Iy, Rs, Ry dark, R;hlotoshmt, i, 7 and V4; for IV-curves (pro-
cess#1) measured under various light intensities, fitted using the expanded 1-Diode-Model
with non constant [j;4,,. [?, is calculated with the dark shunt R, 44+ parallel to a photo

conductive resistor with the photo conductivity R, pume = 5.3 - 107°Q " e =2mW 1.

to originate from the rather crude assumption in the model that all photogenerated carriers
have identical mobility and lifetime. Due to the neglection of a distribution of mobility and
life time values, the photocurrent at the opening of the diode and, therefore, the fill factor
are slightly overestimated.

As a benefit of the expanded model, a mean carrier life time 7 = 7.1 us is estimated,
which is elaborate to obtain with other methods. The value for 7 of several microseconds
determined by fitting experimental data with the expanded diode model is similar to the
carrier lifetimes determined from transient absorption measurements on polymer bulk het-
erojunction films [55]. The value of the built-in voltage of V}; = 0.61V/, as gained by the
expanded 1-diode model, is also in good agreement with the measured open circuit voltage.

The p7 - product can also be calculated without doing the whole fitting procedure as de-
scribed above. The photogenerated current can be extracted from the measured I'V-curves.
The current under illumination /45, (V') is the sum of the dark current /44,4 (V') and the
photogenerated current ,hot0generated (€quation (4.4)). Therefore the photogenerated cur-
rent 1S Lppotogenerated = liight — Laark- The voltage has to be corrected for the voltage drop
over the series resistance Rg. For small values of Rg or for small currents, this can be ne-
glected. From the difference [j;n+ — L4qrk, the intercept with the x-axis and the slope around
this intercept can be determined and the p7 - product and the built-in voltage, according
to Equation 4.6 can be calculated. Similar values for the mobility and charge carrier life-
time are obtained by this method of calculating and evaluation the photogenerated current
Lohotogeneratea and by fitting equation (4.4) and (4.6).

A modified one diode model is suggested to describe the illumination dependence of
current-voltage characteristics of polymeric bulk heterojunction solar cells. This expanded
one-diode-model takes into account the field dependence of the photo generated current.
Excellent results are obtained for the expanded model. IV-curves of bulk heterojunction
solar cells are properly described with one set of parameters, especially the dependence of
the open circuit voltage on the light intensity can be reproduced very exactly. Moreover, the
model allows an estimation of the built-in voltage V},; and of the mean carrier life time 7 or
of the 7 - product, if the mobility i of the tested material is unknown. Small deviations
in the fourth quadrant are due to the fact, that the model does not take into account the
statistical distribution of the mobility and lifetime. All in all, the new model provides a new
insight into the working mechanisms of bulk heterojunction solar cells and helps to identify
the critical parameters for further improvements of these cells.
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Figure 4.6: a) I'V-characteristics of bulk heterojunction solar cells (process# 1) measured
under various light intensities (boxes) as indicated in the legend. The fitted curves (solid
lines) are obtained by using the 1-Diode-Model with field dependent light generated current
Iphotogeneratea- Values for the model parameters are given in table and are the same for
each light intensity. The light intensity is given by the value of optical density of the various
gray filters and the light intensity of 110mWem™2 @ ODO. b). The measured (boxes)
and fitted (line) IV-curves in the fourth quadrant in a linear scale for 110mWcm =2 show a
deviation from each other.
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Chapter 5

Analysis of the Losses in the Power
Conversion Efficiency

In this chapter the losses in the power conversion efficiency are discussed by evaluating
losses in the single parameters short circuit current, open circuit voltage and fill factor.
Based on the loss evaluation, suggestions for improvement of the single parameters and the
total efficiency are made and tested'.

Under zero voltage the efficiency of the photon to electron conversion can be tested
without any influence of losses due to resistances or the diode. The shape of the IV-curve
has no influence on the photon to electron conversion at /g-. For an examination of the
single processes of the photon to electron conversion efficiency of the bulk heterojunction
solar cell the samples are measured under short-circuit condition. The short-circuit current
summarizes the efficiency of the single processes: photon absorption, charge generation,
charge transport and collection. The efficiencies and losses of these single processes are
investigated in the first part of this chapter. With these results, improvements are proposed
and investigated.

The shape of the curve, described by the macroscopic model determines the parameters
Voc and ff. In the second part of this chapter the V¢ is examined. The dependences of
the Vo with the parameters of the macroscopic model are shown and the relevant param-
eters are discussed. The relevance of these parameters is tested with experiments, in which
these parameters are changed intentionally and the influence on the V¢ is tested. Possible
improvements are proposed and investigated.

The same is done for the fill factor in the third part of this chapter. The dependence of
the parallel resistance with illumination intensity, its origin and its influence on the fill factor
are discussed.

5.1 Processes of the Photon to Electron Conversion

In this section, the losses in the Ig¢, the efficiencies of the single steps of the photon to
electron conversion are investigated. The efficiency of the charge transport and collection
efficiency are measured by measuring the transport parameters y and 7 and recombination
(section 5.1.1). Losses in the photon absorption are examined by optical measurements

IPart of this work is published in [52,45,56,57]
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in|5.1.2. With the external quantum efficiency (EQE), the calculated internal quantum effi-
ciency (IQE) and a comparison of the measurements done so far, the efficiency of the charge
generation can be estimated for different photon wavelengths (5.1.3). With this results the
main loss factors are determined and a possible efficiency enhancement is suggested in|5.1.4.

5.1.1 Charge Carrier Transport and Recombination

In this subsection the transport and the recombination of separated charge carriers are inves-
tigated. Once free charge carriers are generated, these carriers have to be transported to the
electrodes in order to extract current out of the solar cells.

The transport mechanism in organic material is supposed to be either by hopping or
influenced by trapping and trap-release as discussed in [5.1.1.2. The parameters of these
transport mechanisms are influencing the mobility of the carriers [58]. The driving force
for the carriers may be either diffusion, drift or a combination of both. The microscopic
simulation shows, that the carriers are mainly field driven. On their way to the electrodes
the carriers may recombine.

The main recombination mechanisms are supposed to be direct recombination of free
electrons with holes and the trap-assisted recombination. The average time, the carriers
survive, prior recombination is the carrier lifetime 7. The recombination will be a loss in
the phOtOCUITth Iphotogenerated (‘/7 Plz'ght>~

Direct recombination is a recombination, where one carrier gets into the capture cross-
section of a carrier with opposite charge [48]. Therefore the rate of the direct recombination
is proportional to the density of both types of carriers n, . and the recombination rate will
be proportional to the square of the photogenerated carrier density. The rate equation is

dn hoto n hoto(t)
— 5 = G = = = B, (1) (5.1)

[59,17,48,60], with n,,., representing the photogenerated carrier density, G' the genera-
tion rate which is proportional to the light intensity, 7 the monomolecular lifetime and 3 the
bimolecular recombination rate coefficient. In the steady state the change of the carrier den-

sity % = 0 and the carrier density and thus the photogenerated current is proportional
to the square of the light intensity
Iphotogenerated ~ Nphoto ™~ G0.5 ~ l?;;n . (52)

The recombination for trap assisted recombination or Shockley-Read-Hall-recombination
is a two step process [18,19]. First, one carrier is caught by a trap. From this trap the carrier
may be released or it can recombine with a carrier of opposite charge. The recombination
rate will be proportional to the light intensity Rsrr—recombination ~ 1 ~ Plignt and the pho-
togenerated current will be also proportional to the light intensity [pnotogencrated (Vs Plight) ~
Pight. For this recombination mechanism the carrier lifetime will be independent in the light
intensity.

As the carrier transport is field driven, the relevant value for the charge transport is the
drift length dg,;; = p7FE, with the carrier mobility p, the carrier lifetime 7 and the driving
field E. The field E is given by E = Y£8=Y where Vpp is the internal flat-band voltage,
driving the carriers and V' the external applied voltage, as discussed in 4.2\ The drift length
is the average length the carrier cover, before they recombine. If the drift length is larger
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Figure 5.1: Scheme of charge extraction, influence of ;1,7 and E. The carriers are driven by
the electric field £ and cover the distance p7F, which is the drift length. From this drift
length the carriers can be extracted. Carriers more far away from the contacts than the drift
length do not reach the contacts prior recombination.

than the thickness of the sample L, each carrier will reach the contact, prior recombination.
If the drift length is smaller than the sample thickness, just the fraction MLW will reach the
contact (see Fig(5.1). The drift length dg,; s, can be changed either by a change of one of the
values p, 7 or E. The effect of changing the drift length via internal field F is described in
section/4.2land[5.1.1.3. In/5.1.1.1/the drift length is changed via the temperature dependence

of the u7 - product. In|5.1.1.3/the drift length is changed via the applied external bias V.

5.1.1.1 Low Temperature Measurements for the Drift Length Determination

Several transport parameters are temperature dependent [35,58,61,62]. The temperature
dependence of the mobility 4 is expected to be larger than of the carrier lifetime, therefore
the pu7 - product can be influenced via a change of the temperature. The p7 - product
decreases with decreasing temperature.

Figure 5.2/ shows the result of a measurement, where the short circuit current Igc is
measured for temperature 7' ranging from 7' = 120..350K for two different sample thick-
nesses, as described in chapter |3. For both samples two temperature dependences can be
observed: a saturation regime, where the current is nearly constant with temperature and a
regime, where the current is temperature dependent, with a monotonic rising of the current
with temperature. The temperature where the current starts to saturate is the point, where
the drift length is equal to the sample thickness. For the 70nm thick sample the drift length
starts to saturate at 7' ~ 150K, i.e. far below the room-temperature. For the 350nm sample
the saturation point is at about room-temperature.

The rise of the saturation temperature with rising thickness is clear from equation ,
where the sample thickness is quadratic in the formula, for the value of the drift length,
when the photogenerated current starts to saturate.

The slight increase of the current in the saturation regime is possible due to reduced
second order recombination.
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Figure 5.2: Igc vs. T for different thicknesses. Results are taken from [56,63]. Shown are
the temperature profiles of the short circuit current density for a 350nm (closed circles) and
70nm(open squares) thick sample.

The temperature and layer thickness dependent IV-measurement shows a saturation and
a temperature dependent regime, where the turnover between these regimes is the tempera-
ture, where the drift length reaches the sample thickness. From this measurement the drift
length can be evaluated at room-temperature to dg.i;+ = 350nm. Up to this thickness no
first order recombination occurs, which is then also the maximum thickness for recombina-
tion free transport of bulk heterojunction solar cells made of this material combination. The
influence of second order recombination will be discussed later in[5.1.1.4. With the drift
length, the estimated internal voltage Vrp = 0.6V (Table [4.3) and the measured value for

the mobility o = 0.001 C"}f , the carrier lifetime 7 can be estimated to 7 = 2us.

5.1.1.2 Measurement of the Transient Photocurrent Decay

In order to determine the charge carrier lifetime independently of the mobility, another ap-
proach is discussed in this subsection. For a:Si-solar cells and photodetectors transient pho-
tocurrent measurements were used for determination of the carrier lifetime 7 [64, 65, 66].
For a:Si an exponential decay is observed with long residual currents, which can be corre-
lated to trap states in the band gap. If this method would work also for the measurement of
the carrier lifetime in bulk heterojunction solar cells it would be an easy and powerful tool
for the determination of recombination velocities.

For bulk heterojunction solar cells the transient absorption spectroscopy is often used in
order to get information on the formation and recombination of charge carriers [67, 68, 69].
With the transient absorption spectroscopy the change in the absorption of the polymer is
measured, which is a measure of the carrier density on the polymer.

These transient absorption measurements give a power law-dependence of the carrier
density n ~ t~7 with time ¢, which can be understood by a model, where transport of the
carriers is limited by trapping and de-trapping of the carriers, as described in [68]. Trapping
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Figure 5.3: Scheme of different transport mechanisms in disordered systems. Carrier trans-
port may derive from trapping and de-trapping or by hopping from one site to another.
Picture after [70]

and de-trapping of carriers is one common picture of transport in disordered systems. During
the movement of a charge carrier in the blend it may be trapped, will remain for a certain
time, depending on the trap-energy, before it is de-trapped again and move further through
(Figure [70]. The energetic distribution of the traps is assumed to be exponential or the
tail of a Gaussian. Another possible transport mechanism is hopping transport, where every
step from one site to another needs a certain time, depending on the energetic and spatial
distance of these two sites (Figure 5.3) [?].

These transient absorption measurements are usually done under open circuit conditions
or even without any electrodes. Under external bias the measured current /(¢) should follow
a similar power law dependence I(t) ~ ¢t~(=7) [70] for times smaller than the transit time
t.and I(t) ~ t—(+7) [70] for times larger than the transit time ¢,., where the transit time ¢,
is the time the fastest carriers need to cross the whole sample [70]. This is valid for both
types of dispersive transport, the trapping-de-trapping and the hopping type.

The measurement is described in section|3.5] The measurements are done on bulk het-
erojunction cells (process#1) with an absorber thickness L ~ 300nm. Measurements were
taken and evaluated on two different time scales: one with a low resolution in time (0.1ms)
and a high resolution in the current signal and another one with a high resolution in time
(100ns) and a low resolution in the current signal. The RC-constant of the device is in
the order of 10ns below the resolution of the setup and should therefore not influence the
measurements.

Figure (5.4 shows a measurement with the fast and the slow time resolution. For the
transient photocurrent decay, a fast drop at the beginning can be seen, followed by a long
residual current up to several tens of ms. The measurement shows no exponential decay, as
it was observed for a:Si, but a power law decay (Figure|5.5). Therfore the analysis done for
a:Si-solar cells can not be used here for the bulk heterojunction cells, but the analysis done
for dispersive transport has to be tested.

With the mobilities of the single components in the order of 10~ 3cm?V ~1s~1, the sweep
out time of the carriers will be in the range of 1us, much lower than the resolution of the
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Figure 5.4: Measurement of the transient photocurrent decay, a) low time resolution, high
current resolution and b) high time resolution and low current resolution. Here the slope of
the two visible regimes are given and the time is noted, when the one regime turns over into
the other. Samples prepared with process#1, according to Table 2.1.

measurement with the low resolution in time. Therefore the evidence of this measurement
will be minor. With this measurement carriers are measured, which are remaining orders of
magnitude longer in the bulk heterojunction than the majority of the carriers. To distinguish
between hopping transport or transport limited by trapping and release for this long persist-
ing charge carriers, the measurements were repeated under different voltage bias applied
and with different temperatures. Figure shows the variation of the temperature during
the measurement. The slope of the curves is independent of the temperature. So there is no
sign of a thermally activated process for the transient photocurrent on this long time scale.
This would have been expected for a trapping-de-trapping process. The variation of the ap-
plied bias also shows no visible effect. Hence, the hopping transport can not be recognized
with this measurement.

The only dependence the measurement of the transient photocurrent decay of bulk het-
erojunction shows is with the illumination intensity used for the pulsed illumination. This
dependence is not conform with neither hopping, nor with trapping-de-trapping, but this
measurement can be a hint that an accumulation of carriers occurs and therefore the trans-
port is limited by space charge due to the carrier accumulation. This can be avoided by using
a shorter light pulse, but is not tested in this thesis.

It is not possible to get clear results out of the photocurrent decay measurements with
the low time resolution.

The timescale of the fast measurement of the transient photocurrent decay is within the
expected sweep out time of the carriers. So the question is, if the signal (Figure 5.4) is rep-
resenting the sweep out of carriers or the recombination of the carriers. The measurement of
the p7-product in|5.1.1.1 suggests that the transportation at room-temperature for a 200nm
thick device is recombination free and therefore the sweep out of carriers is measured. The
recombination free transport is later proven in|5.1.3
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Figure 5.5: Transient photocurrent decay measured for different temperatures in double log-
arithmic representation. The inset shows the whole timescale of this measurement. Samples
prepared with process 1, according to Table[2.1

In the fast measurement of the transient photocurrent decay the two regimes, proposed
by [70], can be detected (Figure|5.4). The time, where the slope is changing, is supposed
to be the transient time ¢,, the time the carriers need to traverse the whole sample. For
times smaller ¢ < ¢, the current is given by carriers of equal velocity but different spatial
distribution within the sample. Therefore the current is nearly constant in this time scale.
For dispersive transport, the slope in the double logarithmic plot should change from (1 — )
to (1 4 ) [70]. The evaluation reveals that this is not true for this measurement: for times
smaller ¢, a different  is revealed than for times larger ¢,.. This measurement is not suitable
to detect the expected fingerprint for disordered transport.

If the interpretation of the transition time as the time, the fastest carriers need cross the
sample, the value for the mobility can be calculated to be as

2

= ~ 5% 10 °em?V st
%itr

7

with the thickness of the layer [ = 300nm, the built-in voltage V},; estimated as V;; = 0.6V.
This value is about 2 orders of magnitude lower than expected from the mobility values for
the used polymer and fullerene.

In summary the measurement of the transient photocurrent decay gives no clear results
and helps not determining the charge carrier lifetime 7.
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5.1.1.3 Determination of the ;7 Product with the Model of Field Dependent Charge
Extraction

In this subsection, the determination of the u7 product via the macroscopic simulation, as
described in section 4.2/ will be shown. The macroscopic simulation shows that by adding
the voltage-dependent photogenerated current [,potogenerated 10 the dark current g, the
IV-curves (see equation (5.3)) can be simulated with one set of parameters for different
illumination intensities. The photogenerated current can be calculated by subtracting the
dark IV-curve from the illuminated I'V-curve (Equation (5.3)).

[light (V> = [dark (V> + [photogenerated (V> (53)

]photogenerated (V) - Ilight (V) - Idark (V)

The voltage has to be corrected for the voltage drop over the series resistance [2g. For
small values of Rg or for small currents, this can be neglected. The photogenerated current
is constant as long as the drift length dg,;y; is larger than the sample thickness L (equation
(4.6)) . For voltages, where the drift length is smaller than the sample thickness a constant
slope is expected. From this slope the y7 product and the flat band voltage Vg, which is
the driving voltage for the carriers, can be calculated.

The photogenerated current otogenerated (V) = Liight (V') — Laark (V') is plotted in Fig-
ure for illumination with 1 sun (100mW em~2) and for different illumination levels.
From the curve illuminated under 1 sun three different regions can be distinguished. For
voltages V' S 0.4V Ipnotogenerated 1S Nearly constant. The small slope is attributed to an in-
creased current via a lowered shunt resistance under illumination, as discussed later (section
5.3). For voltages 0.4V < V' < 1V, a monotonic increase of I notogenerated €an be seen
until the curve changes the slope again. When comparing the curves of the photogenerated
currents for different illumination intensities a similar behavior can be seen for all curves.
All curves have nearly the same intercept with the x-axis and the shape of the curves is the
same for voltages smaller than this intercept. In contrast, the values in forward direction,
after the first intercept with the x-axis show a decrease for small illumination intensities.
This means that a negative-photoconduction occurs for low light intensities, the current in
forward direction is lower for small illumination than without illumination. The origin of
this negative photoconduction is supposed to be an artefact of the measurement, where either
the temperature of the samples changed or the cell changes the injection properties during
the measurement.

Around the intercept of Ipnotogenerated With the x-axis the solar cell is in the drift length
limited regime. A straight line can be extrapolated in this regime. With the slope and the
intercept of this line, the p7 product and the flat-band voltage Vg for the different illumina-
tion intensities is calculated. The results in Figure show a small variation of the lifetime
7 and a slight increase of Vyp with increasing light intensity. The small variation in the
carrier lifetime shows no trend and, as the variation is smaller than 5% of the average value,
this is interpreted as a statistical variation and 7 is taken as constant with light intensity.
The flat band voltage shows also just a small change, but a clear trend can be seen. With
increasing light intensity the flat band voltage is increasing.

The independence of 7 with the light intensity is a hint that the recombination mech-
anism is first order and no second order recombination can be detected. If bimolecular
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Figure 5.7: (a) The carrier lifetime - mobility product ;7 and (b) the flat band voltage Vg
for different illumination intensities P45, as calculated from the slope and intercept of
Liight — Laark, as shown in Figure|5.6/using equation (4.6) and (5.3).



CHAPTER 5. ANALYSIS OF THE LOSSES IN THE POWER CONVERSION

50 EFFICIENCY

& [ ]

— 0 i

E ;

S & = 400nm thick device <
] e 230nm thick device h

E

£ 7 =

dark I Rp

light

I ¥ T d T

1 0

-3 ) K
Voltage [V]

Figure 5.8: The photogenerated current in dependence of the applied external voltage for a
400nm (squares) and for a 220nm (circles) thick device (process#2, according to Table[2.1).

recombination would be a significant recombination mechanism, the lifetime 7 would de-
crease with increasing illumination intensity, because the recombination probability of one
carrier would depend on the carrier density and therefore the lifetime of the carrier would
decrease with increasing carrier density. The carriers recombine via traps, which are al-
ways filled up due to the incident illumination and no direct carrier recombination could be
detected.

The slight increase of the flat band voltage with light intensity could reflect the increas-
ing quasi Fermi level splitting with increasing photogenerated carrier density nppot0. The
splitting of the quasi Fermi levels is E,,, ~ log (nynet) [48]. The driving field for the
carriers will depend on the difference of the quasi Fermi levels and therefore increase with
increasing carrier density or light intensity.

With this method, the p7 - product, the flat-band voltage and the drift length can be
determined. The drift length is calculated to dg;fx ~ 500nm. This is comparable to the
value determined by the low temperature measurement.

The influence of the drift length can also be seen when comparing IV curves in reverse
for devices with different thickness. In Fig 5.8 the photogenerated current is shown for
devices with 400nm and 220nm sample thickness. The current at 0 V' for the thicker device
is lower than the current of the thin device and shows a larger slope than the thinner device.
For voltages below—2 V', both curves saturate at the same current density. The thin sample
needs a lower voltage, the internal built-in voltage is sufficient, for extracting all carriers. For
the thicker sample an external bias has to be applied to extract all photogenerated carriers.
Under external voltage of —2 V/, the field is high enough for extraction of all photogenerated

carriers.
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5.1.1.4 Second Order Recombination

So far, no hint of bimolecular recombination could be detected. Here the results of the
measurements of the bimolecular recombination are evaluated.

Second order or bimolecular recombination is a direct recombination of free carriers
with carriers of the opposite charge. In contrast to first order recombination, where charges
are first trapped and then recombine, the rate of the second order recombination is dependent
on the carrier density of both, electrons and holes. Therefore the number of lost carriers is
quadratic with the carrier density. The current, representing the extracted carrier number per
time-unit is not linear with light intensity anymore. If the recombination is second order,
a dependency of the short circuit current /go ~ Pl?ﬁn with the illumination intensity F;gn
would be measured. When both types of recombination occurs, a dependency Isc ~ By,
will be measured, with the scaling exponent o, ranging from o = 0.5 (only second order
recombination) to a = 1 (only first order recombination).

0.7,
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0.5 slope -0.0682

" e B
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1004 1m 10m 100m 1 10 100
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Figure 5.9: Linearity measurement for a sample, made by process#1. Given are the values of
the lock-in amplifier vs. the values of the bias level, in a double logarithmic representation.
A constant decrease can be seen for high bias values. A fit with a straight line is done for
this decrease, and the value of the slope is given in the Figure.

Samples (process #1) are tested with the two methods for measuring the light intensity
dependence of the short circuit current, as described in [3.4. The results of the linearity
measurement are shown in Figure For low bias signal, at low bias light intensity, a
constant or even a slight increase of the lock-in signal, with increasing light intensity, can
be seen. For higher bias signals, a negative slope is present.

The positive slope for low light intensities represents a scaling exponent « larger than
1. This can be explained by trap-filling due to the bias light, leading to a slight increase in
mobility and a better transport therefore. The negative slope for higher light bias, represents
the second order recombination. The scaling exponent « is determined from the value of
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Figure 5.10: (a) The scaling exponent « for different temperatures 7" and (b) the short circuit
current /g vs. temperature, measured on samples prepared with process 1, according to Ta-
ble[2.1! Illumination is done with approximately a) 0.1 to 50 mW cm =2 and b) 50 mWem 2.

the slope to a = 0.936. For high light intensities, bimolecular recombination is present.
Unfortunately the corresponding illumination intensity for the bias level, when second order
recombination becomes relevant is not measured with this method.

The results for the measurement, using the method using different optical density filters,
as described in section (3.4, are shown in Figure 5.10(a). Here the illumination intensity
is varied from 0.05 to 50 mWcm 2. The mean value of the scaling exponent o of these
samples is slightly below 1, while the uncertainty of the measurement is larger than the
deviation from 1. A small increase of the mean value of a with increasing temperature can
be observed.

For these samples, no or negligible bimolecular recombination can be detected with this
measurement. The mean value of the measurement is just below 1, which is a hint that a
small fraction of second order recombination is present. The increase of the mean value
of the scaling exponent with temperature (Figure 5.10 b) fits to an expected reduction of
the recombination, due to increased mobility with increasing temperature, and also with the
observed increase of the /g~ with the temperature.

5.1.1.5 Summary of Transport and Recombination Measurements

In this section, different possibilities for measuring the drift length, as well as the mobility-
lifetime-product were investigated. The temperature dependent [V-measurement, which is
based on the change of the drift length via the temperature dependence of the p7 - product
and the analysis of the field dependence of the drift length via the voltage dependent mea-
surement of the photogenerated current reveals a similar drift length of d ;5 ~ 0.4..0.5um.

The measurement of the photogenerated current under different applied voltage shows
the characteristics expected from the macroscopic simulation model. The field dependence
of the carrier extraction can be seen from this measurement and the p7 - product can be
calculated. The p7 - product shows no dependence on the light intensity. The flat band
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voltage increases slightly with illumination intensity.

The linearity measurement allows to distinguish between recombination mechanisms
with high accuracy. The recombination mechanism is predominantly of monomolecular
type. The carriers recombine via traps and not with carriers of the opposite charge.

The measurement of the transient photocurrent decay are not directly related to the p7 -
product. The measurements do not show the expected characteristics of either hopping nor
trapping-limited transport. The interpretation of these measurements is not clear and direct
comparison with transient absorption measurements under different bias would be helpful.

5.1.2 Optical Losses

The number of generated charge carriers is limited by the number of absorbed photons in
the active layer with the photon energy higher than the band gap of one of the components.
Therefore the optical losses due to reflection at an interface or absorption in the substrate
have to be derived. The photons, which are not absorbed in the active layer or reflected at an
interface or absorbed in the substrate, are lost for the charge generation. Measured is the re-
flection of the total device R ey and the absorption of the ITO-PEDOT-substrate T, pstrate
(Figure 5.11) according to section 3.2. The reflection R, measures every photon which
is not reflected and detected by the absorption spectrometer, but absorbed within the device,
as shown in equation (5.4)

Rdevice =1~ Adevice = L substrate * TBHJ : Tsubstrate 5 (54)

with the absorption of the device Age.i.. and the transmission of the bulk heterojunction
Ty . The reflection can be at any interface. The largest amount of reflection will be at the
air-substrate interface and at the metal-interface. For photon energies larger than the band
gap, the percentage of photons absorbed in the active layer #p is the efficiency of photon
absorption 7 ()\)absommn and is calculated by Tupstrate and Rgevice according to equation
(5.5) and shown in Figure 5.11(b).

Rdevice = L substrate * TBHJ : Tsubstrate

= TBHJ = Rdevice : T_2 (55)

substrate

= #p=n (A)absorption = Tsubstrate - (1 — TBry)

The optical losses due to absorption and reflection of the semitransparent electrode is
about 10%, each. The spectrum of absorption within the active layer is broad and relatively
flat for A < 650nm. The onset of this spectrum at A = 650nm is sharp. About 80% of the
incident photons with A < 650nm (hr 2 1.9¢V') are absorbed and converted to excitons.
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Figure 5.11: (a) Reflection and transmission coefficient of the whole device (black), the
substrate (green) and the active layer (red) and (b) the percentage of absorbed to incident
photons.

5.1.3 Efficiency of the Generation of Free Charge Carriers

The efficiency of the charge generation 7)gcperation 15 the efficiency of the conversion of
absorbed photons to free charge carriers and can be evaluated with the measurement of the
external quantum efficiency (EQE), the calculation of the internal quantum efficiency (IQE)
and the knowledge of the losses in the charge transport. The measurement and calculation
of the IQE also provides information on the influence of recombination on charge transport.

The EQE is the ratio of the number of electrons extracted from the device to the number
of incident photons. The EQE is measured according to section The EQE summa-
rizes the efficiencies of the processes of photon absorption 7 (\) charge generation

absorption
n () generations transportation and extraction 7 ansport:

EQE =1 (/\)absorption n (/\)generation * Ntransport - (56)

The EQE for a bulk heterojunction device is given in Figure The spectrum is sharp
with a maximum value of 76%, measured at \,,,, = 550nm. The onset at \,,,s.; =~ 650nm
is steep. For a wavelength smaller than A, the EQE drops again to about 40%. With the
EQE the expected short circuit current can be calculated, by folding the EQE spectrum with
the spectrum of the photon density of the sun, to be I5c = 8mAcm 2.

In order to distinguish between absorption losses and internal losses the IQE is calcu-
lated. The IQE is the ratio of electrons extracted from the device to the number of photons
absorbed in the active layer IQE (A) = 1 (A) yoneration Mtransport = EQE (A) /1 (A) apsorption-

The result, as calculated from the EQE (Figure [5.12) and the absorption (Figure 5.11),
is shown in Figure The IQE shows like the EQE a sharp spectrum. The maximum
value is 100% within the measurement accuracy of 10%. This value of 100% IQE shows,
that both efficiencies, the charge generation efficiency and the charge transport and extrac-
tion efficiency can be as high as 100%. The efficiency of the charge transportation is not
wavelength dependent, so this efficiency is 100% for every wavelength, which is in good
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Figure 5.12: External quantum efficiency (EQE) for a bulk heterojunction solar cell (pro-
cess#l, according to Table 2.1).
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Figure 5.13: Internal quantum efficiency (IQE) spectrum for a bulk heterojunction solar cell
(process#l, according to Table 2.1).
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Figure 5.14: EQE spectrum of a bulk heterojunction with optimized morphology (process
2, according to Table 2.1).

agreement with the measurements of section|5.1.1. The drop in the IQE for shorter wave-
lengths is due to a decrease of the efficiency of charge generation 7gcperation-

This can be explained, because the two components have different absorption bands. At
A = 500..650nm the absorption of the polymer is dominant, whereas for shorter wavelength
both components attribute to the absorption and charge generation. Electron hole pairs gen-
erated at the polymer can be split without any loss. The generation efficiency is 1. Electron
hole pairs generated at the electron acceptor are not separated with such high efficiency.
They partly recombine before they are split. These measurement suggest that the size of the
acceptor domains is larger than the diffusion length of electron hole pairs, which is for the
used organic semiconductors in the order of ~ 10nm. An unfavorable morphology for the
bulk heterojunction is formed.

If so, the charge generation efficiency should be influenced by the morphology of the
bulk heterojunction. A variation in the production process, is known to change the mor-
phology [10,12]. A process variation is also tested in this thesis. A different morphology
is also visible for the two processes (process #1 and #2, according to Table 2.1) and will
be discussed in chapter 5.2.2. In Figure [5.14 the EQE spectrum for the changed process
(process #2) is given. The EQE is flat for the whole absorption spectra (A < 650nm). The
drop for A < 400nm is due to the measurement setup. Both components contribute efficient
to the charge generation.

5.1.4 Summary of the Photon to Electron Conversion Analysis

In this section, the efficiencies and losses of the single steps of the photon to electron con-
version were investigated. This efficiency is the product of the single efficiencies of the
photon absorption, charge generation, charge transport and extraction. These efficiencies
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are particle-efficiencies, not taking in to account any energy loss of the single steps.

Losses due to reflection or absorption of the substrate are each in the order of 10% for
the visible light. The spectrum of the ratio of in the active layer absorbed photons to incident
photons is broad with a value of about 80% for wavelengths A\ < 650nm. About 20% of the
photons, with sufficiently high photon energy, are not absorbed in the active layer.

The charge transport is loss free within the measurement accuracy. The drift length is
about 0.5um and larger than the sample thickness. The majority of the carriers are able to
cover a larger distance than the active layer, before they recombine. The charge transport
has an efficiency of 1.

The transport mechanism, which is supposed to be either hopping or trapping-de-trapping,
could not be revealed with the transient photocurrent decay measurements.

In case of loss-free charge carrier transport, the IQE directly represents the spectrally
resolved charge generation efficiency. The generation of free charge carriers is found to be
wavelength dependent: charges generated on the polymer are split with an high efficiency;
charges generated on the electron acceptor are separated less efficient. The latter partly
recombine before they reach the interface, where they can be separated. The diffusion length
of electron hole pairs is lower than the average size of the acceptor domains.

Two different losses could be distinguished. The optical losses due to absorption and re-
flection of the device substrate and the losses due to insufficient charge separation of charges
generated on the acceptor. The optical losses could be reduced by light harvesting, e.g. anti-
reflection coatings, but no tests were done for reducing these losses. The charge generation
efficiency is influenced by the morphology of the bulk heterojunction. By variation in the
process, the EQE can be improved in the absorption range of the bulk heterojunction, as
shown in Figure 5.14. Both components contribute efficiently to the charge generation.

With this set of measurements, discussed in this section 5.1} it is possible to detect
the efficiencies and losses in the single steps of the photon to electron conversion. For this
material combination, the efficiency of the photon to electron conversion could be enhanced.

5.2 The Open Circuit Voltage V-

The open circuit voltage Vo is one of the efficiency controlling parameters for solar cells.
The maximum limit for the V¢ is the difference of the LUMO of the electron acceptor and
the HOMO of the electron donor. However, the measured values for V¢ are always lower.
The origin of lower V¢ values will be examined in this section.

Under illumination the quasi Fermi levels for electrons and holes are split. The extend
of this splitting is dependent of the illumination intensity [48], the higher the light intensity,
the larger the carrier density, the higher the difference of the quasi Fermi levels, approaching
the maximum of the energy gap between the LUMO to the HOMO level. The difference of
the quasi Fermi levels determines the built-in voltage V;,;. The flat-band voltage Vg, the
voltage where the driving field is zero, can be lower than the built in voltage V};. As shown
before, the driving force for the carriers is the field £/ = VLLB and a bending of the bands can
be neglected. So the voltage for the driving field V5 should be close to the built-in voltage.

A lowering of the V¢ in respect to the Vj,; can be understood by analyses of the shape
of the curve, due to the diode behavior and losses due the parallel and serial resistance R p
and Rg, respectively.
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In this section the influence of the diode parameters, on the Vo will be examined and
tested.

5.2.1 Influence of the Parameters of the Macroscopic Model on the V-~

The influence of the single parameters of the macroscopic simulation on the V¢ and the
maximum power point will be discussed in this subsection. For this discussion the macro-
scopic simulation is used and the expected V¢ and efficiency are calculated for a variation
of pairs of simulation parameters, keeping the other simulation parameters fixed.

The field dependent carrier extraction of the macroscopic simulation is one crucial pre-
requisite, which makes the fitting of IV-curves for different illumination intensities, with one
set of parameters possible. The parameters for the current source added to the one-diode
equation (equation (4.4)) are the flat-band voltage Vg, the carrier mobility and carrier life-
time (equation (4.6)). These parameters are material parameters and not easy changeable.
Also the potential of these parameters on increasing the V¢ is small (Figure5.15).

The largest impact is from the dark diode itself. The V¢ is the point, where the current
of the dark diode /4, is equal to the added light generated current [,hotogenerated- The
influence of the resistances R, and R, is small, because around V¢ just low currents are
flowing. Just for extreme unfavorable values for Rg and Rp their influence may become
important. In contrast, the influence of the diode parameters ideality n and saturation current
I is large. The smaller I, or the larger n, the higher is V¢ (Figure|5.15). By varying these
parameters, the flat-band voltage used in the simulation can be nearly reached, which was
not possible with a variation of u, Vipg, Rg or Rp.

5.2.2 Influence of the Macroscopic Model on the V-

The macroscopic simulation predicts a strong influence of the parameters n and [ on the
open circuit voltage V¢, which will be tested in this subsection. First, possible relations of
these parameters to physical attributes of the bulk heterojunction will be explained. Based
on these links between the model parameters and process parameters, experiments on in-
tentional changing of n and [, will be shown and the resulting dependence of V- will be
discussed.

The saturation current [, is discussed in classical semiconductor literature, where it is
expressed in terms of the barrier height, diffusion length or carrier and doping concentration,
depending on the type of junction [48]. As the bulk heterojunction is no classical junction,
no defined dependence of the saturation current on these parameters can be given.

The only properties of [, taken from the classical semiconductor literature is its depen-
dence on the charge carrier concentration. With doping or de-doping it may be possible to
change [, and if this assumption is correct also the V.

The ideality n is understood as representing the morphology of the bulk heterojunction.
An ideality of n = 1 represents an ideal flat pn-junction. As the bulk heterojunction is by
definition a distributed pn-junction, this distribution is expected to be represented by the
ideality of the diode. An ideality of n > 2 could, for example, mean, that there are two
or more diodes in series. An ideality of n = 2 is also discussed as a Shockley-Read-Hall-
recombination. The interpretation of the ideality factor is difficult and an exact correlation
of a given value of the ideality factor with the morphology is not possible, but changes
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| Dopant concentration | Process # | Conductivity | Iy [nA] | Voc [V] |

0 #1 47 0.55
0 #3 4510732 1 0.62
0.0001% #3 11-10732 6 0.61
0.001% #3 10 0.59
0.01% #3 092 19 0.52

Table 5.1: Overview on the doping concentration and results for the experiment with doped
and purified polymers.

in the ideality factor are expected to refer to a different morphology and a change in the
morphology should change the ideality factor. An influence of the morphology on the open
circuit voltage is also discussed in [24].

5.2.2.1 The Saturation Current /,

The intentional changing of I, was done by comparing the reference system (process#1,
according to Table [2.1), with samples made from a cleaned polymer (process#3) and with
samples made from the cleaned polymer, in which a dopant 2, 3—dichloro—>5, 6—dicyano—
1,4 — benzoquinone - (DDQ) was added to the solution, during the solution preparation.
The dopant was reported to dope poly-alky-thiophene (PAT) via a charge transfer, where the
dopant acts as an electron acceptor. The creation of free charges, polarons and bipolarons
is reported [71]. With the addition of FeCl3 or DD( to the polymer solution two addi-
tional absorption bands occur at =~ 0.5eV" and ~ 1.5eV. The conductivity of doped films
is increasing with increasing dopant concentration [72]. However, doping with FeCl3 is
reported to lead to degradation of PAT-films [73] and was therfore not investigated here.

The saturation current was investigated in samples made of the reference process#1, the
purified polymer (process#3) and in samples made of the purified polymer with the dopant
DDQ added to the polymer solution in various concentrations (process#3 + dopant). The
cleaned polymer should have a significant lower [, than the reference polymer, as discussed
above in the introduction of this subsection [5.2.2.

Polymer solutions without the dopant and with various dopant concentrations were pro-
duced (Table 5.1). From this solutions films were prepared and the conductivity of these
films are measured. The conductivity is rising over 3 orders of magnitude, by variation of
the dopant concentration from 0% over 0.0001% to 0.01% in the solution.

With these polymer solutions bulk heterojunction solar cells were produced and the sat-
uration current and open circuit voltage analyzed (Figure|5.16 (a) and Table 5.1). The cells
made of the purified polymer show the lowest /,. The [, is increasing with increasing
dopant concentration in the polymer solution. The highest saturation current is measured
for the reference polymer. The open circuit voltage is decreasing with the increase of the
doping concentration (Figure 5.16/b). And the V¢ is increasing with decreasing I, for all
samples beside the reference sample. The origin of the higher V¢ for the reference polymer
is due to a change of the ideality factor and a higher /5 at the same time.

By doping or de-doping (purifying) of the polymer it is possible to intentionally increase
the open circuit voltage or decrease the Vo of the bulk heterojunction solar cells, respec-
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Figure 5.16: (a) The saturation current /; vs. dopant concentration in the solution and (b)
Voc vs. dopant concentration inside the solution. The dopant is added to the solution of a
purified polymer. Bulk heterojunction solar cells are made of these solutions and the values
for Voc and [, are evaluated. As comparison the values for samples made by the reference
polymer are shown. In (b) the data are presented in box plots, which are a statistical evalu-
ation of about 15 measurements on single samples. The horizontal lines in the box denote
the 25th, 50th and the 75th percentile values. The error bars denote the 5th and the 95th
percentile values. The open square in the box is the mean value of the measurement series.
The two symbols below and above the 5th / 95th percentile error bar denote the highest and
the lowest observed values, respectively. For (a) and (b), the reference process#1 is shown
as comparison.

tively. The dependence of the open circuit voltage on the saturation current is shown for this
sample series with purified and intentional doped polymer. Unfortunately, for the purified
polymers used here, the overall efficiency is lower than for the reference polymer. This is
mainly due to a lower [g¢ for solar cells made of the de-doped polymer. This is regarded
to be due to a change of the morphology for the de-doped polymer. The complete /s -
analysis was not done for cells made of the purified polymer.

5.2.2.2 The Diode Ideality Factor n

A change in the process, e.g. a variation of the solvent, is reported to have a large influence
on the morphology of the bulk heterojunction [10, 12]. Hence, it should also have an influ-
ence on the ideality of the dark diode n, if the assumption stated above is correct. This will
be tested in here.

First the influence of the process on the morphology is tested. Films made by two differ-
ent processes (process#1 and process#2, according to table 2.1) were tested and measured
with the atomic force microscope (AFM) (Figure [5.17), as well as in a device. The AFM-
measurements show a different grain size as well as a different height scale for these two
processes. A change in morphology of the surface is visible.
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Figure 5.17: Comparison of AFM-measurements on films made by two different processes
with the z-range and the RMS-roughness analysis for each measurements. (a) shows the
reference process (process#1) and (b) the optimized process (process#2).

The influence of the process on the ideality is visible when comparing the ideality of
samples prepared by these processes (Figure 5.18). Comparing the first and the second
process, n is increased from n ~ 1.8 to n ~ 2.0. At the same time, the saturation current
I, is lowered from Iy ~ 55nAcm ™2 to Iy ~ 2nAcm™2, a larger variation than that with
changing the polymer from the reference to the de-doped polymer. The correlation of n and
Iy with the Vo can be seen in Figure [5.18(b), but not as pronounced as predicted by the
macroscopic simulation. The simulation predicted a larger increase of V¢, because n is
increased and I is decrease at the same time.

For the variation in the process the diode parameters n and /, are changed and the V¢
can be increased by this change. The correlation of the morphology with the ideality could
be verified. With this morphology change it was possible to obtain a higher /g at the same
time (Figure|5.14 in section|5.1.4).

5.2.3 Discussion

In this section the relevant parameters influencing the open circuit voltage Voo were deter-
mined to be n and /. This influence can be verified by controlled doping and de-doping of
the polymer solution and by changing the morphology via the process. It was not possible
to change only one of the diode parameters.

The morphology has the larger impact on the Vo and on the efficiency enhancement
than the background doping concentration. The macroscopic simulation shows that the
values n and I of the optimized process are nearly the optimum values for the power con-
version efficiency (Figure and no further enhancement of the efficiency is possible.
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Figure 5.18: a) The values for n (black boxes with n) and [, (red, open circles) for solar
cells, made by two different processes (number 1 and 2, as given in Table 2.1), changes with
the variation in the process. b) The open circuit voltage V¢ increases when changing from
process 1 to 2. In b) the data are presented in box plots, which are a statistical evaluation of
about 15 measurements on single samples. The horizontal lines in the box denote the 25th,
50th and the 75th percentile values. The error bars denote the Sth and the 95th percentile
values. The open square in the box is the mean value of the measurement series.

Losses originating from the difference of the built-in voltage to the flat-band voltage are
not analyzed here, because the uncertainty of the values for the HOMO and LUMO of the
polymer and fullerene are large (see chapter 2.2)), so that the extent of this loss is not clear.

5.3 The Fill Factor f f and the Photoshunt

In this section, the influence of the parameters of the macroscopic simulation on the fill fac-
tor f f will be investigated. Based on these findings, the relevant parameter will be examined
and tests for improvements are done.

5.3.1 The Relevance of the Single Parameters of the Macroscopic Sim-
ulation on the Fill Factor

In contrast to the /g and the Vip, the fill factor is an artificial factor, representing the diode
parameters n, I and the resistances. The macroscopic simulation is used for calculating the
expected fill factor and efficiency. The relevance of the simulation parameters (n, Iy, Vi,
ut, R, and R,) will be evaluated by varying pairs of simulation parameters, keeping the
other simulation parameters fixed.

The results are shown in Figure [5.20. The fill factor as a function of n and I, forms a
saddle. The influence of the diode parameters n and I, on the fill factor is opposite to the
dependence of the Vo on the same parameters. Therefore the efficiency can nearly not be
further increased (Figure 5.19), even if the fill factor could be higher.

The two resistances 17, and 7, show an expected influence on the fill factor: the higher
the parallel resistance [?, and the lower the series resistance %, the higher the fill factor.
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Figure 5.19: The maximum power point mpp vs. n and [ as calculated from the macro-
scopic simulation. The color is correlated with the value, as a guide for the eye and shown
in the legend. The black circle marks the coordinates for the optimized process#2.

The series resistance is already on the limit and has no potential for further optimization of
the fill factor. The parallel resistance still has a huge potential for a fill factor and efficiency
optimization, as shown in Figure (a) and (b).

The influence of the ;7 - product on the fill factor is only visible for unfavorable values
of the u7 - product (Figure 5.20 d). It is possible to decrease the fill factor with too low
values of the u7 - product, but it has no potential for further optimization of the fill factor.

Hence, we conclude, the parameter, with the highest potential for an optimization of the
fill factor and efficiency is the parallel resistance. Optimization and investigation of the R,
will be done in the next paragraph.

5.3.2 Variation of the Shunt with the Illumination Intensity: the Pho-
toshunt and its Origin

In this subsection, the origin of the shunt under illumination is investigated and experi-
ments for reducing the shunt are discussed.

When comparing the values for the shunt 12, in the dark and under illumination, a de-
crease of the shunt with illumination can be seen. A test series with different bottom elec-
trodes, where the shunt in the dark was varied over 3 orders of magnitude, showed, that the
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Figure 5.21: Dependence of Rp on light intensity. a) Given is the value for the R, in the dark
(closed squares) and under illumination with 100mV c¢m ~2 (open squares) for an experiment
series with different bottom electrodes. This variation of the bottom electrodes gives a large
variation of the R, in the dark. This variation of dark 2, has nearly no influence on R,
under illumination. b) The value of the photoconductivity vs. the light intensity (boxes)
in a double logarithmic representation and a line with slope 1. The photoconductivity is
proportional to the illumination intensity.
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Figure 5.22: a) IV curve, measured until —1V'. The slope, representing the photoshunt, can
be seen up to high voltages and current (red line). If the slope would be due to a field depen-
dent charge extraction, the maximum light generated current would reach about 17mA/cm?.
For this current an EQE above 100% would be necessary which is also measured (b) when
going from OV (circles) to —4.8V reverse bias (squares) .
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(a) b)

Figure 5.23: Two possible scenarios for explaining the photoshunt in the bulk heterojunc-
tion, as shown in Figure (a) The band diagram is given for reverse bias. One contact has
a non zero probability to inject carriers in both materials, e.g. the metal injects holes into the
polymer (additionally to injecting into the PCBM, which is allowed). (b) Conduction paths
are contacting the top and bottom electrodes. A part of the area of the contact is failing and
forms an ohmic contact with the both materials. In both scenarios conductive paths from
one electrode to the other are formed.

shunt under illumination is always at one level (Figure 5.21). The shunt under illumination
is independent of the value of the shunt in the dark. Therefore the value of the shunt under
illumination, which is the important one for solar cell efficiency, can not be due to the typ-
ical shunting mechanism, due to imperfections in the semiconductor layer leading to direct
connection of one electrode to the other.

A reduction of the shunt is equivalent to an increase of the conductivity in reverse direc-
tion. The additional contribution to conductivity in reverse direction is proportional to the
light intensity (Figure |5.21) and because the carrier density is proportional to the light inten-
sity, the conductivity is proportional to the carrier density. This is the normal characteristic
of photoconductivity of a single material, according to equation

Olight = 10+ [+ E. (5.7)

The change of the slope in reverse direction under illumination can not be the field driven
charge extraction, where the additional current is due to an increase of the extracted photo-
generated current. Figure|5.22(a) shows that at —1V/ bias the current is already 17mAcm =2
which is a too high current to be explained by the absorption of the used materials. An EQE
above 100% was measured under reverse bias (Figure [5.22b). The EQE is measured using
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lock-in-technique, therefore this value is corrected for the dark current due to the dark shunt.
Such high value of the EQE can be only explained with the extraction of primarily photo-
generated carriers additional to injected and conducted carriers, where either the injection
or the conduction has to be light dependent. The conductivity in reverse is linear with the
light intensity, which can not be easy explained with a light dependence of the injection, but
with the simple model of photoconduction in one material.

The interpretation of the reduction of the shunt resistivity is a photoconductivity in the
reverse direction. This means, that one of the electrodes is failing. Therefore one material
can form an ohmic contact with both electrodes and conductive paths are formed between
both electrodes via one of the bulk materials (polymer or fullerene). This failure of the
electrode can be explained with two scenarios (Figure [5.23), where the assumption is made,
that the top electrode is the failing electrode: First scenario is an injection of holes from
the top electrode into the HOMO of the polymer under reverse bias. There is a non-zero-
probability for this injection and the injected carriers can than be transported via the polymer
to the bottom electrode. The second scenario is, that a part of the top electrode fails and
forms an ohmic contact to the polymer. From this parts the carriers are conducted via paths
to the other electrode.

Both scenarios have the prerequisite of interpenetrating paths of one material, from one
electrode to the other. Both scenarios have a probability factor for the failure of the electrode.
With an insertion of a hole blocking layer at the top electrode or an electron blocking layer
at the bottom electrode, it should be possible to reduce this probability factor and to increase
the R, under illumination. Such tests are performed and the results (Figure [5.24) show that
the slope in reverse direction is lowered with the insertion of the extra blocking layers and
the value of the shunt 2, is doubled for samples with blocking layer in comparison to the
reference samples.

The fill factor can only be increased for samples with the top hole-blocking layer and
not for the electron blocking layer (Figure 5.24¢). This is a hint that the top electrode partly
fails and the polymer is the photo-conducting material.

The shunt, which is the parameter with the highest optimization potential for the fill
factor, is light dependent. The IV-curves in reverse direction show a photo-conductivity,
beside the extraction of photo generated carriers. This could be explained by continuous
paths of one electrode material to the other via one of the absorber materials. With the
insertion of hole blocking layers the shunt resistance and the fill factor could be increased.

5.4 Discussion

In this chapter a set of experiments and evaluation methods were shown, which allowed an
analysis of loss mechanisms and efficiencies of the processes of the energy conversion.

The zero bias experiments, allows to probe the efficiencies of the single steps of the
photon to electron conversion process: charge generation, separation and transport. For the
analyzed system, a loss in the charge separation was observed. Excitons generated on the
electron acceptor were not separated without loss. This could be explained by too large
domain size of the electron acceptor and by changing the morphology the loss could be
reduced. Further deficiencies are due to the material combination used for the bulk hetero-
junction: the absorption spectra of the polythiophene and the fullerene allow no absorption
for photons with energies below hr < 1.9eV, due to the bandgap of the polymer.

The extended one-diode equivalent circuit allowed to determine losses in fill factor and
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Figure 5.24: (a) IV-curve for the reference cell (black) and for the cell with inserted hole
blocking top (green) and electron blocking bottom layer (red) . (b) The value for the R, for
the reference and the additional top and bottom coatings. (c) The fill factor for the reference
samples and for samples with additional bottom and top coating.



CHAPTER 5. ANALYSIS OF THE LOSSES IN THE POWER CONVERSION
70 EFFICIENCY

| [MA/cm?]

02 00 02 04 06 08
voltage [V]

Figure 5.25: IV-curve, measured on optimized sample. The efficiency parameter of these
optimized cells are in the range of: Isc = 11..15mAcm=2, Voo = 610..630mV, ff =
58..65%, n = 4.7..5.2%. These parameters are for illumination with 100mWem =2 AM1.5
simulated light, without correction for the spectral mismatch.

in the Ve in comparison to the flat-band voltage Vip. Losses in Vg in respect to the
built-in voltage Vj; could be due to the contacts, but were not investigated here. Losses
in the V}; due to the energetic levels of LUMO — HOMO are due to the used material
combination. No tests and investigation regarding these losses were done. The open circuit
voltage is influenced by the diode parameters n, [,. The saturation current density /; could
be influenced by the impurity density and the morphology. The ideality was shown to vary
with the morphology. The morphology has larger influence on the reference system than a
change of the impurity density. The expected dependence of the open circuit voltage with
the diode parameters could be verified. With the change of the morphology an increase in
both the V¢ and the I was demonstrated.

The fill factor is limited by the photoshunt. The photoshunt is the effect of a decrease of
the shunt resistance with the illumination intensity. Measurements regarding the photoshunt
led to the interpretation of the photoshunt as a photoconductivity in the reverse direction.
This photoconductivity is due to conductive paths in one material from one electrode to the
other, where one of the electrodes is partially failing and injecting carriers into the wrong
material. With the insertion of a hole blocking layer between the active layer and the top
contact, the photoshunt can be reduced and the fill factor increased. The expected depen-
dence of the fill factor with the shunt resistance could be verified.

With this loss analysis it was possible to determine the relevant loss mechanisms. The
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losses for the efficiency parameters /s¢, Vo and fill factor are determined. The loss in the
Isc, representing the product of the single conversion steps, charge absorption, separation,
transport and extraction, is determined to be in the charge separation. The open circuit
voltage can be increased by improving the morphology, which led to a more favorable diode
ideality n and saturation current density /. The fill factor is limited by the photoshunt. By
reducing these losses the overall efficiency can be increased to white light efficiency of over
5% (Figure 5.25), the highest value for polymeric bulk heterojunction solar cells reported
so far.
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Chapter 6

Degradation

In this chapter the loss evaluation procedure introduced in chapter |5 is used for analyz-
ing ageing effects of solar cells performed under different test conditions. First, possible
parameters for accelerating the degradation are evaluated. In the second section, the accel-
erated degradation is analyzed with the methods introduced in chapter 5/ to determine the
degradation mechanisms.

Organic based solar cells have the potential to be significantly cheaper produced than
conventional semiconductor solar cells, while offering at the same time high environmental
compatibility of the production process. However, experience gained during the develop-
ment of comparable organic technologies like the OLED (organic light emitting diodes)
technology shows that lifetime and stability is a major issue for all organic opto-electronic
devices. High quality semiconductor processing, packaging and sealing is required for sta-
ble devices, and in the meantime lifetimes exceeding by far the required 25.000 hours have
been achieved for the OLED technology.

Operational stability is one of the key parameters for solar cells, being decisive for the
rentability. A simple rule is that the produced W - h (operational hours) multiplied by the
energy costs must match the production costs of the device. Under the assumption that the
EURO/Wp costs of organic solar cells will be less than 1/4 of inorganic solar cells, lifetimes
in the order of at least 5 years are required for organic solar cells.

Better control and understanding of the parameters limiting the lifetime is necessary.
Thus, it is of importance to establish a fast and reliable routine for the lifetime analysis
of organic solar cells, allowing evaluating and predicting the quality and stability of novel
semiconductors, electrodes and packaging materials.

As method to study the lifetime of polymeric solar cells we discuss the suitability of tem-
perature accelerated lifetime analysis and current accelerated lifetime analysis to determine
the opto-electrical stability of the conjugated polymers. In the first section, the acceleration
constants K (1), K(P;4n) are determined. In the second section, the degradation mecha-
nisms are analyzed.

Part of this work is published in [74]

73
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6.1 Accelerated Life Time Analysis

6.1.1 Introduction to Accelerated Life Time Analysis

Accelerated life time analysis is a traditional tool to predict failure correlated to specifically
selected stress. Normal life time testing involves analyzing times-to-failure data (of a prod-
uct, system or component) obtained under normal operating conditions in order to quantify
the life time characteristics of the product, system or component. In many situations, and
for many reasons, such life data (or time-to-failure) are very difficult, if not impossible, to
obtain. Another limiting factor is the time required for testing, which can, in the case of
solar cells, exceed 20 years, and finally, the complexity of selective component testing in an
integrated product motivates the need for a fast and selective life time analysis and predic-
tion. Due to these reasons and due to better understanding of single component as well as
complete product failure modes, accelerated life testing has become popular over the years.

ALT is used to quantify the life characteristics of the product, component or system
under overstress conditions. Products like an organic solar cell are expected to perform
their functions successfully for long periods of time, typically for years. Obviously, for a
producer to remain competitive, the time required to obtain times-to-failure data must be
considerably less than the expected life of the product. Further, ALT is used to analyze
failure of components under overstress conditions. Overstress acceleration is also used in
degradation measurements presented in this work. The most common accelerated tests con-
ditions are:

e High temperature and/or temperature cycling and/or temperature gradients

Power cycling / voltage cycling / power extremes / voltage extremes

Humidity

Radiation
e Mechanical shock and stress/ vibrational tests / creep-stress relaxation tests.

Some of the accelerated test equipment enables to carry out a combination of these tests.
For instance, temperature/humidity test (typically 85°C' / 85% RH ) are frequently used for
electronic components and products, while illumination/temperature is a popular couple for
material testing. As the accelerated test conditions for the organic solar cells discussed in
this work, temperature and illumination is selected, aiming to investigate material stability of
the semiconductor and the electrodes respectively. Acceleration or stimulation of the failure
mechanism is performed at various temperatures (40..95°C') and under constant illumination
of approximate 1/3 sun, and under constant temperature 7" = 85°C' and various illumination.
[Mlumination was provided by standard halogen lamps, no additional measurements were
taken to block the UV part.

6.1.2 Determination of Degradation Constants
6.1.2.1 Accelerated Life Test Models

Qualitative ALT demands a life test model to correlate the specific accelerated stress to
a device or material parameter. It is expected that an accelerated life test model is simple
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enough, yet meaningful, to investigate the specific device in question. A good life test model
should be suitable to account for the role of materials, structures, environmental conditions,
etc. Some major ALT models frequently used for electronic components are the Arrhenius
Equation, the Eyring Equation and the Power Law. The single models are introduced in
more details below.

One of the most frequently used models is the Arrhenius-Model, which is derived for
processes with first order kinetics. The degradation constant for this model is defined by

Equation (6.1)

kdeg:A'el’p(kBE;) 6.1)

Here, F, is the activation energy in eV, kp the Boltzmann constant 8.62 - 10~°eV K1,
T the temperature and A is a constant dependent on the degradation mechanisms and the
experimental conditions. Typical processes properly described by the Arrhenius model are
material related, like the trapping behavior of charge carriers or structural and chemical
changes of polymers. All these processes have in common that a certain activation energy £,
has to be overcome. Thus, the kinetics of these processes is strongly temperature dependent.

An extension of the Arrhenius model is the Eyring model, which takes into account
different influences than temperature. In the case of solar cell or photodetector degradation,
this could be for instance the light intensity or the applied bias. The acceleration factor is
given by equation (6.2)

—F, C
/{Zdeg =A- T“ea:p {(ﬁ) + Sl (B + f)] (62)
B

The additional stress Sy, influencing the device property via the parameters «, B, and C' is
additive to the Arrhenius part in the exponential term, kz and T" are as defined above. In the
case of multiple stressing and variation of parameters, the model can be extended to stresses
S1, So, Ss.... and parameters (B, Cy), (Bg, Cs), (Bs, C3) etc. The Eyring model certainly
is better dedicated to describe more complex degradation behavior. In the case that careful
control of the experimental methods prevents additional stress factors Sy, Ss... and, if « is
negligible, the Eyring model collapses into the Arrhenius model. For the analysis presented
here, additional stress variables have been carefully prevented; all measurements have been
performed under constant illumination and in the photovoltaic mode.

A third popular accelerated life test model is the inverse-power-model, which is fre-
quently used for electronic or dielectric products (equation (6.3)).

kgeg = A V7 (6.3)

Here, V is the stress (typically applied voltage or current) and A and 7y are product (compo-
nent, material) specific parameters. Acceleration models of this type are more relevant for
organic light emitting diodes, transistors or photodetectors operated under constant temper-
ature stressed by different bias or current levels.

6.1.2.2 Selection of Monitored Parameters

The essential photovoltaic parameters are the photo-induced current density /g¢, the open
circuit voltage V¢, the fill factor f f and the maximum power point m,,,, representing the
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Figure 6.1: Transient behavior of m,, versus time (full squares). The line is a fit according
to equation (6.4).

power conversion efficiency. The temperature acceleration of the maximum power point
my,p 1s evaluated, as this is the most decisive parameter with respect to degradation of the
whole device. The other parameters, like the serial and parallel resistivity, the fill factor and
the photogenerated current will be discussed in the second section.

It is important to note that during the experiments no real life time is measured, but,
only the change of a property of the device due to degradation over time. Subsequently this
change has to be described by a mathematical model, and extrapolation will allow to predict
the life time of the device [75,76].

6.1.2.3 Determination of the Degradation Kinetics

Figure (6.1 shows a typical transient behavior of the m,, of a reference device (process #1)
over time, measured under illumination with approximate 1/3 sun and at 40 °C.

In order to determine a degradation constant k4., from experimental data, a mathematical
model for the time dependence has to be assumed. Both, a linear (equation (6.4)) and an
exponential model (equation (6.5)) were applied to the experimental data. It can be seen,
the linear model describe the data received significantly better.

Mpp = mpp(o) * (1 - kdeg ' t) (64)

Mypp = Mypp(0) % exp(~Fdeat) (6.5)

In order to calculate an acceleration factor, we have to describe the temperature dependence
of the degradation constant. The Arrhenius type degradation model (equation (6.1)) is ap-
plied for evaluation of the temperature dependence. Please note that this is an assumption,
which has to be justified by the quality of the model to describe the experimental data.
Four different temperatures were chosen as acceleration factors, ranging from 7' =
40..95°C. All devices were encapsulated between glass plates and illuminated by halo-
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Figure 6.2: Temperature dependence of the acceleration factor K (full circles) and pre-
diction of the Arrhenius model according to equation with an activation energy of
220 meV (line). The reference temperature is 298 K.

gen lamps, with approximate 30m W cm =2 illumination intensity. At least 16 devices were
tested for each condition to allow statistical evaluation.

For each temperature a new set of devices entered the degradation. Devices were char-
acterized before degradation under 1 sun to guarantee initial performance at an compara-
ble level. The treatment was performed until m,, dropped below 50 % of the initial m,,,
value. For each device, m,, was evaluated as depicted in Figure 6.1/ and k., was deter-
mined according to equation . The acceleration factor K for the single temperatures
was determined under the assumption of an Arrhenius model according to equation (6.6)

_Kaeg (1) [Ea (1 1
K= Foeg (T) = exp |:kB (T T’)] . (6.6)

Figure shows the acceleration factor K for the different temperatures. The excel-
lent agreement of the experimental data to an Arrhenius dependence of the degradation
constant justifies the applicability of this model. The slope of the Arrhenius plot repre-
sents the activation energy F, for the accelerated degradation. An activation energy £, of
E, =220 & 30 meV is determined.

Degradation measurements at a constant temperature of 7' = 85°C' and under various
illumination intensity were done. As the exact illumination intensity could not be measured
for each single cell, the starting value of the short circuit current /g¢(t = 0) is taken as
the stress parameter. The short circuit current represents the illumination intensity, because
the photogenerated current is proportional to the light intensity. Reference measurements
for the cells were done to make sure all samples were starting from a comparable efficiency
level. The degradation constant was evaluated for every sample according to equation .

Figure 6.3/ shows the dependence of the degradation constant with the short circuit cur-
rent. No correlation of the degradation constant K 4., with the /sc can be detected. The
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Figure 6.3: Illumination intensity dependence of the degradation constant k4, (full squares).
The illumination intensity is represented by the short circuit current density /g¢.

statistical variation is larger than any visible trend.

6.1.2.4 Discussion

ALT is a proper tool to predict lifetimes of organic solar cells. Ambient temperature has been
proven as a powerful acceleration factor. For solar cells made by process#1, the evaluation
of acceleration shows a 25 times faster degradation at 85°C' compared to 25°C'. The accel-
eration of degradation by enhanced temperature can be described by an Arrhenius model,
yielding an activation energy of £, = 190..250 meV'.

With this acceleration factor the accelerated lifetime measurement can be evaluated to
predict the lifetime of the samples at room temperature or at 50°C', which is expected to
be the temperature under constant illumination with 1 sun. Figure shows the ALT mea-
surement of a sample (process#1), measured at 85°C'. The time until the performance drops
below the 50% level is about 2400h. This corresponds to a lifetime of about 58000/ at
room-temperature (25°C") and of nearly 12000A at 50°C'. With expected 2000h of sun shine
per year (Germany - upper limit) [60], this corresponds to a lifetime of about 6 years.

Morphology changes of the blend or of single components as well as the formation
of electronical defects (e.g. formation of shunts) may be responsible for the temperature
acceleration. However, the origin for the temperature acceleration is not fully understood
and will be further discussed in the next section.



6.2. DEGRADATION MECHANISM 79

Degradation @ 85°C

100

75

>

S, 50

o t,,~2350h @ 85°C

o

e 251 =>t  >58000h @ 25°C

=>t,~12000h @ 50°C

0

0 500 1000 1500 2000 2500
time [h]

Figure 6.4: m,,, vs. time for an ALT measurement at 85°C'. The predicted lifetime (see inset)

at 25°C and 50°C is calculated by using the acceleration constant X = exp [kE—; (% — %)]

and the activation energy F, = 190..250meV .

6.2 Degradation Mechanism

In this section the mechanism of degradation will be investigated in more details. The IV-
curve is analyzed for samples in different states of degradation. The analysis will be done
with the extended equivalent circuit.

For the degradation many mechanisms are possible. The following are discussed in more
detail:

e the change of the organic material itself, e.g. due to oxidation
e oxidation of the electrode

e delamination of the electrode

e change of the morphology

e formation of shunts

These mechanisms are expected to show different fingerprints in the cell performance, which
allows to differentiate between these mechanisms. The analysis is done for samples made
by process#2.

6.2.1 Measurements and Results

A change of the organic material is expected to show up in the absorption spectra of the
sample. With the oxidation, the conjugation length of the polymer is decreased and should
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therefore change the absorption. If it gets too short, the polymer is bleached. A change in
the absorption is not visible for the samples investigated, if analyzed by the eye. Therefore
a degradation of the material itself does not seem to be the reason for degradation of the
samples, although it can not be ruled out completely and will be discussed later on.

The other degradation parameters can be analyzed in terms of electrical properties of the
devices under test. In Figure 6.5,16.6,/6.7,16.8 and[6.9 the analysis of electrical parameters
of the solar cells extracted from the current - voltage characteristics are shown, according
to the IV-curve discussion (chapter and the extended equivalent circuit (chapter .
The I'V-curves were measured during the degradation of samples kept at 85°C' and under
illumination with white light (30mW em=2).

The degradation analysis shows a change of the degradation mechanism after about
tehange = 1000h. Nearly all parameters show a different behavior until ¢.p,4,4 compared
to times ¢ > tcpange- The my, and Isc (Figure 6.5) are nearly constant until ¢.pqnge and
show a fast decrease for ¢ > ¢.pqnge. The parallel resistance is increasing within 20-30 hours
and remains constant for the rest of the measurement, as seen in Figure 6.7(a). The series
resistance shows a slight increase for times ¢ < t.pange and is increasing fast for t > ¢ pange
(Figure 6.7b). The open circuit voltage (Figure [6.6b) is decreasing in 20-30 hours and
shows a slight decrease for the rest of the measurement. The fill factor (Figure |6.6a) shows
an increase within 20-30 hours and a steady decrease for times ¢ < lcpange. FOr times
t > tehange the fill factor is decreasing faster. The diode parameter n and I are constant for
times ¢ < tcpange and increase fast for time ¢ > t.pange (Figure 6.9). The flat-band voltage
Vrp and mobility-lifetime product ;7 were measured under the solar simulator condition at
25°C, interrupting the degradation measurement. The V5 shows a large drop from the first
to the second measurement and stays nearly constant for the rest of the measurement. The
p7 - product stays nearly constant for times ¢ < t.pqnge and is then decreasing.

6.2.2 Discussion

First the region of nearly constant 1, for times smaller ¢ < f.jqnge i discussed. The slight
decrease of the m,,, is due to a steady decrease of the fill factor and the open-circuit voltage
(Figure [6.6). The lowering of the fill factor can be either due to the resistances or due to
the diode parameter, as discussed in chapter (5.3, The series resistance Rg is increasing,
as shown in Figure [6.7(b). The parallel resistance is increasing in the first 20-30 hours,
leading to an small increase of the fill factor and stays constant over the time for the rest of
the degradation. Hence, the degradation is not due to the formation of shunts. The diode
ideality n and the saturation current I, are not changing until .44 significantly. The
morphology is not changed until ¢.4nge.. Also the 7 - product is unchanged until ¢ p,qnge-
Therefore the slight decrease of the fill factor can only be due to an increase of the series
resistance. This could be explained by a change of the contact. Both, an oxidization or a
delamination of the contact may lead to a decrease of the conductivity in forward direction
and, thus, lead to a change of the work function of the electrode. This can be seen in the
drop of the flat-band voltage. This lowering of Vg also explains the temporal decrease of
the Voc. The decrease of the open circuit voltage at the beginning of the measurement is
unclear, as this effect is faster, than the measurement periods of n, Iy, Vrp and the u7 -
product.

For times ¢ < fcpange, @ slight degradation of the solar cell can be seen (Figure6.5). The
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for samples, made by process#2. Given are the relative values, with respect to the starting

values. Lines are drawn as a guide for the eye.

I - h _

o L
6 — 0.75-
-06 3
© N T, 1
*70.50 ‘ o 0.50
L > 0.25
0.45 : : . 0.00 . : -
0 500 1000 1500 0 500 1000 1500
time[h] time[h]

(a) (b)
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Figure 6.7: (a) The parallel resistance and (b) the serial resistance vs. the time for samples,
made by process#2.

origin of this degradation seems to be a change of one of the contacts, leading to an increase
of the R with the time. Further tests were done with the variation of both contacts, in order
to determine the failing contact and mechanism of contact failure, but no clear results could
be obtained. If this change is due to oxidation or delamination and which of the two contacts
is responsible for the degradation is unclear.

For times ¢ > t.pqnge, more parameters are changing in a larger scale. Only the open cir-
cuit voltage, the flat-band voltage and the parallel resistance stay unchanged with time. The
fill factor and the short-circuit current are decreasing and therefore the m,, is decreasing.
This degradation does not seem to be due to the formation of shunts, because the Rp stays
constant. The R, is increasing faster than before.

The mechanism of this fast degradation is unclear. The morphology seems to be changed,
because the diode parameters n and [, increase. This change of the diode can also have an
influence on the transport of charge carriers, indicated by a lowering of the 7 - product and
arise of the series resistance.

The change of the diode is inducing the drop in the fill factor. The fill factor is also
lowered by the increasing series resistance, which can be a hint of a deterioration of the
electrodes. This degradation of one of the electrodes, could explain the decrease of the short
circuit current, e.g. due to an increase of surface recombination. The rapid degradation
could also be due to a degradation of the material itself, e.g. decomposition of the polymer.

To determine the degradation mechanism, additional measurements have to be be done:
absorption and EQE on the degraded samples, chemical analysis, trap-spectroscopy, just to
name a few of them.

The origin of the turn over of the slow to the more rapid degradation, with a change
of the degradation mechanism at a time ¢ = %.,qn4e 1s unclear. Such change can be seen
more often (e.g. Figure and the origin of this turn over would be interesting therefore.
It could be due to a failure of sealing, e.g. due to cracking of the glue under the elevated
temperature with the time, but no measurements were done to prove this.
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6.3 Conclusion

In this chapter, the temperature accelerated lifetime analysis is proven to be a proper tool for
predicting lifetimes of organic bulk heterojunction solar cells. The illumination intensity is
not suitable as an acceleration factor for the lifetime testing of organic bulk heterojunction
solar cells.

The degradation mechanism can be analyzed with the temperature accelerated lifetime
analysis. Three degradation mechanism are evaluated. First, the degradation of contacts
may cause a slow decrease of the fill factor. The internal flat-band voltage is lowered,
causing a decrease of the open circuit voltage. These two effects lead to a slow decrease
of the efficiency. After about 1000h the degradation mechanism changes toward a faster
degradation. The mechanism of this fast degradation is unclear and more measurements
have to be done in order to reveal the degradation mechanism.



Chapter 7

Conclusion and Outlook

7.1 Summary

In this thesis, the losses in the power conversion efficiency of organic bulk heterojunc-
tion solar cells are discussed. The power conversion efficiency is the product of three IV-
characteristic parameters, such as short circuit current, open circuit voltage and fill factor,
which are analyzed separately. Further, the degradation is analyzed with the temperature
accelerated lifetime testing. These evaluations are done on one model material combination
of a conjugated polymer and a fullerene as the electron donor and acceptor, respectively.

The efficiency and degradation analysis was done by using two models describing the
bulk heterojunction. The first model is a microscopic description of the bulk heterojunction
with the transport, Poisson, rate and the electron continuity equations. The second model is
an extended equivalent circuit (macroscopic) model, where the standard 1-diode equation is
extended with a field driven photo-current-source, as suggested by the microscopic model.

The efficiency parameters /g¢, Vo and f f can be analyzed by different techniques. For
each efficiency parameter suggestions for an improvement are done and tested.

The short circuit current /g~ summarizes the single particle conversion efficiencies of
the photon to electron conversion. These conversion steps are the photon absorption and
charge generation, the charge separation and the charge transportation and extraction. A set
of measurements allows to distinguish between the efficiencies in the particular conversion
steps and to detect relevant losses in the conversion efficiency.

The optical measurements show absorption of the substrate and the interfacial layer of
about 10%. The substrate reflects about 10% of the incident light. The transport measure-
ments indicate, that the charge transport takes place without losses for thicknesses of the
active layer up to the drift length dg,;s+ ~ 0.4..0.5um. The EQE and IQE measurements
prove this loss free charge transportation and extraction. The latter measurements also show
a loss in the charge separation for charges generated at the fullerene.

The loss in the charge separation is interpreted, to be due to too large domains of the
fullerene in respect to the exciton diffusion length. Charges generated on the fullerene do
not always reach the separating interface to the polymer, but recombine before. With a
change in the morphology, the fullerene domain size can be reduced and the loss in the
charge separation is reduced. Further improvements should be possible by introducing an
anti-reflection coating or by exchanging the used material combination by polymers with a
absorption shifted more to longer wavelengths, in order to absorb more effectively in the red
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part of the solar spectrum.

Losses in the open circuit voltage were satisfyingly explained by the macroscopic model.
The photogenerated carriers are field driven, therefore the field dependence of the photocur-
rent has to be taken into account. The driving field is the sum of the internal field and the
applied voltage. The internal field is limited by the splitting of the quasi-Fermi-levels and
can be reduced by non-ohmic contacts and carrier accumulation.

The IV-characteristics of the organic bulk heterojunction solar cells are analyzed with
this model and the model parameters are extracted. Simulations are done, with changing
pairs of these model parameters, to predict the dependence of the open circuit voltage of
these parameters. The most pronounced dependence is observed for the diode parameter ide-
ality n and saturation current density /y. The saturation current density could be influenced
by the doping of the polymer solution. Also the dependence of the open circuit voltage with
the saturation current density was observed, which supports the extended equivalent circuit
model. The total efficiency is not improved by this variation of the doping level. Both the
ideality n and the saturation current density [, can be changed by a modification in the
morphology. With this change, the open circuit voltage can be increased. The predicted de-
pendence of the open circuit voltage with the diode parameters, by the macroscopic model,
is verified.

The fill factor was analyzed within the macroscopic model. The mostly limiting param-
eter for the bulk-heterojunction solar cells, investigated in this thesis, is the shunt resistance.
Further analysis of the shunt resistance shows, that the shunt resistance under illumination
is a photoconduction of carriers on one material from one electrode to the other, called pho-
toshunt. This photoshunt is due to a partly failure of one of the electrodes, most probably
the metal electrode. With the insertion of a hole blocking layer in between the bulk hetero-
junction and the metal electrode, the shunt resistance under illumination and the fill factor
were improved.

With these measurements and evaluation, based on the extended equivalent circuit, the
limiting parameters in the power conversion efficiency could be determined. Experiments,
done for reducing the limitations, which are due to the processing, were successful and led
to a power conversion efficiency of 5% under simulated white light illumination.

The accelerated lifetime analysis is evaluated for the bulk heterojunction solar cells. The
ambient temperature was found to accelerate the degradation of bulk heterojunction very
effectively. The acceleration factor follows the Arrhenius-law with an activation energy of
220meV. The illumination intensity is no stress factor. The predicted lifetime of the bulk
heterojunction solar cells is estimated to be 50000h at room-temperature or 12000h at 50°C.

Three different degradation mechanisms are detected. A fast degradation of the open
circuit voltage within the first couple of 10h is of unclear origin. This degradation is com-
pensated by an increase of the fill factor in the same time period.

For the first approximate % of the degradation, a slight decrease of the fill factor and the
open circuit voltage can be seen. This is interpreted as a degradation of the contact, either
due to oxidation or delamination.

For the rest of the degradation a faster decrease of the fill factor and photogenerated
current was found. The mechanism of this fast degradation is unclear. It may be due to
a change of the morphology, however the degradation of one of the used electrodes and
materials is possible, too.
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Figure 7.1: Example of a large, flexible module. Picture taken from [77].

7.2 Outlook

The efficiency of the organic bulk heterojunction solar cells can be increased to 5% and the
predicted lifetime of these cells is larger than 6 years. The next steps would be to transfer
this to a flexible, large area device (Figure|7.1), produced by a cheap process. The up-scaling
will cause limitations due to the series resistance, which will increase as the feed-resistance
will increase. Also the shunt may become a larger problem, when the parallel resistance in
the dark is decreasing due to film inhomogeneities. There will be a loss due to the ratio of
used area to the total area of the substrate.

This may lead to a drop from the 5% to a lower value. As this 5% is an aim for commer-
cializing the organic solar cells, such value of the efficiency in the module is at least needed
and therefore the efficiency has to be increased.

For the next efficiency enhancement there are two possibilities. With this material com-
bination only the fill factor and the open circuit voltage may be increased a bit. For an
increase of the photocurrent or a significant increase of the open circuit voltage other mate-
rial combinations have to be used.
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