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1 Introduction

Modern life is governed by a worldwide increasing energy demand that is currently
mainly covered by fossil fuels such as coal, oil or natural gas. Due to limited re-
serves, a depletion of the fossil resources is inevitable and enforces the search for
alternative energy sources that are inexaustibly available. Geothermal, wind and
tide energy are some examples for such renewable energy sources. However, by far
the greatest and most stable energy source is the sun with a yearly power provision
of 23000 TW (see Figure 1.1 for comparison of renewable and conventional energy
resources), suggesting that the terrestrial energy future will be solar based.|[1]
Solar cells convert the energy provided by the sun directly into electrical power and
have the highest potential of any renewable technology.[2] The photovoltaic tech-
nology currently dominating the market is based on mono- or polycrystalline silicon
with power conversion efficiencies (PCE) up to 25%.[3, 4] However, silicon-based cell
modules require a very cost intensive production due to high processing tempera-
tures and large amount of material needed.

Therefore, the alternative material class of organic semiconductors made from con-
jugated small molecules or polymers, has raised considerable attention. Conductive
properties of polymers had already been discovered by Heeger, MacDiarmid and Shi-
rakawa in 1977 awarding them the Nobel Prize in Chemistry.[5] However, the birth
of the organic solar cell was a decade later in 1986 when Tang combined an electron
donating and an electron accepting material which substantially increased the power
conversion efficiency of photovoltaic cells made of organic semiconductors. [6]
Another milestone was the introduction of the bulk heterojunction (BHJ) solar
cell consisting of intermixed donor and acceptor small molecules which have been
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Figure 1.1: Global Energy Potential. Comparison of renewable and conventional energy
reserves. For renewables the yearly potential is shown in terawatts (TW) and for the
conventional sources the total recoverable reserves are shown in terawatt-years (TW-yr).
The volume of the spheres is proportional to the amount of energy they represent. Global
solar power of 23,000 TW refers to the earth’s total land mass with atmospheric losses
taken into account. The worldwide energy consumption was 16 TW in 2009.[1]



coevaporated.[7] With this device architecture the majority of photogenerated exci-
tons were able to reach a donor-acceptor interface within their lifetime, allowing the
use of larger layer thicknesses and thereby increasing the absorption efficiency and
photocurrent. In 1995 the groups of Heeger and Friend independently demonstrated
efficient BHJ devices from polymer-fullerene and polymer-polymer solutions.[8, 9]
A few years later the combination of the donor polymer poly(3-hexylthiophene)
(P3HT) with the acceptor molecule phenyl-Cg;-butyric acid methyl ester (PCBM)
was shown to achieve an external quantum efficiency (incident photon to electron
conversion) of 70%.[10] Morphological optimization of the PSHT:PCBM blends by
using high boiling point solvents and thermal annealing pushed the efficiency up to
4.4%.[11] Further efficiency improvements beyond the limit of 5% were achieved by
the development of new so called donor-acceptor copolymers, containing electron-
rich (donor) and electron deficient (acceptor) subunits. Copolymers show a reduced
band gap compared to homopolymers, allowing for increased photon harvesting due
to an optimized match to the solar spectrum.

The greatest advantage of all these carbon based molecules or polymers is a com-
paratively easy chemical synthesis at low temperatures and low costs. Chemical
synthesis also enables the fine-tuning of the energetic or optical properties, such
as energy levels or the band gap, adjusting to special requirements. Furthermore,
most of the compounds are soluble which offers the use of low temperature printing
techniques, potentially reducing material consumption and production costs. The
flexibility and low weight of the materials compared to inorganic materials open up
new possible applications such as solar cells on clothes or bags as mobile cell phone
chargers.

The field of organic solar cells has made tremendous progress in the last 15 years
(Figure 1.2), even surpassing the 10% benchmark for commercial application with
multijunction cell structures.[12, 13] However, for a realistic competition with in-
organic solar cells, both the power conversion efficiency (PCE) and the long time
stability of the devices need to be further improved. Most of the efficiency improve-
ments in the recent years were based on the development on new donor polymers
with optimized energy levels. A fundamental understanding of the exact physical
processes leading to photocurrent in organic solar cells only contributed a minor
part. However, profound knowledge about the fundamental working principles may
enable a more target oriented synthesis of new materials and a faster enhancement
of the PCE.

The object of this thesis is to contribute to a deeper understanding of the under-
lying processes and physical parameters determining the performance of organic
solar cells (OSC) and enhance the ability to compete on the market. The output
current of solar cells is given by the generation of free charge carriers upon light
absorption and their transport to the electrodes in competition to the loss of charge
carriers due to recombination. Although, charge carrier generation, recombination
and transport individually have been subject to intensive studies in the past years
[14-16], there are still inconsistent and conflicting results and conclusions regarding
the exact physical mechanisms and, especially, the contribution of the individual
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Figure 1.2: Reported timeline for power conversion efficiencies of organic solar cells.[3]

processes to the characteristic current-voltage (J — V') output. This can be mainly
ascribed to inadequate or missing experimental techniques or to the fact, that not
all relevant parameters are considered simultaneously.

As an example, at the beginning of this work, the generation of free charge carriers
has been commonly described via an intermediate state of strongly Coulomb bound
electron-hole pairs, called charge transfer (CT) state. According to this theory the
free carrier generation efficiency should strongly depend on the electric field [14],
which was justified by a pronounced voltage dependence of the photocurrent found
for many devices of the early days. However, the photocurrent of recent high perfor-
mance OSC shows only a very weak dependence on the voltage similar to inorganic
solar cells, which can be soley explained on the basis of losses due to nongemi-
nate recombination of free charge carriers.[17] Also, in some of the generally lower
performing polymer-polymer solar cells, fill factors in the order of 70% have been
observed.[18] Obviously, efficient generation of free charge carriers is also possible
without the need of an electric field. This questions the general role of such an
intermediate CT state in the charge generation process.

The critical point is the direct evidence of the effect of an electric field on the free
carrier generation process. Transient absorption spectroscopy (TAS) has been used
to study the kinetics of CT state formation and dissociation [19-22], however these
experiments are usually performed under very high fluences that induce parasitic ef-
fects and distort the results. Furthermore, unequivocal distinction of bound charges
in CT states and free charge carriers is not straight forward, leading to contradicting
results for the same material systems.[19, 21| Beside from TAS measurements, infor-
mation about the field dependence of CT state splitting was gained indirectly from
modelling of J — V' curves.[23-25] However, this procedure relies on independent
information about the lifetime and spacial extent of CT states which is not readily
available.



An elegant way to directly address the field dependence of the free carrier generation
and to estimate the relevance of CT states in the generation process is to perform
Time Delayed Collection Field (TDCF) measurements. TDCF is analogous to a
pump-probe experiment with an optical excitation and an electrical probe. In the
course of this work, the TDCF method was set up, optimized for improved time
resolution and applied for the first time to measure the field dependent free charge
generation efficiency in state-of-the-art organic solar cells.

Before the beginning of this work TDCF had only been scarcely reported and a
detailed analysis of the method was missing. Therefore, in Chapter 3 an analytic
description of the TDCF photocurrent transients is developed, that allows to an-
alyze the benefits and limits of this method and its applicability under different
experimental conditions. In particular, it will be shown that the parameter settings
of laser pulse fluence, extraction voltage and delay time have to be carefully chosen
to obtain reliable results.

As mentioned before, besides the carrier generation, also the recombination and
transport of free charge carriers determines the net current output of OSC. The
physical parameters connected to these processes that can be obtained by experi-
ments are the generation rate GG, the recombination rate coefficient k or free carrier
lifetime 7 and the charge carrier mobility u. In literature often only generation and
recombination of charge carriers are investigated and the measured parameters are
used to model the J — V' characteristics of the devices.[17, 26, 27] However, the
transport of the charge carriers may not be ignored. Especially, if the mobilities of
electrons and holes diverge, accumulation of the slower charge carrier type hinders
the extraction of the faster carrier type. This has an characteristic impact on the
shape of the J—V curve that cannot be grasped by considering recombination losses
only.

On the other hand, a number of studies concentrate on the transport properties
only.[28, 29] These may be able to explain a number of phenomena, however a con-
clusive picture of the solar cell performance and the charge carrier dynamics can
only be obtained when generation, recombination and transport are considered at
the same time.

This is examplarily done in Chapter 4 for two model BHJ systems. PSHT:PCBM
has been the most studied model system for a long time and is also sometimes ref-
ered to as the 'fruit fly’ of organic BHJ solar cells. The blend of PTB7 (thieno|3,4-
b|thiophene-alt-benzodithiophene) with PCBM has reached the record PCE for sin-
gle junction OSC with 9.2% in 2012.[30] Just recently, even higher efficiencies above
10% have been achieved with a modified version of PTB7.[31] The performance of
both systems depends critically on the underlying blend morphology which can be
controlled by the preparation conditions. The morphology-performance relation is
explored in detail in this chapter and is connected to the charge carrier dynamics.
Generation, recombination and transport are primarily investigated by means of
TDCEF revealing the capability of this method. The results are compared to and
complemented by other established techniques.

TDCEF is a transient extraction technique that probes the device in a thermody-



namic non-equilibrium state. Therefore, the boundary conditions are different from
working solar cells under continuous illumination and bias conditions, which may
potentially lead to different results concerning recombination and transport prop-
erties. For this reason a new technique is developed and analyzed in Chapter 5
- Bias Assisted Charge Extraction (BACE) - to measure charge carrier densities
under steady state conditions more precisely than with established methods. The
carrier densities at open circuit conditions can then be used to gain information on
nongeminate recombination in the steady state and will be compared to the tran-
sient recombination behaviour.

The detailed analysis of charge carrier generation, recombination and transport and
the measurement of the relevant parameters provide all ingredients to understand
the specific shape of the J — V' characteristics of the solar cells. In Chapter 6 the
measured values will be used as input parameters in a numerical device simulation
to reproduce the J — V' characteristics for a wide range of illumination intensities.
The very good agreement between experimental and simulated curves for all investi-
gated devices proves that the measurement techniques and device analysis presented
in this work enable a full description of the solar cell characteristics and provide a
profound understanding of the dynamic processes in organic solar cells.

The physical framework needed for a discussion of the experimental and analytical
results will be provided in Chapter 2.

Overall this thesis demonstrates how information on the field dependence of gen-
eration, recombination and transport can be accurately obtained from TDCF mea-
surements. Furthermore, a new method (BACE) is introduced for a more precise
measurement of charge carrier densities in solar cells under steady state illumina-
tion. Altogether, for the first time a conclusive and consistent analysis of all dynamic
processes in organic solar cells is provided and enables a fundamental understanding
of the performance. This concept may be applied to any new material systems and
presents an important contribution to identify the limiting factors of high efficiency
organic solar cells.



2 Fundamentals

This chapter presents the most important physical concepts needed for the under-
standing and discussion of the experimental results of this work. First, the origin
of the semiconducting properties of organic m-conjugated systems is discussed to
understand how this material class can be utilized in organic solar cells to convert
absorbed light into electrical power. This leads to a description of the three funda-
mental processes in organic solar cells - the generation, recombination and extraction
of charges - that will be individually discussed with respect to the most relevant the-
oretical models in literature. Finally, a short overview of the materials studied in
this thesis will be presented along with the most important physical properties that
will be important to understand the device performance.

2.1 Organic Semiconductors

The electrical conductive properties of organic, i.e. hydrocarbon based compounds
are directly derived from the ability of carbon atoms to form molecules with ex-
tended, delocalized m-electron systems. The electronic configuration of a single
carbon atom in the ground state is 1s22s?2p?. However, in chemical compounds, a
mixing of the 2s and 2p orbitals leads to new energetic equivalent hybrid orbitals.
Most relevant for the conducting properties in organic molecules is the sp? hybridiza-
tion. In this configuration, the 2s and two of the 2p orbitals (p, and p,) form three
hybrid orbitals which arrange in a plane. The unhybridized p, orbital stands per-
pendicular to that plane. Each orbital is occupied with one electron. The overlap
of the sp? orbitals of two neighbouring carbon atoms (for example in ethylene, see
Figure 2.1) leads to the formation of strongly localized covalent o-bonds along the
axis of the nuclei. The overlap of the perpendicular p, orbitals forms a more delo-
calized m-bond, leading to a double bond between the carbon atoms.

In an extended chain of carbon atoms the strongly binding o-bonds build up the
backbone of the molecule. Contrary to that, the overlap of the neighbouring p,
orbitals leads to a delocalization of all m-electrons across the entire molecule, which
is called conjugation and in this way contributes to the electrical conductivity. The
electron densities of the m-bonds are located above and below the plane of the sp?
hybridization and have a much weaker contribution to the molecular binding than
the o-electrons. Therefore, the lowest electronic excitations, where an electron in
the highest occupied molecular orbital (HOMO) is excited to the lowest unoccupied
molecular orbital (LUMO), are the m-7* transitions between the highest bonding
m-orbital and the lowest antibonding 7*-orbital. The energy difference between the
HOMO and the LUMO is defined as the bandgap Es and determines the semicon-
ducting and optical properties of the molecule (Figure 2.1).

The chain shall now be extended to an infnite number of carbon atoms. In the
simplified picture of a particle in a box, with the m-electron system being the box
and the number of carbon atoms determining the length of the box, the bandgap
decreases continuously with increasing conjugation length, approaching 0 for infinite
chain lengths. However, according to the Peierls Theorem such one dimensional pe-
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Figure 2.1: Scheme of the formation of molecular m-orbitals in organic conjugated semi-
conductors. Linear combination of the atomic p,-orbitals leads to a splitting into bonding
7 and antibonding 7* orbitals. With increasing number of contributing carbon atoms,
the number of states in the orbitals increases and the bandgap decreases until two ‘w
bands’ are formed, denoted as HOMO and LUMO. Due to the Peierls instability they are
separated by a finite bandgap in the order of one to three eV.

riodic structures are unstable and a redistribution of the bond lengths leads to a
distortion of the symmetry.[32] As a result two bands are formed that are separated
by a finite bandgap. The lower energy band is fully occupied with electrons and
corresponds to the valence band in inorganic semiconductors. The higher energy
band is unoccupied and corresponds to the conduction band.

In reality, in highly extended conjugated systems such as polymers, kinks and twists
of the chain as well as chemical defects lead to interruptions of the m-electron system,
eventually breaking down the chain into different conjugation lenghts. Therefore,
the wavefunctions of the electrons are limited by the size of the conjugated chain
segments and the m-electron system of polymers can rather be described in the pic-
ture of discrete sites than in the classical semiconducting picture of band transport
in inorganic crystals.

The variation of the conjugation lengths in an ensemble of polymer chains leads to
different energetic values of the sites. In addition, each site has a slightly different en-
ergetic environment due to intramolecular influences such as different conformations,
distortions of the chain or substituents and sidechains [33] as well as intermolecular
interactions with surrounding molecules. This leads to a broad distribution of the
HOMO and LUMO energy values in the semiconductor, denoted as energetic disor-
der. Since the broadening of the density of states (DOS) distribution is mostly due
to statistical effects, it is usually described by a Gaussian or exponential function.
The characteristic broadening of the DOS (energetic disorder) becomes relevant for
the physical processes if it exceeds the thermal energy kT



Light Absorption and Exciton Formation in Organic Semiconductors

Since the bandgap of molecular and polymeric semiconductors is in the order of
a few eV, excitation of a molecule to a higher energy state is possible through the
absorption of light with energy equal to or larger than the bandgap, which promotes
one electron from the fully occupied HOMO to the LUMO. However, photoexcita-
tion does not lead immediately to a freely moving electron in the LUMO, as the
excited electron still feels the presence of the positively charged hole left behind in
the HOMO and forms a quasiparticle, called exciton.

In the inorganic counterparts a relatively high dielectric constant (¢ > 10) en-
ables effective polarization of the surrounding material leading to a screening of the
Coulombic attraction between electron and hole. Therefore, excitons in inorganic
semiconductors are loosely bound and delocalized over several lattice constants.
This type of exciton is called Wannier-Mott exciton and exhibits a small binding
energy, that can usually be overcome by thermal energy at room temperature.

In contrast, in organic semiconductors the dielectric constant is significantly lower,
of the order of ¢ ~ 3 — 4, indicating weak polarizability. Therefore, the Coulom-
bic attraction between electron and hole is not significantly screened and strongly
bound Frenkel excitons are formed that are usually localized on the same conjugated
chain segment. The binding energy of Frenkel excitons is in the order of 0.5eV -
leV, by far exceeding the thermal energy.[34] Therefore, no free charge carriers are
generated upon light absorption.

As a consequence, an optical excitation cannot be simply described by a transition
of an electron from the HOMO to the LUMO, but rather by an exciton state that
is lower in energy than the HOMO-LUMO splitting by the binding energy of the
exciton. The minimum energy to generate an exciton is sometimes denoted as the
optical bandgap to differentiate from the energy difference of the HOMO and LUMO
states, which is then referred to as the electrical or single carrier bandgap.[35] In
the course of this work, the term bandgap refers to the electrical bandgap, if not
otherwise stated.

The formation of strongly bound Frenkel excitons has important consequences for
organic solar cells, where free moving charges upon photoexcitation are needed for
generating electric current. The ways to overcome this issue will be discussed in the
next section.

2.2 Working Principle of Organic Solar Cells

A solar cell is a device that converts optical power of absorbed light into electrical
power which can be extracted from a generated current in the external circuit. As
discussed in the previous section, the absorption of light in organic semiconducting
materials does not lead to free moving charge carriers contributing to electrical cur-
rent, but rather to strongly bound excitons.

It was first shown by C. W. Tang [6] that the combination of two organic ma-
terials with a sufficient difference in energy levels largely increases the generated
photocurrent. This can be understood as follows. Following the convention, the
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Figure 2.2: Energy diagram of a donor/acceptor heterojunction. Excitons formed in
the donor polymer move by diffusion and can be dissociated by a charge transfer of the
electron to the acceptor LUMO. Free electrons and holes are transported to the electrodes
by drift and diffusion.

semiconductor with the higher LUMO energy is called donor as it is able to donate
an electron to the material with the lower lying LUMO which is called the electron
acceptor (see Figure 2.2). Excitons that reach such a donor/acceptor heterojunction
by diffusion are dissociated by a charge transfer process. This charge transfer is mo-
tivated by a more favorable energetic state for the electron on the acceptor LUMO.
The result of the exciton dissociation can either be a more loosely bound charge
transfer (CT) state or free electrons and holes, depending on the specific material
and energy configurations. The exact mechanism of free charge carrier generation
and the role of the intermediate CT state in this process will be discussed in more
detail in the next section.

There are several possible arrangements of the donor and acceptor materials. The
obvious one is a simple bilayer device architecture providing a defined model system.
However, due to the short lifetime of singlet excitons in the order of 1 ns [36, 37], the
layer thickness of the absorbing materials is limited by the exciton diffusion length
which is typically in the order of 5 - 15 nm in disordered organic materials.[38—40]
The device architecture studied in this work is the bulk heterojunction (BHJ) solar
cell, where both components interpenetrate each other leading to a spatially dis-
tributed interface. This morphology is for example implemented by spin coating a
polymer-fullerene blend or by coevaporating conjugated small molecules. The ad-
vantage of the BHJ is a very efficient exciton dissociation over the whole extend of
the solar cell, which consequently leads to a higher extractable photocurrent.

The most important parameter of a solar cell is its power conversion efficiency (PCE)
which is defined as the ratio of the maximum extractable electrical power density
P, and the power density of the incident light P,. The extractable electrical power
density P of a solar cell depends on the applied voltage V:

P=VxJV), (2.1)
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Figure 2.3: J—V curve under illumination of a typical PSHT:PCBM solar cell. Marked
are the points of zero current (Voc), zero bias (Jsc) and the maximum power point (MPP)
with Vppp and Jypp.

with J being the generated current density. Hence, the performance of a solar cell
is best characterized by the current density versus voltage (J — V') curve under
illumination, which is examplarily shown in Figure 2.3. The important parameters
in this figure are the short circuit current density Jsc, defined as the current density
measured at 0 V applied bias, and the open circuit voltage Vo, defined as the
voltage at which no net current is flowing in the external circuit. The PCE of the
solar cell is then calculated by:

Pel VOC X JSC X FF
PCE =— = :

Py Py
The fill factor FF is defined as the ratio of the maximum extractable power (product
of current density and voltage at the maximum power point MPP, dark grey square

in Figure 2.3) and the product of Js¢ and Ve (light grey square):

(2.2)

FF = Vatep X Jupp JMPP. (2.3)
Voc X Jsc
The fill factor describes the deviation from an ideal rectangular Jy curve and is
therefore a measure of the quality of the solar cell.
To achieve the best reliable comparison between different solar cells, it is agreed that
the J — V characteristics are taken under the same illumination conditions, which
are 100 mW /cm? under an AM1.5G spectrum with an active layer temperature of
25°C. Under steady state bias and illumination conditions the photogenerated free
charge carriers in the device are either extracted to the external circuit or they
recombine non-geminately in the layer and are lost for photocurrent. Therefore, at
each point of the J — V curve the following rate equation is valid:

J = e/(R — G)daz, (2.4)

10



with G being the free carrier generation rate and R the non-geminate recombina-
tion rate. The current density J implies the transport properties of charge carriers.
Hence, for a complete picture of the device physics of organic solar cells a funda-
mental understanding of the origin and magnitude of all involved rate constants is
essential and represents the main purpose of this thesis. The underlying physics of
the involved processes leading to photocurrent generation will be discussed in the
following sections.

2.3 Charge Generation and Geminate Recombination

In the previous two sections it has been established that the primary photoexcita-
tions in organic semiconductors are strongly bound excitons and that the combina-
tion of a donor and an acceptor component is necessary to dissociate the excitons
via a charge transfer of the electron. Although being highly interesting and crucial
for the field of organic solar cells, the charge transfer process itself is not subject of
this thesis. Charge transfer of an electron from an excited donor site to an acceptor
site usually happens on a time scale below 100 fs [41, 42] and could therefore not
be resolved with the experimental techniques presented in this work. Hence the dis-
cussion is mainly focused on the processes following the charge transfer and leading
to free extractable charge carriers.

Including the excited donor state (D*) there are four relevant energetic states in-
volved in the charge generation process, mainly characterized by the separation dis-
tance of the electron and the hole, see Figure 2.4. Immediately after charge transfer
from the donor site to an acceptor site, the electron populates a charge transfer
state (CTS) that is still radiatively coupled to the ground state (GS) and therefore
electron and hole are still in close vicinity, however in general less tightly Coulomb
bound than the exciton. The existence of the CTS is confirmed by the appearence
of sub bandgap absorption and emission features in blends of donor and acceptor
materials [43-45] and by electron spin resonance measurements.[46-49] The quasi-
particle connected to the CTS is sometimes called charge transfer exciton [50] or
geminate pair [51], although both concepts are strictly valid only for tightly bound
electron-hole pairs that originate from the same excitation. The dissociation of the
CTS into free charge carriers is in direct competition to geminate recombination to
the GS with rate ky.

The energetic state connected to spatially-separated electrons and holes with negli-
gible Coulomb interaction (free polarons) is the charge separated state (CSS). Some
authors propose an additional bound polaron state (BPS) as an intermediate state
between CTS and CSS, associated with loosely bound polaron pairs.[52] The BPS
is a Coulomb bound electron-hole state, however in contrast to the CTS it is not
radiatively coupled to the ground state and can therefore not be directly excited.
This state has been observed in blends of amorphous donor and acceptor materials
and exhibited a much longer lifetime (on the 100 ns time scale) compared to the
CTS (TCTS <20 HS).[52]

The exact energies of the involved states are hard to access. In general they depend
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Figure 2.4: Energy diagram with the relevant states at a D/A interface. Upon photon
absorption the electron populates an excited donor state (D*). Charge transfer into an
(excited) charge transfer state (CTS) is indicated by the horizontal arrow and subsequent
relaxation to the lowest lying CT; is indicated by the dotted arrow. Charge generation
proceeds via dissociation of the CTS into a charge separated state (CSS). In some blends
a bound polaron state (BPS) as an intermediate state has been observed. Also shown in
blue are the relevant rates ky, ksc and kyec for the Braun-Onsager model.

on domain size, purity and crystallinity of the donor and acceptor phases and the
morphological structure directly at the interface. However, there is clear evidence
that the relative energetic positions of the involved states significantly determine
the efficiency of free charge generation. Figure 2.4 depicts an example of a strongly
bound CTS and a relative large energetic offset (> kT at room temperature) be-
tween CTS and CSS. In this case an additional electric field is necessary to fully
separate electron and hole and prevent geminate recombination back to the ground
state. In fact, the electric field dependence of free carrier generation has been widely
proposed as the key factor limiting the performance [53], since especially the early
stage organic solar cells mostly showed low fill factors and concomitant strongly
field-dependent photocurrents. A theoretical model to describe the field-dependent
separation process via a BPS was first developed by Onsager in 1930s [54] and was
later extended to the explicit existence of a CTS by Braun.[14]

2.3.1 Braun-Onsager-Model

The model originally proposed by Onsager calculates the probability that two oppo-
sitely charged ions in a weak electrolyte, undergoing Brownian random motion, will
escape their Coulomb attraction and generate free charges. The ion pair is assumed
to thermalize at a certain distance a (thermalization length). The recombination of
such a thermalized geminate pair back to the ground state is defined as geminate
recombination and directly competes with its dissociation. Here, the presence of
an electric field lowers the Coulomb potential barrier in the downfield direction and
thereby enhances the fraction of escaping ions. This model has been applied to
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explain the field dependent dissociation of photogenerated bound polaron pairs in
organic semiconductors. However, it uses the boundary condition that the geminate
pair irreveribly disappears once the separation distance becomes zero, which led to
unrealistic large thermalization lengths in some cases.

Braun modified the model by introducing a defined CT state in donor-acceptor sys-
tems with a finite lifetime. The possible pathways from the CT state are sketched
in Figure 2.4. It can either dissociate into free charge carriers with an electric field
(and temperature) dependent rate constant kcg or decay to the ground state with
the geminate recombination rate constant k;. However, during the lifetime ( Ir H
of the CT state, many attempts to dissociate may occur and subsequent (nongem-
inate) recombination might regenerate the CT state with a rate constant k.. The
probability for the CTS to completely dissociate into spatially separated charges is
then given by the ratio of the respective rates (Figure 2.4):

kcs(E,T)
P(E,T) = , 2.5
( ) kes(E,T) + ky (25)
where the field-dependent dissociation rate constant kcg is given by:
b2 3
kcs(E,T) :Vexp[—AE/kT](1+b+§+1—8+...), (2.6)
with the separation attempt frequency
3{ue
=77 2.7
Y 47 (e)ega’’ (2.7)
and the effective field parameter
el
b= ———= 2.8
87 (e)eg(kT)?’ (2:8)

where (u) is the spatially averaged sum of the electron and hole mobilities, (¢) is
the spatially averaged dielectric constant and the thermalization length a denotes
the initial distance between electron and hole. The dissociation barrier AFE is given
by the Coulomb binding energy of the charges after thermalization and is usually
found to be of the order of 0.1 to 0.5 eV.[53, 55-58]

Figure 2.5 shows the electric field dependence of the C'T state dissociation probability
P(FE), which is directly proportional to the yield of free charge carriers, determined
for different thermalization lengths a. For the applied parameters, the dissociation
probability strongly depends on the thermalization distance. However, at low fields
the yields are all low and efficient free charge generation is predicted only for signif-
icant electric fields in the order of ~ 108 V/m, corresponding to an applied voltage
of 10 V for a 100 nm thick device. These low predicted charge generation yields
in the relevant field regime of organic BHJ solar cells (~ 10° — 107 V/m) are in
contradiction to recent developments of high efficiency OSC with fill factors exceed-
ing 70% and internal quantum efficiencies approaching 100%.[30, 59] Interestingly,
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Figure 2.5: Electric field (E) dependence of the CT state dissociation probability (P) for
different thermalization lengths a in nm. From Ref. [14]

Blom et al. were able to successfully describe the J — V' characteristics of several
polymer:fullerene devices utilizing a numerical model based on the Braun-Onsager
theory. However, this analysis required CTS lifetimes in the order of 1 us, in case of
annealed PSHT:PCBM even 50 us, to match the relatively high photocurrents at low
fields.[23—-25] These are in sharp contrast to CT lifetimes gained from photophysical
data for donor/acceptor systems, which are of the order of several picoseconds to a
few nanoseconds.[21, 50, 60-63] Inconsistencies may originate from approximations
within in the Braun-Onsager model. Most importantly, the model assumes point
charges in an effective, homogeneous and isotropic medium and neglects any elec-
tronically or vibronically excited (’hot’) CT states. Also the explicit morphological
structure of the interface is not taken into account by the Braun-Onsager theory.
Therefore, the applicability to phase separated donor-acceptor blends is question-
able and the influence of charge delocalization, for example in crystalline domains,
on the dissociation efficiency is rather unclear and currently strongly debated. Re-
cently, alternative models (see next section) have been suggested to explain the high
quantum efficiencies despite the existence of thermalized CT states.

2.3.2 Hot CTS versus relaxed CTS mediated charge generation

Conservation of energy requires that charge transfer mainly occurs into electroni-
cally or vibronically excited ("hot’) CT states. Those higher lying CT levels have
been proposed to show a higher degree of delocalization compared to the low-
est lying, thermalized CT; state, which might enhance the probability of charge

14



dissociation.[42, 64, 65] Therefore, a charge generation model has been suggested
whereby the excess (thermal or electronic) energy of electrons injected into the
fullerenes enables them to overcome their Coulomb attraction to the polymer po-
laron, thereby avoiding forming a strongly bound, relaxed CTS.[66, 67] Consistent
with this theory, correlations have been found between the free polaron yield and
the energetic driving force, defined as AESL, = Ep, — FEcss.[52] These findings
suggest that AESL is the primary determinant of the initial charge generation ef-
ficiency. However, for this mechanism to be efficient, charge separation from a hot
CTS needs to proceed much faster than vibrational relaxation within the CT mani-
fold. Indeed, recent ultrafast pump-probe experiments [42, 64, 68] observed efficient
charge separation on timescales (<100 fs) much faster than previously reported for
CTS thermalization (ps-range).[69] This was taken as evidence that hot CTS are
the main precursors of free charge carriers.

In contrast, strong evidence was found that charge generation is as efficient from
lower energetic CT states as for higher energy excitations.[70, 71] The field depen-
dence and absolute value of the quantum yield in these measurements showed little
dependence on whether or not the initially generated excited state had energy in
excess of the CTy. Even though ultrafast transient spectroscopy has shown the
existence of higher energy, faster dissociating pathways, quantum efficiency mea-
surements on working solar cells suggest that hot CTS are not responsible for most
of the generated free charge carriers. Rather, due to ultrafast relaxation within the
CT band, most photoexcitations into higher energy states reach thermal equlibrium
with CTy before being dissociated and energy released upon exciton split-up does
not considerably promote free carrier generation.

In particular, for blends of PSHT:PCBM it has been shown, that the internal quan-
tum efficiency measured by direct photocurrent spectroscopy [43] and the charge
carrier dynamics measured by photo-CELIV [72] are independent of the excitation
wavelength over a wide range of photon energies, including those that directly excite
low lying CT states. These results indicate that relaxed and not hot CTS mediate
the conversion between excitons and free charge carriers in these blends.

Yet, internal quantum efficiencies above 80% have been measured for P3HT:PCBM.
[43] Apparently, the thermalized CT; does not neccessarily have to be strongly
bound but can also be sufficiently delocalized and easily dissociate. It has been
proposed that free charge generation proceeds via split-up of low lying CT states,
irrespective of the initial excitation energy, and that the ability of the CTS to split up
is rather dictated by the energetic offset between the relaxed CTS and the CSS.[71]
Accordingly, the generation efficiency decreases and becomes field-dependent if the
energy difference between CTS and CSS becomes large, which is related to a binding
energy of the relaxed CTS exceeding thermal energy.

The models and results discussed in this section are subject of current research
and are highly debated in literature. They are in contradiction to the conventional
Braun-Onsager formalism as they predict, that the existence of charge transfer states
as intermediate precursors do not necessarily limit efficient generation of free charge
carriers. The clarification of the exact charge generation mechanism will not be
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considered in detail in this work. Instead, this thesis is rather focused on an overall
understanding of the solar cell performance. Independent of the exact generation
process, the experimental and analytical methods developed in this work are able
to distinguish whether the free carrier generation yield is dependent or independent
of an electric field and whether the device performance is limited by the free carrier
generation or other processes. Identification of the limiting processes is highly im-
portant for a systematic device improvement.

Throughout this work, whenever the term generation or generated charge is used,
the whole process from light absorption to fully dissociated, free moving electrons
and holes is considered. After successful charge generation, the free charge carri-
ers can either be extracted through the device electrodes or they are lost due to
nongeminate recombination back to the ground state. These processes, each of
them also potentially dependent on electric field, temperature and morphology will
be discussed in the following sections.

2.4 Non-geminate Recombination

Recombination describes the relaxation of an excited electron back to the ground
state. The term non-geminate recombination denotes the recombination of free,
statistically independent, electrons and holes. Here, the electron needs to approach
a hole, i.e. a vacant state in the HOMO, within the vicinity of the Coulomb capture
radius which is defined as the distance where thermal energy and Coulomb attraction
are equal.

The recombination process is mainly characterized by its reaction order. Depending
on the number of particles involved, it is distinguished between monomolecular (first
order), bimolecular (second order) and higher order recombination processes.

2.4.1 Monomolecular Recombination

As suggested by the name only one particle at a time, for example a quasiparti-
cle like an exciton or a geminate pair, is involved in the recombination process.
For statistical reasons the recombination rate then depends linearly on the particle
concentration n:

dn

dt
with kygr being a monomolecular rate constant. The temporal evolution of the
particle density then follows an exponential function:

= —k‘MRn, (29)

n(t) = nyg exp[—;], (2.10)

with the time constant 7 = kyp.

While monomolecular recombination kinetics are typically observed for excitons and
CT states, they are also seen if statistically independent charge carriers recombine
via one recombination center. In organic semiconductors a recombination center
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can for instance be a deep state occupied by an electron, which recombines with
a mobile hole. This trap assisted recombination was first described by Shockley,
Read and Hall (SRH) for inorganic semiconductors.[73, 74] In thermal equilibrium
of electron and hole capture and release, the recombination rate Rggry is given by:

C.C,Nmp

2.11
Cen + Chp’ (2.11)

Rsru =
where C, and (', are the electron and hole capture coefficients, respectively, NV, is the
density of trap states and n and p are the photogenerated (or injected) electron and
hole densities. Equation (2.11) assumes that the photogenerated (injected) carrier
densities are much higher than the intrinsic carrier density. Although SRH recombi-
nation is most important in inorganic semiconductors, it has also been occasionally
observed in organic solar cells.[75, 76|

2.4.2 Bimolecular Recombination

If recombination involves two free charge carriers it is called bimolecular recombina-
tion, which is by far the most relevant loss process in organic solar cells. In case of
photogenerated charge carriers, electron and hole densities are approximately equal
(n = p) and the recombination rate depends on the second power of the carrier
density n:

dn

dt
where kgg is the bimolecular rate coefficient. In low mobility materials such as most
organic semiconductors, the rate limiting step is not the recombination event itself,
but the probability of two oppositely charged carriers to find each other. This process
was first described by Langevin [77] for the recombination of ions in gases and is
often applied to free polaron recombination in organic semiconductors. According
to this theory recombination inevitably takes place as soon as the distance between
the positive and the negative charge falls below the Coulomb capture radius r¢ =
e? /4megokT. This assumption is valid if the mean free path of the charge carriers is
lower than the Coulomb capture radius. The recombination is then viewed as the
drift of the two charges in their mutual Coulomb field. Following the derivation of
Pope and Swenberg [34] the Langevin recombination coefficient ky, is given by:

= —kprn?, (2.12)

kr = kpr = fe + Hn)- (2.13)

€€0 (
Although this theory was originally developed for homogeneous isotropic media, it
is often applied to describe recombination in donor/acceptor blends, where electrons
and holes are each confined to separated material phases and recombination occurs
only at the interface. Not surprisingly, in most cases deviations are found in form
of a reduced Langevin recombination coefficient.[18, 78-81] Sometimes a reduction
factor £ is introduced according to:

kpr = ki, (2.14)
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which is typically found of the order of 107! to 1073.[82, 83] However, the exact value
of the reduction factor critically depends on the specific material combinations and
preparation conditions. Up to now it has not been possible to predict the reduction
factor for a given BHJ device. The most common approaches are to consider the
lower charge carrier mobility instead of the sum of both mobilities [84] or energy
activated recombination due to spatial fluctuations in the potential landscape [85].
Other effects, like energy gradients due to a more amorphous morphology close to
the interface that potentially lead the charge carriers away from the interface and
hinders recombination, may also influence this prefactor.[86]

As Langevin theory does not apply well to the studied BHJ solar cells, in this work
the general bimolecular recombination coefficient kgg will be used to compare the
recombination kinetics for different systems.

2.4.3 Higher Order Recombination

In some cases a rate dependence on carrier density of order « higher than two has
been observed [87, 88] in the general form:

dn o

priadE (2.15)
The involvement of more than two charge carriers in the predominant loss mechanism
seems highly improbable for organic materials. In inorganic semiconductors an
Auger-type recombination process leads to trimolecular recombination with o = 3.
In this case, one electron in the conduction band recombines with a hole in the
valence band and the released energy is taken up by a third-particle electron in the
conduction band, which is excited to an higher energy level.[34] After the interaction,
the third electron either thermalizes back to the band edge or, if close enough to
the surface, leaves the crystal. This process is only significant for very high carrier
densities.

For organic devices it has been proposed that the bimolecular rate constant kgr
itself depends on the carrier density.[87] Although recombination is still bimolecular
in this case, in experiments a higher order is measured. Following Langevin theory,
kgr depends on the carrier mobilities and these may in highly disordered systems
potentially depend on the carrier density (see next section). Other factors, such
as a inhomogeneous charge carrier distribution, have also been reported to lead to
apparent higher recombination orders [89, 90| and will be discussed in more detail
in Chapter 5.

2.5 Charge Transport

Charge carriers that have successfully escaped geminate and non-geminate recom-
bination may be extracted at the electrodes to contribute to the photocurrent in
the external circuit. However, the critical step is the transport of the charge car-
riers from the place of generation to the electrodes. The key parameter of charge
transport is the charge carrier mobility p. Considering drift in the influence of an
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effective electric field, the mobility is defined as the ratio of the drift velocity v and
electric field E: "

h=7z (2.16)
Perfect conjugation of infinite polymer chains would suggest a band-like transport
along the chains as found in inorganic crystalline semiconductors. However, it has
been pointed out in Section 2.1, that disruptions and defects break down the chain
into smaller conjugated units leading to an ensemble of localized sites with slightly
varying energetic levels and distances. Due to the finite conjugation lengths, the
charge carriers are constrained in space and the concept of band transport is not
applicable. As a consequence, charge carrier mobilities in organic semiconductors
are typically several orders of magnitude lower than in inorganic semiconductors
and present a limiting factor to device performances.
A number of models exist that relate the mobility to macroscopic parameters such
as electric field, temperature and charge carrier density. Among these, the two most
relevant for polymeric semiconductors, the Gaussian disorder model (GDM) and the
multiple trapping and release (MT) model, will be discussed in more detail.

2.5.1 Gaussian Disorder Model

The GDM considers transport of charges via thermally activated tunneling, i.e.
hopping, between the localized sites. The hopping rate v;; between two sites 7 and
j with energies E; and E; can be described with the Miller-Abrahams [91] model:

exp(—Z=E) it B; > E; (upward hop)

: (2.17)
1 if E; < E; (downward hop),

vij = vpexp(—rij) {
where 1 is the attempt to hop frequency, ;; is the distance between the sites and «y
is the inverse localization radius. The first exponential is a measure of the electronic
wavefunction overlap and describes the tunneling contribution of the hopping pro-
cess. As expected the hopping rate decreases exponentially with increasing intersite
distance. For jumps upward in energy an additional Boltzmann factor is used de-
scribing the thermally activated process. Increasing temperature therefore increases
the hopping probability.
To account for the spread in energies and distances of the transport sites, Béassler
and coworkers included Gaussian distributions for the site energies and hopping dis-
tances, with characteristic widths o and ¥.[16] ¢ and ¥ are also often denoted as
the energetic and spatial disorder parameters, respectively.
Application of these assumptions in Monte Carlo simulations yielded an empirical
expression describing the charge carrier mobility as a function of temperature (7)
and electric field (E):
(E,T) = (—(2—‘7)2 + C[(i)2 - 22] \/E> for ¥ > 1.5 (2.18)

w(E, o €XP ST T or X > 1.5, :
where iy is the zero field and infinite temperature mobility and C is an empirical
constant. The GDM successfully predicts a number of experimental observations,
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such as a 1/T? temperature dependence of mobility, rather than an Arrhenius type
1/T dependence, and a Poole-Frenkel like field dependence of the mobility:

W(E) ~ exp(BVE) (2.19)

It should be noted that according to this model also a negative dependence of mo-
bility on electric field is possible, if ¥ > o/kT, i.e. if spatial disorder is larger than
energetic disorder.

Notably, Equation (2.18) does not account for a dependence of mobility on charge
carrier density, which has, however, been occasionally observed.[92, 93| Intuitively,
charge carriers in the tail of the Gaussian distribution find only a limited number of
unoccupied sites accessible by hopping, which drastically reduces the charge carrier
mobility. As the density of states (DOS) is filled by an increasing charge carrier
density more charge carriers occupy sites close to the center of the DOS where a
larger number of sites in energetic and spatial vicinity are available. Thus, the av-
erage mobility might increase with increasing carrier density.

In a similar approach to the GDM, Pasveer et al. simulated and parameterized
charge transport with a hopping master equation, yielding an empirical description,
sometimes called extended GDM.[94] This model predicts an explicit density de-
pendence of the mobility, however due to the rather large number of microscopic
parameters it is difficult to apply for data analysis.

2.5.2 Multiple Trapping and Release Model

An alternative way to describe the charge transport in disordered systems is the
MT model adopted from amorphous inorganic semiconductors. In this model the
so-called mobility edge separates transport states with rather high carrier mobility
from localized states which act as traps, see Figure 2.6. In contrast to the GDM,
hopping between the localized trap states is not considered in the M'T model. While
charge carriers in the band-like states move freely with a constant mobility uy,
trapped charges are immobile (1 = 0) and do not contribute to transport. Only
thermal activation back to the transport band, i.e. detrapping, revives the charge
carriers for transport. Thus, the average drift mobility is controlled by the trapping

carrier
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Figure 2.6: A sketch of the multiple trapping process. Figure taken from [95].
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and detrapping processes and can be written as [96, 97]:

Mree (2.20)

H“D = Mo
Ntotal

Remarkably, both the GDM and the MT model predict a time dependent mobility
after photoexcitation, as the charge carriers thermalize into the deeper lying states
of the underlying DOS. This effect has to be taken into account when comparing
experimental results from transient and steady state measurements, as they might
potentially reveal different results for the mobility and recombination behaviour.

At this point it might be interesting to note that the MT model has also been
used to describe bimolecular recombination in the presence of an exponential trap
distribution.[98] At long times the diffusional encounter of electrons and holes be-
comes limited by trapping and detrapping of the charges and the recombination

dynamics follow a power law:
n(t) ~t7%, (2.21)

where is exponent o = T'/Tj is determined by the temperature 7" and the charateris-
tic temperature of the trap distribution 7. In the case of trap limited recombination
« is smaller than one and gives information about the trap distribution.

2.5.3 Space Charge Limited Currents

It has been shown that charge carriers can move via hopping between localized
states or by coherent band transport in the presence of a trap density. However,
the microscopic structure is not the only factor controlling the charge transport
in semiconducting devices. If a voltage is applied to the device, charge carriers
move from one electrode to the other in the influence of the external electric field.
However, if the injected charge in a unipolar device becomes equal or even exceeds
the charge on the electrodes the applied electric field is screened and the current
drawn between the electrodes is limited by the forming space charge. In this case
the current density, also known as space charge limited current (SCLC) density can
be expressed by the Mott-Gurney law [99, 100]:

2

J(V) = gssou%. (2.22)
Since the current depends only on the voltage V', the mobility p and the active layer
thickness d, the evaluation of J(V') curves with Equation (2.22) can be used in a
straight forward way to determine the charge carrier mobility in organic layers.
Importantly, Equation (2.22) is only valid, if the current is truly limited by the
space charge in the device and not by the injection of charges at the contact, i.e. if
the injecting contacts are Ohmic and provide an infinite number of charge carriers.
This implies that the electric field at the injecting contact is completely screened
(E' = 0). This important requirement can be confirmed by varying the device thick-
ness to verify the 1/d* dependence.
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Figure 2.7: Schematic band diagram for single carrier devices: (left) electron-only and
(right) hole-only.

Furthermore, Equation (2.22) has been developed for unipolar devices, i.e. only
one charge carrier type (electrons or holes) is present in the device. This can be
realized by the choice of specific electrodes matching the LUMO or HOMO of the
material to measure electron or hole transport, respectively (see Figure 2.7). As a
consequence, the electrodes for the mobility measurements are different from the
electrodes used for solar cell devices, where efficient injection and extraction of both
carrier types is desired. It cannot be ruled out that the choice of electrodes could
influence the microscopic layer morphology and with that the macroscopic transport
properties.[101]

Remarkably, the Mott-Gurney law predicts a quadratic dependence of current den-
sity on voltage. However, in many cases a higher order dependence has been ob-
served. Two models have been proposed to account for the higher order dependence.
First, Mark and Helfrich considered trap-limited transport in the presence of an ex-
ponential trap distribution, similar to the M'T model approach, which revealed the
following expression for the current density [99, 100]:

I &g X Vit
[+ 1eN; d?+V’

) (2.23)
where Ny is the effective density of states in the transport band, N; is the total
trap density and [ = E;/kT with E; as the characteristic energy of the exponential
trap distribution. For mobility measurements Equation (2.23) cannot be straight for-
wardly used, since the total trap density and the exact shape of the trap distribution
are usually not known and have to be determined with independent measurements.
On the other hand, the assumption of an explicitly field-dependent mobility also
leads to a slope higher than 2 in the logJ-logV -plot, especially at higher voltages
[102]:
9 V2

J(V) = gEeol exp(0.89ﬁ\/ﬁ)ﬁ. (2.24)
Here, p is the zero-field mobility and [ is the Poole-Frenkel factor, describing the
field dependence of the mobility.
Practically, it is very hard to distinguish between those two processes from simple

current-voltage measurements and additional information from independent mea-
surements has to be taken into account.
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2.6 Charge Carrier Injection

Besides charge generation, recombination and extraction, the injection of charge
carriers from the electrodes into the device is also an important process in organic
solar cells and influences the performance. Although charge injection is not explicitly
investigated in this work, it has a significant influence on the steady state carrier
density in the dark and hence plays an important role in the transient as well as
steady state recombination dynamics of photogenerated charge carriers. Therefore,
the most important concepts of charge injection shall be briefly discussed.

The ideal condition for charge injection are Ohmic contacts, i.e. charge carriers can
freely enter the organic layer in the absence of an energetic barrier. However, in
many cases an offset is found between the electrode Fermi level and the HOMO
or LUMO band edge of the semiconductor, which is then defined as the energetic
injection barrier ®p (Figure 2.8 left).

Two relevant models have been developed for inorganic semiconductors to describe
the injection limited dark current through the device. The Richardson-Schottky
model considers injection of single carriers from the metal into the semiconductor
via thermionic emission across an effective barrier ®.¢ that is reduced by the image
charge potential and the applied electric field (Figure 2.8 right).[103] The resulting
injection current follows:

P,
J = AgT? exp(— Mif), (2.25)

where Ag is the effective Richardson constant and T is temperature. According to
this expression the injection efficiency increases with decreasing barrier height. Re-
markably, the Boltzmann approximation instead of the Fermi-Dirac distribution is
used to describe the temperature and barrier dependence of the thermally injected
electrons which indirectly implies high barriers (&g > kT).

In contrast, the Fowler-Nordheim model considers quantum dynamic tunneling through
the barrier, that is usually approximated with a triangular shape.[104] Here, the
electric field mainly reduces the tunneling distance (Figure 2.8 right). The resulting
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Figure 2.8: Left: Definition of the electron and hole injection barriers, ®. and @,
respectively. In case of a broadened DOS due to energetic disorder, the definition of the
barriers is more problematic. Right: Lowering of the effective injection barrier ®.¢ due to
the image potential and applied electric field.
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injection current has a similar dependence on the barrier height as Equation (2.25),
however the dependence on temperature and electric field differs.

Both models were deloped for band transport with high carrier mobilities and do
not account for the specific properties of organic semionductors such as molecular
structure and disorder. Modifications by Scott and Malliaras consider back recom-
bination of charge carriers at the interface via hopping in the image potential. This
is rationalized by the low mobilities and longer dwell times near the interface.[105]
In addition, Arkhipov et al. took into account a barrier lowering due to energetic
disorder.[106]

Both modifications describe charge injection into organic semiconductors more re-
alistically and have been confirmed by Monte Carlo simulations.[107, 108] However,
these models have been developed for the limit of high injection barriers (®5 > 0.3
eV) and might not be a priori applicable to high efficiency solar cells, where low
barriers and efficient injection are promoted.

On the other hand, even in the regime of low injection barriers, electrode and semi-
conductor are in thermodynamic equlibrium and the amount of thermally injected
charge carriers at the contact can be described by the convolution of the Fermi-Dirac
distribution with the distribution of states in the semiconductor g(£) [109]:

o 1
n= /Oo T+ ol(E = E’F)/k:T]g(E)dE' (2.26)

Since in the case of vanishing barriers the charge carrier density at the contact is
very high (in the order of the underlying DOS ~ 10%® — 10" m~?) a space charge
region forms close to the contact. If this density is high enough, it will supply all
carriers needed for establishing the steady state current. Then, and only then is the
current through the device not injection limited anymore, but determined by the
bulk properties.

In either case, in a first approximation the height of the injection barriers - and with
that the amount of injected charge carriers - is related to the charge carrier density
in the device at a certain applied voltage in the dark. The total amount of dark
charge in the device as a function of bias can be estimated with transient extraction
experiments as it will be shown in Section 4.3.1. However, the exact distribution
of the injected carriers across the layer cannot be directly probed by experiments.
Since the spatial distribution of carriers plays an important role for understanding
dynamic processes such as recombination and extraction, the aid of numerical device
simulations has to be consulted.

2.7 Numerical Simulations

In the course of this work two different types of numerical simulations have been used
to support the experimental results and shall be briefly introduced in the following
section. A steady state device simulation was used to understand the influence
of different bias and illumination conditions on the charge carrier densities and
distributions in the solar cells. This device simulation was also utilized to generate
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whole J — V' curves with experimentally determined dynamic parameters as input
parameters.

On the other hand, a transient drift diffusion simulation was applied to understand
the physics of the TDCF transients and to compare simulated transients with an
analytic solution. Furthermore, the transient simulation served as a fit routine for
experimental TDCF transients to extract physical parameters as for example the
charge carrier mobility.

2.7.1 Steady State Device Simulation

The code for the steady state device simulation has been kindly provided by Prof.
Jan Anton Koster and has been described in detail in reference [110].

The device is described as an effective medium with the LUMO of the acceptor and
the HOMO of the donor placed between two metal electrodes. The energy difference
between the acceptor LUMO and donor HOMO is defined as the effective bandgap
E,. The model contains drift and diffusion of charge carriers and the effect of space
charge on the electric field in the device.

Non-geminate recombination is implemented as a bimolecular process. A Braun-
Onsager mechanism to describe free carrier generation and geminate recombination
can be optionally applied. As default, carrier generation is assumed to be homo-
geneous across the active layer, however user-defined generation profiles may be

applied.
The basic equations to be solved are the Poisson equation:
0? q
520 @) = 6—60[”(1’) - p()]; (2.27)

relating the electrostatic potential 1(z) to the electron and hole densities n(x) and
p(z), respectively, and the current continuity equations:

0 p(a) = (@) (229

where Jy,) () is the electron (hole) current density and U(x) is the net generation
rate, i.e. the difference between generation and recombination of free charge carriers.
Only one spatial dimension is considered.

The scheme used to solve these equations follows the work by Gummel [111] and
is sketched in Figure 2.9. Here, first a guess is made for the potential and the
carrier densities from which a correction d7 is calculated from the Poisson equation.
The new potential is then used to update the carrier densities with the continuity
equations. The process is repeated until convergence is reached.

For boundary conditions the carrier densities are specified for + = 0 and z = L,
where z is the position in the device and L is the layer thickness. The contacts
are assumed to be in thermodynamic equilibrium and Boltzmann statistics are used
to determine the carrier densities at the first grid point of the device. For the top
contact they are

n(0) = Neexp(~32) & p(0) = Noexp(—2 27

o (2.29)
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Figure 2.9: Flow diagram of the simulation program. The Gummel iteration is used to
solve the basic equations as described in the text and in reference [110]. Figure taken from
reference [110].

and for the bottom contact they are

E, — ®py

CDBh )
kT ’

p(L) = N.exp(——) & n(L)= N.exp(—

o (2.30)

where N, is the effective density of states of both the conduction and the valence
band. Since the exact values of the effective densities of states of valence and con-
duction band are not known, one value for both bands is used.[110] ® 5, and ®p),
are the injection barriers for electrons and holes, respectively, defined as the differ-
ence of the respective band edge and the electrode Fermi level. To be precise, for
vanishingly small injection barriers the Fermi-Dirac statistics should be used, see
Equation (2.26) in the previous section. However, the maximum factor by which
the carrier density is overestimated when using the Boltzmann approximation is 1.44
(for &5 = 0). For injection barriers above 0.1 eV the error drops below 1%.

2.7.2 Transient Drift Diffusion Simulation

The transient drift diffusion simulation was developed by Dr. Sebastian Bange dur-
ing his PhD at Potsdam University and is in detail described in his PhD Thesis.[112]
Similar to the steady state simulation the device is described as an effective medium
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Figure 2.10: The model for the external electrical circuit used in the numerical transient
simulations by S. Bange. The external resistance R determines the current I that charges
the anode and cathode electrodes. More details in reference [112]. Figure taken from
reference [112].

between two conducting electrodes. The basic equations to be solved are again the
Poisson equation (2.27) and the continuity equation for the charge carrier densities
Nen, however in this model all parameters depend explicitly on time:

2ne,h(ﬂz:,t) = iéﬁje,h(a:,t) — (tte(z,t) + pn(z, t))ne(x, t)ny(x, t), (2.31)

e
ot ox €0
where the current densities jop(x,t) include the contributions of drift and diffusion
of the charge carriers. Recombination of charge carriers is treated in terms of the
Langevin meachanism and the field dependence of the mobilities is assumed to follow
a Poole-Frenkel type behaviour. The boundary conditions for the current densities
at the contacts x = 0 and z = d, are treated with the injection model by Scott and
Malliaras (see Section 2.6). Here, disorder and space charge effects at the interface
are neglected and an effective resulting interface current is calculated.

In the model of the external circuit, the total resistance is given by the resistance
of the active layer and the (ohmic) series resistance R, which mainly includes the
ITO traces of the sample and the input resistance of the oscilloscope. According to
Figure 2.10 the potential drop at the resistor R:

Ur = Uext — Upi — U, (2.32)

is calculated from the external applied voltage U.y, the built-in potential Uy; due
to the work function difference of the electrodes and from the effective potential in
the active layer due to the internal field distribution:

Uet = /d E(x,t)dz. (2.33)

The electrical current flowing in the external circuit, charging and discharging the
electrodes, is then calculated by I = Ur/R and the temporal evolution of the cur-
rent is implemented as follows:

At a time ¢ = 0 a certain charge carrier distribution ney(x,t) is inserted into the
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device, which then evolves with time due to drift, diffusion and bimolecular recom-
bination. According to the Poisson equation the carrier distribution determines the
internal electric field distribution E(z,t) and with that also determines the local
mobilities in the layer. Using Equation 2.33 the potential drop across the active
layer is calculated, which sets Ui and the current I = Ug/R.

After a timestep 0t the charge carriers are redistributed according to drift, diffusion
and recombination. The altered carrier distribution nep(z,t) implies a change in
E(z,t) and Usyg. If Uwy is constant, Equation 2.32 requires that Uy changes, accom-
panied with a change of the output current I. For details of the numerical methods
and algorithms see ref. [112].

In the course of this work, a number of refinements to the code described in [112]
have been done in collaboration with Steffen Seckler, to adjust the simulation to the
special requirements of this work. For example, the injection of charge carriers can
now alternatively be allowed in terms of a thermodynamic equilibrium, i.e. with
Boltzmann statistics, or can be completely forbidden. Such blocking contacts are
usually required for the analytic description of transient experiments. In addition, to
probe the influence of selective contacts on the recombination dynamics, the charge
carriers can either be allowed to diffuse out of the device at both contacts or only
at the specified contact.

Since the Langevin recombination mechanism seems not to be applicable in most in-
vestigated organic solar cells, a general bimolecular recombination mechanism with
rate constant kgg was implemented instead. For the verification of the iterative
analysis scheme of the recombination dynamics in the presence of dark charge (Sec-
tion 4.3.1), also the optional generation of a background carrier density in dynamic
equlibrium was implemented.

Furthermore, the original program only allowed the insertion of charge carriers, i.e.
to simulate photogenerated charge carriers after a laser pulse, at t=0 and with a
homogeneous or exponential carrier profile. We extended the insertion of photoin-
duced charge carriers at any time delay and with arbitrary density profile. The
delayed carrier insertion is important for the simulation of TDCF transients at dif-
ferent pre-bias conditions. On the other hand, the arbitrary carrier profile can be
used to simulate extraction currents after steady state illumination, as for example
in a BACE experiment (see Chapter 5), using the simulated carrier profiles from the
steady state simulation.

Last but not least, in some TDCF experiments a very fast decay of the photocurrent
at very short times has been observed. To account for this fast initial decay, a time
dependent mobility was introduced with an either eponential or linear dependence
on time. This feature allows better fit results in some cases.
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2.8 Materials

Here a short introduction to the blend systems studied in this work, PSHT:PCBM
and PTB7:PCBM, will be given with the most important properties and features.
The detailed sample preparation and device structures can be found in the appendix
A.2. The chemical structures of the components are shown in Figure 2.11.

HaC

HaC

P3HT PTB7 PC[70]BM

Figure 2.11: Chemical structures of the donor polymers P3HT (poly(3-hexylthiophene))
and PTBT7 (thieno[3,4-b]thiophene-alt-benzodithiophene) and the acceptor molecule
PC[70]BM ([6,6]-phenyl C7; butyric acid methyl ester).

2.8.1 P3HT:PCBM

Bulk heterojunction (BHJ) solar cells comprising P3HT and PCBM are among
the most studied organic photovoltaic devices to date. Most of the success of
this material combination can be attributed to the strong tendency of regioregu-
lar P3HT to self-organize into a microcrystalline structure leading to a high hole
mobility.[113, 114] However, the presence of PCBM seems to disrupt the crystal-
lization of P3HT [115] and the initial morphology of as prepared chloroform (CF)
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Figure 2.12: Left: J — V characteristics for PSBHT:PCBM blends cast from CF under
AM1.5G illumination. The FF are 67.8% for the thermally annealed (at 140°C for 10
min) and 35.2% for the as prepared device. Right: Absorbtion spectra of as prepared and
annealed 200 nm blends on glass.
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Figure 2.13: AFM images of as prepared (left) and thermally annealed at 140°C for 10
min (right) PBHT:PCBM films cast from CF. Images taken from [118].

cast 1:1 blends shows a very low total film crystallinity [116-118] and a very fine
intermixing of donor and acceptor domains. This results in a rather poor solar cell
performance with a PCE of 0.5% (Figure 2.12 left).

It has been shown that thermal annealing leads to a coarsening of the domain
structure (Figure 2.13) with an increase in size and order of the crystalline PSHT
domains, accompanied by aggregation of PCBM molecules.[114, 116-119] The im-
proved crystallinity of annealed blends becomes visible in the absorption spectra
(Figure 2.12 right) and the resulting morphology comprises an interpenetrating net-
work of rather pure nanometer-sized crystalline domains. This leads to an overall
efficiency improvement by almost one order of magnitude with a PCE of 4.1%.

2.8.2 PTB7:PCBM

Among the novel high efficiency donor polymers with purposefully engineered en-
ergy levels, PTB7 stands out with the highest certified PCE for single junction OSC
to date in a 1:1.5 blend with PCBM.[30, 31] PTB7 consists of alternating ester
substituted thieno[3,4-b|thiophene and benzodithiophene units.[120] This concept of
donor-acceptor copolymers with alternating electron-rich and electron-deficient re-
peat units significantly reduces the bandgap compared to homopolymers.[121] In the
case of PTBT an electrochemical bandgap of 1.84 ¢V was measured [120], which re-
sults in an optimized match of the absorption spectrum to the solar spectrum and to
a concomitant larger photon harvesting, compared to P3HT with an electrochemical
bandgap of 2.28 eV.[122] In addition, the introduction of an electron-withdrawing
fluorine atom in the polymer backbone decreases both HOMO and LUMO. In sum
these effects lead to an increased Voo and Jsc¢ in the blend with PCBM and to an
overall higher performance (Figure 2.14), compared to P3HT.

It has been shown, that the device properties of PTB7:PCBM blends cast from
chlorobenzene (CB) largely depend on the processing conditions. In particular, the
addition of 1,8-diiodooctane (DIO) significantly increases the FF and Jsc, which
was mainly attributed to an optimized phase-separated morphology.[120] A study
by Collins et al. reported large agglomerated fullerene domains of the order of 100-
200 nm in the layers prepared without DIO, embedded in a polymer-rich matrix.[123]
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In blends processed with DIO the domain size was found in the order of 30 nm (Fig-
ure 2.15, left). In addition a more recent study by Hedley et al. [124] showed that
the large fullerene domains in the devices without DIO consist of smaller very pure
PCBM spheres with diameters of 20-60 nm (Figure 2.15, right). However, the com-

plex morphological structure in these blends and the impact of DIO is yet not fully
understood and is still subject to current research studies.
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Figure 2.14: Left: J — V characteristics for PTB7:PCBM blends under AM1.5G illumi-
nation. The FF and PCE are 71.5% and 9.1% with DIO and 49.7% and 3.3% w/o DIO,

respectively. Right: Absorbtion spectra of blends with and without DIO and pure PCBM
and PTB7 layers.
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Figure 2.15: Left: Film composition maps (upper panel) measured with resonant mi-
croscopy from [123]. Light regions indicate PCBM-rich domains and dark regions are
PTBT7-rich domains. The lower panel shows the structural model (brown are pure PCBM
agglomerates and blue is the mixed PTB7-rich matrix phase). Right: SEM (a), AFM (b)
in combination with time-resolved photoluminescence studies by Hedley et al. [124] reveal

that the large fullerene-rich domains in blends w/o DIO are comprised of smaller pure
PCBM spheres (f).
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3 Time Delayed Collection Field -
Theoretical Description and Analysis

3.1 Introduction

One of the central issues in the description of the current-voltage (J — V') char-
acteristics of organic solar cells is the origin of the field-dependent photocurrent.
Commonly, a field-dependent photocurrent has been attributed to a field-dependent
charge generation process.[23, 25] As was discussed in the previous chapter, there is
strong evidence that charge generation proceeds via the split-up of thermalized CT
states. If these states are strongly Coulomb bound, i.e. there is a large energetic
barrier between the CT state and the charge separated state, an additional electric
field is necessary to generate free charge carriers (compare Section 2.3). Conse-
quently, at low external fields most CT states might recombine geminately back to
the ground state and are lost to the photocurrent. In this case the photogenerated
current is expected to depend on the applied electric field.

Alternatively, Shuttle et al. showed that the J — V characteristics of annealed
P3HT:PCBM can be entirely explained by the competition between nongeminate
recombination and extraction, without the need of a field-dependent generation.[17]
In practice it is nontrivial to decide whether the field dependence of the photocurrent
is due to geminate or non-geminate recombination losses. Since the origin of these
losses is important for a complete understanding and target-oriented improvement
of organic solar cells, the field dependence of the photocurrent is a central topic of
this thesis.

A critical point at the beginning of this work was the lack of available experimental
techniques to directly measure the effect of the electric field on free charge carrier
generation. Information on the kinetics of CT formation, dissociation and recombi-
nation had been mainly gained from time resolved transient absorption spectroscopy
(TAS). While most of these measurements were taken in the absence of an electric
field [21, 22, 125], more recently TAS studies on working devices with applied biases
have been published.[19, 20] A general problem in TAS measurements is the simulta-
neous presence of different neutral and charged excitations, which often complicates
the unequivocal distinction of bound charges in CT states and free, extractable po-
larons. More importantly, the change in absorbance due to excitons or polarons is
rather small. Therefore, to obtain suitable signal-to-noise-ratios, high fluences are
required, usually in a regime where nonlinear effects begin to dominate the pro-
cesses.

An elegant way to directly measure photogenerated charges and the influence of an
electric field on the charge generation process is the Time Delayed Collection Field
(TDCF) method which was advanced and refined in the course of this work. TDCF
is analogous to a pump-probe experiment, however, using optical excitation and an
electrical probe. Figure 3.1 shows the schematic timeline of the TDCF experiment.
The sample is illuminated by a short laser pulse while being kept at a constant
prebias voltage V.. After the delay time ¢4, a rectangular pulse with voltage Von
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Figure 3.1: Schematic timeline of the TDCF experiment. At t=0 the sample is illu-
minated by a short laser pulse, while being kept at a constant pre-bias voltage V. At
t=tq a rectangular voltage pulse (red line) of V oy is applied to collect the photogenerated
charge carriers from the layer. The black line indicates the corresponding photocurrent
transient.

is applied to extract all remaining free charge carriers. The motion of the photogen-
erated charge carriers causes a photocurrent as indicated by the black line in Figure
3.1. In contrast to steady state current-voltage measurements, classical time-of-flight
experiments or the photo-CELIV (charge extraction by linearly increasing voltage)
technique, TDCF allows to apply different biases during generation and collection
of the charge carriers. This enables a direct study of the field-dependence of charge
carrier generation and extraction.

Before the beginning of this work, TDCF measurements on organic materials had
been scarcly reported. Experiments on single-component organic layers were for the
first time performed in the 1980’s and revealed a pronounced dependence of the
relative photoresponse of the sample on the prebias during illumination.[126, 127]
In this set-up a minimum delay time of 100 ns could be realized due to rise time lim-
itations of the collection voltage pulse. In 1996 and 2002 the same set-up was used
to study the field-dependent generation in single polymer layers of poly(p-phenylene
vinylene) (PPV) and poly(para-phenylene) (MeLPPP), respectively. In both cases
a strong field-dependence of the relative photoresponse was found.[128, 129]

In 2006, TDCF was used to study the recombination of photogenerated charges in
a blend of PCBM with a soluble PPV-derivative.[130] These experiments suggested
that the photogenerated electrons and holes escaped the mutual Coulomb potential
within the time resolution of the set-up, which was 3 us. Here, for the first time the
integral of the photocurrent was evaluated to gain the amount of photogenerated
charge.

We took up and refined this approach in 2011 to study the field dependence of charge
carrier generation and recombination in the benchmark system P3HT:PCBM with
an improved and exceptional short pulse rise time of 20 ns and a delay time of
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100 ns.[131] During the time of this thesis, pulse rise time and time delay have been
further improved both to 10 ns.! As a legacy of this work, TDCF is now a well
established method to characterize the charge generation process in organic BHJ
solar cells, proven by the number of publications in the past three years.[18, 26,
70, 71, 132-144] Before the beginning of this work, publications were few and a
detailed analysis of the photocurrent transients was missing. Importantly, this tech-
nique is entirely based on the determination of charge carrier densities at different
applied fields, illumination intensities and time delays by evaluating photocurrent
transients. Therefore, a detailed understanding of the origin, shape and dependence
on experimental parameters of a transient is essential for the correct interpretation
of the experimental results. This will be the focus of this chapter.

3.2 Understanding TDCF Transients
3.2.1 In the dark

In this section the current in the device and in the external circuit, that is induced
by the application of an external voltage, will be analyzed. Before providing a de-
scription of the photocurrent transients after the laser pulse, the processes in the
dark will be investigated. These are of great importance since the dark measure-
ments always serve as a reference to the light measurements to negate capacitance
effects. Even more importantly, the analysis of the dark current transients yields
important information about the actual time resolution of the experimental set-up.

In the specific device structure of organic BHJ solar cells, an effective medium
composed of an intermixed blend of the donor and acceptor material, is placed be-
tween two conducting electrodes (see appendix A.2 for details). In this structure the
sample can be approximately described as a parallel plate capacitor of capacitance
C = eggA/d, with layer thickness d and electrode area A, filled with a dielectric
with relative permittivity . Therefore, in an electric circuit (see inset of Figure 3.2)
with an external voltage source the familiar equations for capacitor charging and
discharging can be used.

If a constant external DC voltage Uy is applied and the capacitor is initially un-
charged, the electrodes will be charged and a charging current [ is flowing in the
external circuit following the differential equation:

ar I
i 1
R o + 8 0, (3.1)
which has the solution:
I(t) = Iyexp(—t/RC), (3.2)
with Iy = Up/R. The voltage trace of an ideal rectangular voltage pulse, and

the charging current according to Equation (3.2) are depicted in Figure 3.2 left.
Because of the series resistance R, the charging process takes a finite time. This is

!mainly by the work of Jona Kurpiers
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characterized by the RC time constant, the time at which the current drop reaches
1/e of its maximum. Thus, the RC time represents a lower limit for the temporal
resolution of the set-up.

Typical values for the sample capacitance of devices used in this work are in the order
of 350 pF, assuming ¢ = 4, A = 1 mm? and d = 100 nm. The series resistance in the
circuit is mainly determined by the input resistance of the oscilloscope (50€2), the
resistance of the operational amplifier (10€2) and the ITO traces on the substrate.
Assuming R = 602 leads to an RC' time constant of only 21 ns. Such low RC
time constants (compared to earlier studies) are mainly attributed to the very small
electrode areas and short I'TO traces to the active area used in this set-up.

A further limitation of the experimental time resolution is given by the actual shape
of the voltage pulse. In reality, the voltage pulse must be described by a ramp with
a finite rising time (Figure 3.2 middle). The function generator used in these TDCF
experiments (Agilent 81150A) has a specified rise time of only 2.5 ns. However, the
voltage signal at the sample is determined by the operational amplifier enhancing
the output signal of the function generator. This amplifier has a specified rise
time in the order of 20 ns. This is still far below typical rise times reported in
earlier studies [128-130], however, it already has a significant influence on the shape
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Figure 3.2: (a)-(c) show time traces of an ideal rectangular voltage pulse (green), a
voltage pulse with a linear ramp of 20 ns (blue) and a measured voltage pulse (black
symbols). The corresponding simulated (green and blue symbols) and measured (black
symbols) dark current transients are shown in (d)-(f). The best fit to the measured curve
with Egs. (3.2) and (3.4) (red line) yields R = 71Q and C' = 280pF' and with Eq. (3.6)
(dashed yellow line) R = 642 and C' = 280pF for this particular sample. The inset shows
the RC-circuit that serves as the basis for the analytic calculations.
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of the current signal (Figure 3.2 (e)), which is visible mainly as a total delay of
the current maximum and a finite current increase before the subsequent decay.
The current increase stems from the time dependent voltage signal and can be
analytically described using Equations (3.3) and (3.4) and the boundary condition
I(t=0)=0.

a1 U
I(t) = CU(1 — exp(—t/RC)). (3.4)

Note, that in Equation (3.4) the time dependent voltage signal was approximated by
a linear ramp U (t) = Ut. The solution is displayed in Figure 3.2 (e). For comparison
Figure 3.2 also displays the numerically simulated dark current transients (green
and blue symbols), using the transient simulation program described in Section
2.7.2. There is perfect agreement between the simulation and the analytic solution.
Therefore, either the numeric or the analytic description can be used to determine
the RC time constant of the set-up from the measured dark current transients.

An example for an experimental voltage trace and the corresponding dark current
transient for a typical solar cell used in this work is shown in Figure 3.2 (c),(f). It
is obvious, that the real voltage pulse does not show a linear ramp, but follows a
more complicated function leading to a rounded edge in the vicinity of the maximum
voltage.

A good fit (red line) with Equations (3.4) and (3.2) can still be achieved using
R =171Q, C =280 pF (RC = 20 ns) and an approximated linear voltage ramp with
a rise time of 12 ns. These values are very close to the theoretically expected ones.
It indicates that the additional resistance due to ITO traces is in the order of 10 2.
Furthermore, from the measured capacitance C' = 280 pF and the layer thickness
d = 126 nm and electrode area A = 1 mm? of this particular sample the relative
permittivity of the donor-acceptor blend can be calculated. The value for this blend
(PTB7:PCBM with DIO) is exactly 4 and will be used in the numerical simulations
throughout this thesis.

Alternatively, the measured voltage signal can be approximated by Equation (3.5)

U(t) = Up(1 — exp(—t/mv)), (3:5)

with 7y being the characteristic rise time. Figure 3.2 (c¢) shows that Equation (3.5)
is a good approximation with 7;,=7.9 ns. Solving the differential equation arising
from (3.3) and (3.5) leads to a description of the entire current transient with a

single equation: . . .
0

m(exp(—g) — eXp(—m)). (3.6)

The best fit of the measured current transient in Figure 3.2 (f) (yellow dashed lines)
with Equation (3.6) yields the parameters R = 642 and C' = 280 pF, implying
an RC time of 18 ns. The similarity of both parameter sets indicates that both
approaches yield an equivalent good description of the physical processes.

In conclusion, this section shows that the current flow through an organic solar cell

I(t) =
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device in the dark in response to the application of a time dependent reverse voltage
pulse can be described as an electrode charging of a capacitor with capacitance C' in
series with resistance R. The analysis of the dark transient reveals information about
the RC time constant of the circuit, which is important for the time resolution of the
set-up. Furthermore, the numerical simulation described in Section 2.7.2 perfectly
reproduces the physical processes in the dark and is, therefore, also a trustworthy
basis for the analysis of the processes under illumination which will be discussed in
the next section.

3.2.2 Under Illumination

If photogenerated charge carriers are introduced in the organic layer, an additional
current flow is measured upon the application of a voltage pulse due to the motion
of the charges. By subtracting the pure capacitive response of the specific sample in
the dark (‘Dark Transient’) from the transient under illumination, the contribution
of the free charge carriers moving across the device can be separated. This con-
tribution will in the following be called ‘Photocurrent Transient” and shall now be
described analytically.

It is assumed that at ¢ = 0 the density of holes and electrons is equal (n. = n, = n)
and independent of the position within the layer. These assumptions are reasonable,
if the charge carriers are generated by a short laser pulse. Furthermore it is initially
assumed that only one charge carrier type is mobile (here, the electron mobility is
much larger than the hole mobility, i = p. > p,) and that bimolecular recombina-
tion and diffusion of charge carriers during extraction can be neglected. This is true
for low carrier densities and gradients as will be shown later. Upon the application
of an external voltage Uy, the electrons start moving across the layer with velocity
v:

dl

V== E(l)p, (3.7)

leaving behind a charged layer of holes up to the time dependent extraction depth
[(t), see Figure 3.3. This charged layer induces an electric field which is time depen-

cn

o

Figure 3.3: Schematic charge distribution and resulting electric field in the device for
the case of mobile electrons and immobile holes.
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dent. The time dependent field across the layer can be calculated from the Poisson
equation dE/dx = en/eeq to:

B0, -2 0<z <)
Bla,1) = {E(d, 1) () <z < d. (3:8)

The potential drop across the sample is then:
d
Up = / E(z)dx (3.9)
0

By combination of Equations (3.7), (3.8) and (3.9) a differential equation is obtained
for the extraction depth [(¢) in the form:

di(t) fenp
— =Up= — I=(t). 3.10

i 00 2z | (3.10)
This equation has been derived earlier in reference [145] for the general case of a
time dependent voltage U(t). In this general case the differential equation cannot be
solved analytically. However, here, in the case of a time independent voltage signal
an analytic solution can be obtained, which is:

I[(t) = atanh(bt), (3.11)

with @ = /220 and b = 62‘;2222{)0 and the boundary condition [(0) = 0. The

current density due to the moving charges can then be calculated by averaging
Ohm’s law:

nep

j(t) = é/o o, ) B, t)dr = =2 (d — U(t)) (Uo - %012(75)). (3.12)

The solutions for I(t) and I(t) = Aj(t) for typical experimental parameters are
depicted in Figure 3.4. It is obvious, that at high charge carrier densities and low
voltages, when the internal electric field due to the remaining holes is larger than
the external field due to the applied voltage, I(t) never reaches the value of the layer
thickness d. In this case, which can be approximated by the relation Uy < Z?f, a
part of the photogenerated charge carriers is left in the device and is not accounted
for in the photocurrent. Therefore the integral of the photocurrent transient will be
lower than the true amount of photogenerated charge. This effect is demonstrated
in the inset of Figure 3.4. The integrated photocurrent (for constant n) increases
as a function of applied voltage Uy. It saturates if Uy is large enough to extract all
charge carriers.

Note, that the current density according to Equation (3.12) is solely the contribution
of the moving charge carriers and not the current measured in the external circuit
through the resistance R. Therefore, the maximum current is flowing at ¢ = 0
(Figure 3.4).
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Figure 3.4: Left: Extraction depth [(¢) according to Equation (3.11) for the parameters
n="7x1022 m™3, y =5x10"% cm?/Vs, d = 100 nm and extraction voltage Uy as indicated
in the graph. The dashed line indicates the layer thickness d. Right: Corresponding pho-
tocurrent for the same parameters. Inset: Integrated photocurrent for different extraction
voltages. For low voltages the integral is lower than the photogenerated charge.

From Figure 3.4 it is obvious that low carrier densities or high extraction voltages
are required to obtain reasonable results. Remarkably, in the limit of n <« %, the
electric field contribution of the space charge can be neglected and the solution of
the photocurrent simplified. The current due to the drift of charge carriers in the

constant external field is then calculated as:

d
I(t) = %/0 en(x,t),u%dx, (3.13)
with
)0 0<x<I(t)
(1) = {n I(t) <z <d. (3:14)
and U
I(t) = % . (3.15)

For sake of simplicity here only the current due to motion of the electrons is consid-
ered. However, in the approximation of low carrier densities and negligible internal
field, the total photocurrent is the sum of the electron and hole photocurrent tran-
sients I(t) = I.(t) + I5(t). The solution to Equations (3.13) - (3.15) is given by

_ Qo by (3.16)

ttr Zftr

L.(t)
where Qg = Aend is the initial photogenerated charge and ¢, = d?/uUy is the tran-
sit time, defined as the time needed for one charge carrier to travel through the

whole layer in the influence of the uniform external field Uy/d. Figure 3.5 shows,
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Figure 3.5: Photocurrent due to drift in a constant external field according to Equa-
tion (3.16), compared to the solution for a time dependent field due to build-up of

space charge (Equation (3.12)). For typical experimental parameters (n = 1 x 10?2 m~3,
Up=-5V,u=1x10"% cm/Vs, d = 100 nm) the two solutions coincide.

that the two solutions, considering a constant field (Equation (3.16)) and a time
dependent field due to the build up of space charge (Equation (3.12)) are almost
identical for typical experimental parameters, fulfilling the condition n < %. The
intercept with the time axis corresponds to the transit time of the charge carriers t;,.2

So far only the contribution of the moving charges across the layer was consid-
ered, which will in the following be denoted as [;,;. Next, the current I.,;, which
is measured in the external circuit with a series resistance R shall be calculated. It
will be shown, that the maximum of the photocurrent will be delayed due to the
delayed recharging of the electrodes.
First, it is assumed that the external voltage Uy has been applied a considerable time
(t > RC') before the charge carriers are inserted, so that the sample electrodes are
fully charged and no current is flowing. This is the case in the TDCF experiment,
when the charge carriers are photogenerated under pre-bias conditions (compare
Figure 3.1).
In an equivalent circuit diagram (see inset of Figure 3.6) the internal current I,
can be understood as an additional current source (e.g. a photodiode with C' = 0)
in parallel to the sample capacitance C. The total voltage in the circuit is in this
case still given by:

UOZUR—l-UC:[emR—FQc/C, (317)

2Here and in the following the current transients are plotted on a negative current axis, for
better comparison with measured transients. The polarity in our TDCF set-up is such that a
reverse bias causes a negative current signal.
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where Q¢ is the charge on the sample electrodes. The current provided by the
current source is first used to recharge the capacitor plates as a result of the moving
internal charge. If the electrodes are charged the internal current contributes to
the external current which can be measured across the resistor. In this model the
external current is given by:

dQc

I = 1iy, — 3.18
¢ ¢+ 7 ( )

Using Equations (3.17) and (3.18) and the boundary condition dUy/dt = 0 then
leads to the following differential equation:

. 1 1

Iex _Ier = 5~

‘T Re' T R

where I;,,;(t) is the current due to the drift of the charges, given by Equation (3.16)3.

Using the boundary condition 7(0) = 0, the solution to Equation (3.19) is given by:

Qo t t Qo

Len(t) = E(l o exp(—p=)) + ERC(l - eXp(—%))- (3.20)

Lint(1), (3.19)

A physically meaningful solution is obtained for 0 < ¢t < t.. In Figure 3.6 (left) the
analytic solution of the photocurrent transient from Equation (3.20) is compared to

3Here it is implicitly assumed that I;,,; depends only on Uy over the whole time period. In reality
it will depend on Ux = Uy — Ug as soon as current flows in the external circuit. For simplicity it
is assumed that Ug < Ug. For realistic parameters: I ~ 1 mA, R = 5012, Ugr = 50 mV.

< <
g- g- numeric simulation
R analytic solution

l lex series resistance R:

10 Ohm

——50 Ohm

Uy 80 Ohm

100 200 300 400 0 100 200 300 400
Time [ns] Time [ns]

Figure 3.6: Analytic solution (red) and numerical simulation (black and grey) of
photocurrent transients using the parameters: g = 1 x 107% em/Vs, n = 10?2 m~3,
Up = —5 V, C = 354 pF and series resistance R as indicated in the graphs. Left: Constant
voltage Uy is applied before charge carriers are inserted at ¢ = 0. Right: Charge carriers
are inserted before the application of Uy at t = 0 (with U = 0 for ¢ < 0). The charging
process of the sample electrodes slows down the motion of carriers at the beginning and
further delays the extraction time. Inset: Equivalent circuit diagram for the derivation of
the external photocurrent.
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the numerical simulation, using the same input parameters for R, C', u, n and Uj.
The values for these parameters are given in the graph. For the chosen parameters,
which are typically found in the experiments, the analytic solution perfectly matches
the simulation. The analytic solution can now be used to study the influence of
certain parameters, as for example the RC' time, on the transient.

From Equation (3.20) it is obvious, that the photocurrent is a complex function
of the series resistance, sample capacitance, mobility, charge carrier density and
applied voltage. However, in the limit of ¢ > RC, e.g. at long times or low RC
time constants, Equation (3.20) simplifies to

Qo(l _ _) Qo

I(t
( ) ttr ttr tz

—RC, (3.21)
which is similar to Equation (3.16) except for the constant offset proportional to RC,
which is caused by the retarded current flow through the resistor. The characteristic
maximum occurs at ;
tr
+1 3.22
) (322)
and is determined by RC and t;.. At times t < t,.c the internal current I;,; is
needed to recharge the electrodes and only at times ¢ > t.,.« the current leaves
the device to the external circuit. The slope at short times and the height of the
maximum are also determined by the initial charge carrier density nyg.

tmax = RC In(

In the next step, the situation shall be investigated, where the external voltage
Up is applied after the insertion of charge carriers (i.e. U = 0 for ¢t < 0). In the
TDCF experiment this describes the situation when the voltage is changed from
pre-bias to collection bias after a certain time delay. In this case, the current rise
will be delayed, since at short times (t < RC') the external electric field Uy/d is not
completely available due to a finite charging time of the sample electrodes. Conse-
quently, the time dependent voltage drop across the sample is approximately given
by

U(t) = Un(1 - exp(~=). (323)
In this case Equation (3.16), which implies a constant drift velocity of the charge car-
riers, is not valid anymore. Rather the charge carriers move with a time dependent
velocity given by the time dependent field:

dl _pU@E) _op t

vt) = =pE=—0— dUo(l exp( E)) (3.24)
Integrating Equation (3.24) and using the boundary condition [(0) = 0 gives the
solution for I(t):

1(6) = "2t + RO(exp(~ 1) 1),

Now, using Equations (3.13), (3.14) and (3.25) gives the internal current flow due
to the drift of the charges in the time dependent external field:
QO (1 —e RC) QO

lir tr

(3.25)

Lin(t) = 2t — RC + 2RCe™ 7 — e~ 7o — RCe™70)  (3.26)
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Putting this into Equation (3.19) and solving the resulting differential equation
finally gives the measured photocurrent transient:

I.(t) = %(1 - e‘zetc(% +1))+ %(—t +2C — 2te” 7o
tr r
2 __t t _ 2t __t <3‘27)
+2RC€ rRC — RCe™ ®6 — RC'e” ®T)

The analytic and numerical solutions are displayed in Figure 3.6 (right). It is clearly
visible that the charging process of the sample electrodes slows down the voltage
increase across the active layer and with that the motion of the charges at short
times (¢ < RC'). In this time regime, the current is a quadratic function of time.
The form of the transient at long times (¢ > RC') will be discussed in more detail in
the following section and yields important information about the apparent transit
time.

3.2.3 Extrapolation of the Photocurrent Decay

The current due to drift of charges in a constant electric field (Equation 3.16) follows
a linear decay, intersecting the time axis at the transit time t;, = d*/uUy. Motivated
by this approach, commonly the extrapolation of the initial linear photocurrent
decay (caused by the motion of the faster charge carrier type) to zero is used to
determine the charge carrier mobility of the mobile charge carriers.[133, 135, 146,
147]

However, as has been shown in the previous section, in the case of a capacitive
response across a resistor the motion of the charges is delayed with respect to the
RC' time constant of the circuit. In the limit of ¢ > RC Equation (3.27) simplifies

to

_ Qo (1— b n 2RC
ttr ttr ttr
This expression becomes 0 at t = t;,. + 2RC. Hence, it follows that the time deter-
mined by extrapolating the initial photocurrent decay is larger than the true transit
time by a constant offset of 2RC' and the calculated mobility will be erroneous. In
this approach, the true transit time should be greater than 40RC' to keep the error
of the mobility below 5%. This condition is not easy to meet in the field of thin film
devices and increasing charge carrier mobilities.
Typical layer thicknesses for high efficiency organic solar cells are in the order of
100 nm [36, 148] and charge carrier mobilities are in the range of 107 ~ 107 cm?/Vs
[92]. For typical RC' time constants of the set-up of ~ 20 ns this requires extrac-
tion voltages as low as 0.123 V ~ 1.25 V and consequently, to meet the condition
of negligible internal field, charge carrier densities n < 2.8 x 10! m~3. The con-
sequences, if these conditions are not clearly met, are shown in Figure 3.7. Here,
the transit times were calculated according to ¢}°** = j—(jo + 2RC, using a constant
input mobility of y;, = 5 x 107* cm?/Vs, RC' = 20 ns, d = 100 nm and different

extraction voltages Uy. The plot shows the apparent mobilities extracted from ¢7'°**

1(t)

) (3.28)
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Figure 3.7: Apparent mobilities determined with yu = d?/#2¢%U, and ¢ = mcho

2RC for different collection voltages Uy. The constant input mobility was p, = 5 X
10~* em?/Vs. The apparent negative field dependence of the extrapolated mobility is due
to the constant offset of 2RC' in Equation (3.28). The deviation from the true mobility

becomes large at high extraction fields.

as a function of vE. An apparent negative field dependence of the mobility appears,
even though the input mobility was field independent and the true transit time was
more than one order of magnitude higher than the RC' time constant. The error of
the measured mobility is up to 50% for high voltages and low transit times. From
the plot in Figure 3.7 an apparent Poole-Frenkel factor of field dependent mobility
of B = —0.0013y/cm/V (compare Section 2.5) can be calculated, which is purely
due to the incorrect determination of ¢;.. Indeed, Poole-Frenkel factors in this order
have been reported [133, 135] and could be a consequence of a too small t,./RC
ratio.

To determine the true carrier mobility it is necessary to determine the correct RC'
time constant of the set-up, e.g. from the dark transients as described in Section
3.2.1 and subtract 2RC from the extrapolated transit time.

3.2.4 The Photocurrent Integral

As discussed in the beginning of this chapter, TDCF has been primarily developed
to measure charge carrier densities under different pre-bias and time delay condi-
tions. In general the photocurrent is a displacement current caused by the motion
of electrons and holes travelling in opposite directions towards the collecting elec-
trodes. Since photogeneration creates electrons and holes in close vicinity to each
other, this process does initially not alter the electric field or electric polarization
inside the layer. As a result, the charge stored on the electrodes is unchanged. The
motion of electrons and holes in opposite direction then causes a redistribution of the
electrode charge, which is seen as an external displacement current. However, after
all charge is extracted the active layer returns to its initial state and the electrode

44



charge is the same as before the extraction of the photogenerated charge. Conser-
vation of charge then requires that the charge that has flown in the external circuit
is the same as the photogenerated charge that has been extracted at the electrodes.
Therefore, if no charge carriers are lost within the active layer, the integral of the
photocurrent over a significantly long time interval is equal to the photogenerated
charge:

t
Qphoto:/ Iphoto(t)dt- (329)
0

This is also true if electron-hole pairs were generated inhomogeneously across the
layer, since in total each pair still travels the full distance d. In case that one charge
carrier type is completely immobile, as was assumed in the transient analysis in
Section 3.32, the mobile charge carriers travel in average only half the distance of
the layer thickness d/2. The integral of the (electron) current then yields only half
the photogenerated charge @)/2.

Importantly, so far two important loss mechanisms have been neglected, bimolecular
recombination of free charge carriers and diffusion. As discussed in Section 2.4 the
rate of bimolecular recombination is given by

dn
— = —kprn?, 3.30

dt B (3:30)
with kgr being the bimolecular recombination constant. From that an average
charge carrier lifetime can be defined as the time at which the charge carrier density

is reduced to 1/e of its initial value:

1
T = .
kZBRTL

(3.31)

The charge carrier lifetime inversely depends on the carrier density and the experi-
mental conditions should be chosen such to keep the extraction time much smaller
than the lifetime (toz, = ty + 2RC < 7). This can be achieved for low carrier den-
sities and low transit times, i.e. high collection voltages. Under such conditions, the
RC' time constant significantly prolongs the extraction time and should therefore be
minimized. Otherwise, significant losses of photogenerated charge carriers due to
recombination during extraction should be expected and the photocurrent integral
does not correspond to the initial photogenerated charge. Recombination losses can
be neglected, if they are lower than the experimental error, for example given by
pulse-to-pulse laser fluctuations. The photocurrent integral should then increase
linearly with increasing photogenerated charge carrier density, i.e. with increasing
laser pulse fluence.

Diffusion of charge carriers has to be considered as a loss process only, if charge car-
riers happen to leave the device and recombine at the wrong electrode. However, at
high collection fields, the charge carriers move away from the electrodes fast enough
and diffusion losses can be neglected. Under pre-bias conditions, where the effective
fields are usually much lower, diffusion losses can be avoided by applying very short
delay times. If longer delay times at low fields are applied, for instance to probe
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nongeminate recombination (see Section 4.3), and non-selective electrodes are used,
diffusion losses at the wrong contact might alter the results.

If any losses of charge carriers are negligible Equation (3.29) is valid, independent of
the applied bias and whether different biases are applied during extraction. There-
fore, one can also write:

ten t ten
fO d photodt = f@d Iphotodt + j;fd d photodt
Qphoto = Qpre + Qcoll = Qt0t7

see Figure 3.1 for comparison.

(3.32)

3.3 Summary

Within the context of this work, a Time Delayed Collection Field experiment with
unprecedented high time resolution was set up, implying a voltage pulse rise time
below 10 ns and a circuit RC' time constant in the order of 20 ns. With that it is
possible to study photogenerated charge carrier densities at different electric fields
and after time delays in the order of a few ns to several us.

A detailed theoretical analysis revealed that the shape of the photocurrent transient
is largely influenced by external experimental parameters such as circuit RC' time,
height and rise time of the voltage pulse and charge carrier density, but also by
intrinsic sample properties such as charge carrier mobilities and bimolecular recom-
bination constants.

The integral of the photocurrent transient is equal to the photogenerated charge as
long as the loss of carriers due to bimolecular recombination during the extraction
time and time delay is negligible. To meet this important condition, it is necessary
to choose the external parameters such that the photocurrent integral increases lin-
early with increasing carrier density. In general this is true for low carrier densities,
i.e. low laser pulse fluences and high collection voltages.

Special attention has to be paid if extrapolation of the photocurrent decay is used
to determine charge carrier mobilities, since the RC' time constant of the external
circuit significantly influences the effective extraction time. It has been shown that
the true carrier transit time can be obtained by correcting the measured extraction
time by 2RC. Therefore, knowledge of the exact RC' time of the set-up including
the particular sample structure is of vast importance. Here, two different routines
were presented to obtain the RC' constant from the TDCF dark transients.
Furthermore, it has been shown that the numerical simulation described in Section
2.7.2 perfectly reproduces the considered physical processes. This provides a pow-
erful tool to analyse photocurrent transients even under conditions that may not be
analytically attackable anymore, i.e. when bimolecular recombination and diffusion
become important or time dependent mobilities or recombination constants occur.
The theoretical framework delivered in this chapter is the basis for the experimen-
tal analysis of charge carrier generation, recombination and transport processes in
organic solar cells, which will be discussed in the upcoming chapter.
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4 TDCF - Experimental Applications

4.1 Introduction

The characteristic J-V response of organic solar cells is determined by the free charge
carrier generation via dissociation of charge transfer states in competition with gem-
inate recombination and by the efficiency of carrier extraction in competition with
non-geminate recombination. Earlier work on the dynamic processes in solar cells
have often focused on only one or two of these parameters, e.g. only generation
and recombination [17, 26, 27] or only charge carrier mobilities [28, 29]. This has
often lead to incomplete and contradictory descriptions of the physical processes.
However, here it will be shown that the thorough analysis of all three parameters in
one device is essential to gain a deep understanding of the charge carrier dynamics
and to identify the most relevant loss channels.

The Time Delayed Collection Field (TDCF) method, extensively discussed in Chap-
ter 3, can be used to separately measure charge carrier generation, recombination
and transport in organic photovoltaic devices. In the following this will be shown
for two relevant material systems, PSHT:PCBM and PTB7:PCBM. A short sum-
mary of the chemical structures, solar cell performance and morphological features
for these blends can be found in Section 2.8.

P3HT:PCBM has, for many years, been the most-studied benchmark system in the
field of organic photovoltaics. With a total of over 1500 publications in the last 10
years it is the ’fruit-fly’ among the donor-acceptor bulk heterojunction (BHJ) solar
cells.[149] However, this system is also particularly interesting as thermal or vapor
annealing leads to a huge increase in the short circuit current density (Jsc) and
fill factor (FF), along with an overall efficiency improvement by up to one order of
magnitude.

Extensive studies in recent years have been devoted to the influence of anneal-
ing on the the morphology of the blend. Thermal treatment has been shown to
cause a coarsening in size and order of the crystalline P3HT domains, accompa-
nied by aggregation of PCBM molecules. The resulting morphology can be best
described by an interpenetrating network of rather pure nanometer-sized crystalline
domains.[114, 116-119, 150, 151] Alternative annealing techniques such as slow dry-
ing or vapor annealing were shown to result in a similar phase separation of the
components.[11, 117, 152, 153] However, the origin of the beneficial effect of anneal-
ing on the solar cell performance, especially on the charge generation process, was
still controversially discussed at the beginning of this work.

BHJ solar cells comprising the low bandgap donor polymer PTB7 and the fullerene
acceptor PCBM yielded a record power conversion efficiency of 9.2% [30], which
was the highest certified efficiency for single junction organic solar cells to date.
However, also for this material combination the device properties depend largely
on the processing conditions. In particular, the photovoltaic performance improves
dramatically when adding 1,8-diiodooctane (DIO) to the blend solution [120] which
is attributed to an optimized phase-separated structure. Although the change in
nanomorphology upon addition of DIO has already been extensively discussed in
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literature [123, 124, 154-156], a conclusive picture is still under debate. On the
other hand, comparatively few publications so far have dealt with the impact on the
charge carrier dynamics.[26, 28, 157]

In this chapter the influence of processing conditions on charge carrier generation,
recombination and transport in these two highly relevant OPV material systems is
investigated. One of the main goals of this work is to understand the J — V' charac-
teristics from Figure 2.12 and 2.14 on the basis of the charge carrier dynamics. The
results are discussed with respect to previous literature studies and also in terms of
the specific blend morphologies.

4.2 Charge Carrier Generation

As discussed in the beginning of Chapter 3, TDCF was originally developed to
investigate the charge carrier generation process. By applying different voltages rel-
evant for solar cell operation during laser excitation (pre-bias, Vi) and subsequent
collecting the photogenerated charge carriers, the bias dependent efficiency of free
carrier formation can be probed. The active area of all devices investigated in this
chapter was 1 mm?.

As already pointed out, the integral of the total current transient over delay time and
collection time corresponds to the photogenerated charge as long as non-geminate
recombination during delay and collection time is negligible. To meet this condition,
in all generation experiments the delay time was chosen sufficiently short (between
10 and 20 ns) and the collection bias was chosen high enough to extract all charge
carriers (Veop = —5 V for the 200 nm P3HT:PCBM device and Vo = —2.5 V for the
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Figure 4.1: Total extracted charge measured with TDCF as a function of laser pulse
fluence for P3BHT:PCBM (left) and PTB7:PCBM (right) devices. The straight lines are
guides to the eye. The strict linear increase in all cases indicates that bimolecular recombi-
nation losses during extraction can be excluded under the chosen experimental conditions
(P3HT:PCBM: Ve = 0.55 V, Voo = =5 V, tg = 20 ns; PTBT:PCBM: Ve = 0.7 V,
Vcoll =-2.5 V, td =10 ns).
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100 nm PTB7:PCBM device). The collection time was sufficiently long (between 2
and 5 ps), so that the photocurrent signal has well dropped below the noise level,
to make sure that all free moving charge carriers are collected. Figure 4.1 shows the
photocurrent integral as a function of laser pulse fluence for as prepared and ther-
mally annealed P3HT:PCBM devices (left) and PTB7:PCBM blends, prepared with
and without the solvent additive DIO (right). In this measurement V. was chosen
close to the open circuit voltage (Voc) at one sun illumination. The strict linear
increase of the total extracted charge with pulse fluence in all cases indicates that
non-geminate recombination is absent during the experiment for the chosen param-
eters and the measurement is sensitive for bias-dependent geminate recombination
losses.

4.2.1 P3HT:PCBM

In this section the results for as prepared and annealed CF-cast PSHT:PCBM de-
vices are summarized and discussed. Figure 4.2 shows the total extracted charge as
a function of the applied pre-bias during generation. In this experiment the time
delay was 20 ns and the pulse fluence was 0.7 uJ/cm?. Tt is obvious that the photo-
generated charge is independent of the bias for both blends within an experimental
error of 10%. Therefore, the presence of an electric field does not suppress gemi-
nate recombination or increases the number of free charge carriers. This analysis
presumes that the generation of free charge carriers is completed within the delay
time, meaning that all CT states are either separated or have recombined. This pre-
sumption is justified by the short CT lifetimes of several ps to a few ns determined
by optical measurements.[21, 50, 60-63]
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Figure 4.2: The total extracted charge is independent of the applied pre-bias during
laser excitation for the annealed and as prepared P3HT:PCBM samples. The time delay
was 20 ns and the pulse fluence was 0.7 uJ/cm?. The grey areas indicate a 10% range
around the mean value.
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These results show for the first time, directly and unambiguously, that the charge
carrier generation process in the much debated P3HT:PCBM system is independent
of an electric field and does not account for the field-dependent photocurrent.

This conclusion is in apparent contradiction to a recent transient absorption spec-
troscopy (TAS) study by Marsh et al. [19] There, the prolonged lifetime of the
hole-related spectral feature upon increasing electric field was interpreted as evi-
dence that field induced polaron pair dissociation suppresses geminate recombina-
tion. However, this data can be alternatively explained assuming a higher electron
mobility compared to the hole mobility. The rapid extraction of electrons under a
negative bias then leads to reduced bimolecular recombination in the remaining hole
population, which is especially significant under the high laser fluences of 12 pJ/cm?
used in this study. Consequently, the hole lifetime is increased.

On the other hand, a bias-independent generation process is in accordance with
earlier TAS studies by Howard et al. and Guo et al. [21, 22], which indicated direct
generation of free charges within a few picoseconds. For the annealed device, a field-
independent fast free carrier generation is expected from the high FF of about 67%
[11], implying high currents and generation yields even at very low internal fields.
Interestingly, the total charge is also independent of pre-bias in the as-prepared de-
vice. This result is unexpected since chloroform-cast as-prepared devices exhibit
very low FF and currents, the origin of which was so far very controversially dis-
cussed. Mihailetchi et al. suggested that the FF and Js¢ in these devices is limited
by build-up of space charge, brought about by a large difference in the hole and
electron mobility.[25] Additionally, they argued that the Jsc is further limited by
the incomplete dissociation of electron-hole pairs at the donor-acceptor interface.
Upon annealing the hole mobility strongly increases and space charge effects are
absent.

Other studies using TAS reported a significant increase in the yield of dissociated
charges upon annealing that was also ascribed to an enhanced efficiency of charge
separation.[158] These studies were performed in the absence of an electric field and
with pulse fluences well above 4 pJ/cm, where nonlinear effects begin to dominate
the processes. Several publications stated a higher rate coefficient for non-geminate
recombination in as prepared devices and proposed this to be the main cause for
the lower FF.[134, 159]

Our results show unambiguously, that field-assisted generation of carriers in compe-
tition with monomolecular recombination of geminate pairs is insignificant even in
the as prepared blend and cannot account for the low FF. These findings agree with
conclusions from TAS measurements, that exciton dissociation at the heterojunction
is followed by rapid formation of free charge carriers also in as prepared devices.[21]
It can be concluded, that field-independent free carrier generation is quite general
for PBHT:PCBM blends over a wide range of morphologies and efficiencies. It has
been postulated, that free carrier generation in P3HT-based solar cells is assisted
by the delocalization of holes along fully conjugated segments.[160] Turner et al.
used linear absorption spectroscopy to show that as-prepared chloroform-cast lay-
ers already contain a significant number of aggregated chains.[118] Eventually, the
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number of aggregated P3HT chains on as-prepared samples seems to be sufficiently
high for the efficient photogeneration of free carriers.

A second important observation can be made from Figure 4.2. The amount of
extracted charge in the annealed device is approximately a factor of 1.8 higher than
in the as prepared device. The excitation wavelength was chosen to 450 nm, where
the optical absorption coefficient is equal in both devices (see absorption spectra in
Section 2.8). Although this observation points to less efficient charge generation in
the as-prepared blend, it is noted that the hole mobility in blends of P3HT with
PC[60]BM was reported to be very small, in the order of 1077 cm?/Vs.[25] Under
these conditions, hole extraction with a typical collection bias of -5 V and a collec-
tion time of 2 us is insufficient. In fact, even longer extraction times did not result
in a measurable difference in the extracted charge. For a photogenerated charge of
1072 C and a mobility of 1077 cm?/Vs, the extraction current would be in the order
of 107 A, which is below the resolution limit of the oscilloscope. It is therefore
reasonable to conclude, that the photocurrent in as prepared blends is only due to
moving electrons and the extracted charge in the TDCF experiment accounts for
about half the photogenerated charge. Remarkably, this suggests almost equally
efficient free charge generation in both, the as-prepared and the annealed devices.
This is in accordance with a study by Howard et al., who reported only a small
difference (ca 20%) in the amount of photogenerated charge measured by TAS.[21]

4.2.2 PTB7:PCBM

Similar to annealed PSHT:PCBM devices, optimized PTB7:PCBM solar cells with
the sovent additive DIO show exceptional high FF in the order of 70% (Figure 2.14).
In accordance with such high photocurrents even at low internal fields, the charge
generation was measured to be independent of the applied bias. The results are
shown in Figure 4.3 (left). These experiments were performed with an excitation
density of 0.05 pJ/cm? and a wavelength of 500 nm. The total extracted charge
Qi Was normalized to the respective value at -2 V and smoothed with a third-
order polynomial.

In contrast the devices prepared without DIO show a significant field dependence
of the free charge generation efficiency. Here about 20% less charge is generated
at open circuit voltage (Voc) compared to -2 V. Since non-geminate recombination
was excluded in this experiment, the field-dependence can only be attributed to
geminate recombination losses at low internal fields.

The inset of Figure 4.3 shows the original data. About 40% less charge is extracted
in the devices without DIO as compared to blends with DIO, indicating an overall
lower free carrier generation rate also at high internal fields. This is in accordance
with a larger phase separation in those blends implying a smaller donor-acceptor
interface for exciton splitting. Several groups reported a large phase separation in
pristine blends with domains in the order of >100 nm and showed that the main
effect of DIO is to suppress the formation of the large fullerene clusters, leading to a
smaller length scale of the polymer and fullerene phases and an increase of the effec-
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tive interfacial area.[120, 123, 124] Our measurements are in agreement with these
reports. Notably, though the generation rate without DIO is considerably smaller
than with DIO, the photon absorption efficiency is equal in both blends (see Sec-
tion 2.8 for the absorption spectra), meaning that the internal quantum efficiency
is reduced in blends without DIO.

To further clarify the origin of the geminate losses in pristine devices, the field-
dependence of the generation was investigated for different excitation wavelengths
(Figure 4.3, right). Note that the overall field-dependence in the right graph is
slightly smaller than in the left graph, as these experiments were performed later on
a blend with a different batch of PTB7. We observe a smaller field-dependence of
generation in the blue region (405 nm) where PCBM is predominantly excited (see
absorption spectra of PCBM and PTBT in Section 2.8). Here, about 5% less charges
are generated at Voo compared to -2 V. In contrast, if PTB7 excitation dominates
(600 nm) the generation rate drops approximately by 12% when going from reverse
bias to open circuit conditions. This observation is consistent with a recent study
by Brenner et al. reporting a stronger voltage dependence of the polymer photocur-
rent generation in the devices without additive by means of voltage-dependent EQE
measurements.[161] A greater field-dependent generation upon polymer excitation
indicates that not all the excitons created in the polymer phase are sufficiently
separated into free charge carriers at the donor/acceptor interface. Apparently, a
significant fraction of the polymer excitons form bound CT states across the inter-
face that need the aid of an electric field to be fully separated.
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Figure 4.3: Left: Total extracted charge (Qiot) as a function of the applied pre-bias
during laser excitation at 500 nm, smoothed and normalized to Qo at -2 V. The pulse
fluence was 0.05 pJ/cm? and the time delay was 10 ns. The free carrier generation is
independent of the applied bias in the device with DIO. Without DIO ~20% less charge is
generated at Voo compared to -2 V. The inset shows the raw data. Right: Charge carrier
generation of a device without DIO at 3 different wavelengths. The field-dependence is
stronger if PTBT is predominantly excited (600 nm, red) as compared to PCBM excitation
(400 nm, blue).
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A morphological X-ray study by Collins et al. showed that in blends without DIO,
pure agglomerated fullerene domains in the order of 200 nm in size are embedded in
a polymer-rich matrix containing 30% dispersed PCBM.[123] Because of the large
dimensions of the domains, well exceeding the exciton diffusion length, a significant
fraction of PTBT7-excitons are not able to reach an agglomerate interface within their
lifetime but are quenched at dispersed PCBM molecules within the matrix.
Furthermore, it was shown recently that fullerene agglomerates have a deeper ly-
ing LUMO than dispersed molecules in the matrix, leading to a higher LUMO
offset between donor and acceptor and, therefore, reducing the probability of gem-
inate or non-geminate recombination.[162] Other studies suggest that the presence
of fullerene aggregates is required for strong electron delocalization and ultrafast
long-range charge separation as discussed in Section 2.3.2.[68, 139, 163] In either
case, charge transfer states between polymer chains and dispersed fullerenes in large
and highly intermixed domains, with no fullerene agglomerates in close vicinity, are
expected to suffer from geminate recombination and a higher field-dependence of
charge separation. This situation is schematically depicted in Figure 4.4.

In blends with DIO the dimensions of the fullerene and polymer domains are in
the order of 30 nm.[123] Therefore, an agglomerate interface is always within the
exciton diffusion length and all quenched excitons are efficiently separated into free
charge carriers. Consequently the generation rate is not expected to depend on the
electric field in those devices. The results of the TDCF measurements are in very
good agreement with these morphological models.

In summary, TDCF measurements provided for the first time direct access to gemi-
nate recombination losses in the free carrier generation process of two relevant OPV
systems. In three of the four investigated BHJ solar cells the charge carrier genera-

ﬁ PCBM agglomerate

Dispersed PCBM
molecules

@ PTB7
PTB7 exciton

-
\
7
/ ®' Bound polaron pair

.l
/ 7

Ok
D a E‘p = O—>
. PTB7 ﬁ" N\ Free electrons and
PCBM V' 4_CD

holes

Figure 4.4: Schematic image of the morphology in devices without DIO based on
structural studies by Collins et al.[123] Charge generation is field-independent close to
the agglomerate interfaces and field-assisted in the matrix, where only dispersed PCBM
molecules are available for charge transfer.
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tion process proved to be independent of the electric field.

These results challenge the current role of the CT state. While its existence has
undoubtedly been proven for a variety of donor-acceptor combinations, including
the ones studied here, by means of photophysical methods [42, 44, 45, 66, 164], the
general importance of these states in limiting charge photogeneration still remains
questionable. Quantum mechanical studies and optical measurements indicate that
the properties of CT states are strongly related to the molecular nature of the in-
terface and that the role in the charge generation process may vary significantly
between different material systems.[52, 53, 86, 165] In all three cases where field-
independent generation was observed, the blend morphology comprises nanometer-
sized crystalline or aggregated polymer or fullerene domains. It is proposed that
these domains stabilize free charges away from the interface and prevent them from
geminate recombination. In contrast, the blend with large amorphous PTB7 do-
mains containing dispersed PCBM, suffers from geminate recombination losses of
about 20%.

Obviously, in a number of state-of-the-art BHJ solar cells, free carrier generation is
not limited by field-assisted splitting of strongly bound interfacial polaron pairs. In
these devices the bias dependent photocurrent must be of different origin. Therefore,
the fate of charge carriers after the photogeneration process will be investigated in
the next section.

4.3 Non-geminate Recombination

After the photogeneration process, the free charge carriers are either extracted by
an applied electric field or they recombine non-geminately and are lost to the pho-
tocurrent. At flat band conditions, close to the open circuit voltage at one sun
illumination, where no effective field is operating, all charge carriers are condemned
to recombination. Under these conditions, TDCF can be applied to probe the re-
combination dynamics in the solar cell by varying the time delay between the laser
pulse and the extraction pulse.*

If the delay after excitation is increased, the charge carriers have more time to re-
combine and, consequently, less charge is extracted with the collection pulse. The
photocurrent integral over the time of the collection pulse is equal to the photogen-
erated charge Q.o still present in the device after the delay ¢4 and is decreasing
with increasing delay (see Figure 3.1 for a schematic description of Qcon, Qpre and
Qtot)~

If the effective electric field during the delay is not exactly zero, charge carriers start
moving and a photocurrent signal is also recorded prior to the collection pulse. The
integral of the photocurrent during the delay time is called pre-charge )y and is
equal to the charge extracted by the electrodes under pre-bias conditions during the

4 At this point it should be noted that V¢ is not a meaningful definition in a TDCF experiment,
since it is a dynamic quantity that depends on the carrier density in the device. In this chapter
the Vo at one sun is used as a reference value for the applied pre-bias. This approach is justified
as carrier densities generated in TDCF are of the order of carrier densities at one sun illumination.
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delay. The total charge Qo1 is the sum of Q.on and (e and measures the total pho-
togenerated charge that survives recombination and is collected by the electrodes.
If the delay is slightly increased from tq to tq + At, the total charge is reduced by
the amount of charge AQ5(At) that has recombined in At:

coll

Qtot (td + At) = Qcoll(td + At) + Qpre(td + At)
= Qeoll(ta) + Qpre(ta) — AQLL(AL) = Qrot(ta) — AQEL(AD).

The number of recombined charge carriers An(At) = AQSS (At)/eAd can be de-

coll
termined with an appropriate model for non-geminate recombination. In case of

bimolecular recombination it is:

(4.1)

RBMR = —-— = —/{;n2(td), (42)

with k being the bimolecular recombination (BMR) coefficient. Assuming that

Tl(td> = Qcou(td)/eAd, (43)

the temporal evolution of Q.1 can be described as follows:

2
Quan(ta + A1) = Quanlta)  [@ueta-+ 1) = Q(ta)] k28U g (49
Equation (4.4) can be used to iteratively calculate the collected charge for each time
step and, by comparing to the experimental results, the recombination dynamics in
the device can be resembled and, for instance, the BMR coefficient k& can be ex-
tracted.
However, the derivation of Equation (4.4) contains three important approximations.
First, as discussed in the previous chapter, it is assumed, that non-geminate recom-
bination is absent during the collection of the remaining charges after ¢4. For a
correct analysis, therefore, a sufficiently high collection bias has to be applied.
Second, bimolecular recombination reduces the carrier density only where the den-
sity profiles of electrons and holes overlap. In the above analysis it is assumed, that
the density profiles completely overlap, which is a reasonable assumption, consider-
ing uniform charge generation by a short laser pulse in the absence of an electric field.
In case, the density profiles of holes and electrons only partly overlap, the evaluation
with Equation (4.4) will underestimate the true local recombination coefficient.[82]
The third and probably most critical approximation is given by Equation (4.3),
which assumes that the charge carriers remaining in the layer after ¢4 still travel an
average distance of d/2 before being extracted at the electrodes. This, however, is
only true if the displacement of the charges during the delay is very small compared
to the layer thickness d and if diffusion, space charge effects or dispersive transport
spread the charge density profile, so that the charge carriers can be considered to
be rather uniformly distributed across the layer.
If the experimental conditions are chosen to satisfy these approximations, the BMR
coefficient k can be reliably extracted from the measurement as is demonstrated
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in Figure 4.5 (left). To confirm that the iterative analysis described above yields
reasonable values for k, the numerical drift-diffusion simulation described in Sec-
tion 2.7.2 was used to simulate the collected charge after different time delays in the
range of 20 ns to 10 us. In this simulation the effective electric field during the delay
was set to zero, so that Qpe = 0 for all delays. Also, non-injecting contacts were
used to minimize dark injection. The BMR coefficient in the simulation was set to
ki =1x10"8 m3s™! ky =5 x 1078 m3s™ and k3 = 1 x 10717 m3s™! (black, red,
green symbols respectively). The solid lines are the best fits to the data, using Equa-
tion (4.4) and leaving k as the free fit parameter. Qcon(ta = 0) = Q) is the initial
photogenerated charge and is taken from the photocurrent integral of the transient
at the shortest delay. The extracted BMR coefficients using the iterative fit function
are very close to the input values (k1 = 0.95 x 107 m3s™! ky = 4.2 x 10718 m3s™!,
ks = 0.8 x 10717 m3s™!), demonstrating the validity of Equation (4.4) at low electric
fields during pre-bias conditions.

If, however, lower pre-biases, i.e. higher effective electric fields, are applied during
the delay, the charge carriers may already move a considerable distance towards the
collecting electrodes. Upon the application of the collection pulse, the average dis-
tance traveled by the carriers will be less then d/2. Consequently, the true carrier
density will be larger than the one calculated from Q.on(tq) with Equation (4.3)
and the application of Equation (4.4) to the experimental data will overestimate
the recombination coefficient, as shown in Figure 4.5 (right). The input parameters
are the same as in the left graph, however, during the delay a small effective bias
of -0.1 V was applied. In this case, the extracted BMR coefficients are up to 60%
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Figure 4.5: Drift diffusion simulation (symbols) of the recombination dynamics af-
ter a homogeneous inserted carrier density for three different k£ values. Parameters
of the simulated sample: d = 200 nm, Epumo = —3.6 eV, Egomo = —4.8 eV,
Fanode = Feathode = —4.2 eV. Left: The internal field during the time delay is exactly
0 (Vpre = 0). Right: A small internal field is applied during delay. (Vpre = —0.1V') The
solid lines are fits with Equation (4.4). The obtained k values are shown in the graph.
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higher than the input values. This effect increases with increasing effective field and,
therefore, measurements taken under such conditions should be analysed with care.

4.3.1 The Presence of Dark Charges

The last section motivated the desire to apply pre-biases close to the open circuit
voltage (at one sun) to minimize the effective electric field during delay in the re-
combination experiments. However, at forward bias in the vicinity of V¢ some
devices show significant dark currents, arising from charge injection via the elec-
trodes. Consequently, in these devices a considerable amount of dark charge is
present at a pre-bias close to V¢, as shown in Figure 4.6. The injected charge at
a certain pre-bias Vi, can be determined with the TDCF set-up by recording the
dark transient with collection voltage V.. and subtracting a reference dark transient
taken at V.. = 0, where injection of carriers is negligible, with collection voltage
Veol + Vpre to negate the capacitance effects. The integral of the difference-transient
yields the additionally injected charges at Viye.

Figure 4.6 shows the injected dark charge as described above for different applied
pre-biases for annealed P3HT:PCBM (left) and PTB7:PCBM with and without DIO
(right). In all three devices the injected dark charge is negligible at low pre-biases
and shows a steep increase towards and above the V¢ at one sun. For typical pre-
bias conditions in the recombination experiments (dashed lines in the graph), Qgark
is significantly high, especially in the case of annealed P3HT:PCBM. Here, for low
excitation fluences (typically generating a charge in the order of 1071 C) it strongly
exceeds the photogenerated charge. However, in the TDCF experiment, the dark
charge is not recognized as part of the collected charge, as the dark current transient
is always subtracted from the transient under illumination. On the other hand, the
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Figure 4.6: Dark Charge for annealed P3HT:PCBM (left) and PTB7:PCBM (right) as
a function of applied pre-bias. For the as prepared P3HT:PCBM device no dark charge
could be measured up to Vjre = 1V. The dashed lines indicate typical pre-bias conditions
for the recombination experiments.

o7



background charge carriers take part in the bimolecular recombination, and their
presence accelerates the decay of the photoinduced charge population. Thus, if the
dark charge is not properly taken into account in the evaluation of the data, the
BMR coefficients will be strongly overestimated as is demonstrated clearly in Figure
4.7. To account for the dark charge Q. in the iterative analysis, Equation (4.4)
has to be modified to:

Q21 (ta) +2Qcon (ta) Qaar] At.
(4.5)

Qeo(tart 1) = Quonta) ~ Qorelart A1)~ Qpre{ )]~~~
The derivation of Equation (4.5) is shown in the appendix A.3.

Figure 4.7 shows drift-diffusion simulations with a constant background charge of
Qdark = 1 x 1071° C. The input BMR coefficient was k = 5 x 1071 m3s~! for all
simulations, and the photogenerated charge Qg set to 2Qgax (black symbols), Qgark
(red symbols) and 0.5Qqark (green symbols). The solid lines are the best fits using
Equation (4.4), therefore ignoring the dark charge. Apparently, also reasonable fits
can be achieved in this way, however the extracted BMR coefficients exceed the true
value in all cases. If the dark charge exceeds the photogenerated charge by a factor
of 2, the extracted k exceeds the true value even by a factor of 5.

The dashed lines are the best fits including the dark charge in the analysis (Equation
(4.5)). In this case the extracted BMR coefficients are very close to the input value in
all cases, demonstrating the importance of taking into account injected dark carriers
in the analysis of bimolecular recombination coefficients.
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Figure 4.7: Drift diffusion simulation (symbols) with a constant background charge of
Qdark = 1 x 1071° C, a constant BMR coefficient £ = 5 x 10718 m3s~! and three different
initial photogenerated charge (). The solid lines are fits without accounting for Qqark
(Equation (4.4)), the dashed line fits include Qqarx (Equation (4.5)). The obtained k
values are presented in the table.
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4.3.2 P3HT:PCBM

In this section the results for the recombination dynamics in the annealed and as pre-
pared P3HT:PCBM devices are summarized. Figure 4.8 (left) shows the collected
charge of the annealed sample as a function of time delay at four different laser
pulse fluences. The pre-bias was kept close to open circuit conditions (Ve = 0.55
V), minimizing the internal field and charge extraction during the delay, so that the
loss of the collected charge is mostly due to non-geminate recombination. The data
can be consistently fitted with the model according to Equation (4.5) (solid lines).
The good agreement between the data and the iterative fit suggests bimolecular
recombination to be the dominant loss channel at longer delay times.

Proper consideration of the dark charge (of 1.1 x 1072 C) yields values for k be-
tween 1.1 x 1071® m3s~! and 1.4 x 107*® m3s~!, slightly increasing with increasing
laser intensity. This very slight increase of k with fluence excludes significant con-
tributions from higher-order recombination processes. The overall magnitude of k is
comparable with values reported in literature [22, 166-168|, however most of these
studies reported a more pronounced increase of the recombination coefficient with
carrier density, which was explained by a carrier density-dependent mobility in the
presence of energetic disorder.

For further validation of the rather weak dependence of k on carrier density in the
annealed PSHT:PCBM devices found here, TDCF experiments were carried out with
a constant white light background illumination (using four focused white light LEDs;
Lumileds Rebel). The fluence of the laser pulse was kept constant at 0.4 pJ/ cm” and
the background illumination was varied between 0 and 300 mW/ cm’. The results
are shown in Figure 4.8 (right). As expected for bimolecular recombination, for
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Figure 4.8: Left: Collected charge as a function of the time delay for annealed
P3HT:PCBM at four different pulse fluences (Vre=0.55 V, Veon=5 V). Right: Collected
charge as a function of time delay for a fixed laser fluence of 0.4 pJ/cm? and different
steady state background illumination intensities Ij,. Solid lines are BMR fits according
to Equation (4.5). The obtained k values are shown in the graph.
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increasing background illumination the decay of the laser generated charge carriers
measured as Q.on becomes faster. Equation (4.5) can also be used to analyse the ex-
periments with background illumination, by replacing Q4. by the total background
charge Qe in the device inluding the injected dark charge and the photogenerated
charge from the LED illumination. Again, the BMR coefficients extracted from this
data increase with increasing carrier density, but also here the increase is rather
moderate.

The consistent fit to the data with Equation (4.5) for different pulse fluences and
background charge shows, that the charge carrier dynamics in the annealed devices
can be fully explained by the competition between extraction and bimolecular re-
combination, including a background carrier density and a weak dependence of the
BMR coefficient on carrier density.

Though compared to annealed PSHT:PCBM devices, the as prepared devices show
similar initial carrier densities, a much faster decay of the collected charge with in-
creasing delay is observed. For a pulse fluence of 0.8 pJ/ cm?® the half life time in
the as prepared sample is =~ 450 ns and in the annealed sample ~ 3 us. Figure 4.9
shows the normalized decay curves of the collected charge, indicating the different
half life times for the two devices. This is in good agreement with other studies on
the kinetics of bimolecular recombination in those blends.[134, 159, 167]
Interestingly, no dark charge could be measured in the as prepared devices up to
a voltage of 1 V. This is in accordance with a much lower dark current density in
forward direction in this voltage regime. Figure 4.9 (right) shows the unnormalized
Qcon data at four different laser intensities. Again, the data can be fitted using the
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Figure 4.9: Left: Collected charge normalized to the initial charge as a function of time
delay for as-prepared and annealed P3HT:PCBM devices for a pulse fluence of 0.8 zJ /cm?.
The decay dynamics in the as-prepared device are almost one order of magnitude faster
than in the annealed device. Right: The recombination dynamics in the as pepared device
are fitted with Equation (4.5), where Qqark is set to zero. The obtained k values are shown
in the graph.
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Figure 4.10: Qco1, Qpre and Qior as a function of time delay at V=0 V (short circuit
conditions) for the annealed (left) and as-prepared (right) PSHT:PCBM devices. The pulse
fluence was 0.8 1J/cm? in both cases. In the as prepared device, strong recombination
losses lead to a rapid decay of Qtot-

BMR model from above, setting the dark charge equal to zero (solid lines). It is also
taken into account, that the charge inside the device is double the extracted charge,
as holes are quite immobile in the as prepared blends. This will be shown in the next
section. Interestingly, the extracted BMR coefficients slightly decrease with increas-
ing laser intensity and, therefore, charge carrier density. This is in contradiction to
common BMR models, see Langevin theory in Section 2.4.2, where k is determined
by the carrier mobility and should therefore show, if any, a positive dependence on
carrier density. Recently, Heeger and coworkers [169] proposed contributions from
monomolecular trap-assisted recombination for P3BHT:PCBM, however inclusion of
this process in Equation (4.5) did not provide reasonable fits to the TDCF data and
can be safely excluded.

Irrespective of the exact process determining the decay kinetics, the strongly reduced
carrier lifetimes in the as prepared blends lead to significant recombination losses
even at short circuit and for moderate fluences. Figure 4.10 shows Qcon, @pre and
Qtor as a function of time delay at Vi, = 0 V (reflecting short circuit conditions)
and a fluence of 0.8 uJ/ cm®. The increase of Qpre is due to more charges being
extracted during longer delay. The short carrier lifetime in the as-prepared devices
leads to a rapid decay of the total charge with increasing delay, implying significant
recombination losses and inefficient extraction of charge carriers at short circuit. In
contrast, in the annealed device Qi stays constant over the observed time span,
indicating little recombination losses and efficient charge carrier extraction at short
circuit.
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4.3.3 PTB7:PCBM

Following the procedure of the previous section, delay dependent TDCF measure-
ments were also analysed for PTB7:PCBM devices prepared with and without DIO
to gain insight into the recombination dynamics in these blends. Figure 4.11 (left)
shows the decay of the collected charge at a pre-bias of 0.7 V (close to open cir-
cuit conditions), for similar photogenerated charge carrier densities (symbols) and
the BMR fit according to Equation (4.5) (lines). In both cases a dark charge was
included as determined from Figure 4.6, Qg = 2.43 x 1071 C (with DIO) and
Qaark = 9.5 x 10711 C (w/o DIO). The very good agreement between the data and
the fits indicates that bimolecular recombination is the main loss mechanism at long
delays in both blends, yielding BMR coefficients of k = 1.6 x 10717 m®s~! for the
device with DIO and k = 4.5 x 1077 m3s~! for the device without DIO. For both
types of blends the BMR coefficient varies only weakly with illumination intensity
and, therefore, carrier density (data not shown). This excludes influence from higher
recombination orders also in these devices.

The value for k£ with DIO is in very good agreement to recombination coefficients
reported recently by Deledalle et al. for a similar carrier density of 3 x 10?2 m~=3.[90]
In contrast to this Rauh et al. observed a much lower BMR of only 5 x 1071® m3s~!
at the same carrier density.[168] Both of these values were obtained from charge
extraction experiments without an additional extraction bias. The reasons for the
discrepancies will be discussed in more detail in Chapter 5.4. BMR coefficients for
the blends prepared w/o DIO have so far not been reported in literature.
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Figure 4.11: Left: Collected charge at open circuit conditions for increasing time delay
with and w/o DIO for similar initial photogenerated charges. The pulse fluences were
chosen 0.2 pJ/cm? and 0.6 pJ/cm?, respectively, to generate similar carrier densities.
The fits with Equation (4.5) (solid lines) reveal k = 1.6 x 1077 m3s~! (with DIO) and
k = 4.5 x 10717 m3s~! (w/o DIO). A dark charge of 2.43 x 10719 C (with DIO) and
9.5 x 107 C (w/o DIO) was included. Right: Normalized Qcol, Qpre and Qor at short
circuit conditions. W/o DIO the extraction is less efficient.
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Even though, in case of PTB7:PCBM, no significant dependence of k£ on V. was
observed (data not shown), an important observation can be made from the dynam-
ics at 0 V (short circuit). Figure 4.11 (right) displays the collected charge Qcon, the
total charge Qo and the pre-charge Qpre as measured with TDCE for increasing
time delay. Despite of a very similar decay of (J.on in both blends, in the devices
without DIO less Qpre is extracted in the same time span. As a consequence Qo
shows a significant decay, indicating severe losses at short circuit conditions, whereas
in the blends with DIO Q) stays constant over the whole period. This is evidence
for a slower and less efficient charge extraction in the devices without DIO.

In summary, delay dependent TDCF measurements are a powerful tool to analyse
recombination dynamics in working OPV devices. By means of numerical simula-
tions it was shown, that meaningful values for BMR coefficients can be obtained by
analysing Qpre and Qeon with a specially developed fit routine. The consistent fit to
the data at various initial carrier densities proves that the charge carrier dynamics
in the investigated devices can be fully described by the competition of bimolecu-
lar recombination and extraction of carriers. A dark charge carrier density, arising
from carrier injection at forward bias, has to be taken into account for the correct
interpretation of the carrier dynamics. This result might also be important for the
analysis of other transient experiments, such as photo-CELIV and charge extraction
[145, 170], that use different biases during excitation and rely on the evaluation of
the photocurrent.

Decay curves measured at Ve = 0 directly reveal whether or not non-geminate
recombination losses are relevant at short circuit conditions and already allow some
general conclusions about the device performance. However, PTB7:PCBM blends
without DIO, exhibiting the highest values for k£ of the investigated devices, show
a less rapid decay of @i,y with time and also possess higher FF than as prepared
P3HT:PCBM blends with a k-value of a factor of 4 lower. It is clear, that the
loss of the total charge and the bias-dependence of the photocurrent are not solely
determined by the BMR in the device, but also by the charge carrier transport.
Imbalanced electron and hole mobility may lead to the build up of space charge at
low internal fields, hindering the efficient extraction of both carrier types. There-
fore, the consideration of charge carrier mobilities and the extraction kinetics are an
important part in the complete analysis of the charge carrier dynamics in organic
solar cells and shall be discussed in the following section.

4.4 Charge Carrier Transport

The previous section revealed a dynamic competition between recombination and
efficient extraction of charge carriers in devices under illumination. In the absence
of field-dependent generation, these two processes mainly determine the shape of the
J — V characteristics, emphasizing the importance of knowledge about the carrier
extraction kinetics which are usually characterized by the charge carrier mobility.
The direct measurement of mobilities in a working device is still quite challenging
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and the results might depend strongly on the measurement conditions.[171] One
straightforward method is to determine mobilities from TDCF transients by extrap-
olating the initial photocurrent slope upon application of the collection bias to zero,
as described in Chapter 3.2. The advantage of this approach is that the mobility
can be probed for different extraction fields and the laser intensity can be chosen
such that the resulting carrier density is close to the carrier density of a working
solar cell.

The results for the PSHT:PCBM and PTB7:PCBM devices are shown in Figure
4.12 (left and right, respectively). Here, the initial linear slope of the photocurrent
transients at different extraction voltages was extrapolated to zero (as shown in the
inset) to gain ¢(/ = 0). The charge carrier transit times ¢, and mobilities p were
then calculated according to:

and P
= 4.7
=T (4.7)

where d is the device thickness and Uj is the extraction voltage. The RC time was
determined by analysing the dark current transients of each device as was exem-
plarily shown for the PTB7:PCBM devices in Section 3.2.1. For PSHT:PCBM the
fit to the dark transient yielded RC' time constants of 20 ns for the annealed device
and 18 ns for the as prepared device. The complete resistance-capacitance analysis
is presented in the appendix A.4.

Proper inclusion of the set-up RC' time constant, according to Section 3.2.3, leads
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Figure 4.12: Charge carrier mobilities determined from extrapolation of TDCF transients
in PSHT:PCBM (left) and PTB7:PCBM (right) devices. The stars include the subtraction
of 2RC'. For comparison the data points not accounting for the RC time are also displayed
(open circles) and show strong deviations. All dashed lines are guides to the eye. The
inset shows the principle of photocurrent extrapolation.
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to a field-independent mobility, in the relevant range for solar cells, for the de-
vices of annealed P3HT:PCBM (p = 1.2 x 1073 ¢cm?/Vs), as prepared P3HT:PCBM
(u=1.0 x 1072 ecm?/Vs) and PTB7:PCBM with DIO (u = 4.5 x 107* cm?/Vs).
Contrarily, the PTB7:PCBM device without DIO exhibits a field-dependent mobil-
ity of o = 1.2 x 1073 cm?/Vs and a Poole-Frenkel factor of 3 = —0.002/cm/V.
Mobilities with a negative field dependence have occasionally been observed in TOF
or CELIV experiments on high mobility materials [133, 172, 173] and have been at-
tributed to strong spatial disorder, i.e. a broad distribution of intersite distances for
charge carrier hopping, within the material. In the context of the Gaussian disorder
model of charge transport [16], in the presence of large spatial disorder, an applied
electric field prevents charge carriers from following hopping routes that involve sites
that are spatially close but could only be reached by hopping in directions opposite
to the electric field. This reduces the effective mobility until the electric field is large
enough to considerably facilitate forward jumps.

Morphological studies on PTB7:PCBM blends revealed little crystalline content in
the layers, suggesting mostly amorphous domains that are predestined for high spa-
tial disorder. Especially in the blends prepared without DIO large amorphous inter-
mixed PTB7-rich domains have been reported [123, 124, 154], indicating that the
transport in these devices is indeed limited by a negative field dependence of the
mobility.

It should be noted that if the extrapolated transit times are not corrected by 2RC,
the mobility data show a negative field-dependence for all devices, as is indicated
by the small dots in Figure 4.12. Such a behaviour is implausible, especially for the
highly ordered annealed P3HT:PCBM blend. It is a pure experimental artifact, due
to the transit times not being long enough compared to the RC' time of the set-up
and highlights the importance of the correct data analysis according to Section 3.2.3.
The extrapolation of transit times from photocurrent transients is a fast and straight
forward method to determine charge carrier mobilites. However, the initial slope of
the current decay is defined by the fastest charge carriers only. As the total current
is the sum of the electron and the hole current, it is in principle possible to deter-
mine a second linear slope of the transient at longer times, which can be attributed
to the slower carrier type, if electron and hole mobility lie both within the resolu-
tion limit of the set-up. However, in most cases the photocurrent at longer times is
affected by diffusion of charge carriers and a mobility dispersion, making it difficult
to unambiguously extract a second linear slope. Also, if the mobility of the slower
carrier type is much lower than the mobility of the faster carriers, the currents may
drop below the resolution limit of the oscilloscope.

An alternative way to extract the charge carrier mobility also of the slower carrier
type is to use the drift-diffusion simulation from Section 2.7.2 to fit whole TDCF
transients at different biases and delays. The advantage of the numerical simulation
is that it can also account for charge diffusion due to high carrier concentration gradi-
ents, space charge effects due to unbalanced mobilities and possible field-dependent
mobilities. The numerical fits for PBHT:PCBM (left) and PTB7:PCBM (right) for
different biases and time delays are presented in Figure 4.13. The corresponding
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Figure 4.13: Numerical drift diffusion fits to TDCF transients under different time delays
and bias conditions for PSHT:PCBM (left) and PTB7:PCBM (right) devices. Symbols
are the measurement and solid lines are the simulations. The input parameters are sum-
marized in Table 4.1. In all cases a linear voltage ramp with risetime 20 ns was used.
In both P3BHT:PCBM samples and the PTB7:PCBM w/o DIO a slightly higher and time
dependent mobility during the first 20 ns was used.

P3HT:PCBM PTB7:PCBM
as prepared annealed ‘ w/o DIO with DIO
no [m=3] 3410722 3.1-1072 2510722 6.5 10722
1. [cm?/Vs] 9-1074 1.8-1073 3.10°5 3.1074

1 [em?/ Vs 1-1076 4% 1074 9-1074(%)  45x 1074
BMR [m3s™] 610717 1.1 x 10718 510717 1.6 - 10717

R[] 70 60 50 50

C [pF) 265 265 354 354

Table 4.1: Simulation parameters used in Figure 4.13. (*) field-dependent (zero-field)
mobility with 8 = —0.003y/cm/V
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simulation parameters are summarized in Table 4.1.

It is important to note that, given the rather large number of parameters, differ-
ent sets of parameters may achieve similar good fits to the data. However, here
most input parameters can be supplied by experiments. The relative permittivity
(determining the sample capacitance and therefore the RC' time constant) and the
series resistance were taken from the dark transient analysis. The mobility of the
faster charge carrier type was taken from extrapolated transit times and the initial
photogenerated carrier density was taken from the photocurrent integral. The bi-
molecular recombination coefficients were taken from the delay dependent TDCF
measurements in Section 4.3. With that the only fit parameter left is the carrier
mobility of the slower carrier type and the simulation can be used to estimate that
value. The mobility values of the slower carriers leading to the best fits are given in
Table 4.2. For the as prepared P3HT:PCBM device the slower carrier mobility was
assumed to be at least 3 orders of magnitude lower than the faster carrier mobility
as has been observed in previous measurements for PSHT:PC[60]BM. As mentioned
before, the contribution of the rather immobile holes to the photocurrent is below
the resolution limit of the oscilloscope and could therefore not be fitted with the
simulation.

The most critical point in this approach is that the exact built-in field of the sample
is not known. In the simulation it is given by the difference of the electrode work
functions. However, in the real device the electrodes are pinned to certain levels
above the HOMO or below the LUMO.[174] The exact values of these pinning levels

P3HT:PCBM PTB7:PCBM
as prepared annealed ‘ w/o DIO with DIO
faster carrier 1x1073 1.2 x 1073 7x 1074 4.5 %1074
(extrapolation of (electrons) (electrons) (holes)* (holes)
extraction transients)
slower carrier (fit to 1x10° 4 x 107 3x107° 3x107*
TDCF transients) (holes)t (holes) (electrons) (electrons)
electron-only (SCLC) - 1.3x 1073 - 4x107*
(electrons) (electrons)
hole-only (SCLC) - 1.6 x 1074 - -
(holes)

Table 4.2: Summary of mobilities in [cm?/Vs] obtained from different experiments. De-
tails of experimental and analytic techniques are given in the text. For field-dependent
mobilities (*), the values at short circuit conditions are stated. {The hole mobility in
as prepared P3HT:PCBM blends could not be fitted and was set to a fixed value in the
simulation.
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depend on carrier density and energetic disorder [175] which is not considered in
this simulation. Importantly, the built-in field of a sample determines the effective
electric field in the device under pre-bias and collection-bias conditions, which might
therefore be slightly different in the simulation and the experiment.
Furthermore, the simulation assumes blocking contacts and does not account for high
injected carrier densities, as was measured for example in annealed P3HT:PCBM,
and which may alter the electric field and carrier distribution in the device. As a
last point, the simulation does not account for a distribution of carrier mobilities
known as dispersion, which has been observed [16] and leads to a broadening of the
transients at longer extraction times.
Nevertheless, the good agreement between the fits and the experimental data gives a
good estimate of the charge carrier extraction kinetics and the extracted mobilities
present a profound basis to compare them to alternative mobility measurements.
In any case, complementary measurements have to be used to distinguish between
electron and hole mobilities.
A standard approach to separately investigate electron and hole transport is the
measurement of space charge limited current (SCLC) in single carrier devices (see
Section 2.5.3). These unipolar current measurements analyse the flow of charges
injected via ohmic contacts at forward bias in the dark. In the absence of traps, the
space charge limited current is described by the Mott-Gurney law:
2

JSCLC = gu&&r%, (48)
and depends on the applied voltage V', the film thickness d and the mobility pu.
Hole-only and electron-only devices were prepared as described in the appendix
A.2. The resulting current density versus voltage curves for PSHT:PCBM (200 nm)
at different annealing temperatures are shown in Figure 4.14. The hole-only devices
approach a quadratic dependence of the current on the bias for high voltages and
annealing temperatures above 60°C. A fit to the curve at 140°C' with Equation (4.8)
(red dashed line) reveals a hole mobility of 1 = 1.6 x 107* cm?/Vs. The as prepared
hole-only device exhibits a slope in the log-log plot of slightly higher than 5. A
slope larger than two is often connected to trap-limited current [100], but could also
stem from a field-dependent mobility [102]. From the current-voltage characteristics
alone, these two processes cannot be distinguished and a definite determination of
the mobility is not possible. However, the comparison of the current density at 4V
reveals qualitatively a continuous increase of the mobility with increasing annealing
temperature over three orders of magnitude.
The electron current at the same bias increases only by about one order of magni-
tude with annealing temperature. The J — V characteristics exhibit a slope of two
for annealing temperatures of 60°C' and higher. A fit to the curve at 140°C' gives
a mobility of u = 1.3 x 1073 ¢cm?/Vs. This is in very good agreement to the value
gained from the TDCF transients. From this it can be concluded that the faster
charge carriers in the annealed devices are the electrons and the initial decay of the
TDCEF transients is caused by the electron motion across the device.
The slope of the J — V' curve of the as prepared electron-only device is slightly
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Figure 4.14: Dark current density versus voltage data of hole-only (left) and electron-
only (right) PSHT:PCBM devices at different annealing temperatures. The dashed lines
are fits to the curves at 140°C with Equation (4.8). The thin dotted lines indicate a slope
of 2 in the log-log plot.

higher than two and can therefore not be evaluated with Equation (4.8). However,
the current density at 4 V is about three orders of magnitude higher in the electron-
only device compared to the hole-only device. Therefore, it is safe to conclude that
the faster charge carriers in the as-prepared devices are also the electrons. Further-
more, a vast difference in the electron and hole current densities, and therefore also
mobilities, in these devices becomes visible. As a result, the charge transport in as
prepared P3HT:PCBM solar cells is strongly imbalanced and the build-up of space
charge is expected to lead to a depression of the photocurrent and the fill factor.

The results of the SCLC measurements compare well to the work done by Mi-
hailetchi et al. and Turner et al. on P3HT:PC[60]BM.[25, 118] In these studies the
low hole mobilities were attributed to small P3HT aggregates and a lower overall
crystallinity in the unoptimized devices. While the crystallinity in pristine P3HT
films is quite high [113], the presence of PCBM molecules seems to prevent imme-
diate crystalliziation of P3HT after the spin-coating process, resulting in a more
amorphous film. This leads to weak interchain interaction in P3HT which strongly
supresses the hole mobility. Upon thermal annealing, slow crystalliziation of PSHT
takes place and a demixing between P3HT and PCBM is observed [114] which leads
to improved charge transport. Note, that the previous work studied P3HT mixed
with PC[60]BM. Here a very similar scenario is confirmed when using PC[70]BM.

Single carrier devices have also been prepared from PTB7:PCBM blends with and
without DIO to measure electron and hole transport independently. The electron
current density is shown to be space charge limited in both devices (see appendix
A.5) and the results for two different film thicknesses are plotted in Figure 4.15
(symbols). For a constant voltage (e.g. 2 V) the electron only current density is
about one order of magnitude lower in the devices without DIO. Since, in the case
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of SCLC, the current density is directly proportional to the charge carrier mobility,
two important conclusions can be drawn. First, upon addition of DIO the elec-
tron mobility significantly increases by about one order of magnitude. However, the
mobilities determined from the TDCF transients show a slight decrease with DIO.
Therefore, the faster charge carrier type, measured with TDCF can be assigned to
holes. Then, the electron mobility in the devices without DIO is about one order
of magnitude lower than the hole mobility, and this is expected to lead to severe
extraction problems at low biases and therefore limit the FF.

For the devices with DIO, the J — V' characteristics reveal a slope of 2 in the in-
vestigated voltage range and can be evaluated with Equation (4.8). The mobilities
obtained from the fit (lines in Figure 4.15) are stated in the graph and agree very
well to the value determined for the slower charge carriers from the numerical fits to
the TDCF transients (compare Table 4.2). For the devices without DIO, the slope in
the log-log plot is higher than two, possibly due to a field-dependent or trap-limited
mobility. At first glance, the low electron mobility in the presence of large pure
fullerene domains in the blend without DIO as was observed by Collins et al. seems
counterintuitive. However, a recent study by Hedley et al. showed that the large
fullerene domains in the device without DIO (of 100-200 nm in diameter) consist
of smaller 20-60 nm very pure fullerene spheres.[124] While the electron mobility
within those small fullerene spheres might be quite high, the macroscopic transport
across the entire fullerene domain will limited by the transitions between the small
spheres.

These findings are in part in variance with the results from a recent mobility study
by Foster et al. on blends of PTB7 with PC[60]BM.[28] While both studies agree
that DIO has little effect on the hole mobility, the absolute values of electron and
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Figure 4.15: Dark current density versus voltage data of electron-only devices prepared
with (black) and without DIO (red) for 2 different layer thicknesses each. The lines are
best the fits with Equation (4.8). The obtained mobilities are displayed in the graph.
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hole mobilities are found to be much lower in this report. More importantly, Foster
et al. found the electron mobility to significantly decrease further with the use of
DIO, despite a larger fill factor of the DIO processed device. Such low mobilities
would significantly depress the fill factor and are therefore in contradiction to the
high FF measured in devices with DIO. Compared to blends with PC[70]BM, the
devices in this report yielded a smaller FF'| indicating that differences in the charge
carrier dynamics cannot be ruled out. Recently, evidence of a different film morphol-
ogy in blends made of PTB7 with PC[60]BM as compared to PC[70]BM has been
reported.[155] Concomitant differences in the charge transport properties might be
the reason for the different mobilities.

Note, that hole-only devices have also been prepared with and w/o DIO. However,
for unknown reasons, the J — V' curves for all thicknesses up to 200 nm displayed a
slope of 1 and could not be evaluated with SCLC.

In summary it has been shown that the charge transport properties of BHJ so-
lar cells are largely affected by the sample preparation conditions. TDCF anal-
ysis in combination with SCLC measurements revealed that thermal annealing of
chloroform cast PSHT:PCBM blends increases the hole mobility by three orders of
magntitudes and the electron mobility by about one order of magnitude. In high
efficiency PTB7:PCBM blends the effect of DIO is mainly to increase the electron
mobility. While in the respective optimized devices, balanced charge transport al-
lows for efficient extraction of both electrons and holes also at low internal fields, the
unoptimized devices are strongly transport limited. In PTB7:PCBM without DIO
a difference of electron and hole mobility of approximately one order of magnitude
hinders extraction mainly at low internal fields while higher fields facilitate trans-
port of both carriers. In contrast, in as prepared P3HT:PCBM blends a mobility
mismatch of several orders of magnitude leads to a build up of space charge and
limits extraction over a wide voltage range.

4.5 Summary

In this chapter the charge carrier generation, recombination and transport of two
highly relevant OPV material systems - P3HT:PCBM and PTB7:PCBM - have
been studied in great detail. Both systems have in common that they exhibit only
moderate to poor performances directly after preparation and require special treat-
ment such as thermal annealing or the addition of a solvent additive to reach their
maximum performances. The influence of the preparation conditions on the charge
carrier dynamics was to be explored.

The implementation of a new TDCF set-up with very high time resolution now allows
to determine the field dependence of charge carrier generation and geminate recom-
bination losses very precisely within a few percent. It turned out that in three of
the four investigated samples the free carrier generation process does not depend on
the electric field. The blends of PBHT:PCBM consist of an interpenetrating network
of highly crystalline nanometer-sized polymer and fullerene domains.[114, 116, 117]
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Even in the as prepared blend about 30% of the P3HT chains have been found in
an aggregated state.[118] It is proposed that these crystalline domains stabilize the
separated charges away from the interface and therefore prevent them from geminate
recombination. In the blend of PTB7:PCBM with DIO the nanometer-sized aggre-
gated pure fullerene domains [123, 124] are responsible for stabilization of the charges
and suppression of geminate recombination. In contrast, in the PTB7:PCBM blends
without DIO, large more than 100 nm sized, mixed phases with dispersed PCBM
lead to a field dependent generation with geminate recombination losses at low in-
ternal fields of about 20%. These results prove that the generation process is not
primarily responsible for the performance improvement in these devices.

In fact, the poor FF in both unoptimized blends is mainly caused by unbalanced
mobilities, which however have different origins in the different blends. In the as
prepared PSHT:PCBM the very fine intermixing of polymer and fullerene phases
and the lower content of crystallized polymer chains lead to poor percolation for
hole transport. In contrast, PTB7:PCBM w/o DIO consists of very large polymer-
rich domains which leads to a higher hole mobility compared to the unoptimized
P3HT:PCBM device. However, electron transport in these blends is most probably
limited by transitions between small pure fullerene spheres within the fullerene-rich
domains which are separated by amorphous mixed regions.[124]

In both systems optimization via annealing or solvent additive improves electron
and hole transport and leads to more balanced mobilities, which are p, = 1.2 x
1073 em?/Vs and p; = 4 x 107* ecm?/Vs for annealed P3HT:PCBM and p, =
3 x107* em?/Vs and py, = 4.5 x 107* cm?/Vs for PTB7:PCBM with DIO. In the
optimized PTB7:PCBM the mobilities are even more balanced (ratio of 1.5) com-
pared to P3BHT:PCBM (ratio of 3) leading to a slightly higher FF in these devices,
even though the BMR coefficient was significantly higher (k = 1.6 x 107" m3s~! in
PTB7:PCBM and k = 1.2 x 107 m3s~! in P3BHT:PCBM). It should be noted that
balanced mobilities alone are not sufficient to reach high FF. Both mobilities have
to be sufficiently high so that the charge carriers are extracted from the layer fast
enough before undergoing BMR. Also, the layer thickness plays an important role.
Since the PTB7:PCBM blends have only half the layer thickness, the dwell time of
the carriers in the layer is shorter compared to the thicker PSHT:PCBM blends and
the higher BMR coefficient is less disruptive.

In both optimized devices the nongeminate recombination is reduced compared to
Langevin recombination described in Chapter 2.4.2. The reasons for the reduction
lie in the optimized phase separated blend morphology, however they are not under-
stood in detail yet and could not be further elucidated in this work.

Whether the measured parameters for the generation rates, mobilities and recombi-
nation coefficients are able to explain the exact shape of the J — V' curves (Figure
2.12 and 2.14) will be further investigated with the help numerical device simulations
in Chapter 6.
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5 Steady State Recombination

5.1 Introduction

In the previous chapter it has been shown that beside charge carrier generation and
extraction, the recombination process of independent charge carriers plays a major
role in the determination of the device efficiency. So far, recombination has been
studied with TDCF, where the device equilibrium state is disturbed by illumination
with a short laser pulse. Naturally, the boundary conditions in this experiment are
different from the device steady state conditions under continuous illumination.
For example, in case of energetic disorder, the Gaussian disorder model (GDM) [16]
as well as the multiple trapping (MT) and release model [96, 176, 177] predict a
time-dependent relaxation of charge carrier mobility after pulsed generation in a
transient photocurrent experiment. Hence, the mobility and with that the recom-
bination rate constant directly after laser excitation might potentially be higher
compared to the steady state situation.

Another difference is expected to occur in the distribution of the charge carriers
across the device. While a homogeneous carrier profile is assumed after laser excita-
tion, in some cases very inhomogeneous profiles have been reported for continuous
illumination [90] which will certainly influence the carrier dynamics.

Therefore, it is of great interest to investigate the recombination behaviour under
steady state conditions and compare it with the results of the transient experiments.
In a solar cell under illumination at open circuit conditions the external current is
zero by definition. In good approximation the net current density at each point in
the bulk is also zero and the continuity equation is reduced to G = R with G being
the generation rate and R being the recombination rate. In case of bimolecular
recombination this expression can be written as:

G =R =kn? (5.1)

where n is the charge carrier density and £ is the bimolecular recombination coeffi-
cient. If G and n are known, the recombination coefficient can be calculated. The
generation rate can be determined from the current density at high reverse bias via
G = Jyev/ed, where geminate and nongeminate recombination losses are assumed
to be absent and all generated charge carriers are extracted. The only unknown
parameter is then the charge carrier density present in the device and shall be more
closely investigated in this chapter. It is shown that current methods to determine
carrier densities are insufficient for the investigated material systems and a new ex-
perimental set-up to measure charge carrier densities is developed. The analysis of
carrier density at different illumination intensities as a function of the generation
rate reveals the recombination coefficient as a function of carrier density and yields
information of the reaction order and energetic structure of the blends. Further-
more, the physical meaning of the extracted carrier densities and the influence of
illumination and device thickness on the calculated recombination coefficients will
be investigated by means of numerical simulations.
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5.2 BACE - Bias Assisted Charge Extraction

At the beginning of this work, the most established method to measure charge car-
rier densities in solar cells under steady state operating conditions was the Charge
Eztraction (CE) method.[170] In this conventional CE experiment, the device is il-
luminated by white light-emitting diodes and held at open-circuit conditions. The
light source is then switched off and at the same time, the device is short circuited.
This creates a current transient as the cell discharges, which is integrated to obtain
the charge carrier density.

This method proved to work well for high efficiency solar cells where a sufficient
extraction of all charge carriers in the device is expected, even at low electric fields
(short circuit). However, problems might occur if strong recombination or space
charge effects hinder the extraction of all charge carriers under short circuit condi-
tions as was seen for example for the as prepared PSHT:PCBM device and also for
blends of some new low bandgap polymers, including PTB7, with PCBM. Further-
more, trapping of charge carriers in deep trap states might also prevent a complete
extraction of charge carriers.

For those reasons, the novel technique of Bias Assisted Charge Extraction (BACE)
was developed within this work as a more general approach to measure charge car-
rier densities. The goal of this technique is to considerably accelerate the extraction
of the charge carriers by applying a high extraction voltage V., in reverse direc-
tion. The experimental set-up and the schematic time line of the experiment are
presented in Figure 5.1. Here, during steady state illumination the device is held at
a fixed prebias Vj.(I) that corresponds exactly to the open circuit voltage V(1)
at the given illumination intensity /. The respective values for Vo (I) are indepen-
dently measured across a 10 MS2 resistor prior to the BACE measurement. When
switching off the LEDs, the external bias is rapidly changed to reverse direction (rise
time of voltage pulse ~ 20 ns). By applying sufficiently high extraction voltages,
the extraction time can be pushed to the limit of the RC' time and losses due to
recombination and trapping are reduced. Integration of the current transient then
yields the total mobile charge, assuming a homogeneous distribution is present in
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Figure 5.1: Experimental setup and schematic time line of the BACE experiment. An
Agilent 33220A function generator was used to operate the LEDs and an Agilent 81150A
was used to switch the bias voltage between V.. and Ve, and provide the trigger for
the whole setup. Illumination was provided by an array of four focused white light LEDs
(Lumileds Rebel, switch-off time < 200 ns).
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the device.

Proper care of the capacitive charge is taken by performing the same voltage jump in
the dark and setting V.. to 0 V. It is important to start the reference measurement
at 0 V (or even below), to avoid subtraction of potential dark charge due to injec-
tion, which would lead to an erroneous determination of the total carrier density.
The advantage of the novel BACE technique is demonstrated in Figure 5.2 for the
as prepared P3HT:PCBM solar cell (thickness 200 nm). The photocurrent tran-
sients (left graph) show a significantly faster extraction at Ve = —4.5 V compared
t0 Vexr = 0V (corresponding to short circuit conditions). The right graph shows
the subsequent increase of the extracted charge with increasing extraction voltage
(following steady state illumination corresponding to 1 sun illumination). For volt-
ages below -2 V the extracted charge saturates, indicating that at these conditions
significant losses due to recombination and trapping can be excluded. In contrast,
only about 60% of the mobile charge is extracted when the extraction bias is set to
0 V (see inset of right figure). In this case the conventional CE experiment would
clearly underestimate the charge in the device.

For comparison, in the optimized annealed P3HT:PCBM device (see inset) the ex-
tracted charge does not change with applied bias, meaning that even 0 V extraction
voltage (short circuit) is sufficient to remove all charge carriers from the device.
This is in accordance with our findings in Chapter 4.3 and the results by Shuttle et
al.[170]

Note, that the switch-off time (time until I < 10% of initial value) of the LEDs in
this setup was approximately 200 ns. To avoid recombination losses during this time
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Figure 5.2: Left: Normalized BACE photocurrent transients of an as prepared
P3HT:PCBM solar cell at two different extraction voltages. Right: Extracted charge
as a function of applied extraction voltage. At voltages < -2 V all mobile charge carriers
are efficiently extracted. Inset: Normalized extracted charge vs extraction voltage. At 0 V
only 60% of the mobile charges are extracted. For comparison, in annealed P3HT:PCBM
all charge carriers are extracted even at 0 V. The device thickness was 200 nm in both
cases.
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period, extraction was started immediately after the switch. Theoretical estimation
and experimental verification (shown in the appendix A.6) revealed that only an
insignificant amount of charge carriers are generated by the remaining light during
the switch-off time.

In conclusion, the new BACE method enables a more accurate determination of
the charge carrier density also in non-optimized devices with low mobilities or ma-
terial blends with high non-geminate recombination coefficients, such as some new
high-efficiency low bandgap copolymers.[144]

5.3 Steady State Carrier Densities

Before turning to the calculation of recombination coefficients, the phrase steady
state carrier density and its physical meaning with respect to a charge extraction
experiment shall be further investigated. Kirchartz and coworkers pointed out that
charge carrier profiles are highly inhomogenous, in particular for thin devices and
low illumination intensities. As a result, reaction orders deduced from CE experi-
ments might be incorrect.[90] The following sections consider this for BACE and for
parameters relevant for the experiments conducted here. Figure 5.3 (left) shows sim-
ulated carrier density profiles at open circuit conditions for typical device parameters
of a PTB7:PCBM blend with DIO. The device thickness was chosen to be 100 nm,
the injection barrier ¢g = 0.05 eV and generation rate G = 1.1 x 102 m=3s~!. All
other parameters were taken from Table 6.3. The spatial distribution of the charge
carriers was calculated with the drift diffusion simulation described in Section 2.7.1.
As can be seen from Figure 5.3 the carrier density extends over more than 5 orders
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Figure 5.3: Left: Simulated charge carrier density profiles for a 100 nm device under
illumination at Vpc with injection barriers of 0.05 eV and a generation rate of 1.1 x
1028 m3s~!. The dashed-dotted line indicates the average carrier density in the device
and the dashed line denotes nexty according to Equation (5.5). Under reverse bias, electrons
move to x=0 and holes to x=d. Right: Density profiles in the dark at different biases and
excess carrier density as described in the text.
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of magnitude through the device with steep gradients close the contacts. This raises
the question about the relevant carrier density in the device.

As indicated in the graph, the device can be divided into three regions. The space
charge regions (SCR) close to the contacts (marked by the grey areas in the graph)
are determined by the injection of charge carriers and characterized by very steep
gradients of the carrier density. The bulk region in the middle of the device (white
area in graph) exhibits less steep gradients and is mainly determined by photo-
generation and recombination of charge carriers in the bulk. The average carrier
density defined as n = % [ n(z)dz (marked by the dashed-dotted line in Figure 5.3)
is strongly determined by the space charge regions and is several orders of magnitude
higher than the carrier density in the bulk.

The steady state carrier distribution strongly depends on the chosen experimen-
tal parameters. Figure 5.4 (upper panel) shows the simulated density profiles for
different injection barriers (a) and layer thicknesses in the dark (b) and for dif-
ferent illumination intensities, expressed by the varying generation rate (c). For
decreasing injection barriers, ¢ — 0, the injected carrier density at the contacts
strongly increases and dominates the carrier distribution in the layer. Only for bar-
riers above 0.2 eV a more homogeneous bulk region is established. Note that in this
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Figure 5.4: Upper Panel: Simulated charge carrier density profiles for (a) different
injection barriers for a 100 nm device in the dark at 0.7 V; (b) different layer thicknesses
for a barrier of 0.05 eV in the dark at 0.7 V; (c) different illumination intensities at
respective Voc expressed by the generation rates for a 200 nm device with 0.05 eV barrier.
Lower Panel: Excess carrier densities for the same conditions. The dashed lines denote
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simulation the injection of charge carriers is treated by thermal equlibrium at the
metal-semiconductor interface. Therefore, the charge carrier density in the first sim-
ulation cell of the active layer is kept constant at n = N.exp(—¢p/kT), where N,
is the effective density of states of the conduction and valence bands and ¢pg is the
injection barrier (see Section 2.7.1 for a more detailed description of the simulation).
The distribution of charge carriers without illumination is then given by drift and
diffusion of injected carriers being in equilibrium with recombination of electrons
and holes in the bulk. In the case of low injection barriers, the homogeneous bulk
region is more distinct for larger layer thicknesses, where the extension of the space
charge regions becomes small compared to the layer thickness. For layer thicknesses
below 100 nm the carrier distribution in the dark is completely injection dominated
and no bulk region is established. Figure 5.4 (c¢) shows that under illumination with
increasing generation rate the carrier distribution becomes more homogeneous and
the bulk region becomes more distinct compared to the contact regions. Note that
the bulk carrier density established as a plateau (npyy) is the relevant carrier density
that reveals information about the recombination dynamics in the blend. According
to Equation (5.1) the npuk(G) - dependence is determined by the recombination
order, which is two in the simulations. Figure 5.5 (left) displays the simulated 7y
(taken from the plateau for high generation rates) as a function of generation rate,
corresponding to the density profiles shown in Figure 5.4 (¢). As expected for bi-
molecular recombination, the slope of the log-log plot is 1/2. Note that the density
profiles were simulated at the open circuit voltage, corresponding to the respective
generation rate, exactly as in the real BACE measurement. The values for Voo
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Figure 5.5: Left: Simulated npux and nex, for different generation rates taken from the
density profiles shown in Figure 5.4 (c,f). For G < 1026 m™3s™!, ny,y is not shown as no
plateau is established. The dashed line indicates a slope of 1/2. Right: Simulated dark
charge as a function of the injection barrier for a 100 nm device at 0.7 V. The parameter set
for the PTB7:PCBM device with DIO (Table 6.3) was used. The dashed line corresponds
to the measured value of Q. for PTB7:PCBM at 0.7 V.
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at the respective generation rates were taken from the J — V' curves, which were
simulated in advance.

As mentioned before the BACE measurement always includes the correction by a
dark reference pulse to negate the capacitance effects. Therefore, altogether four
different carrier profiles are important that are indicated in Figure 5.3 (right). Be-
sides the carrier distribution under illumination at Voc, n(Z, Vo), also the carrier
profiles in the dark at Vo (extraction after illumination), OV and Vo — Voo (refer-
ence pulse) have to be considered. The carrier distribution that is actually probed
in a BACE measurement is then:

Nexcess — [n(Iu VOC) - TZ(O, V::oll)] - [TL(O, 0) - n(O, V::oll - VOC)], (52)

which is called the excess carrier density. In general, n(0, Veon) &= n(0, Veon — Voc)
(compare Figure 5.3 (right)) and with that neyess can be simplified to Ney. ~
n([, Voc) — n(O, O)

The excess carrier density is plotted in Figure 5.4 lower panel. It is obvious that
Nexc() is in general more homogeneous compared with the upper panel since the
injected carrier density at the contacts hardly changes when going to OV in the
dark. This also indicates that the large carrier densities at the contacts cannot be
extracted in the measurement.

In a charge extraction experiment, BACE as well as conventional CE, the carrier
density is determined from the integral of the extraction current transient over time.
This integral is determined by the average (excess) carrier density and the average
distance traveled by each carrier. In the case of an inhomogeneous spatial distribu-
tion, the drift length of the charge carriers has to be weighted by the charge carrier
density according to:

fod T+ Neye(T)dx

fod Nexc(T)dx
where 7 is the weighted drift length, « is the position in the device and n(z) is the

carrier density as a function of position. The extracted charge Qc..-, that corre-
sponds to the integral of the transient, can then be calculated by:

Qexhr = ﬁexceAfa (54)

, (5.3)

xr =

with e the electric charge and A the electrode area. Note, that Equation (5.4) is
valid if charges are extracted at x = 0 (electrons). For charges that are extracted
at x = d (holes), Qepir = neA(d — ) has to be used instead. A confirmation by
transient simulation that the integral of a current transient arising from a certain
carrier distribution n(x) indeed corresponds to the value calculated by Equations
(5.3) and (5.4) can be found in the appendix A.7. From the integrated charge, the
extracted charge carrier density is determined by:

Nextr = %, (5.5)
as is also done in extraction experiments. ne, is plotted in Figure 5.4 (¢) (dashed
lines). It is clear that mey, is in general lower than ny, due to the dark correction.
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Only for very high generation rates (illumination intensities) ney, is expected to ap-
proach npuk. In the plot ne, vs. G (Figure 5.5) this leads to a slightly larger slope
than 1/2 for intermediate generation rates. As a consequence, BMR coefficients de-
termined from ney, in this regime would be overestimated. It can be concluded that
higher illumination intensities lead to more reliable results, since the dark charge
becomes less important.

Notably, for very low generation rates, nex, levels off at a slope <1/2 which has of-
ten been obeserved in experiments. The reason for this deviation is that the carrier
distributions become very inhomogeneous at low illumination and the space charge
regions at the contacts begin to dominate the integral. As a consequence, ney, is not
related to the bulk carrier density anymore and hardly depends on the illumination
intensity, which in turn leads to an apparent recombination order higher than 2.
The influence of spatial gradients of charge density on the apparent reaction order
was already pointed out by Deledalle et al.[90] In this publication the reaction order
was determined from the ideality factor and the voltage dependence of the charge
carrier density. However, this work did not explicitly investigate the influence of the
spatial gradient on the integral of an extraction transient as was done here.

Interestingly, from Figure 5.4 (a,d) it became clear, that the height of the injec-
tion barrier ¢p strongly influences the carrier density in the dark. In reverse, the
dark charge measured in the device under forward bias can now be used to estimate
the injection barriers. As an example the measured dark charge in the PTB7:PCBM
device with DIO at 0.7 V was Qgarx = 2.43 x 1071% C (see Chapter 4.3). In Figure
5.5 (right) this value is compared to the simulated Qqa, for PTB7:PCBM with DIO
(parameters from Table 6.3) at 0.7 V for different barrier heights. With decreasing
barrier, the extracted dark charge rapidly increases. The experimental value (dashed
line) is only reached for the lowest barrier considered here (0.05 eV), suggesting that
rather low injection barriers are a realistic assumption. This is in accordance with
recent findings in literature, that optimized, ohmic contacts facilitate injection and
increase device efficiencies.[30, 178]

In conclusion, the theoretical investigations show that the charge carrier density
measured with BACE can in principle be used to determine the recombination or-
der and rate coefficients for different steady state illumination intensities. However,
the simulations revealed clear limits for the experiment and the conditions have to
be chosen such that ney, is close to nyuk. For very inhomogeneous carrier profiles,
i.e. for low injection barriers, low illumination and layer thicknesses below 100 nm,
no real bulk density plateau is established. In this case ney, has no physical mean-
ing. This has to be considered when setting up a charge extraction experiment. In
the light of the thereby arising experimental requirements (high carrier densities,
large layer thicknesses), the necessity of an external bias to extract all charge carri-
ers and the superiority of BACE compared to conventional CE, becomes even more
significant.

Furthermore, the corrections by the dark reference pulse lead to an error, if Qga. at
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0V is still considerable high (i.e. at low injection barriers). Therefore, the error made
in the experiment depends sensitively on the barriers, thickness and illumination in-
tensity and special care has to be taken when analysing charge carrier densities as
deficient experimental conditions can easily lead to erroneous conclusions.

5.4 Steady State Recombination Coefficients

Having clarified the physical meaning of the extracted charge carrier density and the
conditions for which reliable results can be obtained, we will now turn to the deter-
mination of the steady state recombination coefficients. It has been shown, that the
slope of the log-log plot carrier density versus generation rate gives the recombina-
tion order, which is 2 in case of bimolecular recombination (BMR). Using Equation
(5.1) the BMR recombination coefficients under steady state conditions can be de-
termined. The experimental results for the four investigated devices, PSHT:PCBM
annealed and as prepared as well as PTB7:PCBM with and without DIO, will be
discussed with respect to the results from TDCF measurements and from literature.

54.1 P3HT:PCBM

Figure 5.6 (left) shows the total extracted charge carrier density measured with
BACE for the as prepared and annealed device as a function of illumination inten-
sity. The extraction bias was set to -5 V to ensure sufficient extraction of all charge
carriers also for the highest light intensities. For all light intensities, the steady
state carrier density in the annealed device is about one order of magnitude higher
than in the as prepared device. This is in agreement with the results of Hamilton
et al. where the charge carrier density was determined using a differential capac-
itance technique.[159] The lower charge carrier density in the as prepared device
is mainly attributed to a higher recombination rate in accordance with the results
from TDCEF.

For the illumination range studied here, non-linear processes like exciton-exciton an-
nihilation can assumed to be absent and the charge carrier generation rate is strictly
proportional to the illumination intensity. In this case Figure 5.6 is analogous to the
left plot in Figure 5.5. The slope of the extracted charge as a function of intensity
in the log-log plot is close to 1/2 in both devices. This means that non-geminate
recombination strictly follows a second order process, in accordance with the good
fit of the Q.on versus delay time data (see Chapter 4.3) to a bimolecular recombina-
tion process.

The charge carrier generation rate was calculated from the steady state current den-
sity of the annealed device at -2 V. Motivated by the results from Chapter 4.2, the
same generation rates at the respective illumination intensities were assumed for the
annealed and as prepared devices and the charge in the as prepared device under
illumination was assumed to be double the extracted charge.

The calculated BMR coefficients k for both devices are shown in Figure 5.6 (right)
in comparison with the coefficients determined with TDCF. Both techniques yield
very similar values for the BMR coefficient. This suggests that carriers generated
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by pulsed illumination in the TDCF experiments equilibrate rapidly and that the
equilibrated carrier distribution is similar to the steady state distribution under con-
tinuous illumination.

For the annealed blend, £ is rather constant throughout the measured range of car-
rier densities, although a weak, approximately twofold, increase is observed when
increasing the carrier density to 2 x 10?3 m=3. This very weak dependence of k on
n is at variance previous publications, where a steeper rise of the recombination
coefficient with carrier density was reported.[159, 168, 179] The reason for this dis-
crepancy might lie in the particular preparation conditions used here. In fact, a
considerable variation in the dependence of k on n in different publications becomes
obvious, as illustrated by the solid lines in Figure 5.6 (right). Also, in contrast to
conventional CE as well as the differential charging method, both TDCF and BACE
extract charge with a reverse bias, ensuring that most mobile carriers in the device
are removed from the active layer. An incomplete extraction of carriers at increasing
intensities would result in a slope < 1/2 in the n vs G plot and consequently lead
to a steeper n(k)-dependence.

The result of a rather constant k is in agreement with a weak dependence of car-
rier mobility on carrier density in this blend found in various studies.[93, 168] In
Langevin theory, the BMR coefficient of a homogeneous medium is determined by
the sum of the hole and the electron mobilities (Section 2.4.2). Little data is avail-
able regarding the dependence of electron mobility on electron densities in fullerenes
at low fields, but due to the low disorder in the PCBM phase, the electron mobility
is expected to depend only weakly on carrier density. For hole motion in pure P3HT,
Tanase et al. showed that the mobility is rather constant up to a hole density of
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Figure 5.6: Left: Total carrier density as a function of illumination intensity for an
as prepared and annealed P3HT:PCBM device. The extraction voltage was -5 V. The
solid lines show a slope of 1/2. Right: BMR coefficients as a function of charge carrier
density. Symbols: measurements from this work; Solid lines: trends reported in the
literature.[159, 167, 168]
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~ 7 x 10 m3.]92] Based on calculations with the variable range hopping model
proposed by Vissenberg and Matters, the continuous increase of u; above a carrier
density of ~ 1 x 10%* m~2 is explained by a filling of states at the bottom of the
density of states (DOS) distribution.[180] Brondijk et al. found the hole mobility
in unipolar P3HT diodes to increase weakly, by a factor of three, when raising the
hole density by one order of magnitude from 2 x 10*2 m~3 to 2 x 10?3 m~3, with an
even weaker dependence of py, on n at lower hole densities.[181]

The results of k as a function of carrier density for the annealed devices in this work
follow the trend shown in the work by Tanase et al., suggesting that acceleration of
BMR at higher carrier densities is indeed caused by higher mobilities due to trap
filling, but that this effect is rather moderate throughout the carrier densities con-
sidered here.

For the as prepared device, the data in Figure 5.6 suggest a very weak, but con-
tinuous decrease of k with n which was also observed in the TDCF analysis. It is
worth pointing out that the experimental conditions for the BACE experiment were
chosen such to measure reliable carrier densities, using a 200 nm device and high
illumination intensities up to 400 mW /cm? (corresponding to the illumination of 4
suns). The simulations in Figure 5.7 (left) shows that under these conditions the
carrier distributions in the device are very homogeneous, despite the large mismatch
of electron and hole mobility (u, was chosen 107 x p, in this simulation). Also,
the BMR coefficients derived from the simulated n.y, are constant and correspond
exactly to the input value of the simulation. Therefore, it can be ruled out, that the
observed decrease of k with n is an experimental artefact arising from imbalanced
mobilities, but might rather be an intrinsic property of the CF-cast as prepared
blend.

An alternative model is suggested, which considers that the photogenerated holes
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Figure 5.7: Left: Simulated carrier density profiles for a device with highly imbalanced
mobilities (parameters from as prepared PSHT:PCBM in Table 6.1). Right: BMR coeffi-
cients determined from npy, from the left graph.
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are rather immobile, but is not captured by the steady state simulation. Photogen-
eration of charges in the as-prepared blends can thus be interpreted as photodop-
ing, where the mobility of one charge carrier type is much higher than that of the
countercharge. Arkhipov pointed out that ionized dopants cause a broadening of
the DOS distribution, owing to the Coulomb attraction of mobile charge carriers,
which effectively results in a reduction of the mobility of the doping induced mobile
carrier at low-to-moderate doping concentrations.[182, 183] The model quantita-
tively reproduced data on electrochemically doped P3HT by Jiang et al.[184], and
its general predictions were fully confirmed by recent studies on molecularly doped
polymers.[185, 186] Due to the strong interpenetration of the electron and hole
conducting phase in as prepared blends, the distortion of the DOS in the electron-
transporting phase, due to trapped holes on small polymer crystallites, might indeed
be quite severe, slowing down the diffusive motion of photogenerated electrons in
their search for recombination partners.

Irrespective of the exact mechanism causing the observed decrease of k£ with n, this
dependence is rather moderate and k can be considered as constant (within a factor
of two) throughout the steady state illumination range studied here. Therefore, both
charge extraction methods, BACE and TDCF, prove the recombination coefficient
to be rather insensitive to carrier density in the working regime of the solar cell for
both as prepared and annealed CF cast PSHT:PCBM blends. Within this regime,
the BMR coefficient is =~ 40 times higher in the as prepared device compared to the
annealed device.

5.4.2 PTB7:PCBM

For comparison, BACE experiments were also performed for PTB7:PCBM blends
with and without the solvent additive DIO. Importantly, these devices exhibited
layer thicknesses of 100 nm. The plot of the normalized extracted charge as a func-
tion of extraction voltage at 100 mW /cm? illumination intensity (inset of Figure
5.8) shows that significant losses at low extraction biases are expected for both de-
vices. In the device with DIO only about 90% and in the device without DIO only
about 80% of the charges are extracted at 0 V external bias, compared to high re-
verse extraction voltages. This effect is attributed mainly to higher recombination,
as compared for example to annealed PSHT:PCBM, and is expected to increase
with increasing illumination intensity. Therefore, a high external voltage is essential
for sufficient extraction of all photogenerated carriers at all intensities and a con-
ventional CE experiment would significantly underestimate the true carrier density.
The extraction voltage was set to -2.5 V in the following studies.

For the device with DIO, the slope of the log-log plot of carrier density as a func-
tion of intensity (Figure 5.8, left) is very close to 1/2, indicating that nongeminate
recombination dynamics follow a second order process. Consequently, the recombi-
nation coefficient shows almost no dependence on the charge carrier density (Figure
5.8, right). This behaviour is expected for material combinations with little or no
energetic disorder.

In contrast, for the device without DIO, the charge carrier density increases with
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illumination intensity with a slope of 0.31 for most of the intensity range. This
was often attributed to bimolecular recombination with a carrier density dependent
recombination coefficient leading to an apparent higher (third) order recombination
process.[15, 93] Consequently, k increases almost linearly with n at low and inter-
mediate carrier densities. Only for the highest investigated intensities the data can
be fitted with a slope of 1/2 and k becomes independent of n.

Overall, the recombination without DIO is faster than with DIO, except for the very
small carrier densities shown here. For example for one sun illumination intensity
(corresponding to 100 mW /cm?) the BMR coefficients are k& = 3 x 10717 m3s™!
(w/o DIO) and k = 1.2 x 107" m3s~! (with DIO). The values for k& with DIO are
in very good agreement to recombination coefficients reported recently by Deledalle
et al. for ca 90 nm thick DIO processed blends for carrier concentrations above
10?2 m™3 (shown in graph).[90] In contrast to this, Rauh et al. reported a rela-
tively pronounced increase of k£ with carrier density, also for DIO processed devices,
with & ranging between 2 x 107 m3s™! and 8 x 107! m3s~! for n increasing from
1.5 x 1022 m™ to 4 x 10 m— at 300 K.[168] The reasons for the different car-
rier density dependencies and lower absolute values of k seen by Rauh et al., may
in part be due to the fact that classical CE instead of BACE was used in their study.

As pointed out before, a dependence of k on carrier density was initially attributed
to a density dependent mobility in the presence of a broadened DOS due to in-
creased energetic disorder or traps.[93, 179] However, it was pointed out above that
an inhomogeneous spatial distribution of charge carriers in the device can result
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Figure 5.8: Left: Charge carrier densities at open circuit conditions for different illumi-
nation intensities determined by BACE. The extraction voltage was -2.5 V. The straight
lines indicate a slope of 0.46 for the device prepared with DIO and a slope of 0.31 for the
device without DIO. The dashed line indicates a slope of 1/2. Inset: Normalized extracted
charge as a function of extraction voltage at 100 mW /cm? illumination. Right: BMR co-
efficients as a function of charge carrier density. Symbols: measurements from this work;
Solid lines: trends reported in the literature.[90, 168|
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in an apparent density dependence of the mean recombination coefficient, see also
reference [90]. In fact, there it was shown that for low carrier densities and thin
devices, a steep increase of k(n) becomes visible, similar to what is seen for the
device without DIO, which is most probably caused by the inhomogeneous carrier
distribution at low illumination intensities.

Motivated by the results of this study, a simulation of steady state carrier distri-
butions for a 100 nm device was performed, using the device parameters of the
PTB7:PCBM blend without DIO. The recombination mechanism used in this simu-
lation was bimolecular with a BMR coefficient of k = 3 x 10717 m3s~!. The results
of the charge carrier distribution for different generation rates are shown in Fig-
ure 5.9 (left). For clarity, only the hole densities are shown, however, the electron
densities show similar behaviour at all generation rates. It is clear that for all gen-
eration rates up to 3.4 x 10® m=3s~! (which generates a Vo¢ corresponding to an
illumination intensity of 5 suns) the density profiles are very inhomogeneous and
no distinct plateau with a constant carrier density can be observed, except for the
highest intensity. The dashed lines in the graph mark n., according to Equations
(5.3) - (5.5). Except for the highest generation rate, ne, is clearly dominated by
the high space charge at the extracting electrode and varies only little with light
intensity. Consequently, the slope of ney, versus generation rate (illumination in-
tensity) is smaller than 1/2, see right graph of Figure 5.9. In fact, in this example
the slope is 0.37 which is very close to the experimentally observed value.

These simulations confirm the assumption, that the observed slope of 0.3 is not
caused by a third order recombination process, but is rather an experimental arte-
fact due to the inhomogeneous carrier distributions and dominant egde effects in the
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Figure 5.9: Left: Simulated carrier density profiles (holes) for a 100 nm device (param-
eters from PTB7:PCBM without DIO). Dashed lines indicate the carrier densities that
would be extracted with BACE. Right: Extracted carrier densities (taken from the left
graph) vs generation rate with and w/o dark correction by nga = 3.3 x 102! m=3 at 0 V.
The solid line indicates a slope of 0.37.
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thin devices. Only at the highest intensities start the bulk properties to dominate
the processes and the extracted carrier densities and recombination coefficients be-
come reliable.

In comparison, the BMR coefficients obtained from TDCF measurements, where
a relatively homogeneous charge carrier profile is generated, vary only little with
carrier density for the two types of blends and agree quite well with steady state
coefficients at the highest carrier densities. Therefore, in the device analysis in the
following chapter, the recombination process was assumed to be strictly bimolecular
and k to be independent of carrier density.

Interestingly, for the device with DIO, even though it was also only of 100 nm
thickness, the carrier density increases with light intensity according to a slope of
1/2. The reason is probably that higher generation rates at the respective light in-
tensities and the smaller recombination coefficient, compared to the blend without
DIO, lead to higher carrier densities and more homogeneous carrier distributions.
Considering again the dark carrier distribution for different device thicknesses (Fig-
ure 5.4, middle), the 100 nm devices show, compared to larger layer thicknesses, a
very broad and distinct space charge region. Therefore, very high photogenerated
carrier densities are necessary to form homogeneous carrier distributions in the de-
vice. From that point of view it seems to be more appropriate to use larger layer
thicknesses of 200 nm or more for BACE measurements. On the other hand, it is
known, that the preparation of larger layer thicknesses can considerably change the
nanomorphology in the blend and may lead to completely different device properties,
including transport and recombination.[187] Therefore, when choosing the appropri-
ate device thickness for the experiment, one has to consider carefully the error that
is made by the measurement at thin layers versus the error that might occur from
morphology changes at higher film thicknesses. In cases where the blend is known
to be very sensitive to preparation conditions, as in PTB7:PCBM, it is more useful
to measure at the optimized device thickness (100 nm) and in return consider only
the highest possible illumination intensities.

5.5 Discussion

In this chapter organic solar cell devices were investigated under steady state oper-
ating conditions. First of all, numerical drift-diffusion simulations showed that the
charge carrier distribution in the device under continuous illumination largely de-
pends on the injection barrier height, the active layer thickness and the illumination
intensity.

It is further shown, that the injected carrier density in the dark, measured at dif-
ferent forward biases with BACE is a good reference for the actual injection barrier
height in the device and that very low barriers (< 0.1 eV) are common in most high
efficiency solar cells.

More importantly, the simulations revealed that the phrase charge carrier density,
as it is commonly used in extraction experiments is only meaningful for large layer
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thicknesses (usually well above 100 nm) and high carrier densities, when a homoge-
neous carrier distribution in the device is formed.

Particularly at high carrier densities, but also in general in devices with high recom-
bination or poor transport, conventional CE methods are not sufficient to extract
all photogenerated charge carriers from the device. Therefore, the new technique
BACE (Bias Assisted Charge Extraction) was introduced for a more precise determi-
nation of steady state carrier densities. The application of a high reverse extraction
voltage significantly reduces the extraction time and with that potential losses due
to recombination. In addition, the high external field enhances extraction, if space
charge effects or deep traps hinder extraction. For three out of the four investigated
device types it was shown that without the external voltage significant losses would
occur and the charge carrier density would be seriously underestimated.

The charge carrier density as a function of illumination intensity was then measured
with BACE for the four model devices (as prepared and annealed PSHT:PCBM and
PTB7:PCBM with and without DIO) and from that the steady state recombination
coefficients as function of carrier density were determined. In all cases, the results
are very close to BMR coefficients determined with TDCEF. Therefore it can be con-
cluded, that the charge carrier dynamics directly after pulsed excitation are similar
to the steady state conditions and that the carriers equlibrate rapidly or that there
is no significant energetic disorder present in these blends.

Only, in the PTB7:PCBM device without DIO the effects of an inhomogeneous car-
rier distribution in a thin layer became visible and lead to an apparent third order
recombination process, which was also often reported in literature. However, nu-
merical simulations and the comparison with the results from TDCF showed that
this effect is due to an erroneous determination of the carrier density with BACE,
due to inhomogeneous carrier profiles, and that the true recombination process is
bimolecular with a constant recombination coefficient.
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6 Current-Voltage Characteristics

6.1 Introduction

The specific shape of the current density-voltage (J — V') characteristics of an or-
ganic solar cell is determined by the balanced competition between charge carrier
generation, recombination and transport of carriers to the electrodes. The relevant
parameters, connected to these physical processes, are the charge carrier generation
rate G with a possible field dependence, the bimolecular recombination constant k
and the electron and hole mobilities, p. and puy, respectively. In the previous two
chapters, these parameters were experimentally determined by a variety of tech-
niques and discussed for four different types of blends - P3HT:PCBM (annealed and
as prepared) and PTB7:PCBM (with and without DIO). Furthermore, the measure-
ments revealed oblique information about energetic disorder and true recombination
order in these blends.

In the next step a numerical drift-diffusion simulation shall be used to examine
whether the experimentally determined dynamic parameters are capable to explain
the measured J — V' characteristics of the investigated devices. It turns out that us-
ing the measured parameters as input parameters, the simulation reaches excellent
agreement with the experimental data for a wide range of illumination intensities.
Thus, the measurement techniques and device analysis presented in this work enable
a full description of the solar cell characteristics and provide a profound understand-
ing of the dynamic processes in organic solar cells.

The results for the model devices made of PSHT:PCBM and PTB7:PCBM are shown
and the simulation input parameters are discussed with respect to validity and un-
ambiguity. Furthermore, the influence of surface recombination at the contacts is
discussed and shown to be negligible under the conditions considered here. Finally,
all results are discussed in the context of previous publications and the specific blend
morphologies.

6.2 P3HT:PCBM

Figure 6.1 shows the experimental J — V' characteristics, measured at different light
intensities relative to one sun (symbols) together with the simulation results (solid
lines) for the annealed (left) and the as prepared (right) PSHT:PCBM blends. The
parameters used in the simulation for 1 sun illumination intensity are summarized in
Table 6.1, together with the source of the respective parameters. In accordance with
the TDCF results a field-independent generation rate was used for both devices
and all intensities and, consistent with BACE, no energetic disorder was considered
in the simulation.

For the annealed device, the generation rate at one sun illumination intensity
was determined from the short circuit current density via G = Jsc/ed = 3.6 X
10" m—3s~!. The generation rates used for the lower intensities scale with the
relative illumination and are listed in Table 6.2. The bimolecular recombination
coefficient k£ was set to 1.6 x 107 m3s™! as determined from the BACE measure-
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ments at high illumination. The electron mobility, g, = 1.2 x 1072 ecm?V s,
was taken from the extrapolation of TDCF photocurrent transients and the hole
mobility, j, = 3 x 107* em?V~'s™!, from the numerical fit to the transients. Both
values are independent of the electric field within the considered range. Note, that
the hole mobility determined by SCLC measurements is about a factor of 2 smaller
than the value used here. However, the simulation of the J — V' curves responds
very sensitively to the charge carrier mobility and the reduction of u;, by a factor of
2 decreases the fill factor from 67% to 57% (dashed orange line in Figure 6.1).
Finally, the electron and hole injection barriers were set to the lowest possible value
at which the simulation still runs stable, ¢35 = 0.01 eV. This value is consistent with
the extraordinary high dark charge found in these devices at forward bias.

The excellent agreement of the simulation with the experimental data for an in-
tensity range covering two orders of magnitude indicates that a field-independent
generation rate and constant (field- and density-independent) recombination coef-
ficient perfectly describe the J — V' characteristics of the annealed PSHT:PCBM
device.

As discussed extensively in Chapter 4, the same generation rate is proposed for the
as prepared device as for the annealed device. At the same time, the recombi-
nation kinetics were found to be about one order of magnitude faster for carrier
densities which are typical for steady state illumination at one sun or below. The
increased BMR coefficient k has often been proposed to be responsible for the lower
FF and Jsc in the as prepared blends.[132, 159] Figure 6.1 (right) shows that an
increase of k by one or two orders of magnitude indeed reduces the FF, Jsc and
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Figure 6.1: Left: J—V characteristics at different light intensities relative to one sun for
the annealed device. Symbols are the experimental data and solid lines are drift-diffusion
simulations (for more details see text). Right: A reduction of the hole mobility by a factor
of 2, as measured by SCLC for the annealed device, decreases considerably the FF (orange
dashed line). Increasing only k by one or two orders of magnitude (dark and light green
lines) cannot resemble the measured J — V' curve of the as-prepared blend. Only highly
imbalanced mobilities can explain the shape of the curve (blue line).
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Voo, compared to the annealed device. However, variation of only this particular
parameter cannot resemble the shape of the as prepared J — V curve. The J —V
characteristics can, however, be fully reproduced using the parameters in Table 6.1,
with k£ = 2.5 x 10717 m3s™! (from BACE) and a hole mobility that is approximately
three orders of magnitude lower than in the annealed blend. Such a low hole mobil-
ity in the as prepared blend is in very good agreement with the results of the SCLC
measurements in Chapter 4.

As shown by Goodman and Rose, the large mismatch between electron and hole
mobility will lead to a build-up of space charge in the device.[188] The space charge
screens the electric field in the interior of the active layer and detains the carriers
from extraction. This leads to a significant reduction of the fill factor. In the case
of space charge limited current, the photocurrent is completely determined by the
mobility of the slower charge carrier and can be described with an analytical model
as suggested by Mihailetchi et al. [189]:

eoerin 1/4
ocr
Jph =(q (8—q) G3/4V1/2 (61)

Figure 6.2 (left) shows experimental J — V curves for different light intensities with
the fits according to Equation (6.1). The very good agreement of the fits and the
data indicates that the performance of the as prepared devices is indeed dominated
by space charge effects.

Also shown in Figure 6.2 (right) are the results of the numerical simulation for
different light intensities with the respective generation rates listed in Table 6.2.
Note, that for these simulations an electron injection barrier of ¢, = 0.39eV was
introduced to account for the slowly rising current density at voltages above Voc.
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Figure 6.2: Left: Fit of the as prepared data with the analytical model for space charge
limited photocurrent from reference [189] for different light intensities. The inset gives
the parameters used for the generation rate and the hole mobility. Right: Numerical
simulation to the same data using the parameters from Table 6.1 and 6.2.
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annealed source as prepared source

Parameter
Generation Rate 3.6 x 10%7 Jsc 3.6 x 10?7 TDCF
[m—3s]
BMR coefficient 1.6 x 10718 BACE 2.5 x 10717 BACE
[m3s*1] (TDCF) (TDCF)

electron mobility 1.2 x 1073 TDCF (ex- 1.0 x 1073 TDCF (ex-

[em?/ V| trapolation) trapolation)
hole mobility 3x 1074 TDCF (fit) 5% 1077 best fit in
[cm?/Vs] simulation
Injection Barriers Pe = O = dark charge ®e = 0.39 dark charge
[eV] 0.01 ¢r = 0.05
effective bandgap 1.09 best fit 1.17 best fit
[eV]

Table 6.1: Parameters used for the drift diffusion simulation of the as prepared and
annealed PSHT:PCBM J — V curves at 1 sun illumination intensity.

Generation Rate [m3s™!]

Intensity
(1 sun) annealed as prepared
100% 3.6 x 1077 3.6 x 10%7
50% 1.75 x 1077 1.8 x 1077
25% 8.5 x 10%¢ 8.5 x 10%¢
10% 3.6 x 10 3.5 x 10%
1% 3.6 x 10% -

Table 6.2: Generation rates used when fitting the J—V characteristics of the as prepared
and annealed P3HT:PCBM blends for different light intensities relative to 1 sun.
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This relatively high barrier leads to a very low dark electron density in the device
also at high forward biases. For example, the simulated electron charge in the dark
according to Equation (5.4) at V' = 0.55V is Q. ~ 3 x 107'2 C. This value is below
the resolution of our BACE setup and, considering that the holes in the device are
too slow to be extracted, it corresponds well to the fact that no dark charge could
be measured in the as prepared devices.

Finally, it has to be noted that the effective bandgap, defined as the difference of
the acceptor-LUMO and donor-HOMO energy, used for the simulations was chosen
such that the simulated curve matches the experimental curve at Vpo. The result-
ing bandgaps were 1.17 eV and 1.09 eV for the as prepared and annealed devices,
respectively. These parameters cannot be understood as fixed physical values, since
they strongly depend on the underlying density of states Ny. Here, a fixed value of
Ny = 10%" m~3 was used for all simulations, which corresponds approximately to one
transport state per nm? and is commonly used in literature.[92, 190-192] However,
the trend of a reduction of the bandgap upon thermal annealing is in accordance
with the results of Kelvin probe measurements, where a reduction of the difference
of electron and hole pinning levels upon annealing was observed.[193]

6.3 Influence of Surface Recombination

In the preceding simulations the only loss process considered was bimolecular re-
combination in the bulk. However, surface recombination of minority carriers at the
contacts reduces the carrier densities at the electrodes and is therefore also a poten-
tial loss process that has to be considered. Surface recombination at the electrodes
relates the current to the minority densities at the electrodes:

Jn(p) = @5u(p) [n(P) — n(p)eg), (6.2)

where Jy,p) is the electron (hole) density at the anode (cathode), Sy is the sur-
face recombination velocity, n(p) is the electron (hole) density at the electrode, and
n(p)eq is the equilibrium carrier density at the electrode. No estimates of the (finite)
surface recombination velocity exist, making it difficult to judge how important this
loss process is.[136] Assuming that the minority carrier densities at the contacts are
equal to their equilibrium values is equivalent to infinite surface recombination.[194]
This represents a possible loss mechanism as the carrier densities at the contacts
remain constant regardless of the photogeneration of carriers in the bulk.

The other limit (vanishingly small surface recombination) allows for more minor-
ity carriers at the contacts and corresponds to selective contacts: minority carriers
cannot exit the device at the wrong contact. Selective contacts have earlier been sug-
gested by Shuttle et al. who found that the dark current in annealed PSHT:PCBM
devices is dominated by bimolecular recombination.[170] Also, several authors sug-
gested that PEDOT:PSS efficiently works as an electron blocking layer.[172, 195—
197] In addition, vertical phase segregation might enhance contact selectivity.[151]

In the preceding simulations it was assumed that holes (electrons) do not flow out

93



I
red: S=0 !
blue: S infinite !
solid: k=1.6x 10" m’s” ]

]
I
1

'
(¢,
T

dashed: k=1.6x10°m’s™

Current density [mA/cmZ]

S
o
T

02 00 0z 04 06 08
Voltage [V]

Figure 6.3: Comparison of zero (red lines) and infinite (blue lines) surface recombination

for a bulk recombination coefficient of k = 1.6 x 10~ m3s~! (solid lines). The influence

of surface recombination becomes only significant if bimolecular recombination is much
slower than the measured values (dashed lines).

at the electron (hole) injecting contact. Figure 6.3 compares this assumption with
the other extreme, which is infinite surface recombination, where the electrodes are
not selective. Surprisingly, the influence of surface recombination is negligible for
the parameters investigated here. Even at the low bimolecular recombination rates
(k= 1.6 x 107'® m3s™') found in the annealed devices, bimolecular recombination
of electrons (holes) with holes (electrons) near the anode (cathode) is much stronger
than the surface recombination of electrons (holes) at the anode (cathode). Only if
the bimolecular recombination rate is further reduced (by two orders of magnitude)
the minority carriers are able to reach the contact and the effect of surface recom-
bination alters the J — V' characteristics.

In contrast, transient simulations showed that contact selectivity has a great influ-
ence on the charge carrier decay dynamics after a short laser excitation (see appendix
A.9). In the case of non-selective contacts the charge carriers can leave the device
at both contacts which leads to an additional diffusion dominated decay channel.
The simulations show that in this case the decay dynamics proceed on a much faster
time scale (by one order of magnitude) which is not observed in the experiments.
Therefore, selective contacts are assumed to be present in the P3HT:PCBM devices.

6.4 PTB7:PCBM

In the following the numerical simulation results will be discussed for PTB7:PCBM
blends with and without the solvent additive DIO. As it was shown in the previous
section, the influence of surface recombination is negligible even in the presence of
low bimolecular recombination rates in the order of ¥ = 1 x 107!® m3s~!. For both
PTB7:PCBM blends k was found to be at least one order of magnitude higher.

94



Therefore, the surface recombination was set to infinite in the following simulations.
Also, in agreement with the BACE results, energetic disorder was neglected through-
out all simulations. The injection barriers for holes and electrons were set to 0.05
eV, which is the value that leads to the best concordance with the measured dark
charge in both devices.

For the device with DIO the charge carrier generation rate was determined to be
field-independent and G = Jsy/ed = 1.1 x 10%® m™3s™! at one sun illumination
intensity. The BMR coefficient, k = 1.2 x 107" m®s~!, was taken from the BACE
experiments at high carrier density. The hole mobility, p, = 4.5 x 1074 cm?V s,
was taken from the extrapolation of the TDCF transients and the electron mobility,
e = 3x107* ecm?V~'s™!, from the numerical fit to the same transients. Both values
are found to be independent of the electric field.

All parameters are summarized in Table 6.3. The left graph in Figure 6.4 shows the
experimental J — V' characteristics for the blends prepared with DIO measured at
different light intensities (symbols) together with the simulation results (solid lines).
The excellent agreement of the simulation with the data for an intensity range of
two orders of magnitude indicates that a field-independent generation rate and a
moderate bimolecular recombination rate with a carrier density independent recom-
bination coefficient, in competition with efficient extraction of both electrons and
holes, sufficiently explains the J — V' characteristics. The generation rates used for
the fits at different intensities are listed in Table 6.4.

For the device without DIO a field-dependent generation was measured with
TDCF. As could be seen from Figure 4.3 the generation is fairly constant in the
region from -2 V up to approximately -0.7 V and then drops by 20% from -0.7 V to
0.7 V. This drop was approximated by a linear decrease. Using this parametriza-
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Figure 6.4: J — V characteristics at different light intensities relative to one sun for the
devices prepared with (left) and without DIO (right). Symbols are the experimental data
and solid lines are drift-diffusion simulations (for more details see text). The simulation
parameters are summarized in Table 6.3 and 6.4.
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Parameter with DIO source w/o DIO source
Generation Rate 1.1 x 10%® J.sv 6.5 x 10%7 at TDCF
[m—3s71] 0.7V
BMR coefficient 1.2 x 1077 BACE 4.5 x 10717 TDCF
[m?s~]
electron mobility 3x107* TDCF (fit) 2.7x 1075 best fit in
[cm?® / V] simulation
hole mobility 4.5 x 1074 TDCF (ex- 1.2 x 1073 TDCF (ex-
[cm?/Vs] trapolation) trapolation)
Injection Barriers Do = O = dark charge Pe = O = dark charge
[eV] 0.05 0.05
effective bandgap 1.27 best fit 1.36 best fit

[eV]

Table 6.3: Parameters used for the drift diffusion simulation of the PTB7:PCBM J — V
curves at 1 sun illumination intensity.

Intensity Generation Rate [m3s7!]

(1 sun) with DIO w/o DIO
100% 1.1 x 10% 6.5 x 1027
50% 5.3 x 1027 3.2 x 10%7
25% 2.8 x 10*7 1.6 x 10
10% 1.2 x 10%7 6.7 x 10%6

1% 1.3 x 10% 6.7 x 10%

Table 6.4: Generation rates used when fitting the J — V characteristics of the
PTB7:PCBM blends with and without DIO for different light intensities relative to 1

sun.
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tion, an effective generation rate was calculated for each bias voltage and taken as
input parameter for the simulation. Note, that in most simulations, the generation
rate is related to the local electric field via a Braun-Onsager-type model.[14] This
approach also takes into account a distribution of generation rates in the device due
to an inhomogeneous field. However, our approach has two advantages. First, the
parameters needed for the Braun-Onsager model are hard to access by experiments
and are usually estimated from drift-diffusion simulations themselves. Also, it was
shown that in many cases the model delivers unphysical parameters. Second, the
field-dependence measured with TDCF is also an average over the entire device for
each applied external bias. Even though this approach does not yield any infor-
mation about the exact mechanism causing the field-dependent generation rate, it
seems more appropriate to be used here.

The recombination coefficient was set to k = 4.5 x 1077 m3s~!, independent of car-
rier density, as determined with TDCF. As extensively discussed in Chapter 5.2, the
homogeneous carrier distribution in the TDCF experiment leads to more reliable
results for k£ than BACE for the blend without DIO.

The field-dependent hole mobility, g, = 1.2x107% em?V~'s™! and § = —0.0021/cm/V,
was taken from the extrapolation of the TDCEF transients. The electron mobil-
ity is the parameter with the highest experimental uncertainty. The value achiev-
ing the best fit to the experimental J — V curves is p, = 2.7 x 107° cm?V s,
which is in very good agreement with the value determined from transient fit (pe =
2.7 x 107 cm®>V~'s7!). Note that the electron mobility is significantly lower com-
pared to the device with DIO, which supresses the FF. The results for the exper-
imental and simulated J — V' curves at five different illumination intensities are
shown in Figure 6.4 (right) and the simulation parameters are listed in Tables 6.3
and 6.4. Again, very good agreement was achieved for all intensities for one set of
parameters, showing that energetic disorder and a density dependent mobility are
not necessary to describe the J —V characteristics. It is therefore proposed that the
density dependent recombination coefficient observed in the BACE measurement
is mostly a consequence of inhomogeneous carrier distributions due to imbalanced
mobilities and high recombination and with that, indirectly, a consequence of the
morphology with large donor and acceptor phases.

Note that the resulting bandgaps used in these simulations were 1.27 eV and 1.36
eV for the devices with and without DIO respectively (at one sun illumination).
Effective bandgaps determined by analysing the V¢ as a function of carrier density
(see appendix A.8) are in very good agreement with the values used here and con-
firm the trend of a reduction of ca 90 meV upon adding DIO, most likely caused by
a change in domain morphology.

Importantly, the addition of DIO causes only minor to moderate changes of the indi-
vidual dynamic parameters. Therefore the variation of only one of these parameters
cannot explain the dramatic improvement of the performance when DIO is added.
This is demonstrated in Figure 6.5, where the experimental J — V' curves of the de-
vice w/o DIO are compared to parametric simulations starting with the parameters
used for the devices with DIO (black lines in Figure 6.5). The generation rate (at

3q—1
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—— Parameters with DIO —— Parameters with DIO
(M,=3x10"cm’/Vs) | (k=1.2x10"m’s™) (0% field dependence)

—— Parameters with DIO

104 measured P =2.7x10°cm?Vs 1 measured k=4.5x10"més™ | [| ||~ measured field dependence
N s 73 -1 | (20% from -0.7V to 0.7V)
p.=1.3x10°cm?/Vs k=9x10""m’s 40%
51 4| ——k=45x10"m’s’ _ P

—— p,=5.4x10°cm’/Vs

Current Density [mA/cm?]

-0.4 0.0 0!4 058 -0.4 0.0 014 0:8 -0|44 0.0 0.4 018
Voltage [V] Voltage [V] Voltage [V]

Figure 6.5: Experimental J — V curves (symbols) for the blend without DIO, compared
to parametric simulations (lines). In all curves, the black line displays the simulation with
the parameters used for the device processed with DIO (s. Table 6.3). Then, only one
parameter was changed while all the others were kept the same as in the DIO processed
case. Left: only the electron mobility is stepwise reduced. Middle: only the BMR coef-
ficient k is increased. Right: only the field dependence of generation is increased. In the
simulations, the effective bandgap and the generation rate (at -0.7V) are adjusted to yield
the same Voo and Jgc for all curves. All other parameters are kept constant.

-0.7 V) and the effective bandgap were adjusted to achieve the same Js¢ and Voc
for all simulated curves. As expected, this simulation leads to a much higher FF
than was measured in devices without DIO.

Then, either only the electron mobility was stepwise reduced (left), the BMR coef-
ficient & was increased (middle) or the field dependence of generation was increased
(right). In each graph, the red lines show the simulation when using the value of
the specific parameter as measured on the blend without additive, while the green
and blue lines use values that further decrease the overall performance. Though
in some cases parts of the J — V' curve are well resembled by the simulation, the
applied parameters differ largely from the measured values. For example, the fourth
quadrant of the J — V curve can be well fitted by only increasing the value of k to
3 x 10716 m3s~!, but this value is unrealistically large. Furthermore, these parame-
ters fail to explain the J — V' characteristics over the full voltage range. The specific
shape of the curve can, therefore, not be ascribed to the change of only the mobility,
only the recombination or only the field-dependence of generation. Likewise, if the
change of one of the parameters, for example the electron mobility, is neglected, the
device FF and performance will be overestimated, as it was for example observed
by Foertig et al.[26] It is only when the changes of all three parameters upon DIO
addition are taken into account that the simulation matches the experimental J —V
characeristics under all illumination conditions and for a wide range of voltages.

98



6.5 Discussion

In summary it has been shown that the dynamic parameters for charge carrier gener-
ation, recombination and transport, having been experimentally determined in this
work are capable to explain the steady state J — V' characteristics under different
illumination intensities.

For the annealed PSHT:PCBM device all data can be consistentliy explained by a
field-independent generation of free charge carriers at the donor-acceptor interface
and strict bimolecular recombination in competition with efficient extraction of both
electron and holes. This is in accordance with a uniform morphology of well inter-
connected donor and acceptor domains.

For the as prepared P3HT:PCBM the generation rate was also found to be fully in-
dependent of electric field in the solar cell working regime. The results also indirectly
imply that as prepared and annealed devices have similar internal quantum efficien-
cies, despite the very different morphologies. However, the free carrier lifetime is
much shorter in the as prepared blend, due to a higher bimolecular recombination
coeffcient. This leads to significant recombination losses at short circuit conditions.
However, the simulations of the J — V' characteristics under illumination showed
that the significantly poorer performance cannot be explained solely on the basis of
an enlarged BMR coefficient. Experiments and simulations show consistently that
space charge effects, due to a very low hole mobility and a resulting imbalanced
charge extraction are the main cause for the low FF and the low Js¢ in these de-
vices. It has been previously reported that ~ 30% of the polymer chains are in
the aggregated state in as prepared CF-cast P3BHT:PCBM blends.[118] While this
concentration seems to ensure efficient charge generation, it is too low to guarantee
rapid extraction of photogenerated holes to the electrodes.

In contrast to the PBHT:PCBM devices, the blends comprising the low bandgap
copolymer PTB7 exhibit a broader absorption spectrum with a higher spectral over-
lap to the sun emission. This leads to higher overall generation rates in both devices
compared to the homopolymer:fullerene blends, as was confirmed by our measure-
ments. For the optimized devices with DIO all data can again be consistently ex-
plained by the combination of a field-independent free charge carrier generation, a
moderate bimolecular recombination with a carrier density independent recombina-
tion coefficient and efficient extraction of both electron and holes. The experimental
results are consistent with a uniform morphology of well interconnected donor and
acceptor domains of the size of the exciton diffusion length.

For the devices prepared without DIO the overall charge carrier generation efficiency
is reduced compared the blend with DIO. This is consistent with a structural model
where large fullerene clusters are embedded into a polymer rich surrounding. As
already pointed out by Collins et al.[123] this particular morphology will lead to
inefficient exciton harvesting, due to a small active interface. Furthermore, the gen-
eration rate was found to be field-dependent, in particular when exciting primary the
polymer. However, the drift-diffusion simulations show unamiguosly that the lower
performance of the devices without DIO cannot be explained solely on the basis of a
field-dependent generation and a higher coefficient for non-geminate recombination.
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Instead, the effect of the additive on the entire J — V' characteristics can only be
reproduced when, in addition taking into account a reduced electron mobility in the
device processed without DIO, causing inefficient electron extraction and a poor fill
factor.

To conclude, the experiments on four different blends show that the shape of the
J —V characteristics is very specific for each device and depends on all the dynamic
parameters. This emphasizes the necessary knowledge and consideration of these
parameters. Interestingly, for all blends the generation efficiency did not (or only
weakly) depend on the applied bias, meaning that the J — V' curves were largely
determined by the competition between extraction and non-geminate recombina-
tion. Thereby, annealing or processing with DIO affected all relevant parameters
(G, k, pe and puy). Consequently the measurement and discussion of only a subset
of parameters cannot lead to a complete understanding of the whole device.

On the other hand, it turned out that the simulation responds very sensitively to the
variation of single parameters. It might therefore be possible to attribute changes
of the J — V' curves when modifying the preparation protocol to the variation of
only the mobility, the BMR coefficient or the generation rate. This work shows that
this approach is erroneous. Instead, in this work, all parameters for reproducing the
measured J — V characteristics were taken from measurements with suitable mea-
surement techniques. It is only when these parameters are combined that the J —V
curves can be reproduced over the entire ranges of bias and illumination intensities.
Therefore, the measurement techniques for determining the dynamic solar cell pa-
rameters together with the numerical drift diffusion simulations presented in this
work, provide a powerful algorithm for a complete description and comprehensive
understanding of the working principle of organic solar cells.
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7 Summary and Outlook

This thesis provides a deep understanding of the dynamic processes and physi-
cal parameters determining the performance of polymer based heterojunction solar
cells. A new approach for explaining the characteristic current-voltage output was
developed combining the experimental determination of charge carrier generation,
recombination and transport and the application of numerical device simulations.
For the first time, all relevant parameters were successfully determined from exper-
iments and confirmed by the numerical simulations.

One of the main achievements of this work was the advancement of the Time De-
layed Collection Field (TDCF) method from a former us time resolution to a ns
regime with 20 ns pulse rise time and 100 ns time delay. In TDCF charge carri-
ers are generated by a short laser pulse and subsequently extracted by a defined
rectangular voltage pulse. During this thesis, rise time and time delay have been
further improved to 10 ns each.? The improved temporal resolution allowed for the
first time a reliable determination of the effect of an electric field on free charge
carrier generation. An analytic model for the description of TDCF transients was
developed and revealed the experimental conditions for which reliable results can
be obtained. In particular, it turned out that the RC' time of the setup which is
mainly given by the sample geometry has a significant influence on the shape of the
transients which has to be considered for correct data analysis.

TDCEF has been used for the first time to measure charge carrier generation, recombi-
nation and transport with the same experimental setup. This excludes experimental
errors due to different measurement and preparation conditions and demonstrates
the strength of this technique. Owing the careful analysis of this work and the ver-
satile possible applications, TDCF is now a well established technique in the field
of organic solar cells, reflected by the large number of publications based on TDCF
measurements in the last four years.[18, 26, 70, 71, 132-144] As an example this
method has very recently been used to investigate the explicit role of the interfacial
charge transfer (CT) state in the charge generation process by selectively exciting
the donor, acceptor and charge transfer state manifold.[70, 71] The results suggest
that the generation in OSC in general proceeds via the split-up of thermalized CT
states, irrespective of the initial excitation energy, which is in great contrast to most
current models.

In the course of this work another new technique Bias Assisted Charge Extraction
(BACE) was developed to measure charge carrier densities in solar cells under real
operating conditions. Here, the charge carriers photogenerated under steady state il-
lumination are extracted by applying a high reverse bias. The accelerated extraction
compared to conventional charge extraction minimizes losses through non-geminate
recombination and trapping during extraction and proved to be more precise than

Smainly by the work of Jona Kurpiers
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the current established techniques. However, numerical steady state device simu-
lations revealed that inhomogeneous carrier distributions in the device, due to low
energetic injection barriers, may lead to an erroneous determination of the bulk
charge carrier density. This can result in apparently higher recombination orders,
similar to what has been observed by Kirchartz et al.[89] Importantly, it could be
shown that the relevant charge carrier density in the device can be determined the
more precise the higher the photogenerated charge carrier density and the thicker
the active layer, which should be in general greater than 100 nm. These findings
are of course also true for the widely used conventional charge extraction technique
and are therefore of great importance for the community.

The careful analysis of meaningful experimental conditions now enables a reliable
determination of charge carrier densities under different illumination and bias condi-
tions. The charge carrier densities under open circuit conditions, where no external
currents are flowing and all generated charge carriers recombine non-geminately,
were then used to determine non-geminate recombination orders as well as steady
state recombination rate constants. Comparison of the recombination dynamics at
steady state and at short time scales allowed to draw conclusions about the ener-
getic distribution of transport sites. Moreover, the precise measurement of steady
state carrier densities with BACE has opened up new important applications, such
as quantifying the energetic contribution to the V¢ in donor/acceptor blends [193]
and the development of a novel technique to determine effective charge carrier mo-
bilities under solar cell operation conditions.[138] These developments show that the
new BACE technique highly contributes to a fundamental understanding of organic
solar cell properties.

The newly developed experimental techniques allow to sensitively analyse and quan-
tify geminate and non-geminate recombination losses along with charge transport in
organic solar cells. A full analysis was exemplarily demonstrated for two prominent
polymer-fullerene blends.

The model system P3HT:PCBM spincast from chloroform (as prepared) exhibits
poor power conversion efficiencies (PCE) on the order of 0.5%, mainly caused by
low fill factors (FF) and currents. It could be shown that the performance of these
devices is limited by the hole transport and large bimolecular recombination (BMR)
losses, while geminate recombination losses are insignificant. The low polymer crys-
tallinity and poor interconnection between the polymer and fullerene domains leads
to a hole mobility of the order of 1077 cm?/Vs which is several orders of magnitude
lower than the electron mobility in these devices. The concomitant build up of space
charge hinders extraction of both electrons and holes and promotes bimolecular re-
combination losses.

Thermal annealing of PSHT:PCBM blends directly after spin coating improves crys-
tallinity and interconnection of the polymer and the fullerene phase and results in
comparatively high electron and hole mobilities in the order of 1073 c¢m?/Vs and
10~* ecm?/Vs, respectively. In addition, a coarsening of the domain sizes leads to
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a reduction of the BMR by one order of magnitude. High charge carrier mobilities
and low recombination losses result in comparatively high FF (>65%) and short
circuit current (Jsc ~ 10 mA /cm?). The overall device performance (PCE ~ 4%) is
only limited by a rather low spectral overlap of absorption and solar emission and
a small V¢, given by the energetics of the P3HT.

From this point of view the combination of the low bandgap polymer PTB7 with
PCBM is a promising approach. In BHJ solar cells, this polymer leads to a higher
Voc due to optimized energetics with PCBM. However, the Js¢ in these (unopti-
mized) devices is similar to the Js¢ in the optimized blend with P3HT and the FF is
rather low (= 50%). It turned out that the unoptimized PTB7:PCBM blends suffer
from high BMR, a low electron mobility of the order of 107> cm?/Vs and geminate
recombination losses due to field dependent charge carrier generation.

The use of the solvent additive DIO optimizes the blend morphology, mainly by
suppressing the formation of very large fullerene domains and by forming a more
uniform structure of well interconnected donor and acceptor domains of the order
of a few nanometers. Our analysis shows that this results in an increase of the elec-
tron mobility by about one order of magnitude (3 x 10~* cm?/Vs), while BMR and
geminate recombination losses are significantly reduced. In total these effects im-
prove the Jsc (=~ 17 mA /cm?) and the FF (> 70%). In 2012 this polymer/fullerene
combination resulted in a record PCE for a single junction OSC of 9.2%.[30]

Remarkably, the numerical device simulations revealed that the specific shape of
the J — V' characteristics depends very sensitively to the variation of not only one,
but all dynamic parameters. On the one hand this proves that the experimentally
determined parameters, if leading to a good match between simulated and mea-
sured J — V curves, are realistic and reliable. On the other hand it also emphasizes
the importance to consider all involved dynamic quantities, namely charge carrier
generation, geminate and non-geminate recombination as well as electron and hole
mobilities. The measurement or investigation of only a subset of these parameters
as frequently found in literature will lead to an incomplete picture and possibly to
misleading conclusions.

Most importantly, the comparison of the numerical simulation employing the mea-
sured parameters and the experimental J — V' characteristics allows to identify loss
channels and limitations of OSC. For example, it turned out that inefficient ex-
traction of charge carriers is a criticical limitation factor that is often disobeyed.
However, efficient and fast transport of charges becomes more and more important
with the development of new low bandgap materials with very high internal quan-
tum efficiencies. Likewise, due to moderate charge carrier mobilities, the active layer
thicknesses of current high-performance devices are usually limited to around 100
nm. However, larger layer thicknesses would be more favourable with respect to
higher current output and robustness of production. Newly designed donor materi-
als should therefore at best show a high tendency to form crystalline structures, as
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observed in P3HT, combined with the optimized energetics and quantum efficiency
of, for example, PTBY.

The findings of this work also revealed that the individual blend morphology, in-
fluenced by the specific preparation conditions, plays a very important role for the
device performance and needs to be controlled in such a way that efficient charge
transport is ensured while geminate and non-geminate recombination is strongly
suppressed.

In future work, the analysis concept developed in this thesis may also be applied to
other polymer based or small molecule OSC or to new material classes. For exam-
ple, organometal halide perovskites, a class of organic-inorganic hybrid materials,
are currently emerging in the field of solar energy with power conversion efficien-
cies surpassing 20%.[198] Despite this striking success, little is still known about
the exact carrier dynamics in these devices. Only recently TDCF studies revealed
that the recombination dynamics in perovskite solar cells differ significantly from
those in polymer solar cells, displaying for example time dependent recombination
coefficients.[199] A complete device analysis as presented in this thesis may be able
to estimate the impact of time dependent recombination dynamics on the device per-
formance and identify further limitations to enforce a target-oriented improvement
of device performance.
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Appendix

A.1 TDCF set-up and specifications

In TDCF, a short laser pulse in combination with a subsequent voltage pulse is used
to measure generation and recombination of charge carriers in organic solar cells.
During the course of this thesis, the TDCF set-up has been continuously improved.
The majority of experiments in this thesis has been performed with the set-up out-
lined in Figure A.1. The pulsed excitation of the sample was provided by a diode

LASER fiber

sample
holder LIS

==
s
mmmm shutter
mmmm OD filter
5

S ; PD1 PD2

function | generator

response signal

voltage pulse

Figure A.1: Schematic presentation of the TDCF set-up. For a detailed description see
text.

pumped, Q-switched Nd:YAG laser (NT242, EKSPLA). The pulse width was 5.5 ns
and repetition rate was 500 Hz. The output wavelength of the laser could be tuned
in between 400 - 680 nm and 750 - 2000 nm via an optical parametric oscillator
(OPO). The intensity of the laser beam (green line) at the sample was adjusted
with optical density (OD) filters.

The voltage pulse (Viye, Veon) was provided by a function generator (Agilent 81150A)
with a very fast pulse rise time (2.5 ns) and low internal jitter (500 ps). To avoid the
jitter of the laser electronics (10 ns) the function generator was directly triggered
by the laser pulse via a fast photodiode (PD1, rise time 8 ns) positioned close to
the laser output. To compensate for the rather long electronic processing time of
the Agilent (480 ns) the laser pulses were optically delayed with a multimode fiber
(LEONTI, length 85 m). A second fast photodiode (PD2, rise time 300 ps) was placed
after the fiber to trigger the oscilloscope (Yokogawa DL9140), which recorded the
response current signal via a 50 € resistor in series with the sample. The reference
dark measurement was taken by blocking the laser beam with a mechanical shutter.
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A.2 Sample Preparation and Structure

The sample structures prepared in this work are shown in Figure A.2. All of the
structures were prepared on 2.5 cmx2.5 cm glass substrates in part covered with
transparent indium tin oxide (ITO) bottom electrodes. For the TDCF samples/solar
cells and the hole-only devices, two different I[TO structures were used as indicated
below. All substrates were cleaned by ultrasonification in the following solutions for
15 min each: acetone, 3% Hellmanex solution (alkaline cleaning concentrate), de-
ionized water and isopropanol. The substrates were rinsed with de-ionized water 10
times after the acetone and Hellmanex solution steps. Subsequently, the substrates
were dried with nitrogen. To remove organic residues and increase the wettability
of the surface, oxygen plasma treatment of the substrates was performed for 2 min
at 200 W in a Technics Plasma 200-G system. Then a 60 nm layer of poly(3,4-
ethylendioxythiophene):polystyrolsulfonate (PEDOT:PSS, Clevios AT 4083) was so-
lution cast on to the substrates and subsequently heated at 180°C for 10 min under
inert conditions. For the electron-only devices an Al bottom electrode (12 mmx25
mm) was evaporated on top of the PEDOT:PSS layer.

The active layer films (polymer/fullerene blends) were spin cast on to the bot-
tom electrodes as detailed below. Finally, top electrodes were thermally evaporated
through shadow masks, defining the active area (1 mm? for the TDCF samples/solar
cells and 5 mm? for the single carrier devices). TDCF samples/solar cells were en-
capsulated with epoxy resin and a glass lid prior to air exposure.

TDCF/solar cell Hole-only Electron-only
- Al
s o111 /Ca
-
PYO  aclive layer
TG —  ——1 1 PEDOT:PSS —— — PEDOT.PSS
glass ~ ITO glass
active agea -9 act_n-'e afea ® ol m
lmm -_. ._- domm- -__. .__-
f_OP =0 @ = - O m
view bttoii =@ @ == tap = @
electrode el electrode @ o=

Figure A.2: Schematic of sample structures prepared for TDCF measurements (solar
cells) and single carrier devices.

P3HT:PCBM blends

P3HT (Sepiolid 200, purchased from BASF) and PC[70]BM (purchased from Solenne)
were separately solved in chloroform (CF), then mixed to a 1:1 (by weight) solution
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with a concentration of 25 gL.=! and subsequently spin coated at 1000 rpm, yielding
an active layer thickness of 200 nm. Devices referred to as ‘annealed’ were heated
at 150°C for 15 min directly after spin coating. Top electrodes for solar cells and
electron-only devices consisted of 20 nm Sm and 100 nm Al. Top electrodes for hole-
only devices consisted of 20 nm MoO3z and 100 nm Al. Different layer thicknesses
for SCLC measurements were obtained by varying the concentration of the solution.

PTB7:PCBM blends

PTB7 (purchased from 1-material) and PC[70]BM (purchased from Solenne) were
separately solved in chlorobenzene (CB), then mixed to a 1:1.5 (by weight) solution
with a concentration of 25 gL.™! and subsequently spin coated at 1000 rpm, yielding
an active layer thickness of 100 nm. In the case of devices referred to as ‘with DIO’
3 vol-% 1,8-diiodooctane (DIO) were used as cosolvent in the CB solution. Top

electrodes for solar cells and electron-only devices consisted of 5 nm Ca and 80 nm
Al

A.3 Derivation of Equation (4.5)

In the TDCF experiment, (injected) dark charge is not recognized as part of the
collected charge as the dark current transient is subtracted from the transient under
illumination. However, the dark charge carriers take part in bimolecular recombina-
tion with the photogenerated charge carriers and have to be taken into account when
analyzing the recombination dynamics with delay dependent TDCF measurements.
In the following the derivation of the iterative model including Qg (Equation 4.5
will be shown.

Under steady state conditions in the dark, injection, extraction and bimolecular
recombination (BMR) of charge carriers are in equilibrium:

an

— = =~k + (jpn = jp.ow)/ed = 0, (A1)

where np is the dark carrier density (assuming equal hole and electron densities),
k is the BMR coefficient, d is the device thickness, e is the electric charge and jp p
and jp o are the injected and extracted dark current densities, respectively. Since
the measured dark current density for voltages below the built-in volltage is very
low, jpouw can be neglected (all injected charge carriers recombine in the device)
and it follows:

j in
fz y = kn?,. (A.2)

Now, the temporal evolution of the charge carrier density after illumination is con-

sidered:
dn L

dt
where ny, includes all charge carriers after illumination (dark and photogenerated)
and j;, and j,,; are the injected and extracted current densities after illumination. It

= —k:n% + (]zn - jout)/eda (As)
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is assumed that the injected current density in the dark and after illumination is the
same Ji, = Jp.in = edkn?. The extracted current density is related to the extracted
charge in the time interval At under prebias conditions Aj,; = AQpe/At, with A
the device area. This leads to the expression:

AC2pre or dQL,coll
eAdAt dt

dnL

“@hvL AC2pre
dt

= —keAd(n3 —n3) — As

= —knj +kn% —

. (A4)

o 2 . . . . . .
CO * Y
QrL.con = €Adny includes all charge in the device after illumination. However, the
experiment determines

Qcou = QL,cou - Qdark = GAd(nL - TlD) (A-5)

by subtracting the capacitive peak including (Qg.k. Assuming that the dark charge

is constant C@d% = 0 it can be written:
dQcoll dQ re
e —keAd(n?: —n%) — d—zlf)' (A.6)
ng, is not known. However, rearranging Equation (A.5) to
Cj;f(lil +np =ny, (A7)
and squaring gives an expression for n? — n?,:
2
2 2 Qcoll Qcoll
—np = 2——np. A8
LD (eAd) N eAd''P (A.8)
Equations (A.8) and (A.6) lead to:
dQcoll 2 11 dQ re
= —k =t 1920, S — A9
i <eAd T 2Qeanp | = =g (8.9)

Using Qqarx = eAdnp, the iterative analysis Equation (4.5) is obtained:

Qeon(tat+At) = Qcoll(td)_[Qpre(td+At)_Qpre(td)]_ﬁi[ngll(td)+2Qcoll(td)Qdark]At'
(A.10)
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A.4 RC time analysis for P3BHT:PCBM devices

annealed
(a) 0 Measurement
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Figure A.3: Annealed device, 200 nm. (a) The measured voltage trace was approximated
by a linear ramp (blue) and with an exponential function according to Equation (3.5)
(green). The corresponding current transients are shown in (b). The approximation with
the linear ramp and the fit with Equation (3.2) for the rising edge and Equation (3.4) for
the falling edge give slightly better results than the fit with Equation (3.6), yielding the
following parameters: R = 702, C' = 282 pF, RC' = 19.7 ns

as prepared
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Figure A.4: As prepared device, 200 nm. Same analysis as above. Here, also the
approximation with a linear ramp and subsequent fit with Equations (3.2) and (3.4) gives
a better fit and more realistic results: R = 7092, C' = 255 pF, RC' = 17.8 ns
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A.5 J(E) for PTB7:PCBM electron-only devices
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Figure A.5: The electron current density vs. electric field for two different layer thick-
nesses each scales with 1/d for both devices (with and w/o DIO) and can therefore be
evaluated with Equation (4.8).

A.6 Influence of the delay between switch-off of the LEDs
and application of the reverse bias in BACE experi-
ments
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Figure A.6: Charge carrier density extracted in BACE with a 0 ns and 200 ns delay for
PTB7:PCBM with DIO.

BACE experiments were performed with an either 0 ns or 200 ns delay between
initiation of the LED switch-off and application of the reverse extraction bias. In
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case of PTB7:PCBM blends with DIO, a longer delay leads to a slightly smaller
amount of extracted charge particularly at high carrier densities, which is assigned
to bimolecular recombination during the 200 ns delay. Hence, for blends with inter-
mediate or high BMR rates it is important to start extraction immediatly after the
LED switch.

In contrast, for annealed P3HT:PCBM no difference between the extracted carrier
density is observed for the two different delay time.[193] Here, the low BMR coef-
ficient limits the recombination losses during the delay. Furthermore, the amount
of additional photogenerated charge during the 200 ns LED switch-off time is very
small. A simple estimation confirms this assumption: For PTB7:PCBM with DIO
(the blend with the highest generation rate) the generation rate at 1 sun (100
mW /cm?) is approximately 1 x 10?® 1/m?s. Assuming constant generation for 200
ns leads to a photogenerated carrier density of 2 x 102! m~3. This is more than one
order of magnitude lower than the bulk carrier density at this illumination intensity.

A.7 Photocurrent transient with inhomogeneous carrier dis-
tribution

The steady state carrier distribution of a PTB7:PCBM device with DIO under one
sun illumination, shown in Figure A.7 left, was fed into the transient simulation
program. For the steady state simulation the same parameters as in Figure 5.3
were used. For the transient simulation, only the electrons were considered, which
were extracted to the cathode with an extraction voltage of -3V. The integral of the
arising photocurrent transient presented in Figure A.7 right is:

Qint = 1.59 x 1071 C

1025 4 1 1 1 1 1 Il | | 1
= 00/
& 24;
E 107 -0.5
= <
2 1024 £ 107
8 4024 % 187
5 ] kel
S 5 2.0
o —_— o
2 10?4 Extraction
g i -2.54
1020 T T T T -30 T T M T T T
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cathode Position x [nm] anode Time [ns]

Figure A.7: Left: Steady state carrier distribution for a PTB7:PCBM device with DIO
under one sun illumination (only electrons shown). Simulation parameters from Figure 5.3
(main text) were used. Right: Transient simulation of the photocurrent arising if electrons
are extracted to the cathode. Vexir = —3 V, pte = 5 x 1074 ecm?/Vs, d=100 nm, A=1 mm?.
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For comparison, the extracted charge calculated from this distribution with Equation
(5.3) and (5.4) is:
Qine = 1.68 x 1071° C

A.8 Determination of the effective bandgap in PTB7:PCBM
devices

In order to determine the effective bandgap between the PTB7-HOMO and the
PCBM-LUMO, the V¢ of the devices at multiple illumination intensities was ana-
lyzed as a function of the carrier density n using the fundamental approach:

Voo = E, + 2kT xIn (%) , (A.11)

see reference [193], with the bandgap E, and density of states N. For that purpose
BACE measurements have been performed. The results are shown in Figure A.8.
Using a density of states of N = 10*” m~3 (the same as used in the simulations), the
effective bandgaps can be estimated to 1.24 eV in the devices with DIO and 1.32
eV w/o DIO which is in very good agreement to 1.27 eV or 1.36 eV as used in the
simulation.
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Figure A.8: Carrier density n vs. open circuit voltage Vo as determined with BACE.

A.9 Influence of contact selectivity on decay dynamics

Transient simulations were performed for a 200 nm layer between symmetric con-
tacts (ELUMO = —3.6 eV, EHOMO = —48 eV, Eanode = Lcathode — —4.2 eV) The
time delay between the homogeneous insertion of electrons and holes and the appli-
cation of the extraction bias of -5 V was varied between 20 ns and 10 ps. During
the delay the bias was Ve = 0 V. The integral of the total current transient (during
delay and collection time) was evaluated as described in Section 4.3 and plots of
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Qcon and Qpre as a function of the delay time were generated (Figure A.9). In both
simulations the BMR coefficient was set to k = 5 x 107!® m3s~!. Also, in both sim-
ulations the charge carriers were allowed to diffuse out of the device, while injection
of charge carriers was blocked.

Now, in the first case selective contacts were assumed, meaning that electrons were
only allowed to leave the device at the cathode and holes at the anode (black sym-
bols). In the second case, both carriers were allowed to leave the device at both
contacts, simulating non-selective contacts (red symbols). Figure A.9 shows, that
in the case of non-selective contacts the decay of the carrier density in the de-
vice is much faster. Furthermore, the intergrated charge during the delay (Qpre) is
zero since the electron and hole diffusion currents cancel each other out. Both de-
cay curves were fitted with bimolecular recombination according to Equation (4.4),
yielding k = 3 x 107! m3s~! for selective and k = 3 x 107" m®s~! for non-selective
contacts. In case of non-selective contacts, the apparent BMR coefficient is one
order of magnitude higher than the true recombination coefficient.
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Figure A.9: Drift diffusion simulation (symbols) of the decay dynamics after a ho-
mogeneous inserted carrier density in case of selective and non-selective contacts. Sim-
ulation parameters were: d = 200 nm, Frumo = —3.6 eV, Exomo = —4.8 €V,
Eanode = Eeathode = —4.2 eV, Vire = 0V, Voo = =5 V, k = 5 x 1071 m?s~",
e = ptn =5 x 107% cm?/Vs. Solid lines are BMR fits with Equation (4.4).
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