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Abstract

Besides established, conventional inorganic photovoltaics—mainly based on
silicon—organic photovoltaics (OPV) are well on the way to represent a low-
cost, environment friendly, complementary technology in near future. Produc-
tion costs, solar cell lifetime and performance are the relevant factors which
need to be optimized to enable a market launch of OPV.

In this work, the efficiency of organic solar cells and their limitation due
to charge carrier recombination are investigated. To analyze solar cells under
operating conditions, time-resolved techniques such as transient photovoltage
(TPV), transient photocurrent (TPC) and charge extraction (CE) are app-
lied in combination with time delayed collection field (TDCF) measurements.
Solution processed and evaporated samples of different material composition
and varying device architectures are studied.

The standard OPV reference system, PS3HT:PCg BM, is analyzed for va-
rious temperatures in terms of charge carrier lifetime and charge carrier den-
sity for a range of illumination intensities. The applicability of the Shockley
Equation for organic solar cells is validated in case of field-independent charge
photogeneration. In addition, a consistent model is presented, directly relating
the ideality factor to the recombination of free with trapped charge carriers
in an exponential density of states.

An approach known as j/V reconstruction enables to identify the per-
formance limiting loss mechanism of as-prepared and thermally treated
P3HT:PCg;BM solar cells. This procedure, involving TPV, CE and TDCF
measurements, is extended to samples based on the rather new, low-band gap
polymer PTB7 in combination with PC7;BM. While in the devices processed
from pure chlorobenzene solution considerable geminate and nongeminate los-
ses are observed, the use of a solvent additive facilitates efficient polaron pair
dissociation minimizing geminate recombination.

Finally, in collaboration with the IMEC institute in Leuven, the two main
organic solar cell device architectures, planar and bulk heterojunction—both
based on CuPc and Cgg—are directly compared in terms of nongeminate re-
combination and charge carrier distribution. Two experimental techniques,
TPV and CE, as well as a macroscopic device simulation are applied to reveal
the origin of different V. vs. light intensity dependence.



II

Zusammenfassung

Neben  herkommlichen, konventionellen anorganischen  Solarzellen—
hauptsachlich auf Silizium basierend—ist die Organische Photovoltaik
(OPV) auf dem besten Wege in naher Zukunft eine kostengiinstige, umwelt-
freundliche, komplementire Technolgie darzustellen. Die Produktionskosten,
die Lebenszeit der Solarzellen sowie deren Wirkungsgrad miissen dabei weiter
optimiert werden, um einen Markteintritt der OPV zu ermoglichen.

Die vorliegende Arbeit befasst sich mit der Effizienz organischer Solar-
zellen und deren Limitierung durch die Rekombination von Ladungstragern.
Um funktionsfahige Zellen zu untersuchen, werden zeitaufgeloste Experimen-
te wie die Messung der transienten Photospannung (TPV), des transienten
Photostroms (TPC), die Ladungsextraktion (CE) sowie die time delayed col-
lection field (TDCF) Methode angewandt. Untersucht werden sowohl fliissig
prozessierte als auch aufgedampfte Proben, unterschiedliche Materialzusam-
mensetzungen und verschiedene Probengeometrien.

Das Standardmaterialsystem der OPV, PSHT:PCg BM, wird bei verschie-
denen Temperaturen und Beleuchtungsstiarken auf die Lebenszeit und Dichte
der photogenerierten Ladungstriger tiberpriift. Fiir den Fall spannungsunab-
hiangiger Generation von Ladungstrigern zeigt sich die Anwendbarkeit der
Shockley-Gleichung auf organische Solarzellen. Des Weiteren wird ein konsis-
tentes Modell erldutert, welches den Idealtitatsfaktor direkt mit der Rekom-
bination von freien mit gefangenen, exponentiell verteilten Ladungstrigern
verkniipft.

Ein Ansatz, bekannt unter der Bezeichung j/V Rekonstruktion, ermog-
licht es, den leistungslimitierenden Verlustmechanismus in unbehandelten und
thermisch geheizten PSHT:PCg;BM Solarzellen zu identifizieren. Dieses Ver-
fahren, welches TPV, CE und TDCF Messungen beinhaltet, wird auf Proben
basierend auf dem neuartigen, low-band gap Polymer PTB7 in Verbindung
mit dem Fulleren PC7;BM ausgeweitet. Wahrend in der Zelle hergestellt aus
reinem Chlorbenzol betrachtliche geminale wie nichtgeminale Verluste zu be-
obachten sind, erleichtert die Zugabe eines Losungsmittelzusatzes die Polaro-
nenpaartrennung, was zu einer starken Reduktion geminaler Verluste fiihrt.

In einer Kooperation mit dem IMEC Institut in Leuven, werden abschlie-
fsend die beiden bedeutensten Probenarchitekturen organischer Solarzellen, die
planare und die Mischiibergang Struktur, jeweils basierend auf CuPC und Cg,
beziiglich nichtgeminaler Rekombination und Ladungstragerverteilung mitei-
nander verglichen. Neben den beiden experimentellen Techniken um TPV und
CE werden makroskopische Simulationen herangezogen, um den Ursprung un-
terschiedlichen V. vs. Lichtintensitdt—Verhaltens zu erklaren.
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CHAPTER 1

Introduction

The need for a sustainable, nonpolluting and affordable energy supply for a
fast growing world-wide population has been one of the most addressed issues
in recent years. The goal to establish renewables as a substantial energy source
involves changes in landscape and human environment and will certainly re-
quire changes in attitude. Mankind has exploited fossil energy resources such
as coal and crude oil for decades and deployed nuclear power plants, without
recognizing or considering the effects of atmosphere pollution, especially by
carbon dioxide emission, or the dangers of nuclear power and its waste. Even
though peak oil, the point in time of maximum rate of crude oil extraction
has not been reached yet and uranium supply still suffices, one can observe
an increased preference for green energies.

In 2011 Fukushima brought the potential threats of nuclear power back to
our mind. At least since then, politicians especially in Europe, and in partic-
ular in Germany, opt for a regenerative energy supply. In 2011 the European
Union demanded that renewable energy sources provide 20% of electric en-
ergy in 2020 and aimed at reducing green house gas emission by 20% [1|. The
decision by the Federal Republic of Germany to withdraw from nuclear power
effective by the end of 2022 is an ambitious and unique endeavor. It demands
dramatic efforts in further development and deployment of renewable energy
sources, the reorganization of the electricity grid and the optimization of the
energy storage system in order to diminish the volatility problems of solar and
wind energy.

The deployment of renewable energy technologies, such as biomass and
wind energy, but especially the photovoltaic (PV) energy, were stimulated by
generous feed-in tariffs in Germany in recent years. With an annual growth
rate of more than 7 GW from 2010 to 2012 over 30 GW of photovoltaic
power was installed by the end of 2012 [2]. In 2011 the solar cell market was
dominated by multi crystalline silicon (57%) followed by crystalline silicon
(31%) and thin film technologies like cadmium telluride (5%) [3]. The PV
technology in Germany in general has to deal with rather low full-load hours
of 950 h per year. Nevertheless, in 2012 almost 28 TWh of electric energy
were generated by photovoltaic modules, representing 5% of the German net
electricity demand [4].
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The elementary process of converting solar irradiation into electric power
by any solar cell is known as the photovoltaic effect. It was discovered by A.
Becquerel in 1892 [5]. The distinct energy of a photon is absorbed and excites
an electron to a state higher in energy. The first noteworthy silicon solar
cell with a power conversion efficiency (PCE) of n = 6% was realized by the
group around Daryl Chapin at the Bell Laboratories in 1954 [6]. The upper
theoretical limit in terms of efficiency for single p—n junctions was determined
to be about 30% by W. Shockley and H. J. Queisser [7] and is nowadays
almost realized by crystalline Si solar cells (n = 25.0%) [8].

Besides the above described conventional inorganic solar cells a younger
technology, based on organic semiconductors, with new, innovative perspec-
tives has developed rapidly within the last two decades. Even though the
price for Si-modules in Germany has dropped meanwhile due to upscaling and
outsourcing of production to low-wage countries, on average below 1 €/Wp,
organic solar cells still are supposed to bring along a price advantage due to
easily upscaleable, low temperature mass production |9, 10]. Next to economic
reasons, the higher absorption coefficient of organic materials paves the way
for thin active layers and—in combination with conductive paper or foil—for
flexible, innovative applications [11]. Companies willing to commercialize or-
ganic photovoltaics (OPV) aim on gadget applications, flexible and mobile
modules for the outdoor market or semitransparent solar cells in windows
and thus building integration [12, 13, 14]. The used semiconducting polymers
and fullerenes are soluble, for example in standard solvents like chlorobenzene
or toluene and enable deposition by printing, spin-coating or doctor blad-
ing [10, 15]. If not soluble, they can be deposited by thermal evaporation
under high vacuum.

While light emitting diodes based on organic semiconductors are already
established on the market, the organic solar cell technology still has to catch
up. Recently, efficiencies above n = 11% were reported by Mitsubishi Chem-
icals for laboratory single cells, but modules still reside far below at around
4% [8]. To realize the market launch of OPV, on the one hand product stability
in terms of extrinsic solar cell degradation, for instance by moisture or oxygen,
is one crucial aspect [16]. On the other hand, steady efficiency improvements
are required and a detailed understanding of OPV working principle such as
charge photogeneration and charge carrier recombination is essential. To gain
a better insight, the present work addresses the issues of charge carrier recom-
bination and active layer morphology in organic solar cells and their impact
on device performance.

After a general overview on organic semiconductors and organic solar cells
the two basic recombination mechanisms are introduced and their influence
on solar cell performance is discussed. Then the experimental techniques used



in this work are highlighted and the relevant organic materials are presented
together with details on device preparation. In the experimental results a
reference system is used for an intensive temperature dependent study on
the Shockley Equation, originally developed for inorganic p—n junctions. The
used techniques, transient photovoltage and transient photocurrent, enable
to study charge carrier lifetime and charge carrier density of organic solar
cells under operating conditions and the evaluation of a recombination ideal-
ity factor. Subsequently, the impact of charge carrier recombination on the
current—voltage characteristic for two material systems and different active
layer morphologies is analyzed in detail. Finally, the two main organic solar
cell device architectures, planar and bulk heterojunction, are directly com-
pared in terms of nongeminate recombination and charge carrier distribution.






CHAPTER 2

Organic Photovoltaics

2.1 From Organic Semiconductors to Solar
Cells — A Brief Overview

Even though the main breakthrough in the field of organic semiconductors can
be clearly found within the last three decades, their birth can be dated back
to the beginning of the 20th century with the first study on the photoconduc-
tivity of anthracene crystals [17]. The discovery of electroluminescence in the
1960s [18] can be seen as the starting point of systematic research on the fun-
damental processes such as photo excitation and charge transport properties
of the so-called small molecules [19, 20|. Another milestone in the develop-
ment of organic semiconductors happened in the end seventies, when a new
class of organic semiconductors was introduced and investigated in terms of
electrical conductivity: (halogen) doped, highly conductive, conjugated poly-
mers. Their discovery was honored with the Nobel Prize in Chemistry in the
year 2000 [21, 22, 20].

Two major classes of organic semiconductors are distinguished. On the
one hand, the class of small molecules, normally deposited from the gas phase
(sublimation or evaporation), which partly even show a crystalline growth
and a high degree of order. On the other hand, the younger material class of
conjugated polymers, usually processed from the liquid phase by spin-coating
or printing have the potential to revolutionize electronics. In both classes the
conductivity originates from a conjugated m-electron system, further explained
in Sec. 2.3.4.

First organic solar cell (OSC) devices consisted of a single, pure organic
layer embedded between two electrodes of different work functions and yielded
power conversion efficiencies (PCE) n < 1%. The low PCE originated from
the generation of a strongly bound (binding energy 0.5-1 eV) electron—hole
pair (Frenkel exciton) upon photon absorption due to the low dielectric con-
stant (¢ &~ 3 —4) in organic materials. Thus, separating electron and hole
requires sufficient excess energy or the metal electrode within the distance a
Frenkel exciton moves during its lifetime, called exciton diffusion length (<
20 nm). Both possibilities are not very likely at room temperature for active
layer thicknesses up to a few hundred nanometers. This results in a high prob-



6 Chapter 2. Organic Photovoltaics

Vi

(a) planar heterojunction (b) bulk heterojunction

Figure 2.1: Device structure of a planar heterojunction (a) consisting of ad-
jacent acceptor and donor layer and a bulk heterojunction organic solar cell
(b), implemented by a donor—acceptor blend.

ability of a subsequent decay of the excited electron—hole pair to its ground
state (recombination) and a decisive loss mechanism.

In the year 1986, Tang established a new approach to overcome the draw-
back of the strong exciton binding energy—the first organic bilayer solar cell
with a PCE of n = 1% [23|. Thereby, two adjacent thin layers of two different
organic compounds (see Fig. 2.1(a)) were deposited on top of each other to
form a planar heterojunction (PHJ). In this particular case, Tang chose copper
phthalocyanine (CuPc) for the bottom and a perylene tetra carboxylic (PV)
derivative for the top layer, whereas the photon absorption (exciton genera-
tion) primarily occurs in the CuPc. For a more efficient exciton dissociation
than in a single layer device, the second layer of PV derivative favorably pro-
vides a high electron affinity to overcome the exciton binding energy. If the
exciton reaches the heterointerface within its lifetime, the electron is trans-
ferred from the CuPc (donor) to the PV molecule (acceptor). Due to the weak
screening of the electric field in organic semiconductors, the so formed state
(denoted as polaron pair) is still Coulomb bound and needs to be completely
dissociated to obtain free charges (see Sec. 2.3.3). Nevertheless, as donor thick-
nesses of 100-200 nm are necessary to absorb most of the incoming photons,
the exciton dissociation yield in a PHJ solar cell is still rather low, as only a
few percent of the generated excitons reach the donor—acceptor interface. To
overcome this major drawback of a PHJ device, the concept of bulk hetero-
junction (BHJ) solar cells was introduced in the mid nineties [24, 25]. Instead
of two adjacent pure semiconducting layers, the active volume of a BHJ solar
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cell consists of a well intermixed donor—acceptor system (see Fig. 2.1(b)), pro-
viding a spatially distributed heterointerface, which allows a very efficient exci-
ton dissociation, approaching nearly 100%. This is realized by co-evaporation
of conjugated small molecules or by spin-coating a polymer—fullerene blend
from solution. Despite the enhanced exciton dissociation yield, the complete
separation of polaron pairs and the transport of charge carriers in the more
disordered bulk system provide further challenges discussed in Section 2.3.
Yu et al. started with a bulk heterojunction solar cell yielding an efficiency
of around 1% [25]. The subsequent efficiency improvements of BHJ devices
during the last two decades strongly correlate with the attempts to control
the active layer morphology in order to improve for instance the charge carrier
transport. Thereby, solution processed active layers are mainly influenced by
the choice of solvent, by a post-annealing step [26, 27| or by a second solvent
(additive) [28]. This continous and systematic fundamental research as well
as new synthesized low-band gap materials lead to recent efficiency values
exceeding the benchmark of 10% [14] and by now even 11% |8§].

2.2 Organic Semiconductors

In the general public, the term organic is associated with a living organism,
for example a flower or the human body. From the view of fundamental re-
search an organic material is usually artificially synthesized in the lab and is
defined by its carbon-based compounds, hydrocarbons or their derivatives and
could include any number of other elements, e.g. sulfur, oxygen or nitrogen.
Thereby, the carbon atom (C), with its ground state electron configuration
[He| 2% 2p? and four possible covalent chemical bonds, plays the decisive role
for the electric properties of organic semiconductors and the ability of car-
bon to form three sp?-hybrid orbitals from one 2s- and two of the p-orbitals
(2p.2p,) is exploited. The sp®-orbitals arrange in coplanar o-bonds at an
angle of 120° and are superposed by a perpendicular w-bond of the forth
valence electron in the 2p,-orbital (Fig. 2.2). A conjugation, alternating sin-
gle and double bonds between carbon atoms, is necessary to realize a small
molecule (molecular mass < 1000 g/mol) or a conjugated polymer with semi-
conducting properties. The transition from a single carbon-based molecule
to a conjugated polymer is illustrated schematically in Fig. 2.2. The sp*-
hybrid orbitals of neighboring C-Atoms form covalent o-bonds and therefore
strongly localized electron densities without contribution to the charge trans-
port. Besides, the overlap of adjacent p.-orbitals forms two m-bonds resulting
in a delocalized m-electron system in parallel to the hybrid orbital plane. The
delocalization enables a quasi-free electron transport along the conjugation
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Figure 2.2: Transition from simple carbon sp2-hybrid orbital with one 7-
electron in the p,-orbital to a conjugated polymer with alternating single—
double bonds and 7-electrons smearing in energy, forming a HOMO energy
band with binding and a LUMO energy band with anti-binding character. The
semiconducting property stems from band gap formation due to the Peierls
distortion [29]. Figure modified after |30, 31, 32].

length [20]. By the interaction of further carbon atoms several binding and
anti-binding m-orbitals, slightly shifted in energy, become involved and two
energy bands are formed. The one lower in energy, populated and with bind-
ing character, is denoted as the highest occupied molecular orbital (HOMO),
and the one higher in energy, unpopulated and with anti-binding character,
is called lowest unoccupied molecular orbital (LUMO). The Peierls distortion
accounts for the slightly altering distances between neighboring carbon atoms
and can be seen as the origin of the energy gap, required for the semiconduct-
ing character [29, 30].

2.3 Operating Principles in Organic Solar Cells

The architecture of an organic solar cell is depicted in Fig. 2.1 for PHJ (a)
and BHJ (b) devices. Both start from a transparent conductive oxide, in our
case indium tin oxide (ITO), deposited on a glass substrate. ITO is followed
by a hole transporting layer (HTL) like PEDOT:PSS and the active material,
in bilayer or blended configuration, respectively. The devices are finalized by
a metal top contact, e.g. silver (Ag) or aluminum (Al) and sometimes with
an additional interlayer such as calcium (Ca) for work function alignment.
The crucial physical steps, (1) photon absorption and exciton generation, (2)
exciton diffusion and dissociation, (3) polaron pair dissociation, (4) charge
transport and (5) charge extraction at the contacts, to realize an efficient
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Figure 2.3: Scheme of the five crucial physical processes of an organic solar
cell: (1) Photon absorption and exciton generation (2) Exciton diffusion to
donor—acceptor interface and charge transfer (3) Polaron pair dissociation (4)
Polaron transport (5) Charge extraction at the electrode.

energy converter are highlighted in the following and summarized in Fig. 2.3.
For simplicity, only the blended donor—acceptor system is discussed, as the
physical processes are almost identical in the bilayer configuration. For a
detailed study on the differences between both device architectures I refer to
the experimental results in Chapter 7.

2.3.1 Photon Absorption — Exciton Generation

Converting electromagnetic waves into photocurrent starts with the absorp-
tion of a photon. In contrast to their inorganic opponents, solar cells based
on organic materials have high absorption coefficients. For example, CuPc
as used in the first bilayer cell by Tang yields a peak extinction coefficient &
at 620 nm of 0.74, which results in an absorption of about 15% within only
10 nm layer thickness [33]. Typical active layer thickness of 100-200 nm for
organic solar cells are sufficient to yield a satisfying absorption in the visible
to near-infrared sun spectrum. Photon absorption predominantly occurs in
the donor material and is equivalent to an excitation of an electron from the
HOMO to the LUMO level (exciton generation). As already mentioned in Sec-
tion 2.1 the exciton binding energy is rather high, usually between 0.5 eV and
1 eV. For example, the most prominent donor material in OPV, regioregular
poly(3-hexylthiophene-2,5-diyl) (P3HT) yields an exciton binding energy of
0.7 eV [34]. The thermal energy at room temperature (Fy, ~ 26 meV) is not
sufficient to separate electron and hole to achieve a photocurrent. Therefore,
an alternative and fast dissociation process is necessary to avoid a subsequent
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radiative decay (and loss in photocurrent) of the exciton to its ground state
after a lifetime 7 of typically hundreds of ps to 1 ns [35, 36].

2.3.2 Exciton Diffusion & Dissociation

The distance covered by an exciton during its lifetime, the exciton diffusion
length, is usually in the range of very few nanometers to about 20 nm in
standard conjugated polymers, such as P3HT or PPV [36, 37|, but can also
exceed 65 nm in evaporated CuPc layers related to a higher degree of molec-
ular order [37]. As briefly noted in Sec. 2.1, for a successful exciton dissoci-
ation the acceptor material with a stronger electron affinity must be within
the diffusion length of the exciton to overcome its binding energy. For BHJ
organic solar cells, the fullerenes Cgy and Cry or for solution processed de-
vices their soluble derivatives [6,6]-phenyl- Cg; /C7; butyric acid methyl ester
(PCsBM/PC7:BM) have proven to be the best acceptor choice so far. Once
an exciton reaches a donor—acceptor interface, the electron is transferred to
the acceptor molecule (charge transfer, CT) if this is energetically favorable,
i.e. the gain in energy is larger than the exciton binding energy. The energy
difference of the respective LUMO levels of both materials can be used as a
rough estimation of this energy gain [34]. For the standard material combina-
tion PSHT:PCg;BM the described charge transfer process is reported to take
place in less than 120 fs [38, 24|, which is considerably smaller than the exciton
lifetime, and therefore very efficient. After a successful CT process, electron
and hole reside on different molecules and are denoted as polaron pair in the
charge transfer state. Due to their spatial separation and delocalization on
respective molecules their binding energy is considerably weaker, which en-
ables a thermal dissociation or a dissociation induced by the internal /external
electric field.

2.3.3 Polaron Pair Dissociation

Understanding and analyzing the dissociation of a polaron pair—the interme-
diate step from a photogenerated exciton to free polarons—is one of the key
problems in OPV, but still not fully understood. An early model to describe
the separation of a Coulomb bound pair of ions with opposite charge was
proposed by Onsager in 1938 [39]. An extended version, the Braun-Onsager
model, accounting also for the finite lifetime of the initial bound state, was
later on applied to study the electric field-assisted dissociation of charge trans-
fer states in donor—acceptor systems by Braun [40]. The model is based on
three transition rates: the decay rate of polaron pairs to the ground state k¢,
the dissociation rate of polaron pairs to quasi free polarons k; as well as the
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reverse transition of free polarons to polaron pairs k,.. It is noteworthy that in
this model free polarons have to form a bound polaron pair with a finite resid-
ual dissociation probability before they may recombine to the ground state—a
direct transition is forbidden. The respective transitions are summarized in
Fig. 3.1 (a) and (b) resulting in a field-dependent polaron pair dissociation
probability P(F") of

kq(F,T)

P(F,T) = N (2.1)
with the electric field F' and the temperature 7. The rate k; furthermore
depends on the mobility u, the initial distance of electron and hole and the
respective Coulomb binding energy [40, 41]. Nowadays, the Braun-Onsager
model is the most commonly used model to describe polaron pair dissociation
in OSC [42, 43, 44].

Nevertheless, the model describes a simplified situation as it does not in-
clude some aspects crucial for organic semiconductors, e.g. energetic disorder
or high local charge carrier mobilities [45, 46]. However, the impact of high lo-
cal charge carrier mobilities due to delocalized charge carriers along conjugated
polymer chain segments was recently analyzed via Monte Carlo simulations
by Deibel et al. [47]. Their findings of a dissociation yield up to 80% under
an electric field of Fa 107 V/m, realistic for standard OSC, agrees well with
experimental data. Higher local mobilities might be due to partly crystalline
regions within the predominately disordered donor or acceptor phase. Conse-
quently, larger pure and well ordered phases of donor and acceptor can have a
positive impact on polaron pair dissociation and device performance, which is
contrary to a well intermixed and therefore disordered donor—acceptor blend
system required to achieve a high exciton dissociation yield (see Sec. 2.3.2).
This already indicates that the optimum donor—acceptor morphology to real-
ize maximum device efficiency is always a tradeoff. On the one hand, a well
intermixed donor—acceptor phase favors optimum exciton dissociation (charge
transfer and polaron pair generation). On the other hand, partly crystalline
and ordered donor—acceptor regimes lead to efficient polaron pair dissociation
(free polarons). Aside the Braun—Onsager model other approaches exist such
as the model of Petersen et al., who introduced a field-dependent tunnel term
to accurately account for the present field- and T-dependence of the polaron
pair dissociation [48].

From literature it is known that there are material compositions, for exam-
ple thermally treated P3HT:PCg BM blends, with voltage independent charge
generation [49, 50, 51|. This might be related to the excess energy available af-
ter exciton dissociation (AE=LUMOgonor-LUMO cceptor) and was investigated
intensively in the past [52, 53]. The issue of polaron pair dissociation being
dependent on the electric field or not and its influence on the current—voltage
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Figure 2.4: (I) Gaussian distributed HOMO level of the donor and the respec-
tive LUMO level of the acceptor niveau (IT) energy relaxation of an excited
electron via charge carrier hopping (III) charge transport from state ¢ over j
to k£ based on hops around the transport energy via tunneling to overcome the
spatial distance and thermally activated jumps to overcome energy barriers.

(7/V') response of an organic solar cell will be further addressed in Sec. 3.1
and 3.3 as well as in Chapter 6.

2.3.4 Charge Transport

A successful polaron pair dissociation is followed by the transport of elec-
tron and hole (polarons) towards their respective electrode. Charge transport
in disordered organic semiconductors essentially differs from the band trans-
port known from crystalline inorganic semiconductors due to the absence of a
three dimensional periodic lattice structure. In a classical inorganic semicon-
ductor the electron wave functions delocalize over the entire crystal, leading
to a quasi-free electron/hole transport within the conduction/valence band.
Instead, organic semiconductors are characterized by a delocalization over sin-
gle molecules, conjugated polymer segments or at the most partly crystalline
regions and therefore in general yield rather localized states. This results in a
fast (microscopic) charge transport along a conjugated polymer chain (intra-
chain transport) but limited transport between localized states due to their
energetic and spatial disorder. Nevertheless, an occasional overlap between
neighboring orbitals allows a charge transport between them, commonly de-
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scribed by a hopping process of charges (inter-chain transport). In 1960 Miller
and Abrahams presented a model to describe the hopping transport in inor-
ganic semiconductors at low temperatures with localized states due to impu-
rities [54]. The probability for a hop between an initially occupied state i with
energy F; and a nearby unoccupied state j with energy FE; is characterized by
a tunneling term to overcome the spatial distance and a Boltzmann term for
the energy difference AE = E; — E;. In this model, known as variable range
hopping (VRH) the emission of a phonon to account for the case AE < 0 is
always possible (probability=1) and thus hops downwards in energy are more
likely than upwards. This directly leads to an energy relaxation process of free
polarons initially occupying higher energetic states directly after polaron pair
dissociation. The energy level where up and down hops are equally distributed
is denoted as the transport energy FEi..,s depicted in Fig. 2.4.

An important extension to the VRH model was introduced in 1993 by
Béssler via Monte Carlo (MC) simulations. Predominantly based on photo
absorption spectra he introduced a Gaussian density of states (GDOS) to
discretize the energetic and spatial disorder of the localized states. The model
is denoted as the Gaussian disorder model (GDM) with the hopping sites
energy distribution g(£) given by

E2
E)xe —— - 2.2

o) oo (55 (2:2)
The energy FE is determined relative to the center of the density of states
and the width of the distribution ¢ is a parameter representing the degree of
disorder [55]. Béssler used his simulations to analyze the charge transport and
found a mobility p depending on the temperature 7', the disorder parameter
o and the electric field F' according to

2 2
u(T, 0, F) o< exp [— (SkZT)

which will be a matter of discussion in section 6.1.2. Furthermore, it was
shown that the density of occupied states (DOOS) is Gaussian distributed
and centered around equilibrium energy E., below Ej,.,s (see Fig. 2.5).

An alternative way to describe the charge transport mechanism in dis-
ordered systems is the multiple trapping and release (MTR) model adopted
from amorphous inorganic semiconductors. Introduced by Schmidlin [56], the
model detaches from a hopping transport between localized sites. Instead,

VF, (2.3)

a band-edge-energy (Fy.qns) similar to the mobility-edge in inorganic semi-
conductors is defined, above which a quasi-free band-like transport like in
crystalline systems with mobility o is possible. The disorder of organics
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Figure 2.5: Scheme of the Multiple Trapping and Release principle: band-like
transport above the transport energy FEi ., and immobile charges are captured
in trap states below FEi..,s until their release after a certain release time. The
density of occupied states (DOOS) is embedded in the Gaussian density of
states.

is represented by unoccupied states below Fj...s acting as trap states (see
Fig. 2.5). Trapped and thus immobile charges can be thermally activated and
released after a certain time, depending on their energetic position and the
respective required activation energy. A direct transition between two trap
states thereby is forbidden.

On their way towards the electrodes polarons of opposite charge may meet
each other and annihilate. This loss mechanism can have a severe impact on
device performance and is known as nongeminate recombination, which will
be discussed in detail in Chapter 3.2. For a more extensive review on charge
transport please see Refs. [55, 57, 58|.

2.3.5 Charge Extraction

The final step to finish energy conversion from radiation to electric energy
is the extraction of polarons at their respective electrode and release into
the external circuit. If the rate of charge extraction via the electrode is too
low, this may lead to charge accumulation near the contact resulting in a
low fill factor and low performing devices. This was recently analyzed via
macroscopic device simulations by using a reduced surface recombination to
explain experimental current—voltage data [59].

The contact material plays an important role as its work function and the
adjacent energy levels of the organic materials determine the charge injec-
tion/extraction barrier ®. Besides its influence on the extraction rate, the
injection barrier ® correlates with the open circuit voltage V., discussed in
details in Ref. [60].

Another performance limiting scenario is the extraction of electrons (holes)
at the wrong electrode, respectively the anode (cathode) [61]. To avoid this
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Figure 2.6: Dark and illuminated current—voltage characteristics of an organic
solar cell based on the active material PTB7:PC;1BM. The green dashed line
represents the power density with its maximum around 0.55 V. Marked in
yellow, the point of maximum power (MPP), as well as the two characteristic
parameters, the short circuit current density j,. and the open circuit voltage
V,e. The fill factor is defined via the ratio of the areas of the two rectangles
(see text).

loss in photocurrent hole/electron transporting layers (HTL, ETL) are used
as an interlay between the organic layer and the metal to create selective
contacts. For more details on organic solar cells please see the concise reviews
of Dennler et al. [62] or Deibel et al. [41, 63].

2.4 Current—Voltage characteristics

The quantity to describe the performance of a solar cell qualitatively is de-
noted as the solar cell efficiency 7, defined by the ratio of maximum provided
electrical power density Pp,q, to the incident light power density @, (incident
light power per area),

(2.4)

In order to investigate solar cell efficiency a current—voltage (j/V) char-
acteristic is recorded under a given light intensity P;. Exemplary dark and
illuminated j/V responses are depicted in Fig. 2.6, visualizing the character-
istic parameters of a solar cell: the short circuit current density js., the open
circuit voltage V,. and the voltage which defines P,,,,, the maximum power
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point M PP. The current density is defined by j = I/A with the current [
through the active area A, to enable a comparison between cells of different
active areas. The fill factor F'F' is given by

rF— JmprVvpp

2.5
‘/OC.jSC ( )

and is a quantity for diode-like rectification, represented in Fig. 2.6 by the
ratio of the small (brown) and the big (blue) rectangle. The parameters jypp
and Vj,pp are defined by the maximum power point. The efficiency n thus is
VocjseF'F’

= o, (2.6)
To ensure comparable power conversion efficiencies among research groups
standard testing conditions (STC) are defined by the International Electro-
chemical Commission. This standard yields a radiant density of 1000 W /m?
of an AM 1.5G sun spectrum as well as a measurement temperature of 25°C.
Thereby, the spectrum of the lamp providing the radiant power density plays
an important role and must be considered carefully. Details how to accurately
determine the efficiency can be found in Ref. [64].



CHAPTER 3
Charge Carrier Recombination
Dynamics

The annihilation of electron and hole, denoted as recombination of charge
carriers, can have a severe impact on the device performance of an organic
solar cell, which will be addressed in detail in Sec. 3.3. First of all, the main
loss mechanisms are distinguished and explained. On the one hand, the so
called geminate recombination process of excitons or still Coulomb bound
electron—hole pairs (polaron pairs) in the charge transfer state is considered
(see Sec. 3.1). On the other hand, the nongeminate charge carrier recombi-
nation is defined by electron—hole annihilation of quasi free polarons on their
way towards the electrodes (see Sec. 3.2). Thus, nongeminate recombina-
tion occurs after a successful polaron pair dissociation and can therefore be
distinguished from geminate processes by different decay dynamics and time
scale.

3.1 Geminate Recombination

Upon photon absorption the strongly Coulomb bound exciton may undergo
dissociation via a charge transfer of the electron from donor to acceptor. The
so created polaron pair is still Coulomb bound and its dissociation process can
be described by the Braun—Onsager model as noted in Sec. 2.3.3. If electron
and hole decay to the ground state before they dissociate, this is denoted as
geminate recombination and can lead to a voltage dependent charge genera-
tion. Thereby, the participating polarons originate from the same precursor
state. Geminate recombination is specific to low mobility, low conductivity,
typically disordered semiconductors [49] and usually occurs on a time scale
up to a few ns [65, 66]. Geminate recombination scales linearly with light
intensity as every absorbed photon creates one electron-hole pair. This is an
important distinctive feature considering a differentiation with nongeminate
recombination. The geminate recombination rate R, is given by

PP
Ryern = —, (3.1)

Tpp
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Figure 3.1: (a) A schematic description of polaron pair dissociation according
to the Braun-Onsager model is given: dissociation occurs with the rate kg,
free charge carriers become a bound polaron pair again with the rate k, and
the decay to the ground state takes place with the rate ky. (b) Scheme of
dissociation via a charge transfer state (CTS) energetically located below the
charge separated state (CSS) and the possible transitions as described above.
(c¢) An external electric field lowers the energy barrier Ep and favors polaron
pair dissociation (k4 rises) (d) Direct dissociation or via a "hot" charge transfer
state and thus negligible geminate recombination. Equivalent scenario to (b)
if relaxation to the "relaxed" CTS is faster than the transition to CSS (dashed
arrow). Figure in part similar to Ref. [53, 32].

with the finite lifetime of the polaron pair 7pp and the polaron pair den-
sity PP. An energetic scheme of the relevant transitions is provided in
Fig. 3.1 (b). A polaron pair occupying the relaxed (thermalized) charge
transfer state (CTS) is created after photo excitation via ultrafast charge
transfer [38]. The binding energy Ep has to be overcome in order to realize
a complete charge dissociation (charge separated state, CSS). The polaron
binding energy Ep strongly depends on the active material. For example,
photoluminescence measurements on the well-known material system MDMO-
PPV:PCgBM yielded a binding energy of Fp &~ 200 meV [67|. Hence, an ex-
ternally applied electric field can be used to lower the energy barrier Ep and
facilitate a successful polaron pair dissociation (see Fig. 3.1 (d)). The Braun—
Onsager model introduced in Sec. 2.3.3 theoretically describes this process
while aside experimentally a strongly field-dependent charge generation for
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MDMO-PPV:PCgBM devices was verified by time delayed collection field
measurements [51|. Despite an existing binding energy of the polaron pair, a
field-dependent charge generation is not necessarily present in organic solar
cells, as shown recently for annealed P3HT:PCg;BM devices [50, 51]. In this
case, the binding energy Eg can be overcome either by a direct transition from
the LUMO state to the CSS or by a polaron pair dissociation via an excited
(‘hot‘) CTS within about 100 fs [33, 65, 53]. Both scenarios result in negligi-
ble influence of geminate recombination on the polaron pair dissociation yield

and consequently lead to a voltage independent charge generation. This will
be further addressed in Sec 3.3 and in Chapter 5 & 6.

3.2 Nongeminate Recombination

In contrast to geminate recombination the nongeminate recombination process
is based on electron and hole from different precursor states. The participat-
ing, oppositely charged polarons originate from different photons but meet
each other on their way towards the electrodes. The amount of charge in
the device depends on the electric field as due to a field-induced current flow
charges are transported into the external circuit. Thus, one expects nongem-
inate recombination being strongly dependent on the applied voltage due to
its influence on the current flow and on the charge carrier density n present
in the device.

A well established model often used to describe nongeminate recombina-
tion in organic solar cells was introduced by Paul Langevin in 1903, and is
now briefly explained [68].

Langevin Theory

The original model by Langevin refers to recombination dynamics of two op-
positely charged ions in a large reservoir [68]. Recombination occurs if two
oppositely charged ions approach each other to a distance below the Coulomb
capture radius, i.e. the distance r. of equal thermal and Coulomb binding
energy. The recombination process itself is not the limiting factor, but the
finding of electron and hole. This is a consequence of the low charge carrier
mobility p often observed in organic semiconductors .
The recombination rate given by the Langevin theory is

Ry = ’7(”]9 - an)v (32)

with the charge carrier densities for electrons n and holes p, the intrinsic
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Figure 3.2: (a) Nongeminate recombination of a mobile and a trapped po-
laron often referred to as monomolecular recombination o< n (b) Nongeminate

recombination of two mobile polarons yielding a recombination rate oc n?.

charge carrier density n; and the Langevin recombination prefactor v with

q

. , 3.3
v 66O(u + 1n) (3.3)

where ¢ represents the elementary charge, egq the effective dielectric constant
and p. and py, the mobilities of electrons and holes. The requirement of a
large reservoir is one critical property when the Langevin model is applied to
organic bulk heterojunction solar cells. Two reservoirs, the donor and acceptor
phase exist, while electron and hole transport are usually confined to different
phases, which means recombination occurs mainly across the donor/acceptor
interface. Consequently, in dependence on the active layer morphology, the
preparation conditions and the organic materials itself, a deviation from the
Langevin recombination is expected. For example, tempered cells based on
the materials PSHT:PCg;BM feature a clear donor—acceptor phase separation
and yield a deviation of almost two orders of magnitude, represented in a
reduction factor v while the difference for as-prepared cells with a fine donor—
acceptor intermixing is much less [69].

Despite the possibility to calculate the Langevin recombination rate ac-
cording to Eq. 3.2, which requires access to charge carrier mobility p and
density n, the nongeminate recombination rate is experimentally also given
by

n

nongem — —_ 7 N — k At A4
R g T(n) DL (3 )

with the lifetime of the charge carriers 7(n) in dependence on their density
n and the empirical recombination prefactor k) as well as the recombination
order A. If not noted otherwise, Eq. (3.4) is used to calculate the nongeminate
recombination rate. The required charge carrier lifetime is determined by
transient photovoltage (TPV) measurements and the charge carrier density n
is accessible by a combination of TPV and transient photocurrent (TPC) as
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well as by the so called charge extraction (CE) technique (see Chapter 4). The
right hand side of Eq. (3.4) is a generalized expression for the recombination
rate and enables to determine the recombination order A + 1 [70].

In the past, studies on the recombination of organic BHJ solar cells dealt
with the question whether the dominant recombination process was mono-
or bimolecular [49, 71]. Within this approach, both mono- and bimolecular
recombination refer to a nongeminate process, and are defined in terms of how
the recombination rate scales with charge carrier concentration (monomolec-
ular: R o< n! with recombination order A + 1 = 1, bimolecular: R o n? with
recombination order A + 1 = 2) [72|. The pure annihilation of two mobile
polarons, as highlighted in Fig. 3.2 (b), leads to a nongeminate decay of sec-
ond order. Aside, recombination of a mobile charge carrier and a trapped one
yields a nongeminate decay of first order if n, < n. with n;, n. representing
the density of trapped and mobile charge carrier densities. Thereby charges
can either be trapped energetically in a state below Ey.q,s (see Fig. 3.2 (b)) or
morphologically in a self-contained phase—both yielding an immobile charge
carrier. In the latter case, the charge carrier would not be extracted in an
experiment, as no connection to an electrode exists.

Recently, several groups reported on the recombination order A+1 to be
higher than two if determined by transient experiments on organic solar cells.
The deviation from a quadratic decay order is commonly explained by the
influence of trapped charge carriers [70, 73, 74]. Considering the MTR model,
charges trapped (n;) and not accessible by mobile counterparts (n.) due to
phase separation can be released after a certain time and participate delayed
in the recombination process. Experimentally trapped charge carriers reduce
the recombination rate and increase the apparent recombination order. The
severe impact of nongeminate recombination as well as the influence of trapped
charges will be a matter of interest in the experimental results (see Chapter 5
and Sections 6.1, 6.2).

3.3 Impact of Charge Recombination on the
j/V Characteristics

As discussed in Sec. 3.1, geminate recombination competes with a successful
polaron pair separation and occurs on a time scale of 100 fs up to tens of
nanoseconds, thus, directly limiting charge generation G. Besides, nongemi-
nate losses of quasi-free polarons usually take place on a time range of hun-
dreds of nanoseconds up to a few hundred micro seconds after photon ab-
sorption depending on the present charge carrier density, as stated above.
Recently Shuttle et al. introduced a model to analyze the impact of geminate
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Figure 3.3: Schematic draft of j/V reconstruction procedure: From the conti-
nuity equation in equilibrium Eq. (3.8) is derived, which enables to reconstruct
measured j/V characteristics by the determination of generation current jg.,
(blue dahsed line) and the loss current jj,ss (green area). In a first approxi-
mation jg, is assumed to be voltage independent, while jj,s, features a clear
dependence on voltage (black arrows) present in n(V'). (after [76])

and nongeminate losses on the current—voltage (j/V') response of an organic
solar cell [75]. It is based on the continuity equation representing the correla-
tion between the microscopic dynamics discussed above and the macroscopic
current—voltage behavior. In equilibrium, the continuity equation is given by

10j
W iG-R=0 (3.5)

with the spatial deviation of the current density % as well as the generation
rate G and the recombination rate R. Thereby, the generation rate is a prod-
uct of the photon absorption and the charge separation efficiency and, thus,
influenced by geminate losses being potentially voltage dependent. The rate
R is defined by nongeminate losses generally scaling nonlinearly with charge
carrier density [70, 73, 75]. The idea of Shuttle et al. is based on the determi-
nation of G and R in the voltage range relevant for device performance and
a subsequent reconstruction of measured j/V curves. Integration of Eq. (3.5)
enables to divide the current density j into a generation current jg., and a
loss current j;,ss, defined according to

d
Jgen = —q/ G(z)dx ~ qdG (3.6)
0
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and ;
P A— / R(x)dz ~ qdR (3.7)
0

with the thickness of the active layer d. The assumption of spatially uniform
generation G and recombination R is made requiring a rather uniform charge
carrier density distribution n(z) &~ 7, as discussed recently [77]. The influence
of possible charge density gradients on our analysis will be a matter of interest
in the experimental results (see Chapter 6.2). Consequently, the integration
of Eq. (3.5) leads to

J(V) = qd(G(V) = R(V)) = jgen(V) = Jioss(n(V')), (3.8)

while at the same time charge injection is neglected, as we focus on the volt-
age range between V' = 0 V and V.. A schematic draft of the applied model
based on Eq. (6.5) is shown in Fig. 3.3. In a first approximation, the generation
is assumed to be voltage independent and, thus, constant over the voltages
considered. To estimate the generation current jge, either the short circuit
current density js. is used for well rectifying diodes or hence the saturated pho-
tocurrent density under illumination in reverse direction (blue dashed line).
The voltage dependence of R and therefore of 7., stems from the voltage
dependence of the charge carrier density n(V'), which is derived by the charge
extraction technique (see Sec. 4.3). If the calculated current based on Eq. (3.8)
coincides with the measured j/V characteristics, one can draw two conclusions
for the investigated system:

e geminate recombination can be neglected and the charge generation ap-
pears voltage independent.

e nongeminate recombination is identified as the major loss mechanism
and limits current—voltage response.

If reconstructed and measured j/V response do not coincide, either geminate
losses have to be considered or the nongeminate recombination rate R, de-
termined under open circuit conditions is explicitly dependent on the voltage
(see discussion of Section 6.2).






CHAPTER 4

Experimental

In the following chapters I will focus on the experimental part of my work and
will highlight and describe the experimental techniques used during my stud-
ies. First, transient photovoltage (TPV) and transient photocurrent (TPC)
are explained, which were used to probe the charge carrier lifetime after po-
laron pair dissociation and the charge carrier density under open circuit con-
ditions in working solar cells. Afterwards, another powerful opto-electronic
method, the charge extraction (CE) technique, is presented which enables to
investigate the charge carrier density of operating devices in dependence on the
applied voltage. Finally, the time delayed collection field (TDCF) technique
to study geminate recombination is briefly introduced. All time-resolved tran-
sient measurements were performed in an optical closed-cycle helium cryostat
(50-300K). The temperature was controlled by a Lakeshore 332 cryogenic tem-
perature controller featured with two heater-sensors. In Fig. 4.1 the required
hardware for the experimental setup and relevant connections are summarized.
The chapter is finalized by a section on the organic materials used during this
work and a paragraph on the device preparation of bulk heterojunction solar
cells out of solution.

4.1 Transient Photovoltage (TPV)

Transient techniques such as charge extraction by linearly increasing voltage
(CELIV) provide simultaneous access to charge carrier dynamics, i.e. charge
carrier mobility and charge carrier density |78, 79]. However CELIV involves
typically high intense, monochromatic laser excitation and non-equilibrium
conditions. Instead, transient photovoltage is based on monitoring the pho-
tovoltage decay upon a small optical perturbation during various constant
bias light conditions. TPV was applied to organic solar cells in 2008 for the
first time [70]. To realize this quasi-equilibrium technique, the solar cell is
connected to the high impedance input of a digital storage oscilloscope (Agi-
lent Infiniium DSO90254A) via a high impedance (~1.5 GQ2) voltage amplifier
(customized FEMTO amplifier) to ensure open circuit conditions and no ex-
ternal current flow. A variable, constant bias light illumination is provided by
a high power light emitting diode (LED) with 10 W electrical power (Seoul P7
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Figure 4.1: Schematic draft of the measurement setup for TPV, TPC and CE.
For details on TDCF measurements see Ref. [32].

Emitter). There is a considerable spectral mismatch between the LED light
source and the sun-simulator, used to pre-characterize the samples in the ni-
trogen glovebox. In order to realize comparable light intensity conditions for
different devices, the source current of the LED I gp is set to a value where
the test cell provides the identical short circuit current as under one sun con-
ditions of the sun-simulator. This source current I, gp is defined as the light
intensity equivalent to one sun (P, = 1 sun). The LED is supplied by a con-
stant power source (Keithley2602) and the intensity is varied by the source
current (linear dependence on light intensity, checked by Si-Photodiode) as
well as additional neutral density filters to realize light intensities of about
0.01 of a sun to 3 suns.

Variable bias light intensities lead to a range of open circuit voltages V.
to be studied. In addition to the bias light a small optical perturbation
(A = 532 nm) is applied using a Nd:YAG (neodymium-doped-yttrium alu-
minium garnet) laser (EKSPLA PL-2210) with a pulse duration of about
80 ps. The additional amount of charges upon laser excitation leads to a rise
in voltage AV,.. In order to ensure quasi-equilibrium conditions the laser in-
tensity is well attenuated by neutral density filters to meet the requirement,
that the change in voltage holds AV,. < V,.. As no current flow is possible,
the subsequent voltage decay directly monitors nongeminate charge carrier
recombination. Shuttle et al. verified by a direct comparison with transient
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Figure 4.2: (a) Transient photovoltage is based on open circuit conditions of
the solar cell and a constant bias light (LED) generating a constant voltage
offset. No charge flow is observed due to the absence of an internal field. At
t = 0 a 80 ps laser pulse generates additional charges, which lead to rise in
voltage (AV,.). The subsequent voltage decay directly monitors the recombi-
nation of charges and enables the determination of the charge carrier lifetime
Tan, as an external current flow is suppressed. (b) No background illumina-
tion is required for transient photocurrent. Thus, no current is detected prior
to the laser pulse at ¢t = 0. The blue area underneath the current transient
represents the amount of charge AQ,. added to the device by the laser pulse.

absorption measurements that the photovoltage decay is indeed a measure
of polaron density [70] instead of an alternative process like dielectric relax-
ation [80]. Within the small-perturbation regime, the photovoltage transient
can be well described by a single exponential decay and the small-perturbation
charge carrier lifetime 7,,, is derived in dependence on the respective open cir-
cuit voltage due to the constant background illumination. One can thereby
assume,

dAV,, o~ dAn A — _&
dt dt TAn

(4.1)

with the time ¢, the change in charge carrier density An and the recombination
prefactor k, which leads to the observed exponential charge decay

An(#) = Angexp (—L) (4.2)

TAn
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and the measurable respective voltage decay to the ground level V.,

V;)c(t) = Vo + A‘/oc CXp (_L) : (43)

TAn

One assumes that charge recombination starts at time zero after charge sep-
aration. Thus the peak voltage of the transient underestimates the change
in voltage AV,. due to incurred charge losses during the development of the
voltage signal. For this reason the change in voltage AV, is determined by
Eq. (4.3) and the respective fit on the TPV signal [81]. However, in order to
study total charge carrier dynamics not only An is necessary but also infor-
mation on the charge carrier density n in total.

4.2 Transient Photocurrent (TPC)

The determination of the steady-state carrier concentration n under open
circuit conditions requires a combination of both techniques, transient pho-
tovoltage and transient photocurrent and a procedure denoted as differential
charging. Thereby the differential capacitance C' is given by the voltage rise
AV,. when a small amount of charge AQ),. is added to the device,

_ AQs

NS

(4.4)

The voltage transient described above provides information on AV,. and an
additional photocurrent transient under short circuit conditions is recorded
with an identical laser pulse to determine AQ,.. The TPC signal is measured
either in the dark or at low bias light illuminations to minimize recombination
losses for a correct determination of AQg.. By the variation of the background
illuminations the offset voltage V,., as well as the voltage change upon laser
excitation AV,., are varied and thus a dependence of C' on the open circuit
voltage V,. becomes evident. Integrating the capacitance with respect to the
voltage yields the desired charge carrier density n(V,.) under open circuit

conditions
1 Voc

n(Voe) = A_qd

C(Voe)dV, (4.5)

with active area A and thickness d. For a correct determination of n some
important aspects have to be considered:

e Charge losses due to recombination during the current transient are
neglected.
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Figure 4.3: Scheme of charge extraction experiment: For ¢ < 0 the LED pro-
vides constant bias light while the device is kept under open circuit conditions
externally, which leads to rather flat bands and suppressed external current.
Therefore under equilibrium conditions charge generation equals charge re-
combination. At ¢ = 0 the LED is switched off while simultaneously the
device is shorted and a current transient can be measured. The area under-
neath the transient represents the charge stored in the device and enables to
calculate the charge carrier density n(V,.) stored in the device under open
circuit conditions.

e The capacitance values are corrected for the geometric capacitance Cye,,
either estimated from Cje, = 550% or from charge extraction measure-
ments in the dark (see Sec. 4.3).

e The parameters AV, and AQ,. are determined under different condi-
tions, i.e. open and short circuit conditions, which implies differences in
the internal electric field.

To receive reliable results of the carrier density, the differential charging ap-
proach requires a charge carrier generation independent of the electric field.
Otherwise under short circuit conditions more charges would be generated
than under the same optical excitation under open circuit conditions, falsify-
ing the determined capacitance. This is the main drawback of the TPV /TPC
measurement, as for unknown systems based on new material compositions, a
voltage dependent generation can not be excluded. An alternative way which
overcomes this handicap is the charge extraction technique described in the
following.

4.3 Charge Extraction (CE)

The charge extraction technique is applied to solar cells to investigate the
charge carrier density n under a certain illumination at any desired voltage.
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For the sake of simplicity in the following detailed description, as well as in
the scheme of the measurement procedure in Fig. 4.3 only CE transients under
open circuit conditions are considered. Measurements apart of V. were carried
out likewise, while the voltage has to be corrected for the series resistance R,
described in detail in Sec. 6.1.3.

A typical CE experiment under open circuit conditions begins with the
choice of illumination realized by the same light emitting diode and identical
light intensity calibration, as described in Sec. 4.1. The illuminated current—
voltage characteristics are recorded via a source-measure—unit (Keithley 2602)
to identify the open circuit voltage. Regarding the CE experiment, this voltage
value is applied to the solar cell, while at the same time the LED provides the
identical light intensity as used during the j/V measurement. Thus, the device
is kept under open circuit conditions, where no current flow can be detected
via the digital storage oscilloscope and the generation equals the recombina-
tion (G = R). The externally applied voltage is supplied to the solar cell by
a Keithley 2602 in combination with a fast digital /analog switch. In the next
step, the LED bias light is switched off (intrinsic LED turn on/off times less
than 200 ns) via a high power transistor (response time of ~215 ns is consid-
ered). Synchronized via a double pulse generator (Agilent 81150A) the solar
cell is simultaneously brought to short circuit by the digital/analog switch
(response time ~80 ns). The current transient is amplified by a FEMTO
DHPCA-100 current—voltage amplifier and detected via a digital storage os-
cilloscope (Agilent Infiniium DSO90254A). The charge carrier density noq is
obtained from extracted charge ()0 defined by the integration of the current
transient with respect to the time,

n _ Qtotal _ 1 bstor
total Aqd Aqd o

I(t)dt- (4.6)

The time t4,, depends on the active materials, the temperature and the light
intensity and is defined by I(ts,,) =~ 0. It has to be noted that the total
charge Qiotq 18 the sum of photogenerated charges in the bulk volume Q.
and a considerable amount of capacitive charges residing on the electrodes
Qgeo- Consequently, a study of bulk charges requires a geometric capacitance
correction. This is realized by a range of CE measurements in the dark and
in low reverse direction (—0.05 V< Vi, < —0.3 V), where charge injection is
negligible and the signal is dominated by electrode charging. In this voltage
range the charge ()4, depends linear on the voltage, Qo = CyeoV with
the geometric capacitance of the device Cy.,. To account for the capacitive
charges, the dark signal in reverse direction is upscaled to the voltage applied
during the CE transient and is deducted from the detected original signal.
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Figure 4.4: (a) Original transient data measured on a P3HT:PCg; BM solar cell
in blue, and the corrected data (red), which accounts for the electrode charge
contribution, determined via CE transient recorded in reverse direction in the
dark (green) (b) Impact of the electrode correction on the determined Q(V,.)
dependence: marginal influence for high light intensities (high open circuit
voltages), but change in slope becomes apparent.

Thus, the desired charge carrier density of bulk charges is given by

Qtatal - Qgeo

Npulk = Aqd (47)

and the required signal correction are exemplarily shown in Fig. 4.4 (a), while
the impact of the electrode correction on the Q(V,.) dependence is presented
in Fig. 4.4 (b).

Recombination losses during Extraction

After this necessary correction for the electrode charge the charge carriers lost
due to recombination during extraction have to be accounted for. To this end,
an iterative procedure with the number of cycles j as described by Shuttle et
al. is used [82]. In the following the main steps are briefly noted. The CE
transients at V. are chosen, beginning with the lowest illumination intensity.
First of all, the charge density nge, ;(;) stored in the device at a certain time
step t; is calculated for cycle j = 0 by

Ndev,j(ti) = Muik,j (Estop) — Mbutk i (ti), (4.8)

with discretized time values At = t;4; —¢; < 1 ns and npyy, ;(t;) represent-
ing the extracted bulk charge (corrected for the capacitive contribution) at
a certain time step ;. The recombination dynamics R(n) under open circuit



32 Chapter 4. Experiment

qu 3.5 L TTTTT T TTTI T TTTTIm T TTTIT =]
o = ]
<30 - 3
£ F 3
> 2.5 = =
‘» - =
S 20F |~ NMoukj=o —
2 = Ndev,j=0 3
o 15F - =
'g E Npulk,j=15 3
8 10F |7 " Mossj=15 3
S - E
c O05F =
N — 4
© - D it
0.01 Tt 0wl 1o
10 107 10°  10°
time [s]

Figure 4.5: Experimental CE-transient of a P3HT:PCgBM (annealed) cell
under 1 sun (blue) and the the corrected signal (green), where recombination
losses during charge extraction are accounted for. The dashed red line refers
to the sum of iteratively determined losses while the orange signal is calculated
by Eq. (4.8) and represents the charge carriers in the device at a certain time
t; at the beginning of the iterative procedure.

conditions determined before via a combination of TPV and CE measure-
ments is set as R(nge ;) and enables to estimate the loss of charges due to
recombination ny,ss j(t;) within the time span At,

Nioss,j (ti) = R(Nev j(t;)) At (4.9)

The total amount of losses within the first cycle j = 0 is then given by

tstop

Nioss,j = Z Nioss,j (tz)7 (410)
t=0

and is used for a first correction:

Npulk,j+1 (tstop) = nbulk,O(tstop) + Nioss,j - (411)

Before the procedure is repeated with j increased by 1, all initial den-
sities for the different light intensities are corrected once and the resulting
new charge carrier densities are used to re-evaluate an updated recombina-
tion rate R(Ngey jt1) = T&T’—% according to Eq. (3.4). The whole process
is repeated for several iterations j until the calculated losses are convergent,

Nioss.j — Nioss,j—1 — 0. This is typically the case after 4-5 runs, but to ensure a
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Figure 4.6: Top: Applied voltage during a TDCF measurement; Bottom:
exemplary TDCF signal, featuring the prebias charge @),,. during the delay
time t4 and the collection charge )., after t,.

convergence in any case 15 runs were usually done. An exemplary correction
can be seen in Fig. 4.5, where an illumination of one sun was chosen and the
deviation between measured and corrected charge carrier density was in the
range of 6%. The influence of losses during charge extraction strongly depends
on temperature and light intensity, but was generally considered for all data
points if not specifically noted otherwise. After a successful correction of the
carrier densities n(V,.) determined under open circuit conditions the precise
recombination dynamics R(n) is known. In the following data from voltage
dependent densities n(V') determined apart from V. is iteratively corrected
with the same procedure but with a fixed dynamic R(n).

4.4 Time Delayed Collection Field (TDCF)

In this thesis the time delayed collection field technique is used to study the
influence of geminate recombination in organic solar cells. The technique is
over 30 years old and was originally applied to inorganic devices [83], but
later also used to study solar cells based on organic materials [84, 50, 51].
Next to geminate processes, the technique enables to investigate nongeminate
recombination or to determine charge carrier mobilities. However, in the fol-
lowing only the features relevant for this work are highlighted and for a more
detailed description see Ref. [32]. In Fig. 4.6 a scheme of a TDCF measure-
ment is shown. At the top, the voltage applied by a double pulse generator
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is depicted while the recorded current signal (below) is detected via the 50 €
input of a digital storage oscilloscope from Agilent. During photo excitation
realized by a Nd:YAG laser in a ps-time range, the pre-bias voltage V. is
applied to the device continuously (for details on equipment see Sec. 4.1 and
Fig. 4.1). Thereby, V,,. defines an internal electric field Fiey;ce present within
the device during photon absorption according to

%i - VZDre
g
with the built-in potential V;; usually approximated by the open circuit voltage
Voe. Consequently, a variation of V.. leads to a variation in the electric field
Fyevice and enables to study the influence of Fy.pice On the charge generation
process after photon absorption. The total charge (Q;,; can be seen as a sum of
the prebias charge (), and the collection charge ().,, defined via integration
over the current transient with respect to the delay time t;. The delay time
must be chosen carefully (typically t; < 100 ns) to ensure that the charge
generation process via a possible CT-state is finished, but nongeminate losses
of already separated charges can be neglected. If the active material features
a field-dependent charge generation, a certain electric field during the delay

Fdevice ~ (412)

time t4 is required to separate all polaron pairs and consequently the total
charge Qs will depend on the applied voltage V,. (see Sec. 6.2). To minimize
the impact of nongeminate recombination and realize a fast charge extraction
the collection voltage V., in reverse direction is typically set to V., < —4 V.
Besides the choice of the delay time t4 other parameters like the laser intensity
and the choice of V,,; are essential to obtain reliable results, which is explained
in details in Ref. [32].

4.5 Organic Materials

The rapid development and the extensive research in the field of organic pho-
tovoltaics in the last 10 years lead to a great variety of organic materials
featuring a various range of different optical and electrical properties. A typi-
cal classification refers to their electron affinity differentiating between donor
and acceptor materials.

Donor materials

My experimental work in the lab offered the possibility to examine and
test several donor materials upon their ability to serve as an organic
photoactive material. Within this thesis however, I focus on only three
donor materials in combination with one respective acceptor (see below).
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Figure 4.7: Donor materials used in this work: the extensively studied polymer
P3HT (left), the rather new low band gap polymer PTB7 (middle) and the
small molecule CuPc (right).

Photon absorption takes predominately place within the donor material.
Two of the donors are polymers, the extensively studied and widely spread
poly(3-hexylthiophene) (P3HT) and the promising, rather new, low band gap
polymer  Poly|[4,8-bis|(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b|dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl|thieno[3,4-b|thiophenediyl|] (PTB7),
both typically prepared out of solution (see Sec. 4.6).

One monomer of P3HT, the most prominent donor material in OPV, con-
sists of a thiophene ring (head) and an attached hexyl side chain (tail) to
ensure solubility. Alternating head-to-tail arrangements of several monomers
creates a polymer, where the regioregularity (RR) represents the percentage of
perfectly alternating head-to-tail orientation (see Fig. 4.7 left). In this study
we used P3HT purchased from Rieke metals, named P200 with a RR> 95%
and an absorption in the range of 450 to 650 nm. The thermal treatment of
cells based on P3HT combined with PCg BM (see below) leads to the develop-
ment of crystalline domains, visible in XRD measurements [85], an improved
charge transport [86] as well as device performance [87].

Instead, the rather new polymer PTB7 (supplied by l-material) features
a higher absorption range up to 750 nm due to a lowered band gap of
E, =~ 1.85 eV. Consequently, PTB7 yields an improved photon harvesting
and higher photocurrents than P3HT for example. The rather complex struc-
ture of PTB7 can be seen in Fig. 4.7 (middle). Introduced in 2010, first cells
based on PTB7:PC7BM yielded efficiencies of 7.4% [88]. In first glance, XRD
studies revealed predominately amorphous domains within the PTB7:PC;;BM
bulk, surprisingly [89].

Finally, for a direct comparison between the two major solar cell architec-
tures, planar and bulk heterojunction (see Chap. 7), a small molecule named
copper-phthalocyanine (CuPc) was used (see Fig. 4.7 (right)). CuPc yields



36 Chapter 4. Experiment

Ce0 PCe1BM PC71BM

Figure 4.8: Acceptor materials used in this work: the fullerene Cgq (left), and
its soluble derivatives PC BM (middle) and PC;;BM (right).

its maximum absorption between 580 and 720 nm [37] and is processed by
thermal evaporation, which enables to realize planar and bulk configuration.
CuPc was purchased from Sigma Aldrich and was purified at least once, using
thermal gradient vacuum sublimation.

Acceptor materials

Compared to their respective donor, the acceptor materials are strongly elec-
tronegative, which is necessary to guarantee a fast and efficient electron trans-
fer from the donor to the acceptor molecule. Despite an extensive research
for new acceptor materials, the spherical fullerene Cgq (see Fig. 4.8 left) and
its derivatives are the most commonly used organic acceptor materials since
almost 20 years. Cgg, consisting of 60 carbon atoms forming a football like
cage, is only poorly soluble in typical organic solvents and is therefore ther-
mally evaporated together with CuPc. A soluble Cgy acceptor derivative is
realized by adding a side chain (see Fig. 4.8, middle) denoted as |6,6]-phenyl-
Cg1butyric acid methyl ester (PCg;BM). In order to improve the weak absorp-
tion of PCsBM, an asymmetric configuration of 70 carbon atoms leads to a
molecule called [6,6]-phenyl-Cributyric acid methyl ester (PC71BM), which
is depicted in Fig. 4.8, right. It features a higher absorption in the visi-
ble range [90, 91|. Cgy was purchased from SES-reasearch and purified at
least once, using thermal gradient vacuum sublimation while PCg; BM (purity
99.5 %) and PC7;BM were purchased from Solenne and used without further
purification.

In this work, solar cells based on P3HT:PC4BM, PTB7:PC;BM as well
as CuPc:Cgy and CuPc/Cg are studied, whereas preparation conditions can
play an important role, as noted in the following.
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4.6 Device Preparation

In the framework of this thesis two totally different device structures are
relevant. The bilayer configuration, shown in Fig. 2.1(a) and the bulk hetero-
junction structure illustrated in Fig. 2.1(b). In our own labs we are focused
on processing out of solution typically favored to produce intermixed donor—
acceptor (blend) systems, while bilayer configurations usually are deposited
by thermal evaporation. Thus, for the bilayer preparation we cooperated
with the Interuniversity Microelectronics Centre (IMEC) in Belgium and the
preparation details will be addressed in Chapter 7. Consequently in the fol-
lowing I will sum up the details for bulk heterojunction devices processed out
of solution only.

As already noted, the standard structure of BHJ devices is depicted in
Fig. 2.1(b). Starting point of every processing run is an indium tin oxide (ITO)
coated glass substrate, which was structured by lithography based on wet
chemical etching prior to device preparation. The ITO was purchased from
Prézisions Glas & Optik GmbH, CECO010S and yielded a sheet resistance lower
than 102/0. To ensure reproducible and high quality device performance a
proper substrate cleaning is essential. All substrates are mechanically cleaned
in soap water and run through a 10 min ultrasonic bath in soap water, acetone
and isopropyl alcohol afterwards. Then a 35-40 nm thick hole transport layer
of poly(3,4-Ethylendioxythiophen):poly(Styrensulfonat) (PEDOT:PSS) from
CLEVIOS (AI4083) is deposited by spin-coating to achieve a selective anode
contact. Afterwards the substrates are transferred into a two chamber glove-
box (GB) system with nitrogen atmosphere, where all subsequent steps are
carried out to avoid contact of the organic materials with oxygen and water.
To remove residual water the substrates covered with PEDOT:PSS are heated
for 10 minutes at 130°C inside the GB. Thereafter, the active layer is deposited
by spin-coating from a solution of a donor—acceptor blend. Typical organic
solvents like chlorobenzene or ortho-dichlorobenzene are used to dissolve the
organic semiconductors. Some special donor—acceptor compositions require
a second solvent to improve later on device performance, which is denoted
as solvent additive, i.e. diiodooctane, but is explicitly noted in the respective
section of the results. The material concentration and the choice of spin speed
parameters is crucial to obtain the favored active layer thickness. The layer
deposition is optionally followed by a heating step, to influence the active
layer morphology by thermal activation energy. The so called annealing is for
instance applied to improve cell efficiency of P3BHT:PCg BM cells but not ben-
eficial for cells based on PTB7:PC7;BM and is specifically noted if applied to
the devices. Finally, the metal cathode, typically consisting of a 3 nm calcium
layer and a 120 nm aluminum layer is thermally evaporated in an adjacent
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ultra high vacuum chamber, with an average pressure p < 10~% mbar.

Basic device characterization by current—voltage measurements under a
solar simulator took place directly after sample preparation in the second
chamber of the glovebox system to prevent any influence of oxygen and water
on the devices. All subsequent transient opto-electronic measurements (TPV,
TPC, CE, TDCF) and light intensity dependent j/V characteristics as well as
temperature dependent studies were preformed in an optical cryostat. During
the transfer the devices were briefly exposed to ambient air.



CHAPTER 5

Shockley Equation Parameters by
Transient Experiments

In this chapter, organic solar cells based on the well-known reference material
system P3HT:PCgBM are intensively investigated by static current—voltage
(7/V') characteristics, as well as transient photovoltage (TPV) and transient
photocurrent (TPC) measurements in a temperature dependent study. First,
the Shockley Equation (SE), originally derived to describe an inorganic p—
n junction, is used to determine the SE parameters, i.e. the ideality factor
and the dark saturation current, from the j/V measurements. It is shown,
that these parameters are directly related to charge carrier recombination and
become accessible by TPV and TPC in the case of field-independent charge
generation. In the second part, the ideality factor is linked to recombination
of free with trapped charge carriers in an exponential density of tail states.
Parts of this chapter are published in Paper 3.

5.1 Introduction

The polaron recombination dynamics fed into the continuity equation have
been shown to deliver sufficient information to reproduce the complete j/V
response of P3HT:PCg;BM solar cells at room temperature [75] which will
also be a matter of interest in Chapter 6. However, in the present chapter
an extension on the work of Maurano et al. [92] is provided, who combined
parameters obtained by static (j/V') and transient photovoltage / transient
photocurrent (TPV/TPC) methods in the Shockley equation [93]. In order
to justify the validity of this approach and/or its limitations, in the following
the ideality factor and dark saturation current density derived by static and
transient measurements on P3HT:PCgBM OSC in the temperature range
from 200 to 300 K at various light intensities are directly compared. The
photocurrent is reproduced and the work of Kirchartz et al. [72], is prolonged
by a detailed analysis of the impact of charge carrier recombination on the
ideality factors.
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5.2 Theoretical Background

The established model to describe the current—voltage response of semicon-
ductor p—n junctions under illumination is based on the ideal SE,

JV) = do <exp (nqd‘;T) - 1) — Jyen: (5.1)

with dark saturation current j,, elementary charge ¢, ideality factor n;q, ther-
mal energy k7' and the photogenerated current jye, [93]. Conventional p-n
junctions are characterized by well developed energy bands where photogen-
eration yields delocalized charge carriers. In contrast, OSC are based on
excitonic materials, in which the photogeneration of quasi free polarons upon

photon absorption is via bound precursor states and strongly depends on the
active material. Furthermore, BHJ devices consist of donor and acceptor ma-
terial phases across the whole volume, resulting in many spatially distributed
heterojunctions instead of a single planar one.

Despite these differences to inorganic p—n junctions, the SE was success-
fully applied to organic solar cells based on different donor—acceptor sys-
tems in the past [94, 95]. Its application to devices based on MDMO-
PPV:PCgBM [96] failed due to voltage dependent photocurrent generation
Jgen(V'). For OSC based on P3HT:PCg BM, used in this work, the polaron
pair dissociation is reported to be independent [65, 50, 92| or weakly depen-
dent [97, 47, 51] on voltage, providing a good starting point for the following
analysis. For simplicity, an ideal diode was assumed in this study, neglecting
any series resistance (R = 0) or leakages by shunts (R, = co). No significant
influence on the data was found by taking a series resistance into consider-
ation, which was experimentally determined from the ohmic range of dark
j/V characteristics. Eq. (5.1) solved for V,. at a given light intensity with
J(Voe) = 0 and for jge, > jo results in

kKT gen

Voo = nyge—1In (‘79— + 1) (5.2)
q Jo
KT e

~ Njg—— In (5?))

Jo
In order to experimentally access the photogenerated charges by j/V mea-
surements, a voltage independent generation current jg., is assumed.

5.3 Device Preparation & Measurements

Bulk heterojunction solar cells based on a P3HT:PCsBM 1:0.8 blend are
prepared as described in Sec. 4.6 from a solutions of 25 mg/ml out of chlor-
benzene. Prior to contact evaporation (3 nm Ca/100 nm Al) the 110 nm
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Figure 5.1: Current—voltage response of an annealed P3SHT:PC4sBM 1:0.8
solar cell under one sun in a temperature range from 300 to 170 K.

thick active layer was annealed for 10 min at 130°C. All materials were used
without further purification. Prior to any additional measurements an Oriel
1160 AM1.5G solar simulator was used to perform illuminated j/V measure-
ments of devices kept under inert glovebox atmosphere. A representative
cell, yielding a power conversion efficiency of approximately 3.3 % was chosen
for further detailed transient studies. As already described in Chapter 4, the
sample was transferred into a closed cycle optical cryostat for temperature de-
pendent static and transient electrical studies, including j/V measurements
as well as TPV /TPC experiments.

5.4 Results and Discussion

In Fig. 5.1 the temperature dependent j/V characteristics is depicted to get
an impression about the device performance at different temperatures. In
principle, a decrease in short circuit current density j,. and fill factor as well as
an increased open circuit voltage V,. becomes apparent, when the temperature
is varied from 300 to 170 K, which was reported already in literature [98]. At
the same time the charge carrier mobility decreases for lower temperatures
directly influencing the current and the fill factor while, according to Eq. (3.2),
the reduced recombination rate due to lower mobility boosts the open circuit
voltage V..

Before coming back to the j/V data further below, the temperature de-
pendent TPV /TPC measurements are considered. As described in Sec. 4.1
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Figure 5.2: Temperature dependent results from TPV /TPC measurements for
cells based on P3HT:PCg BM: (a) small perturbation charge carrier lifetime
and (b) charge carrier density both in dependence on the open circuit voltage.
Thereby V,. was varied by changing the illumination intensity.

and 4.2 the small perturbation charge carrier lifetime 74, and the charge car-
rier density n under open circuit conditions can be derived from TPV /TPC
experiments. The results for different illumination intensities and respective
voltages are depicted in Fig. 5.2. As can be seen, the small perturbation charge
carrier lifetime 7o, (Fig. 5.2 (a)) and the charge carrier density n (Fig. 5.2
(b)) both exponentially depend on V. and can be described by

Voc
TAn = TAng €XP <_TikT) (5.4)
with the ideality factor of charge carrier lifetime n,. And similarly,
Voc
n = ngexp (nanT) , (5.5)

with n,, defined as the ideality factor of charge carrier density. It is noted
that the slopes in the semi-logarithmic representation of Fig. 5.2 (a) and (b)
were previously described by parameters § and v [70]|, which are related to
the here utilized dimensionless ideality factors n, and n,, by

4q
"= BT (56)
q

As seen in Fig. 5.2 both slopes (3, 7) increase when the temperature is lowered.
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5.4.1 SE parameters from Static and Transient Methods

To describe the experimentally found polaron dynamics in organic photo-
voltaic devices a generalized equation dn/dt = —kyn*™! = —R(n) is often used
as already mentioned in Section 3.2 (compare Eq. 3.4) addressing nongemi-
nate recombination [70, 73, 74|. From TPV /TPC analysis, the decay order
of the recombination rate R, A+ 1, and the small perturbation charge carrier
lifetime 7A,, can be experimentally determined. Using these values the total
charge carrier lifetime 7,, can be calculated, as it is shown in Appendix A and
in Ref. [99],

Tn = Tan(A + 1), (5.8)

where n
A= —. 5.9
- (5.9)

Using Egs. (5.4) and (5.8), small perturbation lifetimes values can be elimi-
nated,

Voc
Tp = Tngy €XD (—5 k'T) : (5.10)

Dividing Eq. (5.5) by Eq. (5.10), we obtain:

n Un q‘/oc
- = 2 S 5.11
T e T ((L + i)kT) ’ (5.11)
N , N , T nr
R(n) Ro

where R(n) is defined as the recombination rate under illumination depending
on illumination intensity while Ry represents the recombination rate in dark.
Solving Eq. (5.11) for V. yields a more generalized expression,

kT R(n)
Voo = npe—In [ 22 ) 5.12
ng . n( o ) ( )

with the recombination ideality factor ny defined as

ng =mn,' +nt (5.13)
which is consistent with earlier representations of the ideality factor [100, 72].
Comparing Eq. (5.12), derived by using relations empirically found in transient
measurements (Egs. (5.5),(5.4)), and the right hand side of Eq. (5.3), the SE
solved for V,. to describe steady-state j/V measurements, the same equation
structure becomes apparent. To compare both equations, first the equality of
recombination rates and respective currents is motivated. At V. generation
and recombination rates are equal, i.e. G = R, which implies the generation
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Figure 5.3: (a) Ideality factor of a P3HT:PCg BM 1:0.8 solar cell in depen-
dence on temperature revealed from TPV /TPC studies on the recombination
dynamics ng and from illuminated j/V data n;4, analyzed with the Shockley
Equation (see Eq. (5.3)). (b) Respective dark saturation current densities in
dependence on temperature. j,s5, Was calculated from TPV /TPC studies on
the recombination dynamics in the dark with Eq. (5.15) and jo from illumi-
nated j/V response at V,. via Eq. (5.3) (¢) The open circuit voltage V. in
dependence on the generation current jg., for various temperatures used to
determine the static SE parameters n;; and j.

current jgen (see Eq. (5.3)) is cancelled by the recombination current jjoss,

defined as
Jioss = R(n)qd, (5.14)

with the thickness of the active layer d. Likewise, the dark saturation current
Jo may be treated as thermally generated intrinsic charge carriers with the
density no and lifetime 7a,, canceled by recombination Rj in thermal equi-
librium. Hence, the respective loss current in the dark 7,5, can be written
as

jlosso - Roqd (515)

The above considerations provide a rationale to the interconnection be-
tween the SE parameters derived diversely. Fig. 5.3 (a) shows ideality factors
n;q and ng, as defined above, which were experimentally obtained as function
of temperature by means of static (j/V) and transient (TPV/TPC) meth-
ods, respectively. To determine the static SE parameters j/V characteristics
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were recorded for different bias lights. Then, V,. was plotted vs. jge, (see
Fig. 5.3 (c)) and analyzed by Eq. (5.3) to yield the ideality factor n;; and
Jo- Within the measured temperature range ng and n;; correspond well to
each other. Similarly, the dark saturation current j, and the dark recombi-
nation current jj.s,, depicted in Fig. 5.3 (b), are almost equal for different
temperatures. The ideality factor rises from 1.2 at room temperature to 1.5
at 170 K. A similar trend with temperature was observed in the past for or-
ganic solar cells based on different materials, although a stronger temperature
dependence was obtained [96, 101].

From the experimental observation shown in Fig. 5.3 (a)/(b), the SE equiv-
alence for P3HT:PCgs BM based OSC to Eq. (5.12), derived from studying
charge carrier recombination by transient techniques, can be suggested.

Effective band gap energy F,

As shown in Fig. 5.3 (b), the dark saturation current yields a strong tempera-
ture dependence. To further analyze this behavior in Fig. 5.4 (a), the dark sat-
uration current ji,ss, determined by TPV /TPC is plotted versus 1/(Tng(T)),
with the temperature dependent ideality factor ng(7") from Fig. 5.3 (a). The
linear fit of the semi-logarithmic plot is in excellent agreement with the mea-
sured data and is expressed by the relation

. . E,
0850 — I ——— 1
Jlosso = Joo €XP < nR(T)kT> (5 6)

The fit demonstrates that the dark saturation current follows the Boltzmann
distribution and allows to identify the effective band gap energy FE,, which
is proportional to the difference between HOMO and LUMO energy levels
of donor and acceptor, respectively. An effective gap of F;, = 1.07 eV was
found for the studied cell based on P3HT:PCgBM. From the V,.(T') data
(see Fig. 5.4 (b)), a value of £, ~ 0.90 £ 0.15 eV was evaluated according
to Ref. 98], Eq. (1). Vandewal et al. obtained a value of E, = 1.08 eV
from the energy onset of the photocurrent generated by CT absorption [102],
which agrees particularly well with our value. Guan et al. found somewhat
larger values (E, ~ 1.3 — 1.4 V) using ultraviolet and inverse photoemis-
sion spectroscopy [103]. As discussed in Ref. [104], energy values derived by
photoemission spectroscopy can be seen as onsets of respective valence and
conduction band. Due to charge carrier relaxation into the tail states of the
density of states, the techniques such as TPV/TPC and j/V measurements
are expected to reveal the effective band gap E, from the density of occupied
states after thermalization instead.



46 Chapter 5. Shockley Equation in a Transient Perspective

TT T T T T T[T T T T T T T[T T T T 1T T[T . TT T T T T T[T T I T[T T T[T T I T[TTTT]]
102k —— experimental data_| = 0.9 4-'5555555,;,
- - - fit S o8l .
£ o_(a) 718 (b) 3.2 sun
<10 - g 071
& L | 3 06
[%2} Rl — =
310 — 8 -2 &)
W [Eg=107ev g 0-007 sun
10 H—r il c)0.4'|‘||||I|||||||||I|||||||||I||||
2.8 3.2 41 9]6 4OX10-3 0 100 200 300
nR T [K] temperature [K]

Figure 5.4: (a) Dark saturation current evaluated by studying the charge
carrier dynamics plotted versus 1/7n(7T) in order to estimate the effective
band gap energy E, from Eq. (5.16). (b) Approximation of E, by V,.(T')
dependence according to Ref. [98].

5.4.2 Loss Current vs. Photocurrent

To complete the comparison of Eq. (5.3) and Eq. (5.12) the photogenerated
charge is compared to the number of charge carriers recombining at V.. In
order to estimate the photogenerated charge carriers, we used the saturated
current density js,; under illumination in reverse bias (V = —1 V).

If the generation of charge carriers is voltage independent for
P3HT:PC4;BM cells in the range of =1 V. < V < V. [50, 51| and jsu
is not reduced by nongeminate recombination, we expect

jsat = jloss : (517)

For the comparison, Eq. (5.14) was used to calculate the recombination current
Jioss under illumination at open circuit.

The saturation current jy; and the nongeminate recombination current
Jioss at Vie determined via TPV /TPC measurements for different illumination
intensities from 0.1 sun to about 1.8 suns are shown in Fig. 5.5 (a). Within
experimental error, jj,ss is in a very good agreement with jg,; for all light in-
tensities and temperatures above 200 K. Below this temperature js,; becomes
smaller than j;,ss, which seems to imply more charges recombining than being
generated. This counterintuitive result can at least partly be explained by
estimating the nongeminate recombination losses at V' = —1 V according to
Ref. [105]. We find 2% loss at room temperature and 5% at 170 K, revealing
the limitations of the analysis as the determined generation current j,, is un-
derestimated. Accounting for these nongeminate losses, a very small deviation
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Figure 5.5: (a) Current density jsq (solid lines) from j/V response compared
to recombination current jj,ss (dashed lines) measured by TPV /TPC for dif-
ferent temperatures and bias lights according to Eq. (5.17). For T' < 200 K
a stronger deviation of both parameters becomes apparent. (b) Temperature
dependence of the inverse ideality factors for charge carrier density, n, !, and
lifetime, n-!, as well as their sum, resulting in the inverse ideality factor ngl.
(c) Corresponding recombination order A = n,, /n,+1.

of jsar and Jj,ss remains, showing that the field dependence of the photogen-
eration is less than 10% between open and short circuit conditions even at
temperatures below 200 K. In accordance with earlier findings [97, 47, 50, 51|,
the photocurrent in annealed PSHT:PCg;BM solar cells is field-independent
in a temperature range from 300 to 200 K and at best slightly field-dependent
for T < 200 K. This result will be confirmed by additional experiments in
Chapter 6.

5.4.3 Contributions to Recombination Ideality Factor np

In Eq. (5.12) the recombination ideality factor np was defined. As mentioned
above ng is composed by the ideality factor for charge carrier density n,
and charge carrier lifetime n., respectively (see Eq. (5.13)). In Fig. 5.5 (b),
the inverse ideality factors derived from the transient experiments are plotted
versus temperature. At 300 K, n, = 1.84 and n,, = 3.49 become apparent
yielding a recombination ideality factor of ng = 1.20. As shown already in
Fig. 5.3 (a), the ideality factor from the j/V characteristics under illumina-
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tion was n;g = 1.21. Although the following considerations are based on the
ideality factors measured under illumination, it is noted for comparison that
the dark ideality factor was 1.30, whereas Kirchartz et al. [72] found a value
of 1.6.

The recombination order, given by A + 1 = Z—’: + 1 as pointed out above,
is shown in Fig. 5.5 (¢). The recombination order at 300 K of A +1 = 2.90
is slightly higher as compared to the values of 2.60 (Ref. [70]) or 2.75 in our
former study on P3HT:PCg,BM (Ref. [73|). This might be related to slightly
different preparation conditions and different material batches.

5.4.4 Interpretation of Ideality Factors

The following discussion is based on the very concise approach offered by
Kirchartz et al. [72|. The experimentally determined ideality factors are used
to consider the dominant recombination mechanism in the P3HT:PCg BM
solar cells under open circuit conditions.

Ideality factors higher than 1 in organic bulk heterojunction solar cells are
commonly seen as an evidence for a dominant trap assisted recombination
process. Kirchartz et al. proposed the recombination of free charge carri-
ers n. with trapped charge carriers n; in an exponential tail as dominant
nongeminate loss mechanism in P3HT:PCgBM solar cells. The correspond-
ing recombination rate is R o n.n;, assuming symmetric electron and hole
concentrations. According to Ref. [106] the density of trapped charges n;
relates to the free charges n. by

ny o< nkT/Eu (5.18)

if trap states are distributed exponentially with a characteristic Urbach tail
energy Ey > kT (see Fig. 5.6 (b)). In a conventional semiconductor, where
charge neutrality (n = p) is assumed, the density of free charges n, scales with

v
Ne X €Xp (Q(JI{:_T) : (5.19)
Together with Eq. 5.18 this leads to
qV
— 5.20
My 0 exp (2EU> (5.20)

and the recombination rate scaling with

qV qV qV |1 kT
R o< neny o< exp <2k )exp (2 U) exp (k‘ l2+2 » (5.21)
—_———

—1

id
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with the ideality factor n;; being identified by van Berkel et al. [100]. The
scaling of R on carrier density;,

R o n.n; nfU/kTH (5.22)
illustrates that if the trapped charges are included in the density n determined
experimentally, the often reported recombination order A+1 > 2 (see Eq. 3.4)
can be explained by tail recombination with Ey > kT

With the above described approach Kirchartz et al. was able to calculate
the characteristic (Urbach) tail energy Ep from experimental data [70] by
three routes:

(i) By the voltage dependence of the extracted charge carrier concentration
(compare Eq. 5.20 and Eq. 5.5), which is given by the ideality factor n,,

~ n,kT

Ey 5

(5.23)

(ii) From the (in their case dark) ideality factor, based on Eq. 5.21

kT 1
= . 5.24
nzd 2EU + 2 ( )

(iii) From the recombination order

Ey
)\+1—k—T+1, (5.25)
according to Eq. 5.22. From (i) Kirchartz et al. found Fy ~ 50 meV, from
(ii) Ey =~ 100 meV at room temperature, whereas from (iii) Ey = 41 meV
can be calculated. This discrepancy was discussed in some detail in their
publication |72].
In order to show the self consistency of the above presented framework
of ideality factors determined by transient techniques (see Section 5.4.1),
Eq. (5.13) is considered and verified in the following. For that purpose Eq. (16)
of Ref. [72] is used, where Kirchartz et al. considered the carrier concentration
dependent loss current at V..,

jloss X R(”) X n6 = Tl)\+1 (526)

and its connection to the voltage dependence of the carrier concentration,
cf. Eq. (5.5). It is further reported that

dlnjloss dlnn . dlnjloss
dlnn v~ dv
—_——— N N———

A+1 npl-L n:

(5.27)
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while the under braced notation already refers to the here presented frame-
work [107]. Evaluating this equation, considering A = 2=, the relation

(@ + 1) ot =gt (5.28)
n;
is found, which directly yields Eq. (5.13) derived in Sec. 5.4.1. Thus, the three
different routes (i)-(iii) outlined above are effectively merged to one, while the
(experimentally found) deviation of n, < 2 is accounted for in the revised
approach. Due to the good agreement between transient and static ideality
factor (see Fig. 5.3 (a)), it is possible to determine a consistent Urbach energy
of Ey ~ 45 — 50 meV at T=300 K. The increase of n, with lower tempera-
tures (Fig. 5.5 (b)) also indicates a thermally activated process concerning the
charge carrier concentration: the lack of thermal energy leading to a grow-
ing fraction of trapped charge carriers is compatible with the assumption of
exponential tail states. However calculating the characteristic Urbach energy
from the temperature dependent n, by using Eq. (5.23), Fy = 40 meV for
200 K is found, showing that an exponential tail may not be the precise shape
of the density of trap states, but can serve as an approximation in a limited
temperature range.

To go further beyond the approach of Kirchartz et al. in the following, a
more general recombination rate is considered, including the annihilation of
free charge carriers with one another and free with trapped charge carriers,

R(n) = k'n.(n. +n;) = k'nen. (5.29)

Here, the overall charge carrier concentration is given as n = n. + n;. For
simplicity, the same recombination prefactor &’ for both contributions n? and
n.n; is used.

Usually the rate limiting step in nongeminate recombination is the finding
of the localized charge carriers by a hopping process, which is reflected by a
prefactor proportional to the mobility of the mobile charge carriers, based on
Langevin theory [41, 72, 108]. However, although beyond the scope of this
work, it is pointed out that in the multiple-trapping-and-release approxima-
tion of hopping transport, the effective mobility u is proportional to a trap-free
mobility p times the fraction of free to all charge carriers, o2 [109]. Within
this approach, R oc un? and R o pgn.n are in principle equivalent. The
reader is asked to bear in mind that this representation can serve as a first
approximation, but neglects the field dependence in a hopping model. How-
ever, Eq. (5.29) is sufficient to describe the recombination process in terms of
the ideality factors discussed above.

The small-signal method TPV yields the effective lifetime of all charge
carriers, 7,. For charge extraction, it is assumed that all charge carriers were
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Figure 5.6: (a) Trap density distribution of a P3HT:PCg;BM blend device, as
measured by the thermally stimulated currents technique [110]. Disregarding
the detailed shape of the trap distribution, the energetic tail (solid line) is
approximated, finding a characteristic energy Fy ~ 57 meV. (b) Scheme of
the exponential tail approximation on the gaussian density of states.

extracted, in accordance with Kirchartz et al. [72|. Thus, the experimentally
determined effective recombination rate is R = n/7, = (n. + ny) /7, (c.f.
Eq. (5.11)). Considering the assumed recombination rate, Eq. (5.29), and an
effective recombination rate R = %, leads to

o = (K'nc) ™" (5.30)

Within the assumptions made for the recombination, the effective lifetime is
inversely proportional to the free charge carrier concentration n.. Therefore,
one would expect that n, should equal 2 in accordance with n,, for free charge
carriers (see Eq. (5.19)). However, this statement is only valid if the recombi-
nation prefactor k&’ is assumed to be voltage independent. While the detailed
reason for the experimental finding of n, = 1.84 cannot be identified, it should
be mentioned that the assumption of &’ # £k’(V') may not hold true [111, 112]
and that concentration gradients and their influence [113| are disregarded.
In order to verify that the nongeminate recombination mechanism in
annealed P3HT:PCgBM solar cells is indeed due to losses of free carriers
with one another and with carriers trapped in exponential tail states with
Ey ~ 50 meV, thermally stimulated current measurements, presented previ-
ously, are reconsidered [110]. In this set of experiments, trap states deeper
than 400 meV are not accounted for. The distribution of the trap states
is shown in a semilogarithmic plot (Fig. 5.6 (a)). Neglecting the detailed
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shape, the energetic tail can be approximated by an exponential Urbach fit
(ny exp(—g—f)) yielding a characteristic energy Ey ~ 57 meV. This is in
good accordance with a recent reconstruction of the density of trap states in
P3HT:PC4;BM blends [114], and supports the findings from above.

5.5 Conclusion

The SE parameters such as ideality factor n;q and dark saturation current j,
were derived from static j/V measurements as well as from the transient tech-
niques (TPV/TPC) and were shown to coincide within experimental error for
OSC based on P3HT:PCg;BM. The ideality factor and dark saturation current
density were directly compared experimentally over the temperature range
from 200 to 300 K. The recombination current determined under open circuit
conditions is shown to be equal to the respective saturation current for various
bias lights and temperatures, which implies that the polaron pair dissociation
is not significantly influenced by the electric field. A good agreement of static
and transient approaches over a wide temperature range demonstrates the
validity of the Shockley model for OSC, if the charge carrier photogeneration
is voltage independent. Additionally, the dark saturation current measured
at different temperatures was used to determine the effective band gap of
P3HT:PCs;BM blend to be in the range of £, ~ 0.9 — 1.1 eV, which is in
good agreement to values from literature. By further analyzing the ideality
factors, nongeminate recombination of free with both free and trapped charge
carriers in exponential tail states is discussed. Using data from thermally
stimulated current measurements, we verified that the charge carrier traps
can indeed be approximated by an exponential trap distribution.



CHAPTER 6
Impact of Charge Recombination
on j/V response

In the present chapter the impact of geminate and nongeminate charge car-
rier recombination on the current—voltage characteristics of different organic
solar cells is studied by transient photovoltage and charge extraction in com-
bination with time delayed collection field measurements. Special emphasis is
put on the morphological aspect. First, as-prepared (pristine) and thermally
treated (annealed) PSHT:PCg BM devices are compared and investigated in
a temperature dependent study. Secondly, the analysis is extended by the
high performing low-band gap polymer PTB7 in combination with PC;; BM.
The influence of a solvent additive on the j/V response is discussed and the
respective dominant loss mechanism is determined. Parts of the following
results were published in Paper 2 and Paper 5.

6.1 Pristine vs. annealed P3HT:PCsBM Solar
Cells

6.1.1 Introduction

In the previous chapter the charge carrier recombination in annealed
P3HT:PCg BM solar cells was already studied by TPV and TPC measure-
ments. Within the present chapter, as-prepared and annealed devices from
the same material batch are prepared and compared in terms of device
performance, charge carrier lifetime and charge carrier density. Further the
nongeminate loss current is calculated and its impact on the current—voltage
response is analyzed, according to the j/V reconstruction procedure described
in Section 3.3.

The device preparation in principle was identical to the one described
in Sec. 5.3. The cells referred to as pristine were not tempered before con-
tact evaporation, while annealed cells were heated for 10 min at 130°C. The
temperature dependent TPV and charge extraction (CE) measurements were
performed in the same closed cycle optical cryostat as previously mentioned
in Chapter 4 & 5.
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Figure 6.1: Current—voltage response of a pristine and an annealed
P3HT:PCg;BM 1:0.8 solar cell under one sun AM 1.5 spectrum at 300 K.

6.1.2 T-dependent nongeminate Recombination

As shown in several publications by atomic force microscopy (AFM) or bright-
field transmission electron microscopy (TEM) images, the morphology of
P3HT:PCgBM active layers dramatically changes with external applied ther-
mal energy (annealing) [115, 116]. From X-ray diffraction measurements an in-
crease in crystallinity upon annealing and further an a-axis orientation of poly-
mer crystallites can be concluded (side-chain perpendicular to substrate) [85].
The formation of elongated PCBM nanocrystals upon annealing was proven by
high resolution TEM images and provides a more efficient transport pathway
for electrons and thus significantly improves charge carrier transport [117].
The resulting influence on device performance becomes apparent in Fig. 6.1,
where representative pristine and annealed j/V characteristics are plotted for
one sun illumination under AM 1.5 spectrum at 300 K. The macroscopic de-
vice parameters are summarized in Tabel 6.1. The rise in efficiency from 2%
to 3.3% upon annealing is mainly attributed to the enhanced short circuit
current and the fill factor reaching 70% which is in good accordance with
literature [116]. The improved fill factor indicates better charge transport
properties in annealed cells, while the higher current could originate from im-
proved charge generation due to donor—acceptor phase separation becoming
apparent in TEM images [115]. The reduced fill factor in pristine cells might
have its origin in a voltage dependent charge generation. As concluded in
Chapter 5, annealed cells exhibit a charge generation mainly independent of
the electric field, even at low temperatures. To further analyze the origin of
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Figure 6.2: Temperature dependent results from TPV /CE measurements for
cells based on P3HT:PCg BM: (a) Comparison of the charge carrier lifetime
7 as a function of the charge carrier density n for pristine and annealed cells.
Dashed lines refer to fits according to Eq. (6.1) and illustrate the recombina-
tion order A. (b) Respective recombination rates R calculated by Eq. (3.4) in
dependence on n.

the difference in photovoltaic performance, in Sec. 6.1.3 an j/V reconstruc-
tion based on nongeminate losses is carried out as described theoretically in
Sec. 3.3.

In the following the differences between pristine and annealed cells with
respect to nongeminate recombination are addressed. To this end, the small
perturbation charge carrier lifetime 75, and the charge carrier density n(V,.)
under open circuit conditions are determined via TPV and CE measurements.
As already noted in Chapter 5, the parameter 7, directly accessible by
TPV, is related to the total charge carrier lifetime by 7(n) = 7a,(A + 1)
(see Eq. (5.8)) |99, 118|. The dependence of lifetime 7 on charge carrier den-

P3HT:PCs;BM  j,. [A/m? Ve [mV] FF %] n (%]
pristine 50 643 63 2.0
annealed 83 565 70 3.3

Table 6.1: j/V parameters of pristine and annealed P3HT:PCg; BM cells under
one sun illumination at 300K.
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Figure 6.3: (a) Recombination order of pristine and annealed P3HT:PCg BM
cells for various temperatures. Dashed lines are guides for the eyes. (b)
left: Scheme of hole trapped apart from heterointerface — screened from
nongeminate recombination as long as trapped right: hole trapped close to
interface — annihilation possible although being trapped.

sity n is depicted in Fig. 6.2(a) for temperatures from 300K to 200K. For the
pristine cell exponential dependencies of lifetime and charge carrier densities
on V,. were found, similar as reported in Chapter 5 for annealed ones (see
Fig. 5.2 and Eq. (5.5), (5.10)). Consequently, the dependence of lifetime on
charge carrier density 7(n) in both devices results in

7(n) = Ton %, (6.1)

where 7y responds to the intercept at n = 0 in Fig. 6.2(a) and A refers to the
recombination order defined by Eq. (5.9) [92]. Eq. (6.1) was used for the fit
shown in Fig. 6.2(a).

As depicted by the slopes of the fits the carrier concentration dependence
of 7(n) becomes stronger at low temperatures. Consequently, the magnitude
of the charge decay order A\ + 1 increases at lower temperatures, which indi-
cates additional trapped and subsequently released charges being involved in
recombination processes, as reported previously for annealed devices [73, 112].
In general 7 is higher (= factor 5) for the annealed than for the pristine cell at
matched n and temperature. This finding can result from distinct phase sepa-
ration and crystalline domains within the bulk due to thermal treatment [119].
Absolute values for T = 300K are in good agreement with Ref. [99]. For a
better comparison in Fig. 6.2(b) the respective nongeminate recombination
rates R(n), calculated by Eq. 3.4 are compared with respect to the charge
carrier density. The fine intermixing of donor and acceptor leads to consider-
able higher recombination rates in pristine cells. In both representations, 7(n)
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Figure 6.4: (a) Recombination prefactor k of the as-prepared and the annealed
cell in dependence on charge carrier density for various temperatures. (b)
Semi-logarithmic temperature dependence of k for one distinct carrier density
n=10* m=3.

and R(n), a stronger dependence on temperature for the pristine cell becomes
apparent. Calculating the apparent recombination order (see Fig. 6.3 (a)) cor-
roborates this statement. Starting around a pure bimolecular order of A-+1 =~ 2
for 300 to 260K the increase for lower temperatures is stronger for the pristine
than for the annealed cell (dashed lines in Fig. 6.3 (a)). To understand this
behavior, two aspects have to be considered. As already mentioned above and
discussed in literature |73, 112], the presence and their delayed participation
in recombination of trapped charges n; leads to the higher apparent recombi-
nation order. It is thereby also important where exactly charges are trapped
spatially: close to a donor—acceptor heterointerface and thus accessible by
their oppositely charged counterpart moving in the other phase (Fig. 6.3 (b)
right) or apart from any heterointerface within a pure domain and not being
able to recombine as long as being trapped (Fig. 6.3 (b) left).

The differences in morphology become apparent by AFM/TEM im-
ages [115, 116, 117], where a clear phase separation in annealed cells is visible.
Hence, the portion of charges being trapped apart from an heterointerface
is assumed to be higher in annealed cells due to larger domains leading to
initially higher recombination orders, i.e. Fig. 6.3 (a).

As Mauer et al. discussed recently by results based on transient absorption
measurements on annealed P3HT:PCg BM devices, the ratio n;/n. between
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trapped and free charges rises with lower temperature. This results in a charge
carrier density dependent mobility 1 being more pronounced at low tempera-
tures [120]. To this end, the enhanced decay order for low temperatures is not
surprising. The ratio of trapped to free charges is also effected by the width o
of the density of states, while the percentage of trapped charges rises with o.
In order to estimate the width ¢ in the framework of the Gaussian disorder
model (GDM) a pure bimolecular decay R o n? is assumed, with a charge
carrier dependent recombination prefactor k(n), as discussed in Ref. [73]. This
results in

R = k(n)n?, (6.2)

while k(n) corresponds to the Langevin recombination prefactor v o< p, i.e.
Eq. (3.2). Consequently, following the GDM and Eq. (2.3) the temperature
dependence of k should be analog to 1(T") and hold

k 20\ 6.3
x exp [ — (3kT> : (6.3)
where o* is related to the energetic disorder of the system. In Fig. 6.4 (a)
k(n) = n—Rg is plotted for both, the pristine and the annealed solar cell. To
analyze k(T) a cross section at n = 10** m™3 was taken, indicated by the
vertical dashed line. The result is summarized in Fig. 6.4 (b), where the

temperature dependence of k is revealed.

Eq. (6.3) was used for the respective fit and a very good agreement to the
experimental data becomes apparent. The respective fit parameters enable to
determine o* ~ 50.3 meV for the annealed and ¢* ~ 59.4 meV for the pristine
device. One can therefore conclude that a major part of the temperature
dependence of k(T) stems from the charge carrier mobility in the framework
of the GDM. The higher ¢* in pristine devices might be one reason for the
stronger temperature dependence of the recombination order in pristine cells,
as trapping at low temperatures is more dominant than in annealed samples.

6.1.3 j/V Reconstruction of P3HT:PCys BM

The following study on the impact of recombination on the j/V characteristics
is based on the approach of j/V reconstruction described in Sec. 3.3. As shown
in Fig. 6.2(b) a power law dependence of the nongeminate recombination rate
R on the carrier density n(V,.) was successfully determined by the combina-
tion of TPV and CE measurements under open circuit conditions. In order
to calculate the correct nongeminate loss current jj,ss(V') necessary for j/V
reconstruction, two prerequisites must be fulfilled. On the one hand, voltage
dependent CE measurements need to be recorded to derive n(V') data. On
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Figure 6.5: Voltage dependent charge carrier density n(V') for different il-
lumination intensities at room temperature for (a) an annealed and (b) an
as-prepared P3HT:PCgBM solar cell.

the other hand, the nongeminate recombination rate must not be dependent
explicitly on voltage.

For annealed P3HT:PC4 BM solar cells at room temperature a successful
j/V reconstruction based on pure nongeminate recombination loss currents
was reported recently [75]. By verification of this finding the new established
experimental setup and subsequent data evaluation was tested on reliability.
In Fig. 6.5 the charge carrier density in dependence on voltage and different
illumination intensities is depicted for the annealed (a) and the pristine device
(b) at room temperature. Except for the case of V' = V,., a photocurrent is
flowing for every applied voltage. As a consequence, the series resistance Rg
of the measurement circuit needs to be determined in order to account for the
correct voltage. It was derived from the ohmic range of the dark j/V curve
at 300K and yielded Rg = 92  for the annealed and Rg = 217 2 for the
pristine device. The voltage V' used was corrected for Rg by V' = Vg — I Rg.

The trend on voltage and the absolute values are comparable to Ref. [75],
which hints on reliable data. If both cells, pristine and annealed, are compared
higher charge carrier densities are revealed for the annealed device. This
is in good accordance with the lower recombination rate in annealed cells
determined above (see Fig. 6.2(b)).

Employing Eq. (3.8) and approximating the generation current jg, to be
voltage independent and equal to the short circuit current (jge, = js.) yields

j(V) = jsc - jloss(n(v))' (64)

Here, jioss(n(V)) is determined by Eq. (5.14) while R is calculated by Eq. (3.4)
and experimental n(V') data together with Eq. (6.1) as input parameters. The
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Figure 6.6: j/V reconstruction for different light intensities for (a) annealed
and (b) pristine P3HT:PCs;BM solar cells at room temperature.

calculated j/V response (by Eq. (6.4)) is plotted together with the measured
data in Fig. 6.6. The excellent agreement for all light intensities between
the measured and the reconstructed j/V curves of the annealed devices per-
fectly agrees with the results of Shuttle et al. Also the measured data of the
as-prepared cell is in good accordance with the calculations based on nongem-
inate losses. This result primarily reveals that the photogeneration of charge
carriers in both, annealed and pristine PSHT:PCg, BM solar cells is voltage
independent for 300K. Furthermore in the examined voltage range the j/V
characteristics is dominated by nongeminate recombination losses solely and
geminate losses therefore can be neglected. Thus, nongeminate recombination
is identified as the performance limiting loss mechanism in PSHT:PCg; BM so-
lar cells.

For a deeper understanding of the present material system the same calcu-
lations of j/V reconstruction were done in a temperature range from 300K to
200K. The charge carrier density n(V') for an illumination intensity of one sun
for the pristine and the annealed cell and different temperatures is depicted
in Fig. 6.7(a) in dependence on voltage. All voltages were corrected for the
series resistance R, as described above. For both samples the average charge
carrier concentration n increases for low temperatures while the dependence
of n on V becomes weaker, especially at higher voltages. The former is again
attributed to a decrease in mobility and thus recombination. The reduced
slope of n(V') at low temperatures, especially for the pristine cell, could result
from space charge limitation, hindering injection at a certain applied voltage
as well as charge extraction in CE experiments.

The experimental n(V, T') data enables to calculate the respective nongem-
inate loss current jiss n(V,T'). Together with the respective short circuit cur-
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Figure 6.7: (a) Charge carrier density in dependence on voltage for different
temperatures of pristine and annealed P3HT:PCg;BM solar cells and (b) the
respective reconstructed and measured j/V characteristics.

rent of every temperature, Eq. (6.4) is employed to calculate j(V,T). The
calculations and the measured j/V characteristics for one sun illumination
are plotted in Fig. 6.7(b) for both cell types. It is nicely shown that the fill
factor and the open circuit voltage could be reproduced quite accurately for
both cells in the studied temperature range. Hence, the good agreement of
measured and reconstructed data confirms that nongeminate recombination
is the main loss mechanism determining the j/V behavior for annealed [75]
as well as for pristine PSHT:PC4 BM devices in a wide temperature range.
It is pointed out that the very good agreement implies a voltage indepen-
dent photogeneration in the range 0 < V < V,. and down to 200K. Similar
results concerning photogeneration were found recently for annealed samples
[49, 50, 51, 121], but were not yet reported for pristine ones. From the dra-
matic change in morphology between pristine and annealed devices (revealed
by AFM and XRD measurements) also an impact on charge generation was as-
sumed. Consequently, it is quite surprising that the photogeneration is found
to be field-independent in both device types. In order to verify the constant
photogeneration rate of the pristine device, time delayed collection field mea-
surements (TDCF) were applied additionally. As described in Sec. 4.4 TDCF
is well established to investigate field-dependent charge generation [51, 50].
A delay time of t; = 380 ns and a collection voltage of V., = —6 V were
chosen. In Fig. 6.8 the voltage range —2 V' < V < V,. is analyzed. In very
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P3HT:PCg;BM solar cell.

good accordance with our statement from above, the total extracted charge
Q1o varies less than 5% between open circuit and short circuit conditions,
which is negligible in relation to the experimental error. To conclude, both
approaches, the successful j/V reconstruction and the TDCF measurements,
revealed a field-independent charge generation in as-prepared PSHT:PCg BM
solar cells.

6.1.4 Conclusion

From a temperature dependent study focused on nongeminate recombination
in pristine and annealed PSHT:PCgBM solar cells clear differences between
both devices became apparent. The fine intermixed donor—acceptor morphol-
ogy in as-prepared devices results in about one order higher nongeminate
recombination rates than in annealed devices. The stronger increase of re-
combination order with decreasing temperature in pristine devices could also
be related to the changes in morphology. The temperature dependence of the
recombination prefactor k£ appears in good accordance with the prediction of
the Gaussian Disorder Model and a slightly higher (¢* ~ 59 meV) energetic
disorder was found in pristine than in annealed (¢* ~ 50 meV) samples.
Furthermore, the impact of nongeminate recombination on the j/V char-
acteristics was investigated. A voltage dependent nongeminate loss current
was determined and used in combination with a voltage independent pho-
togeneration term to reconstruct measured j/V curves. The perfect agree-
ment of measured and reconstructed j/V data identified nongeminate losses
as the performance limiting loss mechanism in PSHT:PCg; BM solar cells. In
addition, this revealed a field-independent charge generation in pristine and
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annealed devices for the temperatures considered here.
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6.2 Impact of Solvent Additive on PTB7:PC;;BM
Solar Cells

6.2.1 Introduction

While in the previous Sec. 6.1.3 the intensively studied and well optimized
material combination of P3HT:PCg BM was investigated, the following part
concentrates on the rather new, low band gap polymer PTB7 in combination
with the fullerene PC7;BM. In recent years the power conversion efficiency of
organic solar cells improved above 11% [122, 8| This performance enhance-
ment is mainly due to the development of new low-band gap semiconductors,
like PTB7 and their broadened absorption spectrum. Thus, these new ma-
terial compositions deserve particular consideration in order to understand
the crucial steps from photon absorption to photocurrent. In order to further
improve device performance, identifying the performance limiting loss mech-
anisms is essential. As described in details in Chapter 3, on the one hand,
geminate losses of bound electron—hole pairs compete with polaron pair dis-
sociation. As electron—hole dissociation via an intermediate charge transfer
state might require a certain activation energy to obtain free charges (see
Ref. [33]) this process can be facilitated by an external electric field (Fig. 3.1).
On the other hand, nongeminate recombination of free—free or trapped—free
polarons after successful polaron pair dissociation depends on the charge accu-
mulation in the device and, thus, relies on the applied voltage and respective
current flow (Fig. 3.2). From the previous investigations on P3HT:PCg BM
and from literature it is known that for polymer and small molecule based
OSC both, nongeminate losses |75, 118 as well as geminate losses, [123, 124|
can have a strong impact on the device performance and the shape of the j/V
characteristics.

6.2.2 Device Preparation & Measurements

Bulk heterojunction organic solar cells were prepared as described in detail
in Sec. 4.6. The active layer was based on a PTB7:PC;1BM 1:1.5 blend
processed from a solution of pure chlorobenzene (CB) and from a combination
of chlorobenzene (97%) and the co-solvent (additive) 1,8-diiodooctane (DIO,
3%). A semiconductor solution with a concentration of 20 mg/ml was used to
realize 100 nm thick layers, reported as optimum thickness for this material
composite [88]. As metal top contact calcium (3 nm) and aluminum (120 nm)
were deposited by evaporation.

Prior to any additional measurements an Oriel 1160 AM1.5G solar simula-
tor was used to perform illuminated j/V measurements of devices kept under
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Figure 6.9: (a) Current—voltage response of a PTB7:PC7;BM 1:1.5 solar cell,
processed with and without DIO as additive under one sun simulated AM 1.5
spectrum at 300 K. (b) External quantum efficiency for both devices.

inert glovebox atmosphere. Furthermore, static and time-resolved studies,
namely TPV, CE and TDCF were carried out in a closed cycle optical cryo-
stat as described in detail in Chapter 4. The derived experimental data was
treated as reported in Ref. [98, 125] and Sec. 6.1.3, while all charges were
corrected for recombination losses during extraction as specified in Sec. 4.3.

6.2.3 Results

Two sets of organic solar cells, based on a PTB7:PC;1BM, were investigated
differing only by the use of the solvent additive (see above). The influence of
the co-solvent DIO on device performance becomes evident in the respective
current—voltage response depicted in Fig. 6.9(a). Under one sun simulated
illumination, the sample processed without additive yields an open circuit
voltage of V,. = 770 mV, a short circuit current density of j,. = 9.2 mA /cm?
with a fill factor of FF = 51% and a device efficiency of n = 3.6%. In contrast,
the device processed with DIO shows V,. = 710 mV, j,. = 14.6 mA/cm?, a
fill factor of FIF = 67% and an almost twice as high PCE of n = 7.0%. Sig-
nificant improvement of fill factor and photocurrent is observed when using
the additive, in accordance with earlier findings [88, 121, 89, 126]. From the
external quantum efficiency a clearly enhanced yield for the device with ad-
ditive is revealed, while the shape is rather constant (see Fig. 6.9(b)). The
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Figure 6.10: Charge carrier lifetime 7 derived from TPV measurements as a
function of charge carrier density n from CE for PTB7:PC7;BM solar cells pro-
cessed from chlorobenzene solution and from a combination of chlorobenzene
and 1,8-diiodooctane. Diamonds and filled circles represent experimental data
points, while the dashed line demonstrates the fit according to 7(n) = mon=>.
The data points represented by blue open circles are based on a charge carrier

density theoretically calculated as described in the discussion.

chosen additive DIO is rather effective to influence the PTB7:PC7;BM com-
posite, as it has a high boiling point and selectively dissolves PC7;;BM, which
was reported in Ref. [127] to enable fullerene intercalation into the polymer
network during film formation.

In the following, the differences in nongeminate and geminate recombina-
tion dynamics for both device types are presented in order to investigate the
origin of the dramatic change of j,. and FF. The nongeminate recombination
rate R of photogenerated charge carriers is empirically defined according to
Eq. (3.4). In order to determine the nongeminate recombination rate exper-
imentally, TPV and CE experiments under open circuit conditions were ap-
plied. As discussed in literature and in Chapter 5, from the small perturbation
charge carrier lifetime 7a,, the total charge carrier lifetime 7(n) is accessible by
TPV (see Eq. 5.8) [99, 118]. The average charge carrier density n under open
circuit conditions is derived by CE. The data is corrected for the geometric
capacitance (see further details in discussion) and, iteratively, for charges lost
by recombination during extraction [82, 118]. In Fig. 6.10, TPV and CE are
combined to yield the charge carrier lifetime 7 as a function of charge carrier
density under open circuit conditions.

For both device types a power law dependence according to 7(n) = mon =
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is found: In the low charge carrier density regime, the 7(n) values coincide,
correspondingly yielding the same slope (A &~ 2.4) for both devices. However,
at higher carrier densities the device with additive shows a reduced slope with
A =~ 1.1. For the device without DIO only a minor change in slope becomes
apparent. According to Ref. [72] and as discussed in the previous Chapter 5,
an activation energy FE, characterizing the exponential trap distribution can
be estimated from the parameter A\ [125]. For low charge carrier densities
E, =2\ -kT/n, = 51 meV is found. This indicates trap limited recombina-
tion for the device processed without additive and in the low charge carrier
regime of the device prepared from CB/DIO. Above n = 10%2 m~=3 direct
(Langevin—type) recombination of free charge carriers is expected, as the ap-
parent recombination order A + 1 is about 2 at 300K. For an illumination
equivalent to one sun, the nongeminate charge carrier lifetime for the device
processed without additive is slightly longer than for the one with additive
(see arrows in Fig. 7.4(b)).

The influence of geminate recombination was studied by time delayed col-
lection field (TDCF') measurements by investigating the total extracted charge
it under a range of prebias voltages. These experiments were performed
under very low fluences to avoid nongeminate recombination [50] (further
experimental details in Sec. 4.4). In Fig. 6.11 the normalized total charge
Qiot(V)/Qiot(—5V) is plotted versus the prebias voltage applied during the
delay time t4 (380 ns). While the extracted total charge is rather constant for
the device with additive, a clear voltage dependence for the sample processed
from CB becomes apparent. Relevant in terms of solar cell performance is the
voltage regime between V =0V and V,.: A voltage dependent photogenera-
tion is equivalent to geminate losses, which are quantified by the polaron pair
dissociation probability PP(V'). A polynomial fit over the complete voltage
range was used to find an analytical approximation for PP(V') between short
and open circuit conditions.

To understand the impact of geminate and nongeminate recombination on
the performance of the device, the j/V reconstruction was applied, in analogy
to Sec. 6.1 and to recent studies on P3HT:PCgBM as well as small molecule
based devices in literature |75, 118, 123|. The procedure is described in detail
in Sec. 3.3. The steady state current density j/V of the device is described
by integrating the continuity equation (Eq. 3.5) for charge carriers yielding
Eq. (3.8).

In order to calculate the voltage dependent nongeminate loss current
Jioss(V) from V. = 0 V to V,., CE experiments under the desired volt-
age were performed, in analogy to the measurements at V. described on
page 66. All voltages were corrected for the series resistance R, by calcu-
lating V' = V,,, — Rs{. From the ohmic range of the dark j/V curve, the
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Figure 6.11: Normalised total extracted charge g;,; from TDCF measurements
in dependence on the applied prebias voltage for the device with and without
additive.

values R, ~ 84 () for the device with additive and Ry = 105 €2 for the one
without additive were derived. The voltage dependent charge carrier density
for both devices is shown in Fig. 6.12 for three different light intensities.

The n(V') relation and the dependence of 7 on n found under V,. condi-
tions (Fig. 6.10) are used to calculate the charge carrier density dependent
recombination rate R(n(V')) for the respective applied voltage by Eq. (3.4).
This data was fed into Eq. (5.14), which allowed to determine the nongeminate
recombination current j;,ss(n(V)).

As the photogeneration of the sample with additive was voltage indepen-
dent, as shown in Fig. 6.11, the respective generation current jg., was assumed
to be constant and set equal to the short circuit current density,

jgen ~ jSCa (65)

similar to the case of P3HT:PCg; BM (Sec. 6.1) and the approach in Ref. [75,
118].

Instead, for the solar cell fabricated from pure CB solution, the voltage
dependent polaron pair dissociation PP(V') derived by TDCF is substantial
(see Fig. 6.11 blue). It was considered for the reconstruction by a voltage
dependent generation current

jgen(v) = jsc : PP(V) (66)

The term PP(V') was derived from the polynomial fit (Fig. 6.11, dashed line)
described above and accounts for the relative charge photogeneration between
V=0V and V = V,. In order to calculate the j/V response for both device
types, either Eq. (6.5) or Eq. (6.6) were entered into Eq. (3.8) for the device
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Figure 6.12: Voltage dependent charge carrier density n(V') from charge ex-
traction experiments for PTB7:PC;1BM devices with and without additive at
three different light intensities. Blue dashed line: theoretical charge carrier
density data of one sun illumination, required for a successful j/V reconstruc-
tion (see discussion below).

processed with or without additive, respectively. Hereby gained j/V data per-
fectly agrees with the measured data for the device with additive for three light
intensities presented (Fig. 6.13(a)). Instead, although experimentally deter-
mined geminate and nongeminate losses were considered, the reconstruction
of the device processed from pure CB shows significant deviations from the
measured j/V characteristics (Fig. 6.13(b)).

6.2.4 Discussion

The application of the co-solvent 1,8-diiodooctane results in a dramatic change
of the active layer morphology (see Fig. 6.14 and Ref. [126, 128]) and also in
a considerably improved device performance (Fig. 6.9(a)), mainly related to
an enhanced photocurrent (Fig. 6.9(b)). For the present material systems
the additive leads to a more uniform morphology and the formation of an
interpenetrating network [129]. For a devices processed without DIO a large
phase separation is present and isolated fullerene domains can be supposed
from AFM phase diagrams (Fig. 6.14) as well as from AFM/TEM studies in
literature [129, 127, 126]. A much smoother surface topography for the device
processed with DIO becomes apparent from the height profile.

Despite the described morphological differences, TPV and CE studies re-
vealed similar charge carrier lifetimes and, thus, comparable nongeminate re-
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Figure 6.13: (a) Measured and reconstructed current—voltage response of a
PTB7:PC7;BM 1:1.5 solar cell, processed with and (b) without DIO as addi-
tive for different illumination intensities at 300K. In (b) the generation term
Jgen varies with voltage with respect to the TDCF findings (see Fig. 6.11).

combination rates for both devices at low charge carrier densities. For carrier
concentrations above n = 1022m~3 the lifetime values of both devices no longer
coincide (see Fig. 6.10). In order to determine the nongeminate recombination
yield by TPV /CE measurements, it was assumed that all charges participat-
ing in the recombination process are encompassed in the CE transient. This
assumption can be critical if isolated domains are present, which is discussed
below.

Concerning the charge photogeneration, from prebias dependent TDCF
measurements a field-assisted dissociation of polarons is found for the device
processed without additive, while the device prepared with DIO shows a rather
constant separation yield [130]. For the former device, we find about 20% less
generation close to V,. than under short circuit conditions. The difference in
polaron pair dissociation is in good agreement to earlier results of Brenner et
al. They observed a stronger field dependence of photocurrent generation in
PTBT relative to the fullerene for devices processed without additive [121].
The field dependence was recently discussed in context of reduced LUMO en-
ergy levels of PC7;BM molecules being dispersed in a polymer matrix [126].
Due to higher electron affinity of fullerene agglomerates compared to dispersed
molecules [131], a good intermixing and a direct contact of fullerene agglom-
erates to a polymer matrix phase may be essential for efficient electron—hole
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Figure 6.14: Height and phase AFM images of both, the device processed
from pure CB solution and from CB and DIO as co-solvent. From the height
image a smoothening for the device processed with additive becomes apparent.
The variation of several degrees in the phase diagram of the sample processed
without additive indicates two different material regions. We assume a pure
fullerene phase of up to 200 nm in size embedded in a matrix mix-phase of
polymer and fullerene as described in Ref. [126].

separation. Thus, charge photogeneration is facilitated in the well intermixed
system created by the use of an additive, and under these conditions geminate
recombination can be neglected. For the device processed without additive
a field-assisted charge generation becomes apparent. From TDCF measure-
ments the voltage dependent dissociation probability PP(V) between V =0V
and V,. was derived by a polynomial fit.

For the device with additive reconstructed and measured j/V data co-
incide almost perfectly, as shown in Fig. 6.13(a): Both, fill factor and V.
are reproduced quite accurately for all light intensities. As only nongeminate
losses were considered to reconstruct the j/V behavior, they are identified as
the dominant loss process responsible for device performance limitation.

In case of the device processed from pure CB, both field-dependent photo-
generation and nongeminate recombination limit the performance. However,
considering both loss mechanisms, the reconstructed j/V data overestimates
the device performance (Fig. 6.13(b)). This discrepancy stems from an un-
derestimation of either geminate or nongeminate losses.

The degree of geminate recombination was verified by TDCF measurements at
different delay times (10 ns up to 380 ns) and excitation energies, but the deter-
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mined PP(V') dependence remained virtually unchanged [130]. Thus, PP(V)
and the derived photogeneration current jg.,(V) are expected to be deter-
mined exactly, at least as long as the dissociation of polaron pairs takes place
within 380 ns. It is known from other low-band gap polymers like PCPDTBT
or PCDTBT that CT decay / dissociation times of less than 10 ns is a credible
assumption [132, 66, 133].

Apparently, determining the nongeminate loss current j;,.s requires more
assumptions and, therefore, bears more uncertainty. The experimentally de-
termined nongeminate recombination rate R(n) stems from TPV/CE mea-
surements under open circuit conditions. It is assumed not to be explicitly
dependent on voltage. A voltage dependent recombination rate might be due
to a field-dependent mobility, with a negative voltage coefficient reported in
some blend compositions [134, 135|. Also, spatial variations of the charge car-
rier density cannot be resolved in CE experiments. If gradients are present,
they are more pronounced towards V' = 0 V than around V,. [77]. However,
both effects—a potentially field-dependent mobility and significant charge car-
rier gradients—would lead to an overestimation of the nongeminate recombi-
nation rate, not an underestimation. Therefore, they cannot be responsible
for the apparent overestimation of device performance.

An alternative which could potentially explain the discrepancy between
measured j/V characteristics and the reconstruction for the device without
additive is given in trapped charges (photogenerated or intrinsic) in spatially
isolated domains, i.e., without percolation pathways to the respective elec-
trode. These trapped charge carriers could recombine with mobile charge
carriers at the organic—organic interface influencing the apparent recombina-
tion rate. However, they can not contribute directly to the charge transport,
and could not therefore be observed in charge extraction experiments. Con-
sequently, the calculated nongeminate loss current jj.ss (see Eq. (5.14)) would
be underestimated, leading to an overestimated reconstruction of the pho-
tocurrent (see Eq. (3.8)). This scenario is very likely for solar cells prepared
without the co-solvent.

Indeed, a combination of resonant X-ray scattering and microscopy as well
as AFM images (Fig. 6.14) revealed 50-200 nm pure PC71BM domains in de-
vices processed without additive [126] favoring a trapping process as described
above. In Fig. 6.12, theoretical charge carrier density data n(V), required
for a successful j/V reconstruction of one sun illumination, was exemplarily
added for the device processed without additive (blue dashed line). Also, the
correspondingly shifted effective lifetime in dependence on the theoretically
necessary charge carrier density at V., 7(n), is shown in Fig. 6.10 for the same
device (blue open circles). Both representations illustrate that a considerable
amount of trapped charges contributes to the nongeminate loss current.
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Figure 6.15: Measured (blue), corrected by geometric capacitance (red) and
theoretically calculated charge carrier density (green) for various voltages V.
and the device processed without additive.

Further evidence that trapped charges are the origin of the apparent devi-
ation is given by dark capacitance measurements in the following. CE experi-
ments in the voltage range —0.35 V < V' < —0.05 V were applied to determine
an experimental dark capacitance of Cy,r = 3.37 nF, which is about 47%
higher than the expected geometric capacitance (Cye, = geog) roughly esti-
mated by assuming a realistic, effective dielectric constant ¢ = 3.7 as well as
the measured thickness (d = 130 nm) and active area (A = 9.12 mm?) of the
device. A likely scenario is that not only the geometric capacitance, but also
spatially trapped charge carriers in isolated material (fullerene) domains con-
tribute to the dark capacitance. As Cgyqu,i is used to correct all transients from
illuminated CE experiments, this would reduce the determined charge carrier
density in the bulk, relevant for nongeminate recombination. In Fig. 6.15
three different charge carrier densities are plotted versus V..

In blue the charge carrier concentration corrected by the measured dark
capacitance is depicted, while in red the same experimental data, but cor-
rected by the geometric capacitance Cj, is shown. The green data points
are reconstructed by the following assumptions: Geminate loss are estimated
to 20% between V = 0 V and V. from TDCF measurements (see Fig. 6.11).
Thus, jgen = 0.80 - js is assumed.

Furthermore, all generated charges at V,. are expected to be lost by
nongeminate recombination and therefore jien, = Jioss = % This enables
to calculate ne, (green data). It turns out that a reduction of Cygupp to meet
the estimated capacitance of a plate (planar dielectric) with ¢ = 3.7 leads
to charge carrier densities in the same range as necessary for successful V.
reconstruction, as evident from Fig. 6.15. Consequently, CE data corrected
by Cyarr, underestimates n(V,.) as traps in the bulk lead to an apparent higher
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capacitance.

6.2.5 Conclusion

In a detailed study the transient methods of TPV, voltage dependent CE
and TDCF were applied to PTB7:PC7;BM bulk heterojunction solar cells to
analyze the origin of performance limitation and the origin of the positive
impact of the co-solvent 1,8-diiodooctane (DIO). In devices processed with
DIO, a voltage independent charge photogeneration was found and discussed
with respect to a reduced LUMO energy of PC;;BM molecules dispersed in
a polymer matrix. The performed j/V reconstruction agreed perfectly well
with the measured response. This finding allowed us to identify nongeminate
recombination as the performance limiting loss mechanism for the device with
DIO. In contrast, devices processed from pure CB solution showed both, se-
vere geminate and nongeminate losses. A strong deviation of measured and
reconstructed j/V characteristics became apparent, which was discussed with
respect to spatially trapped charge carriers in isolated pure PC7;BM domains.
It was argued that those trapped charge carriers can explain the discrepancy
in the j/V reconstruction. In addition, this interpretation was supported by
measurements of the dark capacitance and comparison with the geometric
capacitance.



CHAPTER 7

Planar vs. Bulk heterojunction

In this final chapter the two main active layer architectures of OPV—planar
and bulk heterojunction organic solar cells—are compared in view off differ-
ences in device performance and charge carrier decay dynamics. As material
system of choice the small molecule CuPc and the fullerene Cgy are deposited
by thermal evaporation. Experimental techniques such as transient photovolt-
age and charge extraction are used in combination with macroscopic device
simulations (carried out by A. Wagenpfahl) for the following investigations.
Main parts of this section are published in Paper 4.

7.1 Introduction

The previous chapters dealt with solution processed bulk heterojunction or-
ganic solar cells [24], in which the active layer is composed of a blend of two
organic semiconductors, one acting as electron donor, the other as electron
acceptor. A promising power conversion efficiency of 7.0% was shown (see
Fig. (6.9(a))) for the material system PTB7:PC7 BM. An alternative layer
composition next to the BHJ is the planar heterojunction (PHJ), with two
adjacent thin layers of donor and acceptor. A PHJ device was indeed the
first organic photovoltaic cell with reasonable efficiency as reported by Tang
in 1986 [23]. The PHJ approach, however, has not been able to yield the
highest reported efficiencies in recent years, although a notable 5.24% have
been achieved recently for a tetraphenyldibenzoperiflanthene (DBP)/Cgq bi-
layer [136]. The previous chapters were focused on the charge carrier dynam-
ics in BHJ systems as it was also the matter in various publications by other
groups in the past [137, 138, 74]. Despite an expected bimolecular charge car-
rier decay with a quadratic dependence of the recombination rate on charge
carrier density, an empirically found apparent order of decay higher than two
is found (see Fig. 6.3 (a) and the drawn conclusion in Section 6.1.2) and dis-
cussed in view of a capture and release process of charge carriers into and from
trap states, respectively [139, 73, 140, 66, 72, 112]. Thereby, the complex
donor—acceptor morphology and its influence on the charge carrier dynam-
ics complicate the interpretation of experimental findings, leading to debates
among several research groups concerning the origin of the slow nongeminate
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recombination. To gain more insight into the impact of phase separation on
charge recombination, a BHJ and a PHJ solar cell in direct comparison were
investigated in the following.

7.2 Device Preparation & Measurements

Devices reported on in this chapter were prepared at the IMEC institute in
Belgium and shipped to Wiirzburg under nitrogen atmosphere for further
studies. As preparation conditions differ from those mentioned in Sec. 4.6 the
respective steps are briefly listed.

Pre-patterned ITO covered glass substrates (kintec, < 20 ohm/square)
were thoroughly cleaned (soap, deionized water and solvents). The substrates
undergo a 15 minutes UV-ozone treatment prior to the depositions of the or-
ganic materials. The organic materials bathocuproine (BCP, Aldrich), copper-
phthalocyanine (CuPec, Aldrich) and fullerene (Cgp from SES-research) are pu-
rified at least once using thermal gradient vacuum sublimation. The materials
are deposited in a high vacuum chamber (base pressure < 107¢ Torr) using
thermal evaporation, with an evaporation rate around 0.5-1.0 A/s. Accep-
tor/donator thickness of the planar device were set to 25/25 nm. The ratio of
the blended CuPc/Cg layer is kept constant at 1:1. The top contact (Ag) is
deposited in the same vacuum chamber, and it defines a cell area of 3 mm?.

Both cell types were studied by TPV and CE measurements under different
light intensities, while detailed explanation on the techniques can be found in
Section 4. Due to negligible influence of recombination during charge extrac-
tion for this material system the measured charge carrier densities were not
corrected for these losses. Densities per area were calculated by considering
the active layer area instead of volume.

In order to support the experimental data macroscopic device simulations
performed by an organic solar cell simulation software were applied, written
and carried out by A. Wagenpfahl. The simulation software is based on solv-
ing the differential equation system of Poisson, continuity and drift—diffusion
equations [141, 142, 59]. The light excitation profile was calculated by a trans-
fer matrix method generating excitons in a pure semiconductor and polaron
pairs in blended materials, respectively [141]. The illumination was set to
an AML1.5 spectrum. If an exciton diffuses to a heterointerface within its
lifetime it gets converted to a polaron pair. The following generation and
recombination dynamics were described by the Braun-Onsager and Langevin
theory [39, 68|. By fitting the j/V characteristics of a PHJ and a BHJ device
under illumination and in the dark (see Fig. (7.1)), the simulation parame-
ters within the experimental validated regime are acquired and summarized
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Figure 7.1: Dark and illuminated (one sun intensity) current—voltage char-
acteristics for the bulk heterojunction (a) and the planar heterojunction (b)
organic solar cell including respective fits on the experimental data. The fits
enable to extract device simulation parameters (see Table B.1) required for
further analysis.

in Table B.1 of the appendix. Except the mobility it was a main focus to
use equal parameters for both device architectures to account for the same
material composition. The LUMO and HOMO levels of CuPc and Cgg are in
accordance with Ref. [143]|. An effective blend was created combining the en-
ergy level HOMO¢, p. with LUMO¢,,. Additionally, the thickness of the BHJ
active layer was reduced from 50 nm to 45 nm, still within the preparation er-
ror. The absolute value for the decay rate k, used within the Braun—Onsager
model should not be overestimated, as it includes microscopic instead of di-
rectly measurable parameters, e.g. high local mobilities required for effective
charge separation [144, 47]. The exciton diffusion length was set to a value
larger than the spatial extent of the active layers.

7.3 Results

Several planar and bulk heterojunction solar cells with the same active layer
thickness of overall d = 50 nm were prepared, all yielding similar j/V char-
acteristics. Both CuPc/Cgq cell types were processed in one run, neglecting
to optimize the thickness in view of an increased performance. For the CE
and TPV measurements representative samples were selected and the j/V
characteristics for one sun is depicted in Fig. 7.1. The power conversion ef-
ficiency of the PHJ was n = 1.1%, yielding a short circuit current density of
Jse = 3.9 mA/cm?, an open circuit voltage of V,. = 507 mV and a fill fac-
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Figure 7.2: Comparison of a PHJ and a BHJ solar cells based on the materials
CuPc and Cg at room temperature as a function of bias light: (a) short circuit
current density j,. and (b) open circuit voltage V,. as well as EQE (c¢) and
absorption spectra (d).

tor of FFF = 55% at room temperature and one sun illumination intensity.
Under equivalent conditions the BHJ yielded n = 1.4%, j,. = 6.5 mA/cm?
Ve = 488 mV and FF = 43%. In Figure 7.2, j,. and V,. of PHJ and BHJ
solar cells are compared in dependence on incident light intensity. Thereby,
Jsc is significantly higher in the BHJ than in the PHJ device for all light in-
tensities (Fig. 7.2 (a)). In view of the external quantum efficiency (EQE) and
the absorption profile shown in Fig. 7.2(c),(d) this is not surprising. Specially
a reduced contribution of CuPc in the EQE of the bilayer configuration in
the wavelength range above 550 nm becomes apparent, probably related to
the limited exciton diffusion length limiting charge photogeneration in PHJ
devices. In contrast, the open circuit voltage (Fig. 7.2 (b)) is found to be
lower in the PHJ for low light intensities, but exceeds the voltage of the BHJ
for light intensities above 0.3 suns. Similar results of V,.(Pr) are shown in
Ref. [145] and discussed with respect to the different ideality factors for both
device structures, although without going into detail. As the open circuit
voltage is determined by the balance of charge carrier generation and recom-
bination, G = R, transient photovoltage and charge extraction measurements
to study nongeminate recombination under open circuit conditions are used
to further analyze this finding.

In Figure 7.3(a) we present the results of TPV measurements on the PHJ



7.3. Results 79

QITTI I T[T T[T T[T T[T IT[7T7T] RN RN RN R R RN AR
[
(@) PHJ BHJ (b)
‘e O . 0 |

100 ~.~®& 4 5 ® data --- fit 5@'
2 . S0 @w@eff E
F 1ot RN B :
PHJ  BHJ o e - e 92 1
{LL® data ---fit] " oy 102" _i‘ *.. _
b b b b e | L 0 |

200 300 400 500 200 300 400 500

Voc [mV] Voc [MV]

Figure 7.3: (a) Small perturbation charge carrier lifetime 7o, and (b) charge
carrier density versus open circuit voltage V. for CuPc/Cgy based planar and
bulk heterojunction organic solar cells.

and BHJ device. TPV, introduced in detail in Chapter 4, is based on monitor-
ing the photovoltage decay upon a small optical perturbation during various
constant bias light conditions [70]. From the voltage transient, the small
perturbation charge carrier lifetime 74, is extracted in dependence of the re-
spective open circuit voltage due to the constant background illumination.
Figure 7.3(a) depicts an exponential dependence of 75, on the open circuit
voltage V,. similar to TPV studies on polymer:fullerene bulk systems shown
in Chapter 5, 6 or in literature in the past [70, 73, 92|. This finding is valid for
both architectures, the present CuPc/Cgy PHJ and the CuPc:Cgy BHJ device.
A steeper slope is observed for the BHJ. The variation of the effective charge
carrier lifetime with light intensity indicates a nongeminate loss mechanism
for both device architectures.

In order to analyze the charge carrier dynamics, the number of charge
carriers participating directly in the recombination process is required. Within
the effective medium approach for BHJ devices, the charge carrier density
profile can be approximated to be spatially uniform within the active layer.
Spatial variations in the charge carrier generation are compensated to a certain
degree by a diffusive current transport. Thus, the charge carrier densities can
be measured by the straightforward charge extraction (CE) technique (see
Chapter 4 and the results in Chapter 5, 6). The situation is different in PHJ
devices: polaron generation and recombination are very nonuniform [146], i.e.,
localized at the planar donor—acceptor heterointerface. Considering the TPV
technique as example, the photovoltage rise upon laser excitation is based on
charge carriers successfully generated at the planar donor—acceptor interface
from the primary photoexcitations. The subsequent charge carrier decay is
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proportional to the nongeminate recombination of electron and hole at this
interface, not to the overall charge carrier concentration. Thus, only charge
carriers at the interface (n;,;) are relevant for the charge carrier decay analysis
in PHJ solar cells.

Nevertheless, for comparison CE measurements were also performed on
the PHJ system. As the contribution of capacitive charges is even more dom-
inant for PHJ, the corresponding correction (described in details in Sec. 4.3)
becomes more important. The density of extracted charge carriers n.,; was
calculated assuming in first approximation a constant (uniform) charge carrier
distribution in analogy to the BHJ device (see Sec. 4.3) and appears exponen-
tially dependent on V. (see Fig. 7.3(b)). It is noted that this is in contradiction
to the findings of Credgington et al. [147|, who found a linear dependence of
Nezt 0N Ve in pentacene/Cgy bilayer devices due to the dominating geomet-
ric capacitance. The exponential dependence depicted in Fig. 7.3(b) suggests
that the chemical capacitance of the present active material CuPc/Cgy pro-
vides a stronger contribution to the total amount of charges at a certain light
intensity than the dielectric plate capcacitance. In comparison to the BHJ
device, the data derived from the planar device is stronger dependent on V..

As mentioned before, the approximation of a uniform charge distribution
in PHJ devices might not be precise enough to describe the decay dynamics
exactly. The relevant quantity, the charge carrier concentration at the inter-
face n;,; cannot be determined directly, e.g. by the CE technique. Thus, a
different approach is needed.

Based on a model introduced in Ref. [146] the open circuit voltage V.
in PHJ solar cells depends—in addition to material constants such as the
effective band gap energy F, and the effective density of states Np—only on
the charge carrier concentration n;,; at the planar interface [146],

E, mnukT . [ N?
voc:?g_”dq 1n(n2D). (7.1)

wnt

For the sake of simplicity the effective density of states Np as well as the
interface charge carrier density n;,; were assumed to be equal in donor and
acceptor. Furthermore, ¢ is the elementary charge, K7 the thermal energy and
n;q the ideality factor. In Ref. [146] Eq. (7.1) was derived by considering the
position dependent charge concentration and the related field distribution.
Assumptions such as thermionic emission at the contacts and disregard of
doping or trapping lead to a simplified expression for V,. in PHJ devices,
implicitly representing the charge/field distribution across the device. Within
the model, band bending compensates for the energy losses at the contacts.
The effective band gap energy E, is found to be rather independent of
device architecture and was determined from V,.(7") of the BHJ device to be
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Figure 7.4: (a) Charge carrier concentration in the PHJ solar cell at the donor—
acceptor interface n;,; calculated by Eq. (7.2) vs. the charge carrier density
extracted from CE measurements, n;,;. The black dashed line represents the
case Ny = Negt, which would imply that there are no significant charge carrier
gradients. (b) Small perturbation charge carrier lifetime 74, vs. respective
carrier densities of the bulk heterojunction (blue), of the planar heterojunction
experimentally determined (green) and the theoretically calculated interface
carrier density (red).

E, =~ 1.03 eV. Thereby, V,. turned out to be limited by injection barriers ®
below T=250 K, roughly estimated as ® > 0.2 eV according to Ref. [98]. A
2-dimensional density of states Np,, = 6.3 - 10'" m~2 at the heterointerface
was derived from the 3-dimensional density Np of the macroscopic simulation
(see Table. B.1) by Np,, = sz)/ 3, Accordingly, n;,; has the unit m=2 as well.
The ideality factor is determined from V,. vs. In(j,) data as described in
Chapter 5 and Ref. [96] and found to be n;; ~ 1.94. Eq. (7.1) solved for n;,,

leads to
(quc - Eg)
2nkT
which enables to calculate the charge carrier density at the planar interface,
Nint, from the measured open circuit voltage. In Fig. 7.4(a), n;,; is compared to
nert. LThe latter was determined by CE as described above. In order to realize
a 2-dimensional density n.,; was multiplyed by the active layer thickness.
Focusing on nongeminate recombination, the respective small perturbation
carrier lifetimes 7, of PHJ and BHJ as a function of charge carrier density are
depicted in Fig. (7.4(b)). In order to allow a comparison with the calculated

Nint = Np exp (7.2)
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interface charge carrier density n;,; (see Eqn. (7.2)), the respective densities
ner of PHJ and BHJ are both represented per area instead of volume, as
described above.

7.4 Discussion

7.4.1 Recombination

The short circuit current density js. of the CuPc/Cgy BHJ solar cell is higher
than for the PHJ for all light intensities studied, although the dependence
on the illumination intensity is similar as shown in Fig. 7.2 (a). From the
absorption profile in Fig. 7.2 (d), a similar absorption yield in both device
architectures becomes apparent. Meanwhile a reduced EQE for the planar
compared to the bulk device in the wavelength range 550 nm < A < 800 nm
is found, as depicted in Fig. 7.2 (¢). One possible explanation is that the
charge generation in the pure, 25 nm thick, CuPc layer is limited by the
exciton diffusion length d.,. Depending on the CuPc crystal size d., is in
the range of 15 nm < d., < 20 nm [148, 149|. For this reason, the enhanced
exciton splitting rate in BHJ devices due to the well distributed heterointerface
results in a higher maximum current output (see Fig. 7.2 (a)). The charge
transport within the spatially disordered photoactive layer of the BHJ device
does not seem to limit the current output significantly. Koster et al. presented
a rough estimate of nongeminate charge losses under short circuit conditions
by the relation j,. oc P;. Assuming that the generation rate of free charges is
proportional to light intensity the bimolecular recombination loss efficiency is
defined by npr = o' —1[105]. For the present material system this approach
reveals negligible losses of about 1.5% in the BHJ device.

The situation is different for the open circuit voltage, as depicted in
Fig. 7.2 (b). At lower light intensities, Viepy, < Voepy,, Whereas from 0.3
suns onward the situation is reversed. Open circuit conditions are equivalent
to G = R, i.e., the differences in open circuit voltage for PHJ and BHJ can
be explained by the different recombination rates.

As pointed out above, in PHJ predominantly the charge carrier density at
the heterointerface n;,, is relevant for the nongeminate recombination process.
The almost linear dependence of n,; on ne, (Fig. 7.4(a)) suggests the major-
ity of photogenerated charge carriers reside at the planar heterointerface. This
implies a strong carrier concentration gradient from the metal-semiconductor
interface towards the donor—acceptor interface for low light intensities. How-
ever, at higher illumination intensities, the concentration of photogenerated
charge carriers increases strongly at the heterointerface, reducing the diffusion



7.4. Discussion 83

current, which ultimately leads to the carrier gradient pointing away from the
interface [146].

In Fig. 7.4(b) the small perturbation charge carrier lifetime 74, in depen-
dence on a 2-dimensional charge carrier density of PHJ and BHJ devices are
directly compared. Both show a decreasing lifetime with increasing charge
carrier density. This behavior was already discussed for polymer:fullerene so-
lar cells in Chapter 6 (see Fig. 6.2(a)) and in literature |70, 73, 92]. For high
charge carrier densities the photogenerated charge carriers in the PHJ have a
longer lifetime than in BHJ devices, indicating the strong impact of the device
architecture. This behavior can be explained by diffusion of charge carriers
away from the heterointerface, which becomes more important in PHJ at high
illumination densities due to preferred photogeneration at this interface. For
intense bias light, electrons (holes) diffuse within the acceptor (donor) layer
away from the planar heterointerface. Thus, they are screened from bimolec-
ular recombination, which occurs primarily at the donor—acceptor interface,
leading to an enhanced charge carrier lifetime in PHJ devices. The latter can
be directly related to the open circuit voltage of the PHJ device exceeding the
voltage of the BHJ system under high illumination densities (Fig. 7.2 (b)).
Pointing towards the comparison of ne,; and n;,; in Fig. 7.4(b) an almost par-
allel shift with similar slope A becomes evident. The charge carrier density at
the interface n;,;, theoretically calculated by Eq. (7.2) is slightly higher than
the experimental parameter n.,;. The choice of Np, identified from the sim-
ulation, comprises the most inaccuracy. Nevertheless, a change of Np would
only lead to a parallel shift of n;,; in Fig. 7.4(b) without impact on our conclu-
sions. Furthermore, a non-linear dependence of the small perturbation charge
carrier lifetime 7, on the charge carrier density (7a, o< n=*) can be derived
from Fig. 7.4(b). Thereby, the slope A represents the charge carrier decay
order A+1 according to dn/dt oc n**!, usually found to be higher than two
if determined by transient experiments on organic solar cells (see Chapter 6,
Fig. 6.1.2). The deviation from a quadratic decay order is commonly explained
by the influence of trapped charge carriers |70, 73, 74]. The data depicted in
Fig. 7.4(b) shows a significantly steeper slope for the BHJ device than for the
PHJ device and both devices exceed the quadratic decay order. This finding
clearly reveals the influence of the active layer morphology on charge trapping
and suggests a lot more charges being trapped in the complex morphology of
a bulk system than in simple PHJ device architecture.

7.4.2 Open Circuit Voltage

As mentioned above and depicted in Fig. 7.1 the experimental current—voltage
characteristics of BHJ and PHJ devices were fitted by a macroscopic device
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Figure 7.5: (a) Simulated open circuit voltage V,. and (b) calculated loss
in potential for PHJ and BHJ devices as a function of illumination intensity.
Vertical lines at 10 suns before and after the crossing of V. mark the intensities
at which the charge carrier distributions are shown in Fig. 7.6.

simulation program. For details see the experimental section (7.2) and a sum-
mary of the derived fitting parameters in the Appendix (Table B.1). The
retrieved parameter set was subsequently used to qualitatively reproduce the
experimentally found dependence of V,. on the light intensity Pr. The results
from the simulation are depicted in Fig. 7.5(a) and perfectly agree with the
experiment (Fig. 7.2(b)). In principle, only experimentally determined pa-
rameters were used as input for the simulation. As noted in the experimental
section, only slight adjustments were necessary to improve the fits to the mea-
sured j/V response. Parameters determined by TPV and CE measurements
were not used for the simulation, even though experimental and modeled
charge carrier concentration and lifetime are qualitatively similar. The main
purpose of the simulation was to show that nongeminate recombination, as
discussed in the previous section, leads to charge carrier distributions which
specifically depend on the respective device architecture. The corresponding
loss of electric potential (Fig. 7.5(b)) leads to the experimentally observed
differences in the dependence of the open circuit voltage on light intensity for
PHJ and BHJ devices.

Mathematically V,. can be described for both device architectures as the
effective band gap E, determined by the lowest unoccupied molecular orbital
(LUMO) of Cgp and the highest occupied molecular orbital (HOMO) of CuPc
(cf. Eqn. 7.1), reduced by all potential losses, injection barriers ® and Coulomb
interaction between charge carriers Ejys,

‘/oc = (Eg - <I>n - (I)p - Eloss) /q (73)
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In accordance with the experimentally found sum of injection barriers, the
barrier parameters were set to ®, = 0.25 eV (anode) and ®,, = 0.0 eV (cath-
ode).

In order to find an expression for the loss in potential Ej,, the drift—diffusion
equation for electrons,

on

o (7.4)

Jn = qnun B —qD),

and holes respectively

Jp = apipE + qu% (7.5)
is considered, with the electron and hole mobilities p,, p, as well as their
related diffusion constants D,,, D, and the electric field over the device E.
As the net current flow under open circuit condition has to vanish, the sum
of the two drift—diffusion equations for electrons and holes can be set to zero
and subsequently be written as a function of the electric field. The overall
lost electric potential therefore reads

L _Dnﬁn(fv) +D op(z)
Eloss :/ O - diE, (76)
o M () + ppp ()

with the active layer thickness L. From Eq. (7.6), we find high charge carrier
density gradients to be responsible for losses of V,,., whereas high charge carrier
densities generated by illumination lead to an increase of V,.. In order to
pinpoint the origin of the detailed V,. vs. light intensity dependence, the
integral can be separated into two parts for the derivative of electrons and
holes, respectively. The results are shown in Fig. 7.5(b). The corresponding
charge carrier profiles for BHJ and PHJ devices are presented in Fig. 7.6 for
the two light intensities marked in Fig. 7.5(a), as well as for dark conditions.

As described, the BHJ has a higher open circuit voltage at low light inten-
sities, but due to the lesser slope of V,. vs. illumination, as compared to the
PHJ, the latter has the higher V,. above 0.3 suns (Fig. 7.2 (b)). The carrier
concentration profiles (Fig. 7.6) show a fundamental difference, since holes
and electrons are well separated from each other in PHJ solar cells, but reside
within an effective medium in the BHJ. Minority charge carriers in the PHJ,
i.e., electrons in the p-conducting as well as holes in the n-conducting material
possess a charge carrier density of not more than 10° m~3. In contrast, a BHJ
solar cell shows a high concentration of both types of charge carriers across
the whole extent of the device, which leads to a slightly higher overall genera-
tion term than in PHJ. A metal electrode generally injects electrons as well as
holes into a semiconductor described as thermal activation by the thermionic
emission theory. Consequently, the ratio between injected electrons and holes
is an exponential function of the offsets between the metal Fermi level and the
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Figure 7.6: Charge carrier density distribution due to photogeneration and
injection for a PHJ (left) and a BHJ (right) device at zero (thin dashed), low
(solid) and high (dashed) illumination intensity, corresponding to the leftmost
and rightmost markers in Fig. 7.5(b). With increasing light intensity charges
are accumulated at the heterointerface in contrast to the fixed boundary con-
ditions at the electrodes. At high illumination levels space charge regions
marked by grey arrows can be observed.

LUMO and HOMO levels of the semiconductor. An injection barrier as used
here refers to the smaller value of both offsets. For the anode, where holes are
the majority charge carriers, this can be stated as

poxexp(—®,) and n oxexp(—E; + D). (7.7)

Hence, in Fig. 7.6 the rightmost and leftmost charge carrier densities, which
means at the electrodes, are constant for all illumination levels. Photogener-
ated charge carriers are accumulated inside the bulk and especially in prox-
imity of the heterointerface.

BHJ devices are described as effective medium with a band gap E, of
1.05 eV. For this reason, the injection of majority carriers at the anode cor-
responds to hole injection into CuPc, whereas the minority carriers at this
interface are electrons injected into Cgo. In contrast, in PHJ devices only one
of the two photoactive materials is adjacent to a given electrode, e.g. CuPc
(anode). Thus, while the majority (hole) injection barrier corresponds to the
BHJ case, the minority carriers have a larger injection barrier equal to the
CuPc gap less @, which leads to a lower concentration of minority charge car-
riers. The situation at the cathode is equivalent, considering that electrons are
majorities there. Consequently, the higher a certain injection barrier is, the
lower the difference between injected majority and minority charge carriers.

The charge carrier profiles of the BHJ and the PHJ device (Fig. 7.6), can be
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interpreted in terms of Eq. (7.6). In PHJ devices, the type of majority charge
carrier changes always at the heterointerface. In contrast, charge carriers in
the BHJ are not restricted to specific layers. Therefore, the spatial position
at which the type of majority charge carriers changes from electrons to holes
is not constant. Accordingly, the charge carrier densities and especially their
sums are always higher in a BHJ than in a PHJ device. The smaller V.. of the
PHJ device in particular at low illumination levels, however, is also caused
by the additional steep gradient of the charge carrier concentration. With
increasing light intensity, the photogenerated charge at the donor—acceptor
interface of PHJ devices has a major impact on the charge carrier gradient
within the organic layers. For low light intensities, this gradient leads to
charge diffusion towards the interface, while at higher light intensities the
gradient can change direction. This is in accordance with longer charge carrier
lifetimes derived experimentally by TPV for the planar device (see Fig. 7.4(b))
as charges diffusing away from the interface are screened from nongeminate
recombination. In terms of V. this weaker gradient reduces the loss in electric
potential (Fig. 7.5(a)) and leads to an open circuit voltage exceeding the one
of the BHJ device at intensities above 0.3 suns (Fig. 7.5(b)). Above one sun,
space charges (Fig. 7.6, arrows) start piling up in both device architectures.
In the PHJ device, the space charge is built up at the CuPc/Cg interface
due to the localized photogeneration, introducing a diffusion of charge carri-
ers away from the heterointerface equivalent with the experimentally found
enhanced charge carrier lifetime. For this device geometry, V. is independent
of the injection barriers [146]. In BHJ solar cells, however, the space charge
region forms at the anode with its small injection barrier, further lowering the
open circuit voltage and potentially also the current into this electrode.

7.5 Conclusion

The recombination mechanisms of planar and bulk heterojunction solar cells
were studied. To this end, transient photovoltage and charge extraction tech-
niques were applied to devices based on CuPc and Cgg. The observed dif-
ference in the light intensity dependence of the open circuit voltage between
both architectures can be explained by the decay dynamics of charge carriers,
as well as their spatial distribution. In bilayer devices, the charge generation
primarily occurs at the planar heterojunction, and the photogenerated major-
ity charges are transported in layers with low densities of minority carriers.
This induces an enhanced charge carrier lifetime, and carrier profiles that ul-
timately lead to diffusion away from the heterojunction. In BHJ, however,
the complex intermixing of donor and acceptor phase introduces an increased
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charge carrier recombination. The V. values for BHJ are higher compared to
PHJ at low light intensities. The smaller slope of V,.(Pp) of the former leads
to a cross-section, so that at higher light intensities the open circuit voltage
of the BHJ remains below the PHJ device. This effect is due to higher recom-
bination rates in BHJ devices as well as the exclusive impact of the injection
barrier on the BHJ solar cells. The experimental findings, in particular the V.
dependence on light intensity, were reproduced by a macroscopic device sim-
ulation. Thus, this chapter revealed the impact of the actual charge carrier
distribution and charge carrier recombination—both affected by the device
architecture—on the open circuit voltage.
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Conclusion

Conclusion

The main focus of this work was to elucidate the performance limitations of
the emerging organic photovoltaic (OPV) technology on the basis of repre-
sentive devices. The key experimental techniques were transient photovoltage
(TPV) and charge extraction (CE) which provide access to the lifetime and
the density of photogenerated charge carriers in organic solar cells under oper-
ating conditions. In contrast to other techniques used to study charge carrier
dynamics, for instance charge extraction by linear increasing voltage (CE-
LIV), TPV experiments are realized by a small optical perturbation and thus
under quasi-equilibrium conditions. Other techniques in use were transient
photocurrent (TPC) and time delayed collection field (TDCF) to study the
charge carrier density and the charge photogeneration, respectively. Besides
the standard reference system of OPV, poly(3-hexylthiophene):|6,6]-phenyl-
Cgibutyric acid methyl ester (P3HT:PCgBM), the low-band gap polymer
PTBY in combination with [6,6]-phenyl-C7; butyric acid methyl ester and evap-
orated samples based on the small molecules CuPc and Cgg were investigated
intensively.

By an extensive TPV /TPC study it was feasible to analyze the standard
OPV reference system, PSHT:PCg BM, with the Shockley Equation (SE).
It was shown that the SE parameters, i.e., the ideality factor and the dark
saturation current, are directly related to charge carrier recombination and
are accessible by transient studies on photovoltage and photocurrent in case
of field-independent charge carrier generation. The good agreement of static
and transient approaches over a wide temperature range demonstrated the
validity of the Shockley model for organic solar cells based on material sys-
tems satisfying the requirement of field-independent polaron-pair dissociation.
Furthermore, the temperature dependence of the dark saturation current jg
allowed determining the effective band gap of the photoactive blend, perfectly
agreeing with the literature values of the energy onset of the photocurrent
due to charge transfer state absorption. In addition a consisting model was
presented, directly relating the ideality factor to recombination of free with
trapped charge carriers in an exponential density of states.
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On closer consideration of the work above, as-prepared (pristine) and ther-
mally treated (annealed) P3HT:PCg BM solar cells were analyzed by TPV and
voltage dependent CE experiments from room temperature to 7" = 200K . The
determined charge carrier decay rate under open circuit voltage conditions and
the voltage dependent charge carrier densities n(V') enabled to calculate the
nongeminate loss current jj,ss. It was shown that jjs alone is sufficient to
reconstruct the measured j/V characteristics across the whole operational
range for annealed and pristine solar cells and different temperatures. From
the perfect agreement of measured and reconstructed data a voltage indepen-
dent charge photogeneration can be deduced for this material composition
and the studied temperature range.

Subsequently, the j/V reconstruction procedure was also applied to the
rather new low-band gap polymer PTB7 in combination with PC;;BM. The
devices were processed from pure chlorobenzene and a subset was optimized
with 1,8-diiodooctane (DIO) as co-solvent. The dramatic changes in device
performance were discussed with respect to the dominating loss processes.
While in the devices processed from CB solution, severe geminate and nongem-
inate recombination were observed, the use of DIO facilitates efficient polaron
pair dissociation and minimizes geminate recombination. This was verified
by TDCF measurements. The nongeminate loss current j;,ss of the samples
with DIO alone enabled j/V reconstruction while geminate and nongeminate
losses were considered to describe the j/V response of samples prepared with-
out additive. The clear performance overestimation by reconstruction for the
latter device was attributed to trapped charges in isolated domains of pure
fullerene phases.

Finally, nongeminate recombination in devices based on CuPc and Cgy was
addressed. To this end, two device architectures—the planar heterojunction
(PHJ) and the bulk heterojunction (BHJ)—were directly compared in view
of differences in charge carrier decay dynamics. TPV and CE experiments
provided the charge carrier lifetime and density. The observed difference in
the light intensity dependence of the open circuit voltage between both ar-
chitectures was explained by the decay dynamics of charge carriers as well as
their spatial distribution.

In PHJ solar cells, the charge generation primarily occurs at the planar
heterojunction, and the photogenerated majority charges are transported in
layers with low densities of minority carriers. This induces an enhanced charge
carrier lifetime, and carrier profiles that ultimately lead to diffusion away from
the heterojunction. As from extraction techniques only the spatially averaged
carrier concentration can be determined, the charge carrier density at the
interface n;,; was derived from the open circuit voltage.

In BHJ devices, however, the complex intermixing of donor and acceptor
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phase introduces an increased charge carrier recombination. The V,. values
for BHJ are higher compared to PHJ at low light intensities. The smaller
slope of V,.(Pp) for the BHJ leads to a cross-section, so that at higher light
intensities the open circuit voltage of the BHJ remains below the PHJ device.
This effect is due to higher recombination rates in BHJ devices as well as the
exclusive impact of the injection barrier on the BHJ solar cells. We reproduced
the experimental findings, in particular the V,. dependence on light intensity,
by a macroscopic device simulation. Thus, the impact of the actual charge
carrier distribution and charge carrier recombination—both affected by the
device architecture—on the open circuit voltage was identified.

In summary this work revealed the detailed impact and peculiarities of
charge carrier losses (recombination) on the performance of different types
of organic solar cells. By focusing on the j/V characteristics the influence
of the active layer morphology on geminate and nongeminate recombination
was highlighted. While nongeminate losses mainly effect V. and can not be
neglected in any of the devices studied, geminate losses limit the photogen-
eration and the fill factor and are strongly related to the morphology of the
investigated material compositions. Consequently, one can realize an optimum
exploitation of performance potential of a given active material by controlling
its morphology. Nevertheless, to achieve the market launch of OPV in near
future, further progress from physical and chemical point of view is essential.
This definitely will include the synthesis of new, stable, high-performance
semiconducting polymers as well as subsequently optimized device processing
parameters.
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Zusammenfassung

Das Hauptaugenmerk dieser Arbeit lag in der Untersuchung der Leistungs-
limitierung der aufstrebenden Technologie organischer Photovoltaik anhand
von ausgewahlten Beispielen. Schliisselexperimente waren dabei die Metho-
den der transienten Photospannung (TPV) und der Ladungsextraktion (CE),
welche einen Zugang zur Lebenszeit und Dichte photogenerierter Ladun-
gen unter Arbeitsbedingungen der Zelle ermdglichen. Im Gegensatz zu an-
deren Techniken zur Untersuchung von Ladungstriagerdynamiken, wie z. B.
der charge extraction by linear increasing voltage (CELIV) Methode, wer-
den TPV Experimente durch eine kleine optische Storung und damit unter
Quasi-Gleichgewichtsbedingungen realisiert. Neben dem Standardreferenzsys-
tem der OPV, poly(3-hexylthiophene):|6,6]-phenyl-Cg; butyric acid methyl es-
ter (PSHT:PCg BM) wurden das low-bandgap Polymer PTB7 in Kombination
mit [6,6]-phenyl-Cr7butyric acid methyl ester (PC;;BM) sowie aufgedampfte
Proben basierend auf CuPc und Cgy intensiv untersucht.

In einer umfangreichen Studie stiitzend auf TPV /TPC Messungen war
es moglich das Standardreferenzsystem der OPV, P3HT:PCsBM mit der
Shockley Gleichung (SE) zu untersuchen. Es wurde gezeigt, dass die Shock-
ley Parameter, sprich der Idealitdtsfaktor und der Dunkelséattigungsstrom,
direkt mit der Rekombination von Ladungen zusammenhéngen und durch
transiente Messungen der Photospannung bzw. des Photostroms zugénglich
sind, sofern eine feldunabhiingige Ladungsgeneration vorliegt. Die gute Uber-
einstimmung von statischem und transientem Ansatz iiber einen grofsen Tem-
peraturbereich verdeutlicht die Giiltigkeit des Shockley Models fiir organis-
che Solarzellen basierend auf Materialsystemen mit feldunabhingiger Pola-
ronenpaartrennung. Des Weiteren ermoglichte die Temperaturabhangigkeit
des Dunkelsittigungsstroms j, die Bestimmung der effektiven Bandliicke des
photoaktiven Materials. Es zeigt sich eine perfekte Ubereinstimmung mit den
Literaturwerten, berechnet aus dem Einsetzen des Photostroms bei Absorp-
tion iiber den Ladungstransferzustand. Zudem wurde ein in sich konsistentes
Model dargelegt, welches den Idealitéitsfaktor direkt mit der Rekombination
freier und gefangener Ladungen, verteilt in einer exponentiell abfallenden Zu-
standsdichte, verkniipft.

In einer noch detaillierteren Studie wurden unbehandelte (pristine) und
thermisch geheizte (annealed) P3HT:PCg BM Zellen mittels TPV und span-
nungsabhingigen Ladungsextraktionsmessungen, iiber einen Temperaturbe-
reich von Raumtemperatur bis 7' = 200K, untersucht. Der so ermit-
telte Ladungstragerzerfall unter Leerlaufbedingungen und die spannungsab-
héngigen Ladungstragerdichten n(V') ermoglichten die Berechnung eines nicht-
geminalen Verluststroms j,.s. Es wurde gezeigt, dass, iiber den kompletten
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Temperaturbereich, die gemessene j/V Kurve im 4. Quadranten, sowohl der
unbehandelten als auch der geheizten Probe, einzig mittels des experimentell
bestimmten Verluststroms j;,ss komplett nachgebildet werden kann. Durch die
perfekte Ubereinstimmung von gemessenen und nachgebildeten j/V Daten
kann eine spannungsunabhénige Photogeneration fiir dieses Materialsystem
und den untersuchten Temperaturbereich abgeleitet werden.

Anschliefend wurde die Vorgehensweise der j/V Rekonstruktion auf das
neuartige low-band gap Polymer PTB7, in Verbindung mit PC;;BM ange-
wandt. Die Zellen wurden aus einer Chlorbenzol(CB)-Losung hergestellt,
wihrend eine Teilmenge mittels des Zusatzes 1,8-diiodooktan (DIO) optimiert
wurde. Die daraus resultierende dramatische Leistungsverbesserung wurde
im Bezug auf die dominierenden Verlustmechanismen erortert. Wahrend
beachtliche geminale wie nichtgeminale Verluste in Proben hergestellt aus
reiner CB-Losung zu beobachten waren, erleichtert die Zugabe von DIO die
effiziente Trennung von Polaronenpaaren und minimiert geminale Verluste.
Dies konnte mittels TDCF Messungen bestétigt werden. Alleinig der nicht-
geminale Verluststrom 7j;,ss von Proben hergestellt mit DIO als Zusatz er-
moglicht eine j/V Nachbildung, wiahrend eine j/V' Rekonstruktion der Zellen
ohne DIO die Beriicksichtigung geminaler und nichtgeminaler Verluste ver-
langt. Die deutlich sichtbare Uberschitzung der gemessenen Kurve durch die
j/V Rekonstruktion der Probe ohne DIO wurde mit gefangenen Ladungen in
abgeschlossenen Doménen in Verbindung gebracht.

Letztlich wurde die nichtgeminale Rekombination in Proben basierend auf
CuPc und Cgy untersucht. Zu diesem Zweck wurden zwei unterschiedliche
Proben Architekturen, die planare (PHJ) und die Mischiibergangsstruk-
tur (BHJ), direkt im Bezug auf Unterschiede in der Ladungstragerdynamik
miteinander verglichen. TPV und CE Experimente liefern Lebenszeit und
Dichte der Ladungstriager. Die gemessenen Unterschiede zwischen beiden Ar-
chitekturen in der Lichtabhéngigkeit der Leerlaufspannung konnte anahnd der
Zerfallsdynamik der Ladungstriger sowie deren rdumlicher Verteilung veran-
schaulicht werden.

In der planaren Struktur findet die Generation von Ladung vorzugsweise
am planaren Heteroiibergang statt und die photogenerierten Majoritéats-
ladungstriager werden in einer Schicht mit einer geringen Dichte an Minoritéts-
ladungstragern transportiert. Dies bewirkt eine Verlangerung der Lebens-
zeit und ein Ladungstragerprofil, welches zu einer Diffusion weg vom Hete-
roiibergang fithrt. Da mittels Exktraktionsmethoden nur rdumlich gemittelte
Konzentrationen bestimmt werden konnen, wurde die Dichte an Ladungen um
die hetero Grenzschicht n;,, iiber deren Zusammenhang mit der Leerlaufspan-
nung bestimmt.

In Mischiibergangszellen hingegen fiihrt das komplexe Netz aus Donator und
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Akzeptor zu einer erhohten Rekombination. Die V,.-Werte der BHJ Zelle
sind hoher als die der PHJ bei niedrigen Lichtleistungen. Die kleinere Stei-
gung von V,.(Pr) der BHJ fiihrt zu einem Schnittpunkt, so dass bei héheren
Lichtintensitaten die Leerlaufspannung der BHJ unterhalb der PHJ bleibt.
Dieser Effekt beruht auf hherer Rekombination in der Mischiibergangssolar-
zelle sowie dem ausschlieklichen Einfluss von Injektionsbarrieren auf diese.
Die experimentellen Beobachtungen, im speziellen die V,.-Abhéngigkeit von
der Lichtleistung, konnten mit Hilfe von makroskopischen Simulationen iiber-
priift werden. Somit wurden in dieser Studie der Einfluss der effektiven
Ladungstragerdichteverteilung und der Rekombination, welche beide von der
Architektur der Probe beeinflusst werden, auf die Leerlaufspannung offen-
gelegt.

Alles in allem verdeutlicht diese Arbeit die Auswirkungen von
Ladungstriagerverlusten (Rekombination) auf die Leistung verschiedener
organischer Solarzellen. Durch gezieltes Untersuchen der j/V Kennlinie
stand der Einfluss der Morphologie der aktiven Schicht auf geminale und
nichtgeminale Verluste im Vordergrund. Wahrend nichtgeminale Verluste
vorwiegend V. beeinflussen und in keiner der untersuchten Proben vernach-
lassigt werden konnte, limitieren geminale Verluste die Photogeneration und
den Fiillfaktor und sind stark von der Morphologie der hier betrachteten
Materialien abhéngig. Folglich erreicht man das Optimum der Leistung eines
gegebenen Materialsystems am besten anhand der Einflussnahme auf die
Morphologie. Dennoch, um eine Vermarktung von OPV in naher Zukunft
zu realisieren, ist ein Fortschritt auf physikalischer und chemischer Seite
unerlasslich. Dies umfasst die Synthese neuer, stabiler, hocheffizienter,
halbleitender Polymere genauso wie eine darauf folgende Optimierung der
Herstellungsparameter.
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APPENDIX A
Relation between charge carrier
decay order and 7x,,

The small perturbation charge carrier lifetime 7, is determined from transient
photovoltage (TPV) measurements. TPV is a small perturbation technique
based on the fact that the change in carrier density An is small in comparison
to the steady state charge carrier density n. Considering a generalized recom-

bination dynamic ‘fi—? = kn**! the small perturbation in n can be described

as,
ddAt” _do ;A”) - Cfl—? = k(n+ AnHT — g (A1)
= kn ! (1 + %)Hl — k™ (A.2)
~ kn* (1 + A+ 1)%) — kn?M (A.3)
= kn ! (()\ + 1)%) (A.4)
ddA—t” - C(;—qz ((A + 1)%) (A.5)

while the relation (1 — x)" &~ 1 — nz was used, valid for nz << 1. Using the
first derivative of Eq. (4.2) together with Eq. A.5 yields

dn n Eq.34 1

et A6

dt A+ 1D)7an 7(n)’ (4.6)
and therefore shows the relation of small perturbation carrier lifetime 7a,,
and the recombination order A\ + 1. Considering the experimentally derived
relations for n, c.f. Eq. (5.5) and 7ap, c.f. Eq. (5.4) the above derived Eq. (A.6)
yields,

dn nA+1

B A.
dt ()\ + 1)7‘An0né ( 7)






APPENDIX B

Device simulation parameters

The following parameters were extracted by fitting the current—voltage char-
acteristics of planar and bulk heterojunction devices under 1 sun illumination.
The simulation was carried out by A. Wagenpfahl and his macroscopic device
simulator.

parameter symbol BHJ PHJ unit
work function ITO/BCP Wero -4.848 -4.848 eV
workfunction Ag Wk, -4.05 -4.05 eV
LUMO CuPc LUMO¢,pe -3.0 -3.0 eV
HOMO CuPc HOMO¢y,pe -5.1 -5.1 eV
LUMO Cg LUMOcg,, -4.05 -4.05 eV
HOMO Cgg HOMOg¢,, -6.15 -6.15 eV
mobility CuPc Lle 3-107°  1.7-107%  m?/Vs
mobility Cg Lbe 3-107° 3-10°6 m?/Vs
density of states Np 5-10% 5-10% m~3
dielectric constant CuPc €CuPe - 3.4 -
dielectric constant Cygg €Cro — 4.0 —
dielectric constant blend Eblend 3.4 — —
polaron pair dist. rpp 1.2 1.2 nm
polaron decay rate k. —~ 1.4-10° s71

Table B.1: Parameters for device simulation found from fits on respective
experimental j/V data.
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