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Abstract

Organic solar cells have great potential to become a low-cost and clean alternative to con-
ventional photovoltaic technologies based on the inorganic bulk material silicon. As a highly
promising concept in the field of organic photovoltaics, bulk heterojunction (BH]J) solar cells
consist of a mixture of an electron donating and an electron withdrawing component. Their
degree of intermixing crucially affects the generation of photocurrent. In this work, the ef-
fect of an altered blend morphology on polaron pair dissociation, charge carrier transport, and
nongeminate recombination is analyzed by the charge extraction techniques time delayed col-
lection field (TDCF) and open circuit corrected transient charge extraction (OTRACE). Different
comparative studies cover a broad range of material systems, including polymer and small-
molecule donors in combination with different fullerene acceptors.

The field dependence of polaron pair dissociation is analyzed in blends based on the polymer
pBTTT-Cy4, allowing a systematic tuning of the blend morphology by varying the acceptor type
and fraction. The effect of both excess photon energy and intercalated phases are minor com-
pared to the influence of excess fullerene, which reduces the field dependence of photogener-
ation. The study demonstrates that the presence of neat fullerene domains is the major driving
force for efficient polaron pair dissociation that is linked to the delocalization of charge carriers.
Furthermore, the influence of the processing additive diiodooctane (DIO) is analyzed using the
photovoltaic blends PBDTTT-C:PC;;BM and PTB7:PC7;BM. The study reveals a multi-tiered al-
teration of the blend morphology of PBDTTT-C based blends upon a systematic increase of the
amount of DIO. Domains on the hundred nanometers length scale in the DIO-free blend are
identified as neat fullerene agglomerates embedded in an intermixed matrix. With the addi-
tion of the additive, 0.6 % and 1 % DIO already substantially reduces the size of these domains
until reaching the optimum 3 % DIO mixture, where a 7.1 % power conversion efficiency is
obtained. It is brought into connection with the formation of interpenetrating polymer and
fullerene phases. Similar to PBDTTT-C, the morphology of DIO-free PTB7:PC7;BM blends is
characterized by large fullerene domains being decreased in size upon the addition of 3 % DIO.
OTRACE measurements reveal a reduced Langevin-type, super-second order recombination in
both blends. It is demonstrated that the deviation from bimolecular recombination kinetics
cannot be fully attributed to the carrier density dependence of the mobility but is rather related
to trapping in segregated PC7;;BM domains. Finally, with regard to small-molecule donors, a
higher yield of photogeneration and balanced transport properties are identified as the dom-
inant factors enhancing the efficiency of vacuum deposited MD376:Cg relative to its solution
processed counterpart MD376:PCg1 BM. The finding is explained by a higher degree of dimer-
ization of the merocyanine dye MD376 and a stronger donor-acceptor interaction at the inter-

face in the case of the vacuum deposited blend.
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Kurzdarstellung

Organische Solarzellen sind dank der Moglichkeit einer preisgiinstigen und umweltfreund-
lichen Herstellung eine erfolgversprechende Alternative zu konventionellen Photovoltaiktech-
nologien, bei denen heutzutage hauptsichlich Silizium zum Finsatz kommt. Ein aussichtsre-
iches Konzept ist dabei die Heterogemisch (bulk heterojunction, BHJ)-Solarzelle. Deren aktive
Schicht besteht aus einer Elektron-gebenden und einer Elektron-entziehenden Komponente,
wobei die Generierung von Photostrom entscheidend von der Durchmischung beider Mate-
rialien abhédngt. Dieser Einfluss der Morphologie auf die Trennung von Polaronpaaren, den
Transport von freien Ladungstragern und deren nichtgeminale Rekombination wird durch die
Verwendung der Ladungsextraktionsmethoden time delayed collection field (TDCF) sowie open
circuit corrected transient charge extraction (OTRACE) in dieser Arbeit im Detail untersucht. Die
vorgestellten Studien umfassen mit Polymeren und kleinen Molekiilen als Donatoren sowie
verschiedenen Fulleren-Akzeptoren unterschiedlichste Materialsysteme.

Der erste Teil der Arbeit befasst sich mit der feldabhingigen Trennung von Polaronpaaren in
Solarzellen, die unter Verwendung des Polymers pBTTT-C;¢ hergestellt werden. Das Material-
system erlaubt eine systematische Anpassung der Morphologie durch Art und Anteil des Akzep-
tors. Die Untersuchungen zeigen, dass sowohl Uberschussenergie als auch interkalierte Phasen
lediglich eine geringe Auswirkung auf die Photogenerierung haben, diese jedoch stark von der
Fullerenmenge im Gemisch beeinflusst wird. Das Ergebnis verdeutlicht, dass reine Fulleren-
doménen die treibende Kraft fiir eine effiziente Trennung von Polaronpaaren sind, was mit der
Delokalisierung von Ladungstragern verkniipft wird. Im zweiten Teil wird der Einfluss des Ad-
ditivs Diiodooktan (DIO) auf das Materialsystem PBDTTT-C:PC;;BM untersucht. Die Studie
zeigt eine mehrstufige Anderung der Morphologie bei einer schrittweisen Erhéhung der ver-
wendeten DIO Menge. Wird das Heterogemisch PBDTTT-C:PC7;BM ohne DIO hergestellt, ist
dessen Nanostruktur durch grole Agglomerate geprégt, die als reine Fullerendoménen iden-
tifiziert werden. Bereits die Verwendung von 0.6 % und 1 % DIO fiihrt zu einer deutlichen
Verkleinerung dieser Domédnen, wobei erst die maximale Effizienz der mit 3 % DIO hergestell-
ten Solarzelle mit der Ausbildung von vernetzten Polymer- und Fullerenphasen in Verbindung
gebracht wird. Vergleichbar zu PBDTTT-C weist auch PTB7:PC7;BM groR8e Fullerendoménen
und deren bessere Dispersion durch die Verwendung von 3 % DIO auf. In beiden Féllen zeigt
OTRACE eine reduzierte Langevin-artige Rekombination sowie die Abweichung von einem bi-
molekularen Verhalten. Da diese erhéhte Rekombinationsordnung nicht mit der Ladungstra-
gerdichtenabhingigkeit der Mobilitdt erkldrt werden kann, wird sie dem Einfangen von La-
dungstrdgern in Fullerendominen zugeordnet. Im letzten Teil wird gezeigt, dass eine ergie-
bigere Photogenerierung sowie ausgeglichene Transporteigenschaften eine erh6hte Bauteilef-
fizienz von aufgedampften MD376:Cg Solarzellen im Vergleich zum fliissigprozessierten Pen-
dant MD376:PCg; BM bedingen. Die Beobachtung wird mit einer verbesserten Dimerisation
des Merocyanins MD376 und einer stiarkeren Donator-Akzeptor-Wechselwirkung an der Grenz-
flache erkléart.
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1. Introduction

During the last decades, the total global primary energy consumption per year increased con-
tinuously and reached 17 TW in 2011.!"! This demand is covered by about 3 % from nuclear en-
ergy, about 17 % from renewable sources, in particular biomass and hydropower, and by alarm-
ing 80 % from non-renewable fossil fuels, i.e., coal, oil, and natural gas. ?! Their combustion is
inescapably accompanied by the emission of the greenhouse gas carbon dioxide (CO,). Since
the beginning of industrialization, human activities raised the concentration of CO; in the at-
mosphere by almost 50 %. Although, the earth’s natural greenhouse effect is precondition for
life as we know it today, the steady increase in atmospheric CO, causes an enhanced reduction
of thermal radiation emittance to space. This anthropogenic greenhouse effect can be related
to the increase in the globally averaged temperature by 0.8 K initiating in the last century. !
Stopping the burn of fossil fuels within the next 50 years—long before available resources will
be depleted—and the development of clean energy sources is necessary for minimizing global
warming and the correlated climate change. Regarding the solar irradiation of 170,000 TW per
year, photovoltaic (PV), i.e., the direct conversion of solar energy to electricity, can be ascribed
great potential in the long-term solution of this global energy problem.

The discovery of the silicon (Si) solar cell dates back to 1954 at Bell labs. In the 1990s, the
large-scale production of PV devices was initiated by diverse national funding programs. ! As
a result, the uninterrupted progress in technology and manufacturing provoked a steady re-
duction of module costs reaching a value below €0.50 per Watt peak in 2014.*! However, the
fabrication of mono- or polycrystalline solar cells and thin-film technologies, still using Si as the
most popular bulk material, is commonly linked with a high energy and material requisition.
During the past 25 years, major progress has been made in the field of photovoltaic devices
made from carbon-based, organic semiconductors.® This kind of devices is often seen as the
third generation of solar energy obviating the major drawbacks of their inorganic counterparts.
Organic solar cells offer the possibility of simple roll-to-roll fabrication with low material input,
e.g., by thermal deposition at room temperature or by printing from inks, semi-transparent
layers of different colors, and flexible substrates (Figure 1.1).6! By comparison, organic photo-
voltaic (OPV) is a rather young technology that still requires a considerable need for research
in order to be able to compete with common inorganic PV systems. This includes the increase
in generated power relative to incurred expenses in first place, but also processing and lifetime
issues have to be solved. One of the most successful concepts of OPV devices is the bulk hetero-
junction (BHJ) architecture reaching current peak efficiencies up to 10 %."® The active layer
of a BHJ solar cells consists of polymers or small molecules as electron donor (D) blended with

typically fullerenes as electron acceptor (A). A critical aspect of the BHJ concept is the degree
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Figure 1.1.: Semi-transparent organic solar cell (image taken by Tim Deussen, Berlin, reproduced
with permission from www.heliatek.com).

of the D-A intermixing that is commonly referred to as the active layer morphology. The con-
trolled change of this nanostructure and grasping the impact on the factors driving an efficient
photocurrent generation are key aspects for further improving the performance of state-of-the-

art BHJ solar cells.

The aim of this work is to contribute to a better understanding of the effect of modified struc-
tural properties of the active layer on the essential processes in BHJ solar cells. As such a device
is exposed to light, bound electron-hole (e-h) pairs are generated in neat donor or acceptor
phases by the absorption of photons. In order to get dissociated, e-h pairs have to reach the
D-A interface between neat phases within their lifetime, where one charge carrier can be trans-
ferred across the interface. This separation commonly involves an intermediate, interfacial
state that has to be overcome to obtain free electrons and holes. Driven by an electric field, free
charge carriers then move through the percolating D-A network and are extracted at the elec-
trodes. Since the generation of free electrons and holes as well as their transport towards the
electrodes might be affected by strong loss mechanism, these two processes can be seen as the
most crucial steps in photocurrent generation. In addition, it is easy to imagine that the degree
of D-A intermixing impacts both: Whereas a fine dispersion of the blend constituents increases
the interfacial area and thus benefits e-h separation, efficient charge carrier transport requires
the presence of pure, interconnected phases. With focus on the trade-off between these two

factors, charge carrier extraction measurements are applied in this work. Consisting of an op-



tical pump and an electronic probe, these experiments allow access to both photogeneration
and transport in OPV devices under operating conditions.

The thesis is organized as follows. Chapter 2 provides a short historical review on organic
photovoltaics and introduces the fundamental steps from photon absorption to charge extrac-
tion in a BHJ solar cell. In addition, different concepts of optimizing blend morphology are
presented. Chapter 3 addresses the main steps of photocurrent generation, i.e., the formation
and transport of free charge carriers, and outlines the main loss mechanisms. The experimental
background is described in Chapter 4 including the introduction of the used materials, sample
preparation, and the applied measurement techniques. After that, the thesis covers three indi-
vidual subjects. Chapter 5 analyzes the impact of fullerene loading on the field and excitation
energy dependence of photogeneration. Chapter 6 covers a common method to optimize the
morphology and efficiency of state-of-the-art BHJ devices that is the use of solvent additives
during processing of the active layer. The effect of both a systematically increased additive
content as well as the effect of the optimized amount of the additive on device physics are stud-
ied in two different material systems. Chapter 7 stands out from the study of polymer:fullerene
blends in the two previous chapters and analyzes the differences in photogeneration and trans-

port between vacuum deposited and solution processed small-molecule solar cells.






2. Organic Photovoltaics

The chapter gives a brief overview on the basic properties of organic semiconductors and the
origin of their semiconducting behavior. It further outlines the application of organic semicon-
ductors in photovoltaics and emphasizes the concept of so-called bulk heterojunction solar
cells. The working principle of BHJ devices is summarized with focus on polymer:fullerene
blends mostly used in this work, unless stated otherwise. The chapter then goes on to examine
examples for the crucial effect of the active layer morphology on device physics, which is the
major aspect of this thesis. In addition, the device characterization by current-voltage mea-
surements is addressed. The chapter is based on the review article by Deibel et al. ! For a more
comprehensive insight, the reader may also consult other review articles, e.g., Dennler et al. ¥,

Brabec et al. 1011 or Heeger 5],

2.1. Organic Semiconductors

Semiconductors are generally defined by an electrical conductivity that can be varied over sev-
eral orders of magnitude. This property is related to the presence of an energy band gap Eg
between zero and about 4 eV.!'?) Prominent examples of crystalline, inorganic semiconduc-
tors are Si or the compound gallium arsenide (GaAs). The term organic is conventionally used
for matter that is generally based on carbon (C).!'3 The go-ahead for organic semiconduc-
tors dates back to the discovery of the conductivity of halogen-doped organic complexes in
the 1950s.'* The observation led to a systematic research on the optical excitation and charge
carrier transport of so-called small molecules representing the first important class of organic
semiconductors. 1>1¢! In the late 1970s, the second important class of organic semiconductors,
conjugated polymers, was developed,!”) which was honored by the Nobel Price in Chemistry
in 2000.

The conductivity of organic semiconductors is based on the tetravalent character of carbon
and the quasi-free motion of electrons in a 7-conjugated system. The ground state of a free C
atom is the 1s22s?2p? configuration. In conductive, carbon-based compounds, it is energeti-
cally favored that carbon will sp? hybridize, i.e., the 2s and the 2p orbitals form three equivalent
sp? orbitals in a trigonal planar geometry and a fourth p orbital perpendicular to this plane (Fig-
ure 2.1a and b). Adjacent C atoms are bound by overlapping two sp? orbitals and a p-p overlap,
forming localized o-bonds and a delocalized n-conjugated system, respectively. In carbon-
based compounds with alternating single and double bonds, the former builds up a molecular-

or polymer-backbone whereas the latter delocalizes along this backbone (Figure 2.1c). 1518
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Figure 2.1.: (a) Schematic illustration of the 1s?2s?2p? electron configuration of the C ground state
and the sp? hybridization. (b) The drawing illustrates ethene (C,H,) as the simplest example of a
n-conjugated system build up by two sp? hybridized C atoms. The three sp? orbitals of each C atom
form a plane with an angle of 120° to each other, and the remaining 2p orbital is perpendicular to it.
The C atoms are bound by overlapping two sp? orbitals and a p-p overlap forming ¢ and 7 bonds,
respectively. The orbitals are split in bonding and antibonding orbitals with a z-7* transition as the
lowest electronic excitation. (c) Alternating single and double bonds in carbon-based compounds,
e.g., coplanar polythiophene, result in a conjugated system of z-electrons along the polymer back-
bone. For reasons of simplicity, hydrogen (H) atoms are not shown. The delocalization of p orbitals
involves the formation of a HOMO and LUMO energy band separated by the energy gap Eg (modi-
fied from Reference 19).

n*4 p,

T-conjugated system

By the overlap of two sp? orbitals, occupied bonding orbitals (o) and unoccupied antibond-
ing orbitals (0 *) are formed (Figure 2.1b). Due to their localized character, the excitation of a
o-electron to the o*-state requires a quite large energy. In contrast, the p-p overlap results in
an only small energetic difference between the delocalized n- and n*-orbitals as the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), re-
spectively, covering the range of 1 to 3 eV. Thus, an absorption in the visible and near-ultraviolet
spectrum is possible. Regarding compounds that involve a multitude of carbon atoms (Fig-
ure 2.1c),  electrons delocalize along the whole polymer backbone giving rise to the formation
of HOMO and LUMO energy bands. Due to the electron-phonon interaction, which causes an

alternating length of single and double bonds (Peierls instability 2%),

an energy gap between
the HOMO (valence band) and LUMO (conduction band) occurs. The gap opening gives rise
to the semiconducting behavior of organic compounds. The magnitude of the HOMO-LUMO
gap E; depends on the degree of conjugation and can be tuned over wide range from the near-

infrared (NIR) to the near-ultraviolet spectrum. 12!



2.2. Organic Bulk Heterojunction Solar Cells

As outlined above, organic semiconductors can be divided into the two major classes, small
molecules and polymers. Polymers consist of a sequence of monomeric units. Their so-called
conjugation length is limited by distortions of this sequence, e.g., twists and kinks in the poly-
mer backbone or chemical defects causing an energetic barrier. ??) Regarding both classes of
organic semiconductors, weak interactions between adjacent molecules or polymer chains are
mainly caused by van der Waals forces. As a consequence, the optical excitation of organic
semiconductors results in the formation of an electrically neutral electron-hole pair localized
on one molecule or few monomeric units. Its binding energy can be estimated by the Coulomb
attraction of two charges at a distance of roughly 1 nm matching the typical size of a molecule or
monomer. Using a dielectric constant of €, = 3.5, which is characteristic for organic semicon-
ductors, yields a binding energy of about 0.5 eV. This value substantially exceeds the thermal
energy at room temperature (RT) of kg T = 26 meV. Excitations in organic compounds therefore
lead to the formation of strongly bound so-called Frenkel excitons. In contrast, the dielectric
constant of inorganic semiconductors is considerably larger (¢, = 10?%) yielding rather weakly

bound so-called Wannier-Mott excitons. [18!

2.2. Organic Bulk Heterojunction Solar Cells

2.2.1. Brief History

The first application of organic semiconductors for photovoltaic solar energy conversion dates
back to the 1970s, when first devices were made of one single active material. The organic
layer, e.g., perylene derivatives, was sandwiched between a high work function metal or con-
ducting glass and a low work function metal. Whereas the former acts as ohmic contact, the
latter ensures a rectifying electrode due to an interfacial oxide layer. To generate photocurrent,
excitons, which form upon the absorption of light, have to be separated into free electrons and
holes. Since the temperature under working conditions is not high enough to overcome the
substantial binding energy (Section 2.1), the dissociation mainly occurs at the metal-organic
barrier.!?* Consequently, the single layer devices suffered from high recombination losses and

reached a power conversion efficiency (PCE) of far less than 1 %. (25]

A significant improvement of the photovoltaic efficiency was made by the development of
the organic bilayer solar cell in 1986 (Figure 2.2a) reaching a PCE of about 1 %. 25! In this ap-
proach, the driving force for the dissociation of singlet excitons is provided by the energy offset
between the LUMO of the absorbing donor material and the LUMO of a second, strongly elec-
tronegative acceptor material, e.g., both from the class of small molecules. Although the planar
heterojunction (PHJ) architecture results in an efficient charge transfer of the electron at the D-
A heterointerface, the concept is limited by the short diffusion length d, of excitons in organic
semiconductors. Based on a variety of techniques to determine d,, it is reasonable to assume a
diffusion length in the range of 5 to 10 nm. 2”35 This value is far below the typical active layer

thickness of about 100 to 200 nm which is required for an adequate absorption of organic thin
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Figure 2.2.: Device architecture of (a) an organic PH]J solar cell and (b) an organic bulk heterojunc-
tion solar cell. The glass substrate is coated with a transparent conductive oxide (TCO), e.g., indium
tin oxide (ITO), acting as anode. It is followed by a hole transport layer (HTL) used for planarization
of the TCO layer at the same time. The active layer consists of either (a) the bilayer of donor and ac-
ceptor or (b) a D-A blend and is illuminated through the glass substrate. On top, a metallic electrode
acts as cathode.

films. As a consequence, only about 10 % of the generated excitons reach the D-A interface
within their lifetime and get separated.

The decisive approach to circumvent the tradeoff between the short exciton diffusion length
and the required film thickness was introduced in 1995. In a BH]J solar cell (Figure 2.2b), the ac-
tive layer consists of an interpenetrating D-A blend.”! Thus, the heterointerface is distributed
throughout the whole bulk of the active layer allowing a highly efficient exciton dissociation,
while the thickness of the active layer can be still adjusted to the absorption length. The bi-
continuous network of the donor and acceptor components is achieved by spin casting of
blend solutions or by the coevaporation of the molecular components, allowing the use of a
variety of D-A combinations. First BHJ devices were made of blends of the polymer poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) as donor and the fullerene
Ceo as acceptor yielding a PCE of 2.9 %.!”! During the last decades, the power conversion effi-
ciency of solution processed solar cells could be enhanced up to 9.2 % for blends of the low-
bandgap copolymer poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno([3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7) and the
small molecule [6,6]-phenyl-C;1-butyric acid methyl ester (PC7;BM). 3640 The current record
efficiency of BHJ devices is 10.7 %. &

2.2.2. Working Principle

Figure 2.3a schematically shows the fundamental processes of photocurrent generation in a
BHJ solar cell. The same processes are depicted in a simplified energy diagram in Figure 2.3b
and more detailed in Figure 3.2. The individual steps, starting with the generation of excitons
in the donor material which is followed by the electron transfer at the heterointerface, the dis-
sociation of coulombically bound e-h pairs, the transport of free electrons and holes, and their
final extraction, will be discussed in the following. In principle, these processes can also result

from the absorption and generation of excitons in the acceptor material yielding a hole transfer
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Figure 2.3.: (a) Schematic illustration of the fundamental steps from light absorption to photocur-
rent in an organic BH]J solar cells. (i) Light absorption and generation of a singlet exciton. (ii) Exci-
ton diffusion to the D-A interface followed by the transfer of the electron to the acceptor. (iii) The
coulombically bound e-h pair can either recombine geminately or (iv) get fully separated. (v) Hop-
ping transport of free electrons and holes to the respective electrode. (vi) Charge carrier extraction.
(vii) On their way through the D-A network, nongeminate recombination of independently gener-
ated electrons and holes can occur. (b) The same processes depicted in an energy level diagram. (iii)
Geminate and (vii) nongeminate recombination losses are indicated as dashed lines.

to the donor. However, for reasons of simplicity, only the case of an "electron-perspective" is

considered throughout this work, unless stated otherwise.

Light absorption and exciton generation: The active layer thickness of polymer:fullerene
BHJ solar cells of about 100 to 200 nm results from the very high absorption coefficient of com-
mon organic semiconductors. It is typically in a range beyond 10’ m™! and thus exceeds in-
organic counterparts by several orders of magnitude in the respective absorption band.*!! In
BH]J solar cells, the absorption mainly takes place in the donor material, i.e., in polymer phases,
which typically shows a quite narrow absorption range covering the visible spectral range only.
Despite improvements in the extension of the cutoff wavelength from around 650 nm in stan-
dard thiophene based polymers, e.g., the workhorse donor material poly(3-hexylthiophene-
2,5-diyl) (P3HT), to the 750 nm range in state-of-the-art low-bandgap copolymers, (36,42-44] (e
large mismatch between the polymer absorption and the solar spectrum (Figure 2.4) is still
one of the major drawbacks as compared to inorganic photovoltaics. They typically show an
absorption up to the far-infrared (FIR) range. As already mentioned, there is a certain ab-
sorption arising from the acceptor material, i.e., fullerene phases, [*>4% establishing the use of
fullerene derivatives with a stronger absorption such as PC7; BM. (471 However, the continuously
improved photovoltaic performance of BH]J solar cells has been mainly driven by materials re-
search efforts with focus on the development of novel donor materials. The absorption of light
is followed by the excitation of an electron from the HOMO to the LUMO level. Due to specific
selection rules, the excitation has a resulting spin of zero. Therefore, a so-called singlet exciton
is generated. As outlined above, this Frenkel-type excitation is located on one single molecule
or on a segment of the polymer chain and exhibits a substantial binding energy exceeding the

thermal energy at RT.
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Figure 2.4.: Comparison of the AM1.5 (direct) and AM1.5 G (direct and diffuse reflected) solar irra-
diance spectra after ASTM G-173 standard (right axis) with the absorption spectra of the polymer
P3HT, *® and the low-bandgap copolymer PTB7 (left axis). 126!

Exciton diffusion and charge transfer (CT): In order to get separated, the exciton has to
diffuse towards the D-A interface within its lifetime of around 1 ns,**%! corresponding to a
diffusion length d. of about 10 nm. At the heterojunction, excitons get dissociated driven by
the offset between the LUMO levels of the donor and the acceptor. However, the initial charge
transfer takes place only if energy is gained, i.e., if the energetic offset between the initial and
final state is larger than the binding energy of the exciton, E;*. It can be assumed that the
transfer itself happens on an sub-picosecond timescale. °%52-55! After charge transfer, the elec-
tron and hole reside on adjacent D and A molecules at a small mutual distance. Therefore
the charge transfer is not directly tied to the formation of free charge carriers but rather to the
formation of a coulombically bound interfacial complex also known as charge transfer complex
(CTC) or polaron pair. If the exciton fails to reach the heterojunction within its lifetime, i.e, if the
typical size of neat D and A phases exceeds d,, it usually decays radiatively in form of photolu-
minescence (PL). As a consequence, the singlet emission of D-A systems provides information
about the size of the individual domains. An additional loss mechanism is the transition of the
singlet exciton to a triplet state which is known as intersystem crossing (ISC). It must be em-
phasized that the terms polaron pair and polaron are commonly used in organic photovoltaics
to describe bound e-h pairs and free charges, respectively. The terms are based on the general
concept of a polaron, which is used in condensed matter physics to describe the interaction of
a charge and the correlated distortion of the charge’s environment.

Polaron pair dissociation and geminate recombination: Since the binding energy of the
interfacial polaron pair, E},”, is typically larger than the thermal energy at RT (Section 3.1.2), the
separation of the bound electron-hole pair requires the presence of an additional driving force.
Although the polaron pair dissociation is one of the most crucial steps in the photocurrent
generation of BH]J solar cells, the detailed mechanism explaining the high yield of free charge

carrier generation has not yet been clarified in any detail. In this context, several scenarios
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were asserted, e.g., a field assisted photogeneration and the dissociation via non-relaxed or
fully thermalized charge transfer states (CTS). %661 These different concepts will be discussed
in Section 3.1. If a polaron pair is not separated, it recombines nonradiatively or radiatively.
The latter is connected with a substantially red shifted PL emission. [#2-6% The loss process is
known as geminate recombination, since the participating electron and hole originate from
the common precursor state. As an additional loss channel, the electron can be transferred to
a triplet exciton state of the donor, if the energy of the triplet is lower than the CT state. %% The

process is known as electron back transfer (EBT).

Transport and nongeminate recombination: Once free electrons and holes are generated,
they have to be transported through the D-A network on their respective phase in order to
reach the electrode and to be extracted. Since organic semiconductors commonly consist of
randomly arranged molecules or polymer chains, a strong interaction between adjacent sites
is missing. Therefore, charge carriers move by hopping in contrast to the band transport in in-
organic, crystalline semiconductors. The transport thus has to be seen as a combination of a
temperature assisted process and tunneling between localized states with a certain spatial and
energetic disorder. It results in a very slow macroscopic charge carrier mobility ¢ on the order
of 1078 m?(Vs) ! relative to Si with u = 0.1 m?(Vs)~! 23], During their transport, free polarons of
opposite charge can meet each other and recombine. This process is called nongeminate, since
the participating charges do not originate from the same precursor state. Apart from the re-
combination of free polarons, spatially or energetically trapped charges have to be considered.
A detailed description of charge carrier transport and nongeminate recombination processes

as well as a review of underlying theoretical models are given in Section 3.2.

Charge carrier extraction: If free charge carriers reach the respective electrode without re-
combination, they are extracted. Apart from geminate and nongeminate losses, the voltage
dependence of the photocurrent is adversely affected by the collection of charge carriers at the
contacts. Imbalanced electron and hole mobilities can cause the accumulation of charges at
the electrodes and therefore, a space-charge limited current (SCLC) that reduces photovoltaic
performance. " In addition, the contacts itself crucially affect the functioning of an organic
solar cell. In a working device, electrons are extracted at the cathode and holes at the anode.
Thus, the extraction of charge carriers at the opposite electrode corresponds to a leakage cur-
rent that has to be avoided by blocking layers. In the context of charge extraction, S-shaped
current-voltage characteristics have to be mentioned. As shown by numerical modeling, the
appearance of S-kinks may result from interfacial dipoles %859 or a reduced surface recombi-
nation velocity describing the extraction rates of electrons and holes."%”!! However, a multi-

tude of other effects, e.g., interfacial doping or traps, are debated. [?/
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2.2.3. Bulk Heterojunction Morphology

The bulk heterojunction concept itself is both a blessing and a curse. Despite the superior per-
formance of BHJ solar cells as compared to their PHJ complement, the degree of D-A intermix-
ing crucially affects every step of photocurrent generation. In this regard, the ideal active layer
morphology entails a compromise between fine and coarse grained domains. Large domains
of the neat blend constituents and continuous percolation paths favors the spatial separation
and transport of free charge carriers, which might be additionally favored by the presence of
crystalline regions. In contrast, a strong D-A intermixing hampers charge carrier mobility, but
benefits the exciton dissociation yield. Various possibilities have been found in previous re-
search to improve the photovoltaic performance of both polymer and small-molecule based
blends by optimizing the blend microstructure. '"375! Starting on the molecular level, the
molecular weight of polymers, i.e., the effective conjugation length, is ascribed an impact on
intermolecular ordering and the scale of D-A phase separation. Regarding the blend process-
ing, the chosen fabrication technique itself plays an important role, e.g., certain types of small
molecules allow both solution processing and vacuum deposition with a clear difference in
PCE. In the case of solution processing, the choice of solvent or the use of solvent additives
might affect film formation. Finally, the active layer can be post-processed by solvent anneal-
ing, slowing-down film drying, or thermal annealing. The success of each concept depends to
a large extent on the respective BHJ composite, which is exemplified by four prominent poly-
mer:fullerene compounds below. Furthermore, the understanding of the effect of an altered
morphology on device physics is one of the crucial—if not the most important—key aspect for

the further improvement of state-of-the-art organic solar cells.

As most prominent example, the PCE of P3HT:[6,6]-phenyl-Cg; -butyric acid methyl ester
(PC61BM) solar cells can be enhanced up to typically 3-4 % by thermal annealing after spin-
casting, [76] e.g., at around 130 °C for several minutes. The optimum performance of annealed
blends with a blend ratio of 1:0.8 to 1:1 is believed to result mainly from an enhanced ab-
sorption and better transport properties due to both an improved phase segregation as well
as polymer crystallization. """ An increase in PC4 BM loading beyond 50 % in turn ad-
versely affects the crystallinity of P3HT phases and thus limits the hole mobility. /%% Another
material for which thermal annealing increases the molecular order is poly(2,5-bis(3-alkyl-
thiophene-2-yl)thieno(3,2-b]thiophene) (pBTTT). Blended with PCg;BM, intercalated phases
are formed upon annealing, i.e., fullerene molecules fill the sites between linear side chains
(Figure 5.1b). 8182l However, in contrast to PSHT:PCg1 BM, the increase in fullerene loading be-
yond one molecule per pBTTT monomer up to a ratio of 1:4 results in a maximum PCE ex-
ceeding the performance of 1:1 pBTTT:PCg; BM blends and non-intercalated blends of the bis-
adduct bisPCg1BM. The increased efficiency is ascribed to both an efficient dissociation of exci-
tons within the intercalated phase and an improved spatial separation and transport of charge

carriers due to the formation of pure fullerene domains. 818384

In analogy to the thermal annealing of P3HT:PCg; BM blends, the performance of devices
based on low-bandgap copolymers is commonly improved by the use of small amounts of sol-
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(a) PTB7:PC,,BM, 1:1.5
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Figure 2.5.: Schematic illustration of the contrary effect of the alkanedithiol processing additives
DIO and ODT on the microstructure of (a) PTB7:PC7,BM and (b) PCPDTBT:PC;,BM blends (modi-
fied from References 85 and 86). In the first case, the solvent additive results in a reduced size of large
fullerene domains. In the latter case, the formation of a larger scale phase segregation is reported.

vent additives, e.g., 1,8-octanedithiol (ODT) or 1,8-diiodooctane (DIO).!8”! The additive gen-
erally acts as a cosolvent, i.e., it is added in small amounts to the blend solution from which
the active layers are cast and increases the dissolving power of the fullerene component. Due
to the additive’s typical low volatility and selective solubility, its use results in an increased
mobility of one blend constituent during film formation and thus, a slowed-down precipita-
tion causing a significantly altered D-A intermixing relative to the blend processed without
additive. Perhaps the most well-known example of a low-bandgap copolymer processed by
the use of DIO is PTB7. Already in the first publication, Liang et al. report on the increase
in PCE of PTB7:PC7,BM devices from 3.9 % to 7.4 % upon the use of DIO.3% In subsequent
studies, the photovoltaic performance could be raised up to 9.2 %.37%%! The outperforming
efficiency of devices processed by the use of DIO is generally linked with the reduced size of
fullerene aggregates resulting in an overall enhanced D-A intermixing (Figure 2.5a) and thus a
more efficient polaron pair dissociation (Chapter 6).8>8893] prior to PTB7, a PCE increased
from 2.8 % to 5.5 % upon the use of ODT was reported for poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) as the
first promising candidate of low-bandgap copolymers. 344 Again, the superior efficiency is
ascribed to an optimized microstructure of PCPDTBT:PC;BM blends processed with the ad-
ditive. However, as compared to PTB7, PCPDTBT:PC;;BM shows the contrary trend of larger
interconnected domains (Figure 2.5b). 8 The altered blend morphology is related to an en-
hanced generation efficiency and lifetime of mobile charge carriers as well as a three-fold in-
crease in mobility. 9498 In this regard, a similar effect as caused by the use of ODT is reported

for the substitution of the bridging carbon atom in PCPDTBT by Si that yields the polysilole
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polyl[(4,40-bis(2-thylhexyl)dithieno(3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-

benzothiadiazole)-5,50-diyl] (Si-PCPDTBT). 79! The PCE of Si-PCPDTBT:PC;;BM solar cells
beyond 5 % is achieved without any post-deposition treatment. The fact again manifests the
high sensitivity of the blend morphology and the correlated device physics to even smallest

changes of the blend constituents on the molecular level.

2.3. Current Voltage Characterization and Photovoltaic

Performance

The most important information about the functionality of a solar cell is provided by the volt-
age dependence of the photocurrent, i.e., the current-voltage (j-V) characteristics. Figure 2.6a
shows the j-V characteristics of an organic BH]J solar cell measured in the dark and under illu-
mination. Based on the j-V characteristics, the photovoltaic parameters short circuit current
density js., open circuit voltage V. and fill factor (FF) are determined. The FF is defined as the
ratio of the product of js. and V,, and the maximum power of the device that is provided at
the turning point of the power density j(V) -V (Figure 2.6a, green line). Thus, the FF describes
the "squareness" of the j-V curve. The photovoltaic parameters yield the power conversion
efficiency (PCE) of a photovoltaic device, defined by

PCE = M , (2.1)

P

with the total incident irradiance P;. The maximum theoretical efficiency for a photovoltaic de-
vice of 33 % is given by the Shockley-Queisser limit derived from a detailed balance calculation
for inorganic p-n junctions in 1961. 199!
The j-V response of an organic solar cell can approximately be described by the Shockley

equation. 9 It was derived for inorganic devices and is given by

with the ideality factor n;4 and the photocurrent density j,,. The dark saturation current den-
sity jo can be related to intrinsic, thermaly activated charge carriers. The series and parallel
resistances R; and R, account for contact resistance and local shunts, respectively, and pro-
voke a deviation from the exponential behavior of an ideal diode. Figure 2.6b illustrates this
divergence in a semilogarithmic representation of the dark j-V characteristics.

The accurate j-V characterization, which is essential for a proper comparison of efficiencies,
requires standard reporting conditions (SRC). The SRC for solar cells are given by 25 °C device
temperature as well as AM1.5 global (G) reference spectrum and an irradiance of 100 mW cm ™2
defining P;.!'% The air mass (AM) coefficient of 1.5 corresponds to the solar irradiance spec-
trum after passing the atmosphere under a solar zenith angle of cos(1/1.5) = 48°, i.e., for mid-
latitudes. The global (G) reference spectrum represents the overall yearly average of both the

direct and diffuse solar irradiance. It is important to note that fulfilling SRC is associated with
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Figure 2.6.: (a) j-V characteristics obtained in the dark and under simulated AM1.5 G conditions
(left axis) and power density j(V)-V (right axis) of an organic BHJ solar cell. The photovoltaic pa-
rameters js and V,. as well as the maximum power point (MPP) are highlighted. The fill factor
corresponds to the ratio of j. -V, and the maximum power density of the device (shaded areas). (b)
Dark and illuminated j(V) in semilogarithmic representation illustrating the influence of parallel
and series resistance in terms of a deviation from the exponential regime (dash-dotted line).

a calibration procedure of the light source used for simulating sunlight due to the spectral mis-
match between reference spectrum and test device. Details concerning the calculation of the
spectral correction factor can be found in Reference 100. In case of large variations between
the absorption profiles of different test devices, e.g., using P3HT and PTB7 as donor materials
(Figure 2.4), this procedure should be repeated for each blend system.

Apart from j-V curves, the spectral response (SR) is an additional, important quantity for
characterizing the performance of a solar cell. It is defined by the ratio of j;. and the correlated
P;, both as a function of wavelength. The spectral response is directly correlated to the external

quantum efficiency (EQE)
EQE1) = ESR(/l) , 2.3)
g

with the Planck constant h, the speed of light ¢ and the elementary charge q. The EQE of a
photosensitive device describes the number of photogenerated and extracted charge carriers
with respect to the number of incident monochromatic photons. It therefore contains both the
absorption of photons as well as all types of losses occurring between exciton generation and
the collection of charge carriers at the electrodes. Most commonly, the EQE is measured at short
circuit. Additional information regarding the field dependence of free charge carrier formation
can be obtained from bias dependent EQE measurements. In contrast to the EQE, the internal
quantum efficiency (IQE) measures the ratio between the number of collected charge carriers
and the number of absorbed photons of a given energy. Thus, the IQE is always larger than the
EQE and describes how efficient photons are converted into extractable charge carriers within

the active layer of a solar cell.
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3. Main Steps of Photocurrent

Generation

The detailed understanding of photocurrent generation in a BHJ solar cell as a sequence of
multiple independent steps (Section 2.2.2) is a key aspect in the field of organic photovoltaics.
The following chapter addresses this issue and describes the most crucial processes in photon-
to-current conversion. More precisely, the first part deals with the formation of charge transfer
states at the D-A interface and presents different scenarios for polaron pair dissociation, i.a.,
addressing the role of non-relaxed and fully thermalized CTS. Furthermore, the field depen-
dence of polaron pair dissociation is highlighted by introducing Braun-Onsager theory. In the
second part, the hopping transport of free charge carriers through the D-A interpenetrating
network is characterized. This also includes nongeminate recombination of charge carriers
on their way to the electrodes, e.g., described by Langevin theory. In analogy to Chapter 2, all
processes are described using the example of an electron. The chapter is mostly based on the

review articles by Clarke et al.!'°!) and Deibel et al. [6:10%!

3.1. Charge Carrier Photogeneration and Geminate

Recombination

3.1.1. Charge Transfer States and Polaron Pair Dissociation

As addressed in Section 2.2.2, the photogeneration in a BH]J solar cell involves a charge transfer
taking place at the D-A heterointerface. This CT results in the formation of polaron pairs and
requires a further dissociation step in order to obtain free electrons and holes. The separation
of polaron pairs is strongly affected by the properties of interfacial charge transfer states, arising
from the interaction of the HOMO of the donor and the LUMO of the acceptor. %! Hence, CT
ground and excited states are formed within the energetic gap of the two constituents of the D-
Ablend (Figure 3.1). The presence of CTS can be evidenced by their weak optical absorption or
their radiative relaxation appearing as red shifted PL or electroluminescence (EL). (63-65104-106]

In addition to the kinetic picture shown in Figure 2.3, the individual steps of photocurrent
generation can be understood in an energy state diagram as illustrated in Figure 3.2. After the
generation of a singlet exciton S;, the photoexcitation is transferred to the CTS manifold. This
process corresponds to exciton dissociation and polaron pair formation at the interface. Fur-
thermore, the CTS can be populated either by direct optical excitation involving sub-bandgap
transitions or by a relaxation from the charge separated state (CSS), i.e., the nongeminate re-
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Figure 3.1.: Schematic illustration of the formation of an interfacial CT ground and excited states
due to the interaction of the donor HOMO and the acceptor LUMO (modified from Reference 107).
The polaron pair binding energy and the energy of the CT ground state are denoted as E Z P and Ecr,
respectively.

combination of free charge carriers (Section 3.2). For thermalized polaron pairs occupying the
CTS ground level, typical lifetimes of only a few nanoseconds are reported in literature. (108109
If no transition to the CSS occurs within this time, the polaron pair can decay to the ground
state via radiative or nonradiative recombination, or it is transferred to the triplet state T; via
EBT. The relaxation to the ground state corresponds to the annihilation of opposite polarons
at the D-A interface that stem from the same precursor state. As a consequence, this geminate
recombination is a 1% order or monomolecular process characterized by a constant lifetime
7. Geminate losses scale linearly with the polaron pair density n,, being proportional to the
amount of absorbed photons, i.e., the illumination intensity. The geminate recombination rate
Ry is thus given by

1
Rp=—npp . (3.1)

The formation of polaron pairs is the crucial intermediate step between singlet exciton genera-
tion and extraction of free charge carriers. Thus, the properties of the interfacial complex have
a strong influence on the efficiency of a BH]J solar cell. Various studies have shown that the
maximum value of the open circuit voltage is fundamentally correlated with the energy of the
polaron pair. (63193119 Eyrthermore, the fill factor is strongly affected by the field dependence
of polaron pair dissociation. Regarding the short circuit current, it was demonstrated that a
decrease in j, is correlated with an increased PL emission arising from polaron pair recombi-
nation. ' On the whole, the generation of free charge carriers via interfacial CTS is of utmost

relevance for both V. as well as the voltage dependent photocurrent. (197!

Although—or rather because—the separation of primary excitations is of major importance
for the functioning of an organic solar cell, there is still a dispute about the detailed mechanism
of free charge carrier generation. 5758601121131 A the simplest dissociation pathway, the direct
generation of free charge carriers was proposed. !4 In this mechanism, the singlet exciton
breaks directly into free polarons without any interaction. From an experimental point of view,
this direct pathway cannot be distinguished from the mechanism involving vibrationally and

energetically non-relaxed, so-called hot CTS as intermediate step (Figure 3.2, red arrow). In
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Figure 3.2.: Energy state diagram illustrating the different pathways of free charge carrier photogen-
eration and the corresponding rate constants (modified from Reference 60 and 101). The donor
singlet exciton S} is generated by the absorption of a photon with the energy hv. The excitation ei-
ther might be transferred to the CSS via excited CTS* occurring at rate kcrs+, or vibrationally relax to
the lowest energy CTS and subsequently dissociate described by the rate constants kcrs and kg (F).
The latter process is independent of photon energy down to the direct excitation of the CTS mani-
fold with the energy hv'. Geminate loss mechanisms are given by the recombination of the singlet
exciton or the bound polaron pair to the singlet ground state Sy (k) or by electron back transfer to
the triplet exciton state Ty (kgpr). The rate constant k, describes the formation of a polaron pair as
precursor state in a nongeminate recombination process.

this scenario, the separation of an energetically and vibrationally excited polaron pair is much
faster than the vibrational relaxation within the CTS manifold. ®%!1%! Thus, the relaxed CTS will
act as trap with an only minor contribution to the overall generation of free charge carriers.
In addition, the mechanism suggests a crucial impact of excess energy of the initially formed
polaron pair which helps to overcome the Coulomb barrier.!'8! This dissociation via hot CT
states is accretively questioned in recent publications mainly based on measurements of the
IQE revealing a marginal influence of the excitation energy down to the lowest emissive CT
level. 57:59.60.117 The observation supports the model of an ultrafast thermal relaxation of the
polaron pair to the relaxed CTS that is much faster than the direct separation (Figure 3.2, green
arrow). In this scenario, the generation of free charges is exclusively determined by the tradeoff
between dissociation and recombination described by the field dependent rate constant k;(F)
and the constant recombination rate k¢, respectively. These processes can be handled in an

Braun-Onsager type description, as it will be discussed in the following.

3.1.2. Field Dependence of Polaron Pair Dissociation

The binding energy of a polaron pair, E’”, is commonly defined as the potential difference
between the two fully separated electrons and holes in their respective D and A material and

the thermally relaxed CTS. E Z P can be estimated using the Coulomb binding energy

q2

| — (3.2)
Awerepa
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with the vacuum permittivity €p and the e-h distance a of the thermalized polaron pair. The
latter can be estimated by the typical intermolecular distance of about 1 nm between adja-
cent molecules at the D-A interface. Taking into account a dielectric constant of ¢, = 3.5,
Equation 3.2 yields a binding energy of about 400 meV. Furthermore, experimental studies
gave evidence for EZ P of up to 200 meV in MEH-PPV:PCgBM as derived from photolumi-
nescence, %1% and about 300 meV in P3HT:PCq;BM. (%% These values are far beyond kT at
RT suggesting an only minor probability for an efficient dissociation of polaron pairs into free
charge carriers. However, near-unity quantum yields are reported for state-of-the-art BH]J solar
cells. 36:118] The observation suggest the presence of an additional driving force, e.g., provided
by an applied electric field F. The most commonly applied model to describe the electric field
assisted separation of a thermally relaxed polaron pair in BHJ solar cells is the Braun-Onsager
model. It goes back to a theory proposed by Onsager describing geminate recombination, !1%!
based on which Braun founded a macroscopic model characterizing the field dependent pho-

togeneration yield in polymeric D-A systems. [120!

The Onsager theory dates back to 1938 and describes the probability that a coulombically
bound pair of opposite ions is separated under the assumption of Brownian motion. In his
model, Onsager proposed that the prerequisite for dissociation is that the initially set thermal-
ization length a between the ions exceeds the so-called Onsager radius r.. The radius is defined
by the distance at which the thermal energy equals the Coulomb repulsion yielding

2
fe= 4n£rZOkBT ' e
In the case a > r. the ion pair is fully dissociated. On the contrary, if a < r., the probability
for separation is given by the escape probability P depending on the applied electric field F
(Figure 3.3). The probability for geminate recombination of the ion pair into the ground state
is thus given by 1 — P(F).

In 1984 Braun adopted the model to describe the dissociation of the lowest CT excited state
in low-mobility D-A blends. In contrast to Onsager theory, the CTS was now considered as
precursor state with a finite lifetime 7. The kinetics of the CTS dissociation is defined by the
rate constants ky = 1/7, k4 (F) and k; describing the geminate recombination of a polaron pair
to the ground state, its field dependent dissociation into the CSS, and the possible subsequent
formation of a polaron pair, respectively. Figure 3.2 illustrates the rate constants associated
with the respective transitions in an energy state diagram. The dissociation probability is given
by

P(F) = ka(F)

 kq(F) + kg G
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Figure 3.3.: Potential energy of an electron due to Coulomb interaction as a function of the e-h dis-
tance (modified from Reference 101). After photoexcitation with the energy kv, the electron ther-
malizes at a certain thermalization length a. If a is smaller than the Onsager radius r,, the polaron
pair may either be separated or recombines. Thereby, the presence of an electric field F increases
the escape probability P(F) (dashed line).

In contrast to Onsager, the CTS can be recovered from only partially dissociated polarons.
Hence, the full dissociation may require several attempts. The field dependent dissociation

rate was adopted from Onsager’s theory as

kq(F) =

( Eb)(1+b+ 2+bg+ (3.5)
exp|——— —+—+...| .
dnad P B 18

with the factor y derived from Langevin theory (Equation 3.15), the Coulomb binding energy
Ej according to Equation 3.2, and the reduced electric field

q°F

=—1 " 3.6
8neren(kp T)? 3.6

The series in brackets is the Taylor expansion of the first-order Bessel function. It must be
noted that the dissociation probability P(F), i.e., the charge carrier lifetime, is independent of

the actual polaron pair density being characteristic for a first-order decay (Equation 3.1).

As already pointed out, E 5 P clearly outstrips the thermal energy at RT. According to Braun-
Onsager theory (Equation 3.5), this implies an electric field on the order of 10’ Vm™! for an
efficient CTS dissociation. However, such a highly field dependent polaron pair dissociation
efficiency is not supported by experimental results for a multitude of material systems. More
specifically, optical and electrical techniques demonstrate an almost field independent pho-
tocurrent generation and no significant geminate losses for P3HT:PCg; BM as well as for PTB7
based devices under working conditions. [92112.121-123] Additionally, distinct but still moderate
geminate losses are reported for poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophene-
diyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) and PCPDTBT based poly-
mer:fullerene blends. #6124 Of course, these observations could be related to a direct dissoci-
ation or a hot separation pathway (Figure 3.2), however also other explanations can be found
in literature. On the one hand, a reduced field dependence might be explained by an inter-

facial dipolar layer screening Coulomb interactions.!'?®! On the other hand, Braun-Onsager
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3. Main Steps of Photocurrent Generation

theory disregards increased local mobilities as it can be found for both segments of conjugated
polymers and fullerene nanocrystals. 1261271 A high local mobility can be correlated with an en-
hanced delocalization of charge carriers in fullerene domains or along polymer chains. !128:129]
The increased separation distance lowers the effective binding energy and leads to a higher dis-
sociation yield. Indeed, a more efficient photogeneration due to the presence of pure fullerene
domains was recently claimed using simulations and spectroscopy. 13-133 Although the cru-
cial effect of the phases segregation and the blend morphology on polaron pair dissociation is
widely accepted, the detailed understanding of the correlation between both remains incom-
plete.

3.2. Charge Carrier Transport and Recombination

3.2.1. Hopping Transport and Gaussian Disorder Model

Once free electrons and holes are generated, they are transported to the electrodes in corre-
sponding A and D phases. Thereby, the transport in organic semiconductors is affected by
the spatial and energetic disorder of this kind of materials. Typically, the electron wave func-
tions are spatially restricted on a molecular site, on a segment of a polymer chain defined by
the conjugation length, or at best on a partially crystalline phase. This localization results in
a fast, intramolecular transport within small areas of the bulk, but a rather slow intermolec-
ular hopping transport between only weak interacting sites. The hopping of charge carriers
can be understood in terms of a combination of tunneling and a phonon assisted process (Fig-
ure 3.4a). 134135 Accordingly, the transport in organic semiconductors clearly contradicts the
quasi free transport of electrons and holes in the respective conduction and valence band of in-
organic semiconductors based on a delocalization of the wave function over the whole periodic
crystal lattice.

In 1960, Miller and Abrahams proposed the rate v;; for a hopping between an occupied site
i and an unoccupied site j with an energy E; and Ej. [136] The model is known as variable range
hopping (VRH) and originally results from describing the transport in inorganic semiconduc-

tors limited by impurities at low temperature. It yields

exp(—Ej_Ei
Vij :voexp(—Frij){ ) kT

) . Ej>E (uphop)
, Ej<E; (downhop)

(3.7

with the maximum hopping rate or so-called attempt-to-escape frequency vy, the inverse lo-
calization radius I" that is proportional to the wave function overlap, and the actual distance
between the sites r;;. The VRH model therefore explicitly includes the two contributions tun-
neling and thermal activation by means of the first and the second, Boltzmann-type exponent,
respectively. Based on transport processes as described in Equation 3.7, there have been sev-
eral attempts to determine the charge carrier mobility . Correlating the drift velocity of charge
carriers and the applied electric field F, p can be seen as the most important figure of merit

describing transport on a macroscopic scale.
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Figure 3.4.: (a) Schematic illustration of the charge carrier hopping in a disordered system. Local-
ized sites are assumed to form a Gaussian distributed DOS with the width 20 centering at Ey, e.g.,
representing the LUMO level. After photogeneration, electrons thermalize by hopping to energet-
ically lower sites causing a relaxation of the DOOS to an equilibrium o2/ (kg T) below the center of
the DOS.3”) The hopping between adjacent sites i and j takes place via phonon interaction and
tunneling to overcome energy barriers and spatial distance, respectively (modified from Reference
138). (b) In the MTR approach, a band-like transport of free charge carriers n, is assumed above E;;.
Immobile charges n; are trapped in tail states that is approximated by an expDOS characterized by
the slope E 4. To participate to the transport, immobile charges have to be thermally activated above
Etr-

In the famous Gaussian disorder model (GDM), Béssler directly uses the Miller-Abrahams
hopping rate in a Monte Carlo simulation study, yielding the field and temperature dependence

of u according to
4
peom (T, F) = pgexp (—5&2) exp(C(6°-=?)F'?) (3.8)

with the scaling factor C.!'37! The equation was derived for the case of a Gaussian density of

states distribution (GDOS)

a2
(&~ Eo» E")) , (3.9)

8G(E) o exp (— 552

centered around the energy Ey, which is commonly assumed for disordered systems based
on absorption measurements. In his model, Béssler used a GDOS to describe both the en-
ergetic and spatial distribution of localized states independent from each other. Therefore,
6 =o/(kpT) and Z were introduced as energetic and spatial disorder parameters, respectively.
Equation 3.8 resembles the experimental observation of a Poole-Frenkel type field dependence
according to Inp ox F'/2, whereas the actual slope depends on the interplay between energetic
and spatial disorder. In addition, the approach describes a thermally activated transport follow-
ing In g oc —1/72. 1137139 This proportionality differs from inorganic, crystalline materials that

typically show a characteristic temperature dependence of p o< T3/? at low T and p o< T73/2
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3. Main Steps of Photocurrent Generation

at high 7.!'?! It must be noted that the temperature dependence of u derived for disordered
materials varies with the assumed shape of the density of states (DOS). For example, the use of
an exponential tail of the DOS results in an only weak temperature dependence Iny o —1/T.
Since the actual shape of the DOS in organic systems is hard to determine, often a combination
of both a GDOS and an exponential density of states (expDOS) was suggested. 14141

In addition to the GDM, the charge carrier transport in disordered systems can be character-

ized based on the concept of transport energy. It was developed first for a pure expDOS

E
gexp(E) X eXp(—E—) , (3.10)
A

with the tail slope energy E4, commonly used to describe localized tail states in inorganic dis-
ordered semiconductors. 142 Later, the model was extended to systems with a GDOS (Equa-
tion 3.9) with the aim of describing disordered organic materials. 135143144 According to Equa-
tion 3.7, downhops are more likely than uphops. This implies the thermalization of photo-
generated polarons to energetically low, unoccupied states until the density of occupied states
(DOOS) reaches a thermal equilibrium value E., (Figure 3.4a). In the thermalized system,
charge carrier transport takes place by hopping at the transport energy E; where uphops and
downhops are balanced. Below E;,, charge carriers are immobile. Thus, the total charge car-
rier density n can be divided into the density of mobile charges n. and trapped charges n; that
are captured in the tail of the DOS.!"*%! The concept is useful to describe transport in organic
semiconductors in analogy to band transport. If a charge carrier relaxes below E;, it has to
be thermally activated above E;, in order to contribute to the transport again. The hopping
processes above and below E;, resembles multiple trapping and release (MTR) processes as il-
lustrated in Figure 3.4b. It must be emphasized that both the GDM as well as the MTR approach
characterize charge carrier transport in single materials. Due to the enhanced spatial disorder
introduced by the interpenetrating D-A network and the presence of distinct percolation paths

(Section 2.2.2), transport processes in BH]J solar cells are even more complicated to describe.

3.2.2. Nongeminate Recombination

During the transport of photogenerated or injected polarons to the respective electrodes, elec-
trons and holes originating from a different precursor state can meet each other and recombine
at the D-A interface in a nongeminate process (Section 2.2.2). The recombination does not take
place directly but via the formation of a bound polaron pair as an intermediate step with a cer-
tain probability of being dissociated again (Equation 3.4). The dynamics of free charge carriers

in a BHJ solar cell can be described by the continuity equation

dn__1djy
dt ¢ dx

+G-R , 3.11)
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3.2. Charge Carrier Transport and Recombination

with the spatial derivative of the current dj,/dx, the optical generation rate G of free charge

carriers, and the recombination rate R. The latter is commonly expressed as
R=krec(np—nopo) (3.12)

with the nongeminate recombination coefficient k.. and the intrinsic density of electrons ng
and holes py. The recombination rate in Equation 3.12 is proportional to the product of the
density of free electrons and holes making it a bimolecular process. In contrast to geminate
processes (Equation 3.1), this implies an efficient, n-dependent charge carrier lifetime 7.7¢

according to

Teff(n) = (3.13)

krecn

A widely-used model to characterize the recombination of free polarons in BHJ solar cells is
Langevin theory.'4%! The model was introduced in 1903 and describes the recombination of
oppositely charged ions in a homogeneous distributed reservoir. Its application is justified for
organic semiconductors due to their low charge carrier mobility below 10~% m?(Vs)~!.1147 In
Langevin theory, the recombination coefficient is typically denoted as y. It is derived from the
assumption that two charge carriers recombine if their thermal energy is less than Coulomb
attraction without applying an electric field, i.e., their distance falls below the Onsager radius r,
(Equation 3.3). (15,1191 Based on the the rather low € r» the condition is highly relevant for organic

semiconductors and yields

q
réo

Y=o (et i) (3.14)
with the sum of electron and hole mobility (¢ + ). Thus, Equation 3.14 enters the assumption
that the process of finding the respective recombination partner is the rate limiting process and
not the recombination process itself. Assuming charge neutrality n = p with n? > ngp, and
balanced electron and hole mobilities . = yj,, the Langevin recombination rate is given as

Ry =yn*= q un® (3.15)
ErEO

with the recombination order 2. However, when analyzing the charge carrier decay dynamics
in organic BHJ solar cells, deviations from Langevin-type recombination were observed. 14¢!
Complementary charge extraction experiments on annealed P3HT:PCg; BM solar cells revealed
a recombination rate R which could only partly be explained by Equation 3.15 under the as-
sumption of an additional reduction factor { = R/R;. Instead, best fits of the charge carrier
decay dynamics were obtained by the presumption of a third order process dn/dt o< n3. 149150

This observation established the use of a generalized continuity equation

=kt (3.16)
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3. Main Steps of Photocurrent Generation

with the recombination order A+1, in order to characterize the recombination dynamics in BH]
solar cells. 111521 The deviations from Equation 3.15 can be related to the phase separation of
D-Ablends, since the related spatial separation of charge carriers clearly disagrees the assump-
tions made in Langevin theory. Though, the origin of a super-second order decay is still highly
debated. One famous explanation claims that trapping and release cause a charge carrier de-
pendent mobility p(n) that completely accounts for the additional n-dependence of the recom-
bination prefactor in a Langevin-type approach. 153! Alternatively, a recombination limited by
the spatial trapping of charge carriers in the presence of phase segregation is suggested. !5?! In
a recent publication, Rauh et al. showed that the n-dependence of the charge carrier mobility
does not solely reproduce the n-dependence of the recombination rate for PTB7:PC;1BM and
P3HT:PCg; BM at and below RT, respectively. Thus, an additional detrapping limited recombi-
nation was supposed. However, the result was limited to PTB7 based devices processed by the

use of DIO, since a field independent polaron pair dissociation had to be assumed. (%%

Based on the last two sections, it seems reasonable that the generation of photocurrent in a
BHJ solar cells, i.e., the photogeneration of free charge carriers as well as their transport and
recombination, crucially depends on the D-A intermixing. Thereby, there is still great need for
research on a more precise understanding of the connection between the alteration of blend
morphology and fundamental processes on the way from light absorption to photocurrent ex-
traction. In the present work, this interrelation is studied for different material systems with

the aim of gaining further insights into the complex topic.
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4. Experimental

As outlined in Section 2.2, BH]J solar cells are commonly made of either polymers or small
molecules as electron donor that are blended with fullerene derivatives as electron acceptor,
allowing a wide number of different material combinations. This chapter gives an overview of
the D and A constituents used in the present work and summarizes their main properties. In
addition, the fabrication of photovoltaic devices is illustrated. The main scope of this work is to
study morphological changes of these blends and to understand their effect on device physics.
For this purpose, transient charge extraction techniques are applied to working solar cells. The
methods are analogue to pump-probe experiments, i.e., an optical excitation is followed by
an electronic probe. Particular attention is paid to the technique time delayed collection field
(TDCEF) in order to probe the electric-field dependence of free charge carrier generation yield
as well as open circuit corrected transient charge extraction (OTRACE) yielding information
about charge carrier transport and nongeminate recombination dynamics under working con-
ditions of a solar cell. Both methods are described in detail in the following. Furthermore, a

brief overview of less frequently used techniques is given.

4.1. Materials

4.1.1. Donor Materials

Starting in the 1920s, polymer science can generally be divided into three time stages giving rise
to three generations of polymers. 1> Whereas typical monomer-based donors used in first BHJ
solar cells, e.g., MDMO-PPV and P3HT, can be assigned to the second generation of polymers,
the development of novel third generation copolymers with a more complex chemical structure
was decisive for the significant increase in device efficiency during the last years. Including
the thiophene based polymer pBTTT-C;¢ as well as the low-bandgap copolymers PTB7 and
PBDTTT-C, this thesis serves both sides of donor materials. In addition, the merocyanine (MC)
dye MD376 is used as a member of the class of small molecules. In the following paragraphs,

the main structural, electrical and optical properties of the neat materials are characterized.

pBTTT-Cy4: The repeat unit of poly(2,5-bis(3-alkyl-thiophen-2-yl)-thieno(3,2-b]thiophene)
(pBTTT, Figure 4.1a) is formed by two thiophene rings, which are connected by an thieno([3,2-
blthiophene unit. To ensure solubility in organic solvents, a pendant alkane chain, e.g. tetra-
hexyl (C14H2g) or hexadecyl (Ci6Hss), is attached to each thiophene ring. pBTTT was intro-
duced as promising material for organic electronics due to a high ionization potential and thus
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Figure 4.1.: Molecular structure of the polymers (a) pBTTT-Cy, (b) PTB7, (c) PBDTTT-C and (d) the
merocyanine dye MD376, used as electron donating materials in this work. The full chemical names
can be found in the main text. In the case of MD376, the polyene-type (left) and zwitterionic (right)
resonance structures are shown.

an improved oxidative stability as well as a high field-effect transistor (FET) mobility of up to
0.6 cm?/(Vs).1%! These superior properties, e.g., as compared to P3HT, are based on the in-
corporation of the unsubstituted thienothiophene unit into the polymer backbone. This aro-
matic unit increases the distance of adjacent side chains allowing the interdigitation of polymer
chains upon the heat treatment of thin films. [156-16% This self organization of adjacent poly-
mer chains results in the formation of highly ordered and lamellar structured domains (Fig-
ure 5.1a) benefitting charge transport. As it will be outlined in more detail in Section 5, the de-
creased side chain density additionally allows the intercalation of certain acceptor molecules
(Figure 5.1b and c). Films of neat pBTTT typically show an absorption in the range of 400 nm
to 650 nm. HOMO and LUMO energy levels of -5.1 eV and -3.1 eV, as determined by ultraviolet
photoelectron spectroscopy (UPS) and absorption spectra, are reported in literature. 3! In this
work, poly(2,5-bis(3-hexyl-thiophen-2-yl)-thieno[3,2-b]thiophene) (pBTTT-C¢) is used. The
material was synthesized by Martin Heeney’s group (Faculty of Natural Sciences, Department
of Chemistry, Imperial College London) as described in Reference 156 and showed a molecu-
lar weight of M,, = 24,800 g mol™! and M,, = 42,600 g mol™! as measured by gel permeation
chromatography (GPC) against polystyrene standards.

Low-bangap copolymers, PTB7 and PBDTTT-C: During the last years, the continu-
ous increase in PCE of state-of-the-art BHJ devices up to peak values beyond 10 % ® has been
mainly driven by the development of novel low-bandgap copolymers, i.e, polymers containing
two or more functional repeat units. 617163 In order to optimize photovoltaic performance,

these copolymers are designed to accommodate a variety of requirements. These are: (i) a
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4.1. Materials

wider absorption range realized by a reduced Eg, (ii) HOMO and LUMO levels optimized with
respect to the LUMO of the acceptor to increase V,.1%4165 and to achieve a more efficient
charge separation, as well as (iii) an extended conjugated system and 7- overlap between poly-
mer backbones facilitating charge transport. 16! A prominent concept to realize this goals are
D-A copolymers built up by the combination of an electron rich and an electron deficient build-
ing block. It can be assumed that the interaction between these two subunits introduces a local
dipole moment causing an intrachain partial charge transfer and reduces CT binding energy in
polymer-fullerene mixtures. '8 Apart from fluorine or carbazole based polymers, 158170 D.
A monomers that are built up by the electron rich benzo[1,2-b:4,5-b’]dithiophene (BDT) and
the electron deficient thieno(3,4-b]thiophene (TT) subunit, form one of the most successful
groups of these new materials. It is expected that the use of TT results in a reduced energy gap,
whereas the BDT subunit provides a conjugated system and sufficient 77-7 overlap. ¢! As for all
D-A copolymers, a further optimization of the interfacial energy level alignment can be realized
by the variation of side chains or functional groups, e.g., by fluorination of a subunit. It must be
noted that enhancing the absorption range is commonly accompanied with a decrease in the
polymer’s HOMO-LUMO difference. Therefore, in D-A blends, lowering Eg of the polymer usu-
ally reduces both the D-A LUMO offset and the energetic difference between the HOMO level
of the donor and the LUMO level of the acceptor diminishing the driving force for efficient exci-
ton dissociation and V., respectively. Thus, the development of new donor materials requires
a carefully optimized balance between absorption and charge separation. 168!

The copolymer poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7,
Figure 4.1b) was introduced as a member of the systematically synthesized PTB family by Liang
et al. 361711721 Today it is one of the most successful examples of low-bandgap D-A polymers
built up by the combination of BDT and TT subunits. The additional fluorination of the TT
building block decreases the HOMO and LUMO levels determined by cyclic voltammetry (CV)
to -5.15 eV and -3.31 eV, respectively. PTB7 shows an absorption in the range from 400 nm to
750 nm (Figure 2.4). 3! For this work, the polymer was purchased from 1-material.

The copolymer poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-
alt-(4-(2-ethylhexanoyl)-thieno([3,4-b]thiophene-)-2-6-diyl)] (PBDTTT-C, Figure 4.1c) was in-
troduced by Chen et al.!'”® PBDTTT-C has a molecular structure similar to PTB7 with the dif-
ference of a non-fluorinated TT subunit and the 2-ethylhexyl side chain being bound to the TT
without bridging oxygen (O) atom. HOMO and LUMO energy levels of -5.12 eV and -3.35 eV
are reported in literature.!!”3! The copolymer shows an absorption similar to that of PTB7.
PBDTTT-C used in this work was purchased from Solarmer Materials Inc. having a molecular
weight > 20,000 g mol L.

Merocyanine dyes, MD376: Merocyanine (MC) dyes are low-molecular weight colorants
which are traditionally used for printing and the coloration of textiles.!!” In recent years,
they were successfully introduced for photovoltaic application in both ruthenium-free dye-

sensitized solar cells'”® and as donor materials in organic BHJ solar cells. [174176-178 M[C dyes
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Figure 4.2.: Illustration of the absorption shift due to the interaction of two monomers in dimeric
aggregates based on excitonic coupling. The monomeric transition dipoles are represented by small
arrows, dipole-allowed and dipole-forbidden transitions by black and grey lines, respectively (mod-
ified from Reference 15). (a) In J-aggregates, a head-to-tail configuration is energetic favorable as
compared to a head-to-head orientation. Since the latter results in a vanishing dimeric dipole mo-
ment, the corresponding transition is forbidden causing a red-shifted absorption. (b) In the case of
H-aggregates, the allowed state corresponds to a parallel alignment of dipoles and is energetically
higher, leading to a blue-shifted absorption.

are typically built up by an electron donating and an electron withdrawing moiety, that are
connected by a polymethine chain. Depending on the strength of the D and A subunits, an
intramolecular CT provokes the presence of a large dipole moment already in the ground state
that correlates to an equal contribution of the neutral polyene-type and the so-called zwitte-
rionic resonance structures. Consequently, the large transition moment gives rise to superior
absorption coefficients as compared to common polymers and the electronic properties of MC
dyes, i.e., the absorption range and HOMO and LUMO levels, can be widely tuned by the varia-
tion of the D and A subunits and/or the length of the methine bridge.!!”®! An increasing accep-
tor strength is typically related to a shift of the absorption maximum to the NIR region due to
a leveling of the C-C bonding lengths, i.e., the m-conjugated system of the polymer approaches
the cyanine limit. As a characteristic property of MC dyes, this reduced Eg comes along with
low-lying HOMO levels. [17® In the solid film, the bipolarity of MC dyes is partially compensated
by a self-assembling of the molecules into physical dimers on the supramolecular level. This
formation of molecular aggregates typically involves the change of spectral properties relative
to the individual molecule, e.g., the shift of absorption and emission bands or the splitting of
spectral lines. [ It is known in literature that dipolar MC dyes tend to form either so-called J-
or H-aggregates in solid films corresponding to either a slipped arrangement or dimeric stacks,
both with a parallel arrangement of the dipole moments. 8% Thus, the absorption spectrum is
accordingly shifted to longer wavelength (red or bathochromic shift) or to shorter wavelength
(blue or hypsochromic shift) relative to the monomer absorption band (Figure 4.2). J- and H-
aggregates are additionally characterized by a strong, nearly resonant and an almost vanishing

fluorescence, respectively. [181]

The MC dye MD376 is built up from an electron donating indolenine unit with a butyl side
chain that is connected by a dimethine chain with a highly electron withdrawing 2-(3-oxo-
indan-1-ylidene)-malononitrile acceptor unit. Figure 4.1d shows the polyene-type and the

zwitterionic resonance structures of the molecule. HOMO and LUMO energy levels of —5.8 eV
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bisPCq/BM

Figure 4.3.: Molecular structure of the electron acceptors (a) Cgp, (b) PCs1BM, (c) PC;1BM, and (d)
bisPCg1 BM. The full chemical names can be found in the main text.

and —3.7 eV, as derived from CV and absorption spectra, are reported in literature. 174176 ¢

must be emphasized that the HOMO level is measured for single molecules in solution and
might differ from the actual value of solid films due the aforementioned formation of molecu-
lar aggregates. MD376 used in this work was synthesized by the group of Prof. Frank Wiirthner
(Organic Materials and Nanosystems Chemistry, University of Wiirzburg).

4.1.2. Fullerene Acceptors

The discovery of the buckminsterfullerene Cgy (Figure 4.3a) in 1985 by Kroto and coworkers
was honored by the Nobel Price in Chemistry in 1996.182] Only a few years later, the spherical
shaped molecule became widely available for research due to the development of a simpli-
fied synthesis process. 183185 Nowadays, the spherical symmetry, the high electron affinity,
and the superior charge carrier mobility make Cgg and its soluble derivatives the most widely
used acceptor material in organic photovoltaics. 521861881 Degpite an ongoing research on the
functionalization of Cgg as well as on fullerene free acceptors, (188-193] the methanofullerenes
PCg1BM and PC7; BM remain the acceptor molecules of choice for solution based organic solar
cells. Their most relevant properties are summarized in the following paragraphs, including the
bisadduct bisPCg; BM.

PCg BM:  The fullerene derivative [6,6]-phenyl-Cg; -butyric acid methyl ester (Figure 4.3b)
was first synthesized by Hummelen et al. for the use in photodetectors and photodiodes. [194!
PCg1BM shows a higher solubility in organic, hydrophobic solvents as compared to Cgg due
to the attached substituent. Furthermore, a higher electron mobility of 2-1073 cm? (Vs)~! was
derived from SCLC measurements. '%°! Reliable HOMO and LUMO energy levels of -5.7 eV and
-3.7 eV can be estimated from CV measurements and both the work functions of -6.1 eV and
-3.8 eV as well as the optical bandgap of 1.9 eV of Cgp. Furthermore, it was found that the LUMO
level of PCs;BM exceeds Cgy by about 90 meV. 19! The low LUMO energy of PCg; BM benefits
D-A electron transfer but is associated with an unavoidable energy loss limiting V,. and thus
the photovoltaic performance of PCs;BM based blends. A further inconvenience arises from
the only weak absorption of PCs; BM in the solar spectral range based on the high symmetry of

the Cgg cage.
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PC; BM: Inanattempt to increase solar light harvesting, the methanofullerene [6,6]-phenyl-
C71-butyric acid methyl ester (Figure 4.3c) was synthesized based on the asymmetric C7 buck-
yball and used by Wienk et al. for the first time. *”! The asymmetry causes the existence of two
minor and one major isomers. In combination with the higher molecular weight, it additionally
provokes a much stronger absorption in the visible spectral range. %! PC;;BM shows a SCLC
electron mobility of 1-1073 cm? (Vs)~! and work functions only marginally changed as com-
pared to PCg; BM. [188197] Eyllerene synthesis forms a mixture of mostly Cgg, a small part of Cg
and smallest shares of higher fullerene compounds. As a result, PC7; BM production requires a

more difficult purification forcing up prices by a factor of roughly 10 relative to the Cg analog.

bisPCs;BM:  As pointed out, a major drawback of PCBM based solar cells is the low LUMO
energy level of the fullerene causing an inordinate loss in V,.. However, the synthesis of PCBM
also includes fullerene bisadducts, for example bisPCg; BM (Figure 4.3d), which can be sepa-
rated. The second substituent has two significant effects as compared to the respective mono-
adduct. On the one hand, an increase of about 0.1 eV in the LUMO level can be observed
yielding a appropriate increase in V,..!'%8! On the other hand, the additional substituent can
have a significant effect on the blend microstructure, e.g., as it was deduced from PL and X-
ray diffraction (XRD) measurements on P3HT and pBTTT based blends, respectively. 81,199]
An non-optimal morphology might also be the origin of a reduced SCLC electron mobility of

7-107% cm? (Vs)~1.[198]

4.2. Device Fabrication

All devices were fabricated in a standard diode architecture as illustrated in Figure 2.2b. A
1.1 mm thick glass substrate was used. It was coated with an about 150 nm thick layer of indium
tin oxide (Visiontek Systems Ltd., 15 Q/sq) as anode. In order to prevent short circuits between
both electrodes when contacting the device, the ITO layer was structured in a wet chemical
lithography process. The substrates had a size of 12.5 x 12.5 mm?. Before the actual device fab-
rication, they were cleaned by consecutive steps using soap water, deionized water and oxygen
plasma etching.

In the case of polymer:fullerene blends, a 40 nm thin film of water-based poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clevios Al 4083) was spin cast as HTL un-
der ambient conditions. For the following annealing at 130 °C for 10 min and all further steps,
the samples were transferred to a nitrogen filled glovebox system. It provided an inert atmo-
sphere with a water and oxygen content below 0.1 ppm. In the case of pBTTT-C;g based blends,
the active layer was spin cast from 1,2-dichlorobenzene (DCB, Sigma Aldrich Chromasolv®)
at 65 °C yielding an active layer thickness d of around 110 nm. The films were annealed at
85 °C for 30 min. PBDTTT-C and PTB7 based blends were spin cast from chlorobenzene (CB,
Sigma Aldrich Chromasolv®) at 50 °C resulting in a film thickness in the range of 100 to 120 nm
(PBDTTT-C:PC7;BM) and about 85 nm (PTB7:PC;;BM). The respective amount of the solvent
additive DIO (Sigma Aldrich) was added to the CB solution about 30 min before spin casting.
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In the final step, the metal cathode consisting of calcium (Ca) and aluminum (Al) with a layer
thickness of about 3 nm and 120 nm was deposited from the gas phase at a base pressure below
1075 mbar and a deposition rate of around 0.2 As~! and 2.5 to 6 As~!, respectively. The cathode
defined an active area of 3 mm?, unless stated otherwise. This size was chosen in order to min-
imize resistive-capacitive (RC) limitations in charge extraction measurements (Section 4.3).
Films and devices based on the small molecule MD376 were fabricated by Prof. Klaus Meer-
holz’s group (Organic Nanoelectronics, University of Cologne). A 50 nm layer of molybdenum
trioxide (MoOj3) was used as HTL and deposited from the gas phase. MD376:PCg;BM blends
were spin cast from CB without the use of additives or a subsequent thermal annealing step. In
contrast, MD376:Cgo blends were co-evaporated from the gas phase at a base pressure of about
1078 mbar and a deposition rate of around 0.2 As™!. During vacuum deposition, the substrate
was kept at room temperature. Both fabrication techniques resulted in a film thickness on the
order of 50 nm. In the last step, the metal cathode consisting of Ca and silver (Ag) with a layer
thickness of about 3 nm and 100 nm was deposited from the gas phase defining an active area

of 3 mm?.

4.3. Charge Extraction Techniques

4.3.1. Time Delayed Collection Field

As outlined in Section 3.1, the CT dissociation in BHJ solar cells is still not understood in any
detail. Thus, a variety of techniques is preferable to gain deep insight into processes arising at
the D-A heterointerface. By applying a constant bias voltage to the sample during charge gen-
eration, the charge extraction technique time delayed collection field allows to investigate the
field dependence of polaron pair dissociation. In addition, by varying the delay time between
optical excitation and charge carrier extraction, it is possible to study nongeminate recombi-
nation dynamics. TDCF dates back to the work of Mort et al. in 1980, who studied recombina-
tion losses in amorphous silicon and chalcogenides. 2°0-292] Although the method was quickly
transferred to phthalocyanine small molecules by Popovic in 1983, 203 first measurements on
films of conjugated polymers were performed not until the mid-1990s. 2942%! Today, TDCF is a
well established technique in the field of polymer:fullerene BH]J solar cells, [96:112,122,123,206]
Figure 4.4a illustrates the voltage pulse being applied to the sample during a TDCF exper-
iment. Charge carriers are generated by a short laser pulse while a constant pre-bias voltage
Vyre is applied to the device. After a certain delay time f4, mobile charge carriers remaining
in the device are extracted by a reverse bias rectangular voltage pulse of height V,,; and length
tc01- In order to avoid recombination during extraction of photogenerated charge carriers, V.,
has to be chosen sufficiently high, i.e., in the range of several volts, and ¢.,; sufficiently long, in
particular in the ps time range at room temperature. TDCF can be used in two different modes.
In a pre-bias dependent measurement, V. is varied from V., to V, and 7, is kept constant
at a small value, typically a few 10 ns. Thus, polaron pair dissociation, i.e., the CTS-CSS tran-

sition (Figure 3.2), is more or less forced by the presence of an internal electric field. It can be
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Figure 4.4.: (a) Schematic illustration of the voltage pulse during a TDCF measurement. (i) Charge
carriers are generated by a short laser pulse while a constant pre-bias V). is applied to the device.

gular voltage pulse of the height V,,; and pulse length #.,;. (b) Schematic illustration of the corre-
sponding photocurrent transient. The total density of extracted charge carriers nsor = Hpre + Ncoj iS
given by adding the integral of the pre-bias peak and the collection peak.

fairly approximated by F = (Vj; — Vyre)/d, with the built-in potential V;,; and the active layer
thickness d. Electron-hole pairs that are not dissociated undergo geminate recombination. If
the laser intensity is chosen sufficiently low, nongeminate losses can be ruled out, as it is usu-
ally tested in an illumination dependent TDCF measurement prior to the pre-bias dependent
study. In the second mode, i.e., delay time dependent measurements, V) is kept at a constant
value, typically close to V,, in order to approach zero internal electric field and to provide
strongest recombination losses. At the same time ¢, is varied from the 10 ns to the ps time
range. Whereas the amount of extractable charge carriers will be determined only by geminate

losses for the shortest delay times, nongeminate recombination will set in with increasing ¢,.

TDCEF transients j;,,(f) recorded without illumination show an initial spike of displace-
ment current starting at f; due to application of the rectangular collection pulse. This dis-
placement current also overlays the transient j(#) recorded with laser illumination. Thus, in
order to obtain the photocurrent transient Jpn(®), jaark(t) has to be subtracted from j(1), as it
is commonly done in the first step of data evaluation. Figure 4.4b schematically shows j, (1)
that typically consists of two peaks. The first represents the generation of mobile charge carri-
ers on a fast time scale and their extraction by V). The second corresponds to charge carriers
that survive recombination and are extracted by V,,;. Conclusions about recombination losses
can be drawn by evaluating the integral of j,;,(¢) observed at a given V. and t,:

tat+ip

1 la
Niot = _( jph(t)dt""f jph(t)dt) =Npre t Neol - (4.1)
qd 0 tq

The sum of n,,. and n.,; thus equals the total density of photogenerated charge carriers less

the ones lost by recombination. 207!

For all TDCF measurements shown in this thesis, the device was mounted under inert at-
mosphere in a closed cycle optical cryostat (Janis Research). Short laser pulses (< 80 ps) of a

neodymium doped yttrium aluminum garnet (Nd:YAG) laser (Ekspla PL2210) with an energy of
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2.33 eVand 1.17 eV were used for charge carrier generation. A repetition rate of 5 Hz was chosen
to prevent electrical charging of the sample. The laser intensity was varied by a combination of
neutral density filters. The TDCF pulse was applied using a arbitrary waveform generator (AWG,
Agilent Technologies 81150A). The resulting current transient was measured via the 50 Q input
resistor of a digital storage oscilloscope (Agilent Technologies Infiniium DS090254A). To cir-
cumvent the internal delay of the AWG of around 370 ns, both an electrical output signal of the
laser as well as the output of a photodiode were used to trigger the AWG and the oscilloscope,
respectively. Limited by the instrumental time constants, a minimum delay time of 10 ns could
be realized. For a better signal-to-noise (S/N) ratio, transients were averaged 25 times using the

digital storage oscilloscope.

4.3.2. Open Circuit Corrected Transient Charge Extraction

An important figure of merit that characterizes transport and affects recombination in organic
solar cells is the charge carrier mobility ¢ (Section 3.2). Consequently, u is directly linked to
the performance of a photovoltaic device. There are a multitude of techniques to determine
1 in organic semiconductors and blend systems under specific measurement conditions, e.g.,
quantifying u by a combination of j-V and charge extraction measurements, 17153/ calculat-
ing u from photocurrent transients as measured by time-of-flight (TOF) and TDCE, 196:208:209]
or by evaluating space charge limited currents in electron-only and hole-only devices. 2% This
work focuses on the determination of the bulk mobility in organic thin film devices based on
the charge carrier extraction by linearly increasing voltage (CELIV) technique. CELIV was first
introduced by Petravicius et al. in 1975, who studied the drift of holes in crystalline cadmium
selenide. ?'! In 2000, the technique was used to study transport properties of microcrytalline
Si by Juska et al.?'?! Since CELIV requires intrinsic charge carriers to be present in the sample,
the technique was later refined by generating additional charge carriers using a short laser pulse
before extraction (photo-CELIV). (213] Today, photo-CELIV is a widely used technique to study
transport and nongeminate recombination in BHJ solar cells. [152214-218] Although photo-CELIV
allows to ascertain p as well as the charge carrier density n simultaneously, there are major dis-
advantages, which are being discussed below. In a pioneering work, Baumann et al. recently
introduced the novel technique open circuit corrected transient charge extraction 1% that cir-
cumvents the drawbacks of CELIV. In the following, both CELIV and OTRACE will be introduced
in more detail and methods to determine n and u from current transients are presented.

The schematic timeline of a photo-CELIV experiment is shown in Figure 4.5a. In a first step,
charge carriers are photogenerated by a short laser pulse. To minimize the amount of charge
carriers leaving the bulk due to the built-in field V},;, a constant offset voltage V¢ is applied in
forward direction. 25! After a certain delay time f;, charge carriers remaining in the device are
extracted by a reverse bias triangular voltage ramp with the slope S = V,,/,,. With increasing
t4, less charge carriers are extracted due to recombination processes within the active layer.

Figure 4.5b schematically illustrates the electrical response j(t) of the sample to the voltage

ramp. It consists of a rectangular current transient due to the capacitive displacement current
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Figure 4.5.: (a) Schematic illustration of the voltage pulse being applied to a solar cell during a photo-
CELIV measurement. (i) Charge carriers are generated by a short laser pulse while the device is being

the device are extracted by a triangular voltage pulse of height V), and pulse length ,,. (b) Schematic
illustration of the corresponding current transient. It consists of a rectangular contribution j, due
to the geometric capacitance of the sample and an extraction peak of the height A j representing the
density of photogenerated charge carriers n(t;). The square of the maximum peak position £,y is
inverse proportional to the charge carrier mobility p(z4).

Jo = €;€0S/d, which is superposed by an extraction peak of height Aj. Since the latter repre-
sents photogenerated charge carriers, integrating the photocurrent transient j(#) — jo yields the

charge carriers density n corresponding to a certain #;:

_ 1 b . id 4.2
n(l‘d)—d—qfo (J®) = jo)dr . (4.2)

In contrast to TDCE it cannot be excluded that charge carriers recombine during their extrac-
tion by a linearly increasing voltage ramp. Thus, calculating n(z;) using Equation 4.2 under-
estimates n if t; and t,,4x are in a comparable range, since recombination during extraction
is not included. %29 To overcome this issue, n might be evaluated as a function of (¢ + ;,4x)-
However, this approach usually overestimates n. In addition, it is on the expense of temporal

resolution.

In order to account for recombination during extraction, 1?21 5(z,;) derived from Equa-
tion 4.2 is corrected iteratively in this thesis. For this purpose, the initial charge carrier density
n;0(tg) is calculated by the integral of the OTRACE transients j;,(f) according to Equation 4.2.
Subsequently, regarding the entire range of ¢4, the recombination coefficient k), the recom-
bination order A + 1, and finally the recombination rate R are calculated from a fit of n;;(t;)
according to the generalized continuity equation (Equation 3.16). Regarding a certain delay
time t,4, the number of charge carriers recombining during extraction ng(t;) can be derived

using j,(¢) as well as the integral of dn/dt = -k, Ml

tp 1 t A+1
nR(td)=f k/l'(nito(td)_—f jtd(t/)dt/) dr . 4.3)
0 q-dJo
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In the final step, ng(#;) and n;;o(f4) are added and the calculation is repeated until convergence
is found. Both the charge carrier density n as function of delay time ¢; and as function of

t4 + tmax are compared with the iteratively corrected n,rr(f4) in Figure 6.10b.

The first analytical consideration to obtain the charge carrier mobility u from (photo-)CELIV
transients by evaluating the time #,,,, at which the current transient shows its maximum value
was made by Juska et al.!?!?! Based on an electrostatic approach, the Ricatti-type first order

differential equation

di(n) o () = ust 4.4)

—+
dt  2e,60d d

was found. o denotes the conductivity of the studied material. Equation 4.4 describes the
time dependence of the extraction depth [, yielding an expression of i for a low and high con-
ductivity approximation that is described by Aj/jo < 1 and Aj/jy > 1, respectively. For the

intermediate case, u was found to be given by

2d? Aj
p=—— (1+0.36_—) : (4.5)
3S8thax Jo
with the numerically estimated correction factor 0.36 accounting for electric field redistribu-
tion during extraction.???! The equation was used in several publications. [213-215223] Based on
a numerical solution of Equation 4.4, Deibel et al. and Bange et al. showed that Equation 4.5 is
valid only for small A j/ j, and substantially underestimates p with an relative deviation increas-
ing with larger Aj/ jo.?24225 To get more reliable results, alternative reduction factors were
suggested. In 2011, Lorrmann et al. derived a full analytical framework for Equation 4.4 and

presented a parametric approach for calculating p from CELIV transients yielding

2
d ! + L (4.6)
p= . . : :
2Sthx | 6.2 (1 +0.002ﬂ) (1 + 0.12&)
Jo Jo

It was shown that Equation 4.6 is valid for all regimes of Aj/ jy, with a relative error less than
5 %. 226! It must be noted that (photo-) CELIV experiments only provide an effective u averaged
over the mobilities of all extracted charge carriers, mostly determined by the fastest ones. !1”!
Recently, Hanfland et al. analyzed the reliability of u as derived from Equation 4.5 by an one-
dimensional drift diffusion approach assuming an expDOS (Equation 3.10).2?” It was shown
that both an increased trap density and energetic disorder, i.e., an increased tail slope energy
Ey4, yield a considerable deviation from the average device mobility. In addition, the calcula-
tions revealed that the applied increasing voltage itself effects u due to a field-assisted release

of charge carriers from shallow trap states.

As for all transient charge extraction techniques, the time resolution of (photo-)CELIV is lim-
ited by the RC delay of the setup, which is primarily given by the geometric capacitance of the
device. This RC limitation provokes a shift of ,,,, to longer times yielding an underestimated

. In photo-CELIV, a constant offset voltage V¢ is used to prevent photocurrent during and
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Figure 4.6.: (a) Schematic illustration of the voltage pulse being applied to a solar cell during the
OTRACE measurement. (i) In contrast to photo-CELIV, charge carriers are generated by a high power
LED. To realize charge carrier generation under steady state conditions, the open circuit voltage V.
corresponding to the respective LED intensity is applied. (ii) After switching off the LED the V,
transient is applied, suppressing any current flow in the external circuit. (iii) After a certain delay
time 74, charge carriers remaining in the device are extracted by a triangular voltage pulse of the
slope S, alike in the case of photo-CELIV. (b) Energy level diagrams illustrating the charge carrier
dynamics during the three time sections of an OTRACE experiment. (c) Comparison of the mea-
surement signals derived from photo-CELIV and OTRACE measurements on PCDTBT:PC7;BM solar
cells (modified from Reference 219). The photo-CELIV signal clearly shows charge carrier injection
in forward direction due to the applied bias V, rf and a shift of the extraction peak f;,4. to longer
times.

shortly after the laser pulse. However, a rather high V,¢r > V. is usually needed for the com-
pensation of the internal field that causes the injection of charge carriers through non-blocking
contacts. Consequently, the capacitance of the sample and the RC time are further increased.
In addition, injected charge carriers interact with photogenerated ones and disturb their re-
combination kinetics. In order to overcome these major issues, the novel extraction technique
OTRACE accounts for the time dependence of V¢ r after photoexcitaion of charge carriers. Fig-
ure 4.6a illustrates the timeline of the OTRACE approach. The major difference as compared
to photo-CELIV is that charge carriers are generated under steady state conditions by a white
light emitting diode (LED) approaching solar cell operating conditions. In addition, to impede
photocurrent during charge carrier generation, the respective V. is applied to the device. Af-
ter switching off the LED, the open circuit voltage transient V,.(¢) is used as time dependent

offset voltage accounting for the open circuit voltage decay (OCVD, Section 4.4) due to recom-
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bination. ??8! Thus, an effective compensation of photocurrent as well as recombination under
zero internal electric field are realized during t;. Subsequently, charge carriers are extracted
by a triangular voltage pulse in accordance to the common CELIV technique. In Figure 4.6b
photo-CELIV transients of PCDTBT:PC;;BM BHJ solar cells measured at an offset voltage of
0.88 Vand 0.98 V are compared with the OTRACE transient obtained under an illumination in-
tensity of 0.56 sun. The photo-CELIV transients clearly show a forward current during ¢; due
to charge carrier injection. As a consequence, &,y is shifted to longer times yielding an un-
derestimated mobility according to Equation 4.6. In contrast, the OTRACE transient is only
limited by the intrinsic, geometric capacitance of the device. A more detailed description and
comparison of the photo-CELIV and OTRACE techniques can be found in References 147 and
219.

For all OTRACE measurements shown in this thesis, the device was mounted under inert at-
mosphere in an closed cycle optical cryostat (Janis Research). An array of high power white light
emitting diodes (Luxeon Star Rebel LED) was used for illuminating the sample. The LEDs were
pulsed at a frequency of 10 Hz for which steady state conditions of an organic solar cell during
illumination can be assumed. The illumination intensity was varied between 0.01 and 3.16 sun
by the LED current and neutral density filters. In a first step, a 1.5 GQ input resistance of a volt-
age amplifier (FEMTO Messtechnik GmbH) was used to record the V. transient. In a second
step, the OTRACE pulse was applied using a arbitrary waveform generator (Agilent Technolo-
gies 81150A) allowing a variation of t; from 100 ns to 10 ms. The resulting current transient
was recorded by a digital storage oscilloscope (Agilent Technologies Infiniium DS090254A) af-
ter being amplified by a current-voltage amplifier (FEMTO Messtechnik GmbH DHPCA-100).

For a better S/N ratio, transients were averaged 25 times using the digital storage oscilloscope.

4.4. Complementary Methods

In this work, complementary methods for the structural, optical and electrical characteriza-
tion of organic BHJ thin films and devices were applied in addition to the charge extraction
techniques TDCF and OTRACE. Although a detailed description of the individual methods is
beyond the scope of this work, the following paragraphs sketch both their basic principle and
experimental setup. For the purpose of more detailed informations, the reader is referred to the

given references.

X-ray diffraction: XRD is a suitable method to study the molecular structure and crystallinity
of neat organic materials or the molecular mixing of polymer:fullerene blends.??°! In an XRD
measurement, the sample is irradiated by X-rays with a wavelength A smaller than the typical
length scale of the molecular structure. The observation of diffraction peaks can be intuitively

understood from fulfilling the Bragg condition

20 = nA =2asin(@) , 4.7

39



4. Experimental

(a)

|
doo| yoeqpesy

S

N
~ B Z
\ = ‘
substrate =9 -y

Figure 4.7.: (a) Basic arrangement of a XRD setup in grazing incident mode (modified from Refer-
ence 231). The polycrystalline, thin film sample is irradiated by X-rays under the constant angle w.
If the the Bragg condition (Equation 4.7) is fulfilled, a diffraction peak can be observed at an angle
20 — w. The inset illustrates the Bragg condition. Rays scattered from adjacent lattice planes will
interfere constructively once the angle 0 causes a path-length difference which equals an integer
multiple of the wavelength A. (b) Schematic illustration of an AFM operating in intermittent contact
mode. The cantilever is oscillated with a frequency wy and amplitude Ay. Tapping the surface de-
creases the the amplitude A of the oscillation down to a setpoint A/ Ag. This tip-sample interaction
is detected by the reflection of a laser beam and is compensated by adjusting the z-position via a
feedback loop.

with the difference ¢ of the optical path-length, the integer value n, the plane distance a, and
the angle of incidence 0. A reflection can be observed once reflected rays from successive lattice
planes interfere constructively (Figure 4.7a). Thus, the observed diffraction pattern can be used
to reconstruct main features of the molecular structure of the sample. This includes the average
size b of crystalline domains. It can be estimated from the line broadening of the diffraction

peaks using the Scherrer equation

KA

b= —w—— | 4.8
Asg cos(20/2) (4.8)

with shape factor K close to unity and the line width A,g at half the maximum intensity (full
width half maximum, FWHM) after subtracting the instrumental line broadening. For poly-
crystalline, thin film samples, it is preferable to use a constant grazing angle of incidence in
order to illuminate a sufficient and constant volume of the lattice (Figure 4.7a). 239231

XRD measurements were performed by Nis Hauke Hansen. Samples were fabricated on
glass/ITO/PEDOQOT substrates as described in Section 4.2 without deposition of the metallic elec-
trodes. The spectra were recorded using copper K, radiation under grazing incidence in a 3003

T/T XRD setup (General Electric Inspection Technologies).

Atomic force microscopy (AFM): The scanning probe technique AFM can be used in or-
der to gather surface structural information of thin film samples. While raster scanning across
the surface of interest, the deflection of a mechanical probe, typically a silicon or silicon ni-
tride cantilever with a sharp tip, is detected by the reflected spot of a laser beam hitting the
upper part of the probe (Figure 4.7). In order to prevent collisions of the tip with the surface,
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a feedback loop is used keeping the probe sample interaction on a constant level.?3?! Nowa-
days, piezoelectric tube scanners are used, 233 allowing highest resolution on the subnanome-
ter length scale. One of the main AFM operation modes is the so-called intermittent contact
(IC) or tapping mode. 23*! In IC-AFM the cantilever is oscillated with a frequency wy at or close
to its resonance frequency and an amplitude Ap in the 100 nm range. When the tip is brought
into intermittent contact with the sample, tapping the surface decreases the amplitude A of the
oscillation. As soon as a predetermined setpoint A/ Ay is reached, the z-position is readjusted
to maintain a constant force on the sample. Information about the sample surface are obtained
by imaging the z-position as well as the phase of the oscillation relative to the driving signal,
both as a function of the tip’s lateral position. [235236!

IC-AFM measurements were performed by the group of Robert Magerle (Chemical Physics,
Technical University of Chemnitz). Thin film samples fabricated on glass/ITO/PEDOT sub-
strates without metallic electrodes (Section 4.2) were scanned under ambient conditions using
a NanoWizard 1l (JPK Instruments AG) and silicon cantilevers (Pointprobe NCH, NanoWorld
AG). The typical measurement parameters were a resonance frequency of wy = 290 kHz, a free
amplitude of Ag = 60 nm and an amplitude setpoint of A/ Ag = 0.9. In order to calculate the root
mean square (RMS) roughness of large-area, 10 x 3.5 um? height images, JPK Data Processing

software (Version 4.3.52) was used.

Photothermal deflection spectroscopy (PDS): PDS is an indirect, high sensitivity pump-
probe measurement technique used to determine the optical absorption of a thin film sample.
The film is immersed in an inert, non-absorbing deflection medium and gets illuminated by a
monochromatic, modulated pump beam. The nonradiative decay of photons absorbed in the
film heats up the deflection medium and causes a change of its refractive index that is propor-
tional to the number of absorbed photons. The altered refraction is detected by a second probe
beam, [237:238]

PDS measurements were performed by Alberto Salleo’s group (Department of Materials Sci-
ence and Engineering, Stanford University). Thin films of the active polymer:fullerene blends
were spin cast on quartz substrates with a film thickness d comparable to working devices (Sec-
tion 4.2). The samples were immersed in perfluorohexane (CsF14, 3M Fluorinert FC-72) and
illuminated by the focused beam of a monochromated 150 W xenon (Xe) lamp that was me-
chanically chopped with a frequency of 3.333 Hz. The deflection angle of the probing 1.96 eV
helium-neon laser beam was measured using a position-sensitive Si detector in combination
with a lock-in amplifier (Stanford Research Systems SR830). PDS was used up to an energy of
1.98 eV. In addition, the absorption coefficient @ was determined above an energy of 1.9 eV

using an integrating sphere and the approximation

1
a——Eln(ﬁ) , (49)

with the transmission coefficient T and the reflection coefficients R. PDS results were scaled to

absolute values by matching the overlapping range between 1.9 eV and 1.98 eV.
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Photoluminescence spectroscopy: For PL measurements on polymer:fullerene blends, they
were spin cast on glass/PEDOT substrates (Section 4.2). Steady state measurements were per-
formed by Kristofer Tvingstedt. A focused 3.06 eV laser beam was used for excitation. The PL
was caught via an edge pass filter (cut-on energy 2.25 eV) and a liquid light guide and spec-
trally dispersed by a spectrograph (Acton SP2500, Princeton Instruments) fitted with an array
of Si detectors. In order to study the decay dynamics of emitting excited states, time-resolved
PL (TRPL) spectroscopy was used. The measurements were performed by Bjorn Gieseking.
The output of a frequency doubled titanium-sapphire laser system (Spectra Physics Mai Tai,
100 fs, 1.56 eV) was focused on the sample mounted in a liquid helium cryostat. A fluence of

12 nJ cm 2

was used. After spectral dispersion, the PL was detected by a streak camera (Hama-
matsu C 5680-22). The setup had a temporal resolution of 18 ps and the detection window was
limited to 1.5 ns. A more detailed description of the used TRPL setup can be found in Reference

167.

Transient absorption (TA) spectroscopy: TA spectroscopy is a pump-probe technique to
monitor the temporal evolution of non-emitting excitations, for example polarons, in organic
semiconductors. A schematic illustration of the interplay of the pump and probe pulse is de-
picted in Figure 4.8 using the example of a three level system. Since the energy of the probe
beam is chosen to be smaller than the energetic difference Ej;y—jg) between the levels |0) and
|1), no significant absorption is detected without optical excitation of the sample. The addi-
tional use of the pump pulse matching E|;y_|py causes the population of the excited state |1)
and thus the partial absorption of the probe pulse, if its energy is chosen to match Ejpy_;y. The
subsequent relaxation from level |1) to the ground state |0) causes a decrease in the TA signal
with increasing delay time ¢; between pump and probe pulse. It can be shown that the change
in optical density AOD of the sample, i.e., the transmitted intensity I as a function of probing
wavelength A and ¢, relative to transmitted intensity I,.f(A) measured in the absence of the

pump pulse, can be written as

Les (A
AODQA, td)zlogm( reft ))_ oMN(t)d

IAty))  1nQ10) ' (4.10)

with the absorption cross section o (1) and the number density of the excited species N(zy).
Therefore, AOD(A, t;) is directly proportional to the population of level |1) and yields informa-
tion about the decay dynamics of the probed species. [167!

TA measurements were done by Bjorn Gieseking. Samples were processed by spin casting
polymer:fullerene blends on glass/PEDOT substrates (Section 4.2) and mounted in a liquid
helium cryostat. Two optical parametric amplifiers (OPA, Light Conversion TOPAS-C) were
pumped by a regenerative amplifier system (Spectra Physics Spitfire Pro, 118 fs, 1 m]J, 1.56 eV).
The output of the first OPA was used for pump pulses (110 fs, centered at 2.64 eV) with a flu-
ence of 9.4 uJ cm™2. The output of the second OPA was employed for probing in the infrared
(IR) spectral range. The delay time between pump and probe was realized via a motorized lin-

ear stage. In order to detect absorption changes only induced by the pump pulse, every second

42



4.4. Complementary Methods

(b)
(a) . I m” y (c) s I(ty)
N e o
o i

P
10’* ﬁ: &

5 12) i 1 2) —'ﬁ— 2)
: i et 11) ——0
-soeeseeeee () —eo—o—90—o|0) -so0ee—0e—o |0)

to t1 > to ty >t

Figure 4.8.: lllustration of the basic principle of TA using the example of a three level system (modi-
fied from Reference 167). (a) Without optical excitation of the sample, the probe pulse is transmitted
with minor absorption losses. (b) The excitation of the sample by the pump pulse causes the absorp-
tion of the probe beam proportional to the population of the excited state |1). (c) The relaxation from
|1) to the ground state |0) leads to a weakening of the absorption with the increase in the delay time
between pump and probe pulse.

pulse was blocked via an optical chopper. The path of the excitation beam was stabilized by
an automated beam alignment system (TEM Messtechnik Aligna). The transmitted intensity
of the probe pulses was measured using a nitrogen cooled, pre-amplified photodiode. Before
being recorded, the response of the detector for every pulse was integrated using a single chan-
nel boxcar. The temporal resolution of the TA setup was in the order of 400 fs as determined
by a cross-correlation measurement. A more detailed description of the setup can be found in

Reference 167.

Current-voltage characterization: j-V measurements of organic solar cells were conducted
under inert atmosphere instantaneously after vacuum deposition of the electrodes. The de-
vice was illuminated by an Oriel 1160 AM1.5 G solar simulator with an irradiance calibrated
to 100 mW cm ™2 using a PTB7:PC7;BM test device according to Reference 100. A Keithley 237

source measurement unit (SMU) was used for voltage sweeps in forward direction.

Fourier transform photocurrent spectroscopy (FTPS): FTPS allows the fast and highly
sensitive measurement of the spectral photocurrent response of a photoconductive sample.
The technique was originally introduced for probing subgap absorption phenomena of thin
films of hydrogenated microcrystalline silicon. 23 Applied to OPV devices, FTPS has the re-
quired sensitivity to probe the low signal photocurrent that arises from the direct excitation of
the subgap CT complex. 193194 The centerpiece of FTPS is a Fourier transform infrared spec-
trometer (FTIR). It collects actual spectra via the Fourier transform of an interferogram. In
particular, it detects the intensity distribution of the light, which is emitted by a NIR source and
passed an interferometer, as a function of the variable delay between interfering beams, e.g., in
a Michelson interferometer with one movable mirror. ?4”! In order to obtain the FTPS signal of

a photoconductive sample, the device is used as external detector of the FTIR and the obtained
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signal is normalized to the response of a second, spectrally independent detector. Compared to
dispersive spectrometers using monochromatic light, FTPS has the advantage of a shorter scan
time at a higher S/N ratio since all wavelengths are measured simultaneously and the light in-
tensity is not restricted by entrance and exit slits.

In this work, FTPS measurements were performed by the group of Alberto Salleo (Depart-
ment of Materials Science and Engineering, Stanford University) using the continuous scan
(CS) mode. "1 Encapsulated devices were illuminated by via the external light beam output of
a FTIR spectrometer (Thermo Electron IS-50R) equipped with a quartz tungsten halogen (QTH)
lamp and a quartz beamsplitter. The photocurrent response of the solar cell was amplified by a
low noise current pre-amplifier (Stanford Research SR570) and fed back to the external detector
port of the FTIR.

Open circuit voltage decay (OCVD): OCVD is a basic approach to study the internal loss
mechanisms of a photovoltaic device. ?4>243] In an OCVD measurement, the solar cell is con-
nected to the high-impedance input resistance of a voltage amplifier. Charge carriers are gen-
erated by pulsed illumination with a repetition rate that has to be set sufficiently low in order
to reach steady state conditions. After switching-off illumination, the exclusive pathway for the
decay of charge carriers is recombination, since the external current is impeded at all times.

This decreasing charge carrier density effects a decay of the open circuit voltage according to

ks T ("p) 4.11)

Voc=——1n
q noPo

The photovoltage transient can be used to derive a quantity proportional to the recombina-
tion coefficient k.. according to the general recombination rate (Equation 3.12). Combining

Equation 3.12 and Equation 4.11 results in

d 1\t
krec:_(d_’z)(”z_Z) 4.12)
1 Voe(H)) d Vet -1
=—cl/? mex (W(T))EV‘”U) [exp(%)—l] ) (4.13)

with the constant ¢ = 1/(nppo) and the thermal voltage V7 = kg T/q. It must be emphasized
that the time-dependence of V,. implies an n-dependence of k.. and therefore includes a
recombination order exceeding two. Recording the voltage transient V,,.(¢) thus directly yields
information about the recombination dynamics of photogenerated charge carriers.

OCVD measurements were performed under inert atmosphere in an closed cycle optical
cryostat (Janis Research). For illuminating the sample, an array of high power white light emit-
ting diodes (Luxeon Star Rebel LED) was used allowing to adjust the intensity between 0.01 and
3.16 sun by changing the LED current and using neutral density filters. The LEDs were pulsed at
a frequency of 10 Hz. To realize open circuit conditions, a 1.5 GQ input resistance of a voltage
amplifier (FEMTO Messtechnik GmbH) was used. The V,. transient were averaged 25 times
and recorded using a digital storage oscilloscope (Agilent Technologies Infiniium DS090254A).
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5. The Effect of Pure Fullerene Domains
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of polaron pairs via thermalized charge transfer states favored by an enhanced electron delocalization
along spatially extended fullerene domains. Additional TDCF measurements are performed on non-
intercalated pBTTT-C;6:bisPCg1 BM devices for a more accurate view of the highly efficient transfer of
electrons from the bimolecular crystal into the pure fullerene domains. The measurements reveal a
field dependence of free charge carrier generation similar to the 1:4 pBTTT-C;5:PCs; BM blend. Based
on this finding, it is concluded that the presence of pure fullerene domains is the major driving force
for an efficient, field independent dissociation of polaron pairs.

5.1. Introduction

As outlined in Chapter 2 and 3, the precise understanding of the key factors driving an efficient
generation of photocurrent in organic BH]J solar cells are still not fully understood. In particular,
the influence of excess photon energy on the dissociation of polar pairs, the role of vibrationally
and energetically non-relaxed charge transfer states as illustrated in Figure 3.2, and the effect
of the active layer morphology are still intensively debated. The aim of the following chapter
is to contribute to a clarification of these issues. For this purpose, both field and wavelength
dependent TDCF measurements (Section 4.3.1) as well as FTPS using different bias voltages
(Section 4.4) were applied to BHJ solar cells based on the polymer pBTTT-C,¢ (Section 4.1).
The techniques allow to study the yield of free charge carrier generation in dependence on
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the photon energy including the direct excitation into the CTS manifold. Justification for the
choice of pBTTT-C;4 as model system is provided by the easily tunable ratio between mixed
and pure phases depending on the acceptor type and fraction (Figure 5.1).81:84244] Lamellar
structured domains are formed in films of neat pBTTT due to the interdigitation of adjacent
side chains. The crystalline phases are characterized by the distance djg9 between polymer
backbones (Figure 5.1a). Blending the polymer with either PCs;BM or PC7;BM along with
one fullerene molecule per pBTTT monomer (50 mol%) results in the intercalation of fullerene
molecules in between the polymer side chains and the formation of a so-called bimolecular
crystal (BMC), 82! as illustrated in Figure 5.1b. Its structure is stabilized by van der Waals in-
teractions and was recently studied by Miller et al. on a molecular level using XRD, molecular
simulations, and spectroscopic methods. 24>246! An increase in PCBM loading beyond 50 mol%
provokes the formation of pure fullerene domains adjacent to the BMC, since all sites in be-
tween the polymer side chains are occupied. In contrast to PCBM, no BMC but phase segre-
gation of the polymer and the fullerene occurs when choosing the bisadducts bisPCg; BM or
bisPC71BM (Figure 5.1c). In this case, the formation of pure phases appears not to be affected
by the blend ratio. The absence of a BMC in the case of 1:1 pBTTT:bisPCg; BM blends causes a
superior photovoltaic performance as compared to 1:1 pBTTT:PCg; BM blends that is ascribed
to reduced recombination losses compensating lower exciton harvesting in segregated phases.
The use of a higher fullerene loading in pBTTT-C;4:PCg;BM blends yields a maximized per-
formance for a mixing ratio of 1:4. It is related to the presence of both an efficient exciton
dissociation and an improved transport and spatial separation of charge carriers relative to
pBTTT:bisPCg; BM and 1:1 pBTTT:PCg; BM devices. 81,8384

In the present chapter, a systematic tuning of the morphology of pBTTT-C;5:PCg1BM blends
is realized by choosing D-A ratios of 1:0.7, 1:1 and 1:4. These fullerene loadings allow the for-
mation of partially (1:0.7) or almost fully intercalated phases (1:1), the latter with a sufficient
linking of BMCs, as well as a morphology displaying the coexistence of both intercalated and
pure PCg; BM phases (1:4) (Figure 5.1b). Blends using bisPCg1BM are processed in the best
performing 1:1 mixing ratio (Figure 5.1c). In the following section the structural properties of
pBTTT-C;4 blend films are addressed by using XRD and PDS (Section 4.4). The section is fol-
lowed by the investigation of the effect of pure fullerene domains on the field dependence of
charge carrier generation by TDCE Finally, the effect of excess photon energy is analyzed by
TDCF using sub-gap excitation and complementary FTPS measurements. Both PDS and FTPS
measurements and the corresponding data evaluation presented in this section were done by
Koen Vandewal (Stanford University). Device preparation and TDCF measurements were done

by Benedikt Allendorf. XRD measurements were conducted by Nis Hauke Hansen.
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Figure 5.1.: Schematic illustration of the morphologies of pBTTT based blends (modified from Ref-
erence 84). (a) Throughout a heating and cooling cycle, a lamellar, interdigitated structure of crys-
talline pBTTT phasesis formed. djg9 denotes the interlamellar spacing between polymer backbones.
(b) Schematics of the morphology of pBTTT:PCs; BM blends with varying stoichiometry. Fullerene
molecules occupy the sites between adjacent side chains that increase d;9. Only partially or almost
fully intercalated phases are formed in the case of 1:0.7 and 1:1 blends, respectively. Beyond one
PCg1BM molecule per pBTTT monomer (50 mol%), pure acceptor domains are formed in addition
to the bimolecular crystal. (c) Using the bisadduct bisPCg;BM, no intercalation but phase segrega-
tion occurs independent of the blend ratio.

5.2. Results

5.2.1. Structural Properties of pBTTT-C,;¢ Based Blends

Figure 5.2a shows specular XRD patterns recorded for neat pBTTT-C¢ films and pBTTT-Cyg
blended with PCs;BM in a 1:1 and 1:4 ratio. To verify BMC formation, the patterns were fitted
by a Gaussian showing a diffraction peak at 0.268 A7l (neat pBTTT-Cyg) that shifts to about
0.203 A~! in the 1:1 blend. According to the Bragg condition (Equation 4.7), the diffraction
peaks correspond to an increase in the distance between pBTTT-Cy¢ chains from djgy = 2.34
to 3.10 nm. This expansion of the crystal lattice is in good agreement with d;¢p = 2.35 nm and
3.10 nm for neat pBTTT-C; and pBTTT-C;4:PCgs; BM, respectively, reported in literature. 8! It
demonstrates the intercalation of fullerene molecules in between polymer side chains. The 1:4
blend shows a similar peak shift but a decreased amplitude. The reduced signal height most
probably results from the distortion of the BMC domains by the pure fullerene phases. Only a
minor shift was found for blends of pBTTT-C4:bisPCg; BM as compared to pBTTT-C;4:PCg; BM
that is consistent with the segregation of the blend into pure pBTTT-C;4 and bisPCs; BM phases.
In addition to the interlamellar spacing of the polymer backbones, the evaluation of the FWHM
according to the Scherrer equation (Equation 4.8) yields an average size of pure domains and

BMC phases of about 20 nm, which is typical for well performing BHJ devices. %!
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Figure 5.2.: (a) Specular XRD patterns (smoothed) on a neat pBTTT-Cjg film and on pBTTT-Cig
based blend films. For the sake of clarity, the curves are vertically offset. The values of the distance
dyo between polymer chains in the crystal derived from a Gaussian fit (black lines) are assigned to
the respective peak positions. (b) Absorption coefficient a as measured by PDS of neat pBTTT-Cys,
neat PCg;BM, and pBTTT-C¢:fullerene films.

Figure 5.2b depicts high sensitivity PDS measurements of the absorption coefficient a as a
function of photon energy performed on above films and neat PCg;BM. The spectra show a
pronounced absorption band between 1.1 and 1.9 eV for pBTTT-C;4:PCg1BM. This sub-gap ab-
sorption cannot be attributed to the absorption of either of the neat materials and is therefore
ascribed to CT complexes formed at the D-A interface in the intercalated phase. 103197110 The
presence of a BMC is further confirmed by the different strength of the CT absorption regard-
ing both blend ratios. In the 1:4 film, the content of pBTTT-C14 is four times lower than in the
1:1 blend. The observation of a weaker CT signature of the 1:4 blend can be explained by the
formation of additional PCg;BM domains and a decrease in the interfacial area per unit vol-
ume. The CT absorption band for pBTTT-Cy:bisPCg; BM is expected to be strongly reduced in
absorption strength, since the interfacial area per unit volume is substantially reduced due to
segregated phases relative to intercalated PCg; BM based blends. This reduction in density of
interfacial polaron pairs perfectly matches with PDS measurements showing that the strength
of sub-gap absorption below an energy of 1.65 eV of pBTTT-C;4:bisPCg1BM is reduced by more
than one order of magnitude as compared to pBTTT-C;5:PCg BM.

5.2.2. Pre-bias Dependent Photogeneration

In order to determine the field dependence of the free charge carrier generation yield, pre-bias
dependent TDCF measurements were performed on solar cells made of pBTTT-C;4:PCg;BM
and pBTTT-C;4:bisPCg1BM. Figure 5.3 shows the current-voltage characteristics of the devices,
which were chosen as best performing solar cells from a series of several samples each. The
j-V curves were measured under a simulated AM1.5 G spectrum and an illumination intensity

of 100 mW cm™2. The respective photovoltaic parameters can be found in Table 5.1. A reduced
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open circuit voltage of V. = 335 mV was observed for the 1:0.7 PCs;BM device. Furthermore,
both the fill factor and the short circuit current density js. increase with PCg; BM content lead-
ing to a maximum PCE of 1.8 % of the 1:4 PCg;BM device. These results confirm the findings
reported in literature. 8183841 In order to obtain both an efficient exciton harvesting as well
as minor geminate and nongeminate recombination, a significant fraction of pure fullerene
phase needs to coexist with the BMC phase. Hence, the bisPCg;BM device has its best perfor-
mance at a lower fullerene loading due to the absence of a BMC. In our case, it reaches a PCE
of 0.7 %. Thereby, an increase of about 60 meV in V. can be ascribed to the higher LUMO level
of bisPCg; BM. 198! The decrease of about a factor of 2.5 in jg, as compared to the 1:4 PCq;BM
device and to the value reported in Reference 81, might be ascribed to an incomplete exciton

harvesting in a non-ideal microstructure. 19

Voo /mV  joc/mAcm™ FF/% PCE/%

pBTTT-C14:PCe1BM, 1:0.7 335 0.12 27 1073
pBTTT-C14:PCgBM, 1:1 543 1.8 33 0.3
pBTTT-C14:PCg1BM, 1:4 541 6.6 56 1.8
pBTTT-Ci4:bisPCg BM, 1:1 603 2.3 56 0.7

Table 5.1.: Photovoltaic parameters of pBTTT-C;4:PCgBM and pBTTT-C14:bisPCgBM devices ob-
tained from the j-V curves in Figure 5.3.

TDCF measurements were performed on above devices using a pre-bias between -4 V and
the respective V,.. Since the laser intensity was adjusted to be in a range showing a linear
proportionality between photogeneration and illumination intensity at a pre-bias close to V.
(not shown), nongeminate recombination losses can be excluded. In addition, the intensity
was adjusted to reach a similar value of the total extracted charge carrier density 1o, at Vyre =
—4 V for all devices. Both conditions yielded a pulse fluence of 0.1 to 0.4 pJ cm™2. Figure 5.4a
shows n;,, as a function of V). derived at a photon energy of 2.33 eV (open symbols), i.e.,
above the optical gap of the blend components. ! In order to compare the field dependent
photogeneration of the studied devices with each other, ;. was normalized to the maximum
value of a polynomial fit (Figure 5.4b). The decrease in n;,; with decreasing internal electric
field amounts to more than 90 % for the 1:0.7 blend in the studied pre-bias range, implying a
strong field dependence of photogeneration that even prevents n;,; from reaching a saturation
value at -4 V. The pre-bias dependence is slightly weakened to at least 70 % over the same range
for the 1:1 blend. Only the presence of pure fullerene domains in the case of the 1:4 blend
induces a rather low decrease of 25 % with respect to an apparent saturation level, i.e., relative
to the density of initially generated charge carriers. Comparing the field dependence of the
two best performing 1:4 pBTTT-C,4:PCg;BM and 1:1 pBTTT-C;4:bisPCg1BM blends, a similar
behavior for both blends is apparent for a pre-bias in reverse direction. Between 0 V and V.,
the normalized n;q; of pBTTT-C4:bisPCg1 BM exceeds pBTTT-C,4:PCg1 BM, which results in an
overall field dependence of about 15 % for the bisPCg1BM device.
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Figure 5.3.: j-V characteristics of pBTTT-C;4:PCg; BM and pBTTT-C;:bisPCg; BM devices obtained
under 1 sun illumination intensity and simulated AM1.5 G spectrum. The corresponding photo-
voltaic parameters can be found in Table 5.1.

The pre-bias dependence of n;,; can be ascribed to an increasing dissociation yield at in-
creasing internal fields and thus a field assisted CTS-CSS transition (Figure 3.2).9112! Minor
differences in the field dependence from -4 to 0 V in the case of the 1:4 pBTTT-C4:PCgBM
blend as compared to the pBTTT-C;4:bisPCg; BM blend (Figure 5.4b, bottom) suggest a polaron
pair dissociation only slightly affected by the presence of the intercalated phase. The observa-
tion can be understood in terms of an almost complete extraction of electrons out of the BMC
into pure fullerene phases. To quantify this finding, the ratio of the two polynomial fits was
calculated and denoted as BMC extraction yield (Figure 5.4b, right axis). It can be understood
as an upper limit of the extraction efficiency expecting an exclusive CT generation within the
BMC without any photogeneration contribution from the boundary in the case of the PCg; BM
device. The approach is justified due to the fine D-A intermixing within the intercalated phase.
At negative pre-bias, the BMC extraction yield is close to unity and decreases to a value of about
83 % close to V,.. This incomplete extraction for PCg; BM at vanishing internal fields most prob-
ably results from a less efficient polaron pair dissociation due to a hindered delocalization of
electrons within the intercalated phase and therefore enhanced recombination losses. *4”) Due
to the chosen low laser intensity, only geminate processes are expected. However, despite the
present losses, the BMC extraction yield demonstrates that the transfer of charge carriers from
the BMC into pure domains is still highly efficient close to V,. and that it is only driven to lesser
extent by an external voltage. Based on this result, the presence of an intrinsic driving force for

charge generation seems reasonable, as discussed below.

It must be emphasized that a better approximation of the extraction efficiency, i.e., taking
into account a relative photogeneration contribution é of the boundary between intermixed

and pure PCgBM phases, is given by

q"o’ (pBTTT:PCBM) — 6 "% (pBTTT:bisPCBM)

tot

BMC extraction yield = ,
exacton yie (1-6)q"% ™ (pBTTT:bisPCBM)

(5.1)

50



5.2. Results

,!IIII|IIII|IIII|I1II|IIII|IIII|IIII|IIII|IIII|I:
21 1.0 . \ =
10x10”" [ E ]
8F 1 il €
© c | N F .
5 ilb VA S g E
2 6 & = 506F =
@« E ' = e F ]
5 E Re) ' 3 > E =
kel r I ] ‘@ C ]
— = . 1 = c - -
.g 4E 1:1 ! E S04 =
8 E 1:0.7 b ] g F 1
[0) o le) ! E S e =
= :—%O 3 S = E
s 2 E{pBTTT:PCBM 3 D ® 02 E
° E A 117eV P SFE | A 3
15 £| o A 2.33eV " 5 F E
© [ 1 i o F =
£ , 2.33eV ] £ 10k 0 T
o 21 X0 L " | B o ' ey :1-0§
T 10x107 AV ] g E &R 1 35
o L & X 0\ 4 [ E = o
= - = T 09E 109 &
8| A pBTTT:PCBM, 1:4 oo 5 VE - SV WAE R
C| 0 pBTTT:biSPCBM, 1:1 P = | pBTTEPCEM R 2
6 b 0.8 = |pBTTT:bisPCBM 082
W@W%WWWM S - g
4TIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIIII 0.7EIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IE
-4 -3 2 -1 0 -4 3 -2 -1 0
Pre-bias / V Pre-bias / V

Figure 5.4.: (a) Total extracted charge carrier density n;,; as a function of V), derived from pre-bias
dependent TDCF measurements on pBTTT-C;4:PCg1 BM devices with various stoichiometries (top)
as well as pBTTT-C,4:PCg1BM and pBTTT-Cy4:bisPCg1 BM devices (bottom). Measurement condi-
tions were t; = 20 ns, Vo = =4V, and f,,; = 20 pys. Open (filled) symbols correspond to the data
obtained at an excitation energy of 2.33 eV (1.17 eV). (b) Extracted charge carrier density n;,; (Sym-
bols, left axis) normalized to the maximum value of a corresponding polynomial fit (solid lines). The
ratio between the 1:4 pBTTT-C;4:PCgBM and the pBTTT-C;4:bisPCg; BM fits is depicted as BMC
extraction yield (grey line, right axis).

norm

with the normalized extracted charge carrier density g;.

of the respective blend. Equa-
tion 5.1 was evaluated for 6 ranging from 0 to 0.75 in Figure 5.5. Even for an unreasonably
high proportion of § = 0.75, the extraction yield still reaches values close to unity for a pre-
bias below 0 V and is strongly reduced only close to V.. This overall weak dependence of the

extraction yield on § supports the validity of the above assumption.

5.2.3. Wavelength Dependent Photogeneration

To clarify the correlation between fullerene loading and the pre-bias dependence of n,; in
pBTTT-C,4:PCg; BM blends (Figure 5.4, top) and the influence of excess photon energy on the
photogeneration, additional TDCF measurements were performed using an excitation energy
of 1.17 eV. The energy is about 0.8 eV below the optical gap of pBTTT, allowing the excitation of
the CTS manifold as it can be seen from PDS spectra in Figure 5.2b. In analogy to TDCF mea-
surements using an above-gap excitation of 2.33 eV, the laser intensity was chosen in the range
of a linearly increasing photocurrent ensuring the absence of nongeminate recombination. In
addition, a maximum value of n;,; similar to the measurements at 2.33 eV was aspired (Fig-

ure 5.4a). Both conditions required an increase in the pulse fluence to about 10 uJ cm~2, which
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Figure 5.5.: BMC extraction yield according to Equation 5.1 for a relative contribution 6 of the
boundary ranging from 0 to 0.75. The inset shows the full pre-bias range.

roughly coincides with the ratio of the absorption coefficient a at 1.17 eV and 2.33 eV in Fig-
ure 5.2b. The total extracted charge carrier density as well as the normalized n,,; obtained for
the pBTTT-C;4:PCg1BM blends are presented in Figure 5.4a and b (filled symbols), respectively.
The measurements reveal that the excitation energy, i.e., sub-gap or above-gap excitation, is
very weak and subordinate to the variation of the fullerene loading and hence to the alteration

of the blend morphology.

In addition to TDCE high sensitivity measurements of the external quantum efficiency were
performed using FTPS at an applied bias voltage between -2.5 and 0.5 V in order to verify the
energy independence of the polaron pair dissociation over broad range of excitation energy. In
contrast to TDCE the EQE spectra also involve additional nongeminate losses due to the use of
higher light intensities. Figure 5.6a shows the EQE of 1:1 and 1:4 pBTTT-C;5:PCg1BM devices.
To compare both blend ratios, the spectra were normalized to the respective spectrum recorded
at -2.5 V (Figure 5.6b). The increase of the bias voltage from -2 to 0.5 V (1:1) and respectively
0.25V (1:4) results in the decrease in EQE of about two orders of magnitude (1:1) and of only a
factor of about 1.5 in the case of the 1:4 blend. At first glance, the EQE spectra normalized to
EQE(-2.5 V) appear spectrally flat for all chosen bias voltages. Looking in detail, a slight reduc-
tion of the normalized EQE with decreasing photon energy can be found in the CTS absorbing
region below 1.5 eV. This reduction is especially pronounced for the 1:4 blend. The insets in
Figure 5.6 show the normalized EQE at an energy of 1.17 eV and 2.33 eV as a function of the
applied bias voltage. A weaker field dependence was found for the 1:4 blend relative to the 1:1
device. This trend confirms the field dependence visible in TDCF measurements (Figure 5.4b).
Comparing TDCF and FTPS results, stronger relative losses with decreasing bias in the case of

the EQE spectra most probably result from additional nongeminate recombination.
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Figure 5.6.: (a) EQE spectra measured by FTPS at bias voltages between -2.5 Vand 0.5V (-2.5 V and
0.25V) of pBTTT-C4:PCg1BM solar cells with a 1:1 (1:4) blend ratio. (b) EQE spectra normalized to
the spectrum recorded at -2.5 V. The insets show the normalized EQE at an energy of 1.17 eV (filled
symbols) and 2.33 eV (open symbols), marked by dashed lines in the main graph.

5.3. Discussion

As it was found in TDCF and FTPS measurements (Figure 5.4b, top and Figure 5.6b, insets),
the change of the fullerene loading has a much stronger impact on the field dependence of
free charge carrier generation than changing the excitation energy. The observation indicates
a dissociation via thermalized CTS, i.e., the relaxation within the CTS manifold is much faster
than the separation process (Figure 3.2, green arrow). Similar results were recently reported for
P3HT:PCg; BM and a variety of other materials. (59-611 However, TDCF and FTPS show a weak en-
ergy dependence of a few percent and hence, a slightly more efficient dissociation pathway via
higher energy excited CTS cannot be completely excluded. Additionally, there might be other
possible explanations for the slight difference in photogeneration, depending on whether an
energy of 1.17 eV or 2.33 eV was used for photoexcitation. In this context, it must be mentioned
that the increasing deviation between 1.17 eV and 2.33 eV excitation energy with decreasing
internal field in Figure 5.4b (top) and Figure 5.6b (insets) is a matter of normalization. First, a
diverging local ratio of absorption in donor and acceptor regimes for sub-gap and above-gap
excitation might explain the photon energy dependence. The local ratio of absorption is ex-

pected to be 1:1 for the direct CT excitation at the D-A interface, whereas the absorption of the
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neat materials depends on the excitation energy (c.f. above-gap EQE contributions at 2.33 eV).
Second, it is important to point out that Figure 5.6b shows a deviation of the normalized EQE
from a constant value below an energy of 1.9 eV where the EQE drops rapidly with energy (Fig-
ure 5.6a) and is highly sensitive to any small perturbance. In this energy range, the excitation
of deeply trapped charges, which requires an additional field assisted activation to contribute
to the photocurrent, seems reasonable. With decreasing photon energy, they form the main
part of excited charge carrier distribution that leads to an enhanced field dependence of pho-
togeneration. Moreover, applying an external electric field might cause a shift in absorption
(Stark effect). Finally, the variations of free charge carrier generation yield at low photon ener-
gies might result from either a change in absorption tail width due to a slight increase in tem-
perature, e.g., caused by carrier injection, ?4%! or the PEDOT interfacial electrode is becoming
partially doped at higher electric fields. The latter is known to affect the absorption mainly at
longer wavelengths (electrochromism). Despite such possibilities, it must be emphasized that
the influence of excess photon energy on the photogeneration is only minor as compared to a
change of the blend morphology. Therefore, the question about the origin of the reduced field
dependence for higher fullerene loadings arises (Figure 5.4b), which will be addressed next.

As it can be concluded from PL quenching, 818384 the highly efficient dissociation of pho-
togenerated singlet excitons into polaron pairs takes place already for a small fullerene content
due to the formation of intercalated phases of pBTTT-C;4:PCs; BM. However, a high yield of
free charge carrier generation requires the effective spatial separation of polarons. Therefore,
it can be assumed that the strong decrease in n;,; in the case of the 1:0.7 pBTTT-Cy4:PCgs BM
blend results from a poor dissociation due to small delocalization length of electrons confined
to fullerene molecules in partially intercalated phases. (641992471 This implies both strong gem-
inate and nongeminate recombination losses, which might be the origin of the reduced V..
The spatial confinement of electrons can be further related to a highly imbalanced, short-range
transport due to a dominating hole mobility. This behavior was recently reported by Rance et
al., who compared the high frequency mobility Zu in neat pBTTT and a 10:1 pBTTT:PCg; BM
blend. 34

Increasing the PCg; BM loading, i.e., going from a blend ratio of 1:0.7 to 1:1, has no influence
on the dissociation of singlet excitons itself, since the D-A interaction is unaffected on a molec-
ular scale. Thus, the reduced field dependence of photogeneration in pBTTT-C;4:PCg1BM with
a mixing ratio of 1:1 most probably results from the formation of an almost complete inter-
calated polymer crystal and the delocalization of electrons along conducting fullerene chan-
nels. However, the formation of small, individual fullerene domains cannot be fully excluded.
Therefore, it is more likely to attribute the reduced field dependence to the presence of these
domains, as discussed below. Neat PCg; BM phases should also yield an increased contribution
of the electron mobility that is consistent with the observations reported in the publication by
Rance et al. 8% Moreover, recombination losses are reduced increasing both V,,c and FE

In the 1:4 pBTTT-C;4:PCg1BM blend, large acceptor domains, i.e., pure fullerene phases on
the ten nanometers length scale as deduced from XRD measurements, support electron delo-

calization and maximize the polaron pair dissociation yield. Recently, Jamieson et al. suggested
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the presence of an energetic driving force due to an increased electron affinity of PCg1BM ag-
gregates with respect to the BMC. The conclusion is based on a significantly slowed-down re-
combination of mobile charge carriers in a 1:4 blend. ?*% The resulting electron transfer from
the BMC into pure fullerene phases in pBTTT:PCg; BM blends was already mentioned in Refer-
ences 84 and 250 and confirmed for other material systems by Shoaee et al.['3%! By comparing
TDCF measurements on pBTTT-C;4:PCg; BM with those on segregated pBTTT-C;4:bisPCg; BM
(Figure 5.4b, bottom), the present study confirms the high BMC extraction yield. Though, mi-
nor differences between the field dependence observed for the two different acceptor types
indicates that the coexistence of an intercalated phase and pure fullerene domains is not a
necessary condition for an efficient dissociation. This observation demonstrates that only the
presence of pure PCg; BM domains is the main prerequisite for an efficient polaron pair disso-
ciation that is consistent with the theory of an increased delocalization length. Comparative
conclusions about the crucial role of fullerene domains were drawn in recent investigations
using simulations and ultrafast optical absorption spectroscopy. "*"133 The electron delocal-
ization in fullerene domains can be correlated with an increased local mobility, which is con-
sistent with the considerable contribution of the electron mobility reported in literature. #4 In
addition, the formation of an interpenetrating PCg; BM network is expected to improve the per-
colation of free electrons. This conclusion was also drawn in a publication by Baumann et al.
by analyzing the temperature dependent charge carrier mobility in 1:1 and 1:4 blends of the

similar donor polymer pBTCT-C;, and PCg; BM. (152]

5.4. Conclusions

In summary, the influence of excess energy and morphology on the polaron pair dissociation in
pBTTT-C;4 based BH]J solar cells was analyzed by field and wavelength dependent TDCF mea-
surements and FTPS experiments using different bias voltages. To this purpose, the two accep-
tor materials PCg; BM and bisPCg; BM were chosen. pBTTT-C;4:PCg; BM blends were prepared
in three different stoichiometries in order to obtain a blend morphology with partially (1:0.7)
and almost complete intercalated phases (1:1) as well as the coexistence of both fully interca-
lated and pure fullerene domains (1:4). Both TDCF and FTPS revealed an only minor influence
of excess photon energy on polaron pair dissociation. In addition, increasing the fullerene load-
ing reduced the field dependence of the free charge carrier generation yield. The observations
are attributed to an efficient charge carrier photogeneration via thermally relaxed CTS within
the bimolecular crystal. The more efficient dissociation with increasing PCg; BM content is as-
signed to an increased electron delocalization due to the formation of pure acceptor domains.
Consequently, geminate recombination within the intercalated phase is minimized that is ob-
served to be quite significant in the 1:0.7 and 1:1 blends. Additional TDCF measurements per-
formed on segregated pBTTT-Cy4:bisPCg; BM blends revealed a weak field dependence almost
identical to the 1:4 pBTTT-C14:PCs1BM blend. This finding demonstrates the highly efficient
transfer of electrons from the BMC into the pure phase and allows the conclusion that not the
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presence of both intercalated and pure phases, but the delocalization in pure acceptor domains

is the major driving force for efficient, field independent polaron pair dissociation.
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6. The Effect of the Solvent Additive

Diiodooctane

6.1. Introduction

The active layer morphology of organic BHJ solar cells is critical for both the generation of free
charge carriers at the D-A interface and their transport through the interpenetrating D-A net-
work. As outlined in Section 2.2.3, there are different concepts of optimizing the microstructure
of state-of-the-art BHJ compounds in order to improve their photovoltaic efficiency. Regard-
ing blends based on low-bandgap copolymers, the most common approach is the use of small
quantities of solvent additives in the blend solution that significantly affects the precipitation
of one blend component and thus the D-A intermixing.

Using CB as primary solvent and 3 vol% of the additive DIO, the PCE of BHJ solar cells
composed of PTB7 (Figure 4.1b) and PC7;BM can be increased by more than a factor of two
in a conventional device architecture as compared to the DIO-free device. 36! Although it is
widely accepted that the use of DIO comes along with a phase separation on a smaller scale
and an enhanced D-A intermixing, most probably due to the selective dissolution of PCBM
aggregates, 8% the detailed effect of the additive has not been fully clarified yet.15¢! Chen et
al. claimed that the superior photovoltaic performance of PTB7 based blends can be related
to the formation of a hierarchical nanomorphology. ?>!! This multi-length-scale nanostructure
includes D and A nanocrystallites with an average size of several nanometers and nanocrys-
tallite aggregates on the several ten nanometers length scale that are embedded within inter-
mixed D- and A-rich domains of typically hundreds of nanometers. The authors argue that
the use of DIO does not influence the average size of individual crystallites, but increases their
number. In addition, DIO supposedly improves the D-A intermixing in amorphous domains
while preserving their characteristic dimension. Both effects are correlated with a more effi-
cient exciton dissociation and a higher charge carrier mobility. It must be emphasized that the
mentioned findings were achieved for PTB7:PCg1BM blends showing a rather poor rise of PCE
due to DIO as compared to the results reported in Reference 36. In contrast to the hierarchi-
cal nanomorphology proposed by Chen et al., only a minor degree of crystallization was found
in PTB7:PC7,BM blends by Hammond et al.®8 The study additionally showed that the blend
nanostructure is rather given by PC;;BM-rich aggregates surrounded by a PTB7-rich phase.
Through the use of DIO, the size of fullerene-rich domains decreases resulting in a more finer
dispersion. This finding is supported by the work of Collins et al. reporting on the presence of

pure fullerene domains with an average diameter in the 100 nm range that are embedded in

57



6. The Effect of the Solvent Additive Diiodooctane

an intermixed, polymer-rich matrix. ®! With only minor changes of domain composition and
crystallinity, PTB7:PC7; BM processed with DIO reveals a reduced size of acceptor domains. Re-
cently, Hedley et al. suggested that PC7; BM-rich domains in the non-optimized blend consist
of smaller fullerene spheres. " In addition, the formation of elongated fiber-like structures
in the optimized blend is reported. In analogy to PTB7, solar cells comprising the copolymer
PBDTTT-C (Figure 4.1c) in blends with PC;;BM vyield a PCE up to 6.6 % when processed with
3 % DIO.!1732%2] In contrast to PTB7, there are only few publications concerning the effect of
DIO on the active layer morphology. Based on the similarity in chemical structure of both poly-
mers, it is commonly assumed that the formation of a rather amorphous morphology as for
PTB7 is also true for PBDTTT-C. 2%

With regard to the effect of DIO on device physics, nongeminate recombination is seen as the
fundamental loss mechanism for both PTB7:PC7;BM solar cells processed without and with
DIO. The use of the solvent additive is ascribed to substantially reduce geminate recombina-
tion without affecting charge collection. [89:9293] In this context, the scenario of charge carriers
trapped in isolated fullerene domains has to be mentioned. In accordance with PTB7, nongem-
inate recombination was found as dominant loss mechanism in optimized PBDTTT-C:PC7;BM
solar cells. 253!

The following chapter comprises two parts. While all studies mentioned above contrast the
active layer without DIO and the one with 3 % DIO as the optimum amount of the additive, little
is known about the direct correlation between the DIO content and the effect on photocurrent
generation. The first part concerns this issue and reports on the use of a systematically increas-
ing amount of 0 %, 0.6 %, 1 %, 3 %, and 10 % DIO in PBDTTT-C:PC;;BM devices. As starting
point, IC-AFM measurements (Section 4.4) allow first assumptions about the effect of DIO on
the surface morphology of the active layers. The study is extended to the bulk morphology by
analyzing the dynamics of singlet excitons and bound or free polarons by picosecond TRPL and
TA spectroscopy (Section 4.4). The combination of surface imaging and photophysical mea-
surements allows to draft a scenario of the major changes of the active layer morphology as a
function of the amount of DIO. Finally, the main objective of this section is to study the effect
of these nanostructural changes on the field dependence of free charge carrier formation and
nongeminate recombination dynamics by means of TDCF (Section 4.3.1) and OTRACE (Sec-
tion 4.3.2). IC-AFM measurements and the corresponding data evaluation presented in this
section were done by Mario Zerson (Chemnitz University of Technology). Both PL and TA mea-
surements were done by Bjorn Gieseking. A more detailed analysis of their results can be found
in Reference 167.

Despite a multitude of publications, the correlation of the distinctive morphologies of DIO-
free and optimized PTB7:PC7;BM blends with charge carrier transport and recombination has
not yet been clarified in any detail. In order to get insight into this topic, the nongeminate re-
combination dynamics in PTB7:PC;1BM solar cells is analyzed in the second part of the present
chapter. Similar to the study on PBDTTT-C:PC7;BM, the photoluminescence of neat and blend
films is studied to verify changes of the nanomorphology due to the use of DIO in a first step.

Subsequently, the impact of the altered blend morphology on nongeminate recombination and
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charge carrier transport is addressed by means of OTRACE. Combining both elements finally
yields information about the origin of the deviation from a pure 2" order decay in both blends.
Photovoltaic devices used in this section were prepared by Markus Gliicker. Steady state PL
measurements were done by Kristofer Tvingstedt. OTRACE measurements were performed to-

gether with Andreas Baumann (Bavarian Center for Applied Energy Research e.V.).
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6.2. Photocurrent Generation in PBDTTT-C:PC;;BM Blends
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observed along with a demixing of the matrix phase in the 0.6 % and 1 % DIO samples. Surprisingly,
although the blend processed with the smallest amount of DIO already reveals a highly efficient pho-
togeneration, the maximum PCE is only found for the 3 % DIO device. The finding is related to the
formation of interpenetrating polymer and fullerene phases. This fine-tuning of the blend morphol-
ogy favors the formation of free charge carriers and minimizes nongeminate recombination losses as
deduced from charge extraction experiments. In comparison to the 3 % device, the increase in the
amount of DIO up to 10 % negatively affects the PCE. The observation is assigned to a lower photo-

generation yield and charge carrier trapping in a less interconnected D-A network.

6.2.1. Current-Voltage Characteristics

PBDTTT-C:PC7;BM devices were processed using 0 %, 0.6 %, 1 %, 3 %, and 10 % (per volume) of
the solvent additive DIO. Figure 6.1 shows the j-V characteristics of the devices selected for the
following studies. The corresponding photovoltaic parameters can be found in Table 6.1. The
solar cells were chosen with respect to device performance and dark saturation current from a
series of more than ten solar cells, each. The standard deviation of the individual parameters
was equal to at most 12 % of the mean value. A maximum PCE of 7.1 % was found for the device
with 3 % DIO. It results from an increase of about 61 % in j;. and an increase of about 66 % in
FF relative to the blend without DIO. The improvement of both parameters overcompensates
the slight decrease of about 9 % in V. It is striking that the most substantial rise of the PCE
already results from the addition of the smallest amounts of DIO, i.e., 0.6 % and 1 % DIO. The
photovoltaic performance of the device with 10 % DIO remains at a high level as compared to
the best device with 3 % DIO, although j,. is reduced by almost 20 %.
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Figure 6.1.: j-V characteristics of PBDTTT-C:PC7;BM solar cells with varying DIO content. The
illumination intensity was adjusted to 1 sun under a simulated AM1.5 G spectrum.

6.2.2. Surface Morphology

The surface morphology of thin film samples of PBDTTT-C:PC; BM with varying DIO content
were studied using IC-AFM. Large scale and high resolution height images are shown in the
left and middle column of Figure 6.2, respectively. The surface morphology of the 0 % DIO
film is characterized by round agglomerates with an average diameter in the range of 100 to
200 nm embedded in a rather smooth surrounding. The root mean square roughness rzss
amounts to 4.5 nm. With the use of 0.6 % DIO, the surface morphology drastically changes and
a more fine-grained surface morphology is formed showing domains with a diameter of less
than 50 nm. In addition, about 10 nm deep and 100 nm wide depressions appear close to the
bumps, which are identified with collapsed pores of the active layer forming close to the sur-
face during solidification of the film. The surface roughness of the 0.6 % DIO film amounts to
2.9 nm. Adding 3 % DIO results in a further refinement of the surface morphology. Domains
and pores appear on the ten nanometers length scale and the surface roughness has a mini-
mum value of 1.7 nm. The use of 10 % DIO inverts this trend and the surface topography is
coarsening again. Isolated agglomerates are visible on the hundred nanometers length scale

and the surface roughness increases to the maximum value of 8.3 nm. In contrast to the clear

Voo /mV  joe/mAcm ™2 FF/% PCE/%

0% DIO 768 10.1 38.2 3.0
0.6 % DIO 718 13.2 59.5 5.6
1 % DIO 705 14.1 62.6 6.2
3 % DIO 700 15.9 63.4 7.1
10 % DIO 705 13.0 62.4 5.7

Table 6.1.: Photovoltaic parameters of PBDTTT-C:PC7;BM solar cells with varying DIO content.
Measurements were performed under a simulated AM1.5 G spectrum and an illumination intensity
of 1 sun.
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variations of the surface morphology visible in IC-AFM height images, the corresponding phase
images (Figure 6.2, right column) show a rather fine structure on the nanometer scale with only

minor differences in pattern due to the use of DIO.
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Figure 6.2.: IC-AFM height (left and middle column) and phase images (right column) of thin films
of PBDTTT-C:PC71BM prepared with (a) 0 %, (b) 0.6 %, (c) 3 %, and (d) 10 % DIO.

The observed changes in surface morphology can be related with the active layer morphol-
ogy of PTB7:PC7;BM blends. Several studies reported the presence of large fullerene domains
with an average diameter of 100 to 200 nm embedded in an intermixed matrix phase for blends
processed without DIO. 368891254 Noreover, it is claimed that the addition of 3 % DIO provokes
a better dispersion of the PC7;BM agglomerates due to the selective dissolving of the fullerene
component by the additive. The surface morphology of PBDTTT-C:PC7;BM films in Figure 6.2
can be interpreted in a similar way. Based on above studies, it is very likely that the large ag-
glomerates visible in the 0 % DIO film consist of PC7;BM and are embedded in an intermixed
matrix phase. With the addition of up to 3 % DIO, these domains get smaller, leading to a mor-
phology optimized with regard to free charge carrier generation and collection. The nanoscale
structure visible in phase images can be understood in connection with the recent report on the
presence of a polymer-rich skin layer of PTB7:PC7; BM blend films. %! IC-AFM phase images in
Figure 6.2 suggest that a similar top skin also exist in case PBDTTT-C:PC7;BM blends and that
its nanoscale, near-surface morphology does not depend on the DIO content. A quite simi-
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Figure 6.3.: PL spectra (left axis) and absorbance (right axis) of neat films of PBDTTT-C and PC7; BM.
The dashed lines indicate 3.1 eV and 1.74 eV used in TRPL measurements as excitation and probe
energy (Figure 6.4).

lar nanostructure is reported for fullerene blends of the PPV derivative poly(2-methoxy-5-3’,7’-
dimethyloctyloxy-p-phenylene vinylene) (MDMO-PPV). 47255 With increasing PCBM loading,
large fullerene domains are formed that are covered by a polymer-rich matrix phase. It must be
emphasized however that AFM merely provides information on the surface morphology and
allows only limited conclusions to be drawn about the bulk microstructure.

6.2.3. Nanomorphology and Fast Photogeneration

Figure 6.3 shows the absorbance and photoluminescence of neat PBDTTT-C. Both spectra are
strongly overlapping with the respective spectrum of PC7;BM. As a result, it can be assumed
that photoexcitation of PBDTTT-C:PC;;BM in the visible spectral range creates singlet excitons
in both polymer and fullerene phases. In addition, the blend PL can be expected to be a super-
position of donor and acceptor emission.

In order to study the effect of DIO on the singlet exciton dynamics, picosecond time-resolved
PL measurements were performed. The time-integrated spectra of PBDTTT-C:PC7;BM blends
with varying DIO content are shown in Figure 6.4a. The PL spectra can be qualitatively repro-

duced by a superposition of the individual spectra of the neat materials according to
PLpjena = ApPLp(ATo) + AaPLa(int.) . (6.1)

PLp(ATp) denotes the initial donor PL (Figure 6.4a, dash-dotted line) and PL4(int.) the time-
integrated acceptor PL (Figure 6.4a, dashed line). Ap 4 are the corresponding fitting ampli-
tudes, which can be found in Table 6.2. No significant contribution of CT state emission was
found within the analyzed spectral range. The correct reproduction of the blend emission by
Equation 6.1 requires the use of the separately measured PLp(ATp), since the emission of neat

PBDTTT-C might be distorted by a dynamic redshift as it was shown for another low-bandgap
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Figure 6.4.: (a) Time-integrated PL spectra of the blend films (symbols) and corresponding fits ac-
cording to Equation 6.1 (solid lines). Films were excited at 3.1 eV. For comparison also the initial
polymer spectrum (dash-dotted line) as well as the time-integrated PL spectra of the fullerene film
(dashed line) are shown. Both curves were scaled with the fit amplitudes Ap and A4 of the 10 % and
1 % DIO sample (Table 6.2), respectively. The dotted line corresponds to the integral polymer emis-
sion. The inset illustrates the relative spectral change of the fitted spectra. (b) Fits of PL transients
taken at 1.74 eV reflecting the decay dynamics of excitons generated within PC7;BM domains. For
comparison also the PL decay of a neat fullerene film is shown.

copolymer. ®"! In addition, the donor contribution can only be observed around the initial de-
lay of 30 ps. Both the suppressed redshift as well as the fast quenching of the donor emission
in blends with PC;;BM indicate a highly efficient exciton dissociation at the D-A interface. Re-
garding the blend PL, the emission of the 0 % DIO sample is completely reproduced by the PL
from PC7)BM. The addition of 1 % and 3 % DIO goes along with a gradual decrease in PL origi-
nating from a reduced contribution of acceptor PL but an increased emission from PBDTTT-C.
With the increase in the DIO content up to 10 %, the time-integrated PL slightly increases rela-
tive to the 3 % DIO blend that results from the sustained trend of a gradual decreasing PC;1BM
emission and an increase in the donor PL. This relative spectral change of the fitted blend spec-
tra from being acceptor dominated to being donor dominated is illustrated in the inset in Fig-
ure 6.4.

The changes of the absolute PL emission and their spectral composition (Figure 6.4a and
Table 6.2) can be related to an altered size of donor and acceptor domains based on the ex-
citon diffusion length d. of roughly 5 to 10 nm. The suppression of any donor PL in the case
of the 0 % DIO blend indicates the presence of acceptor domains that are substantially larger
than d,, since a considerable part of singlet excitons do not reach the D-A interface and decay
radiatively. In addition, the absence of donor emission implies the presence of an additional
intermixed phase comprising D and A domains with a size on the order of or smaller than d,.
Both conclusions are in accordance with the identification of large domains surrounded by an
intermixed phase in the corresponding IC-AFM height image (Figure 6.2a). The altered blend

emission upon increasing the fraction of DIO can be related to a reduced size of PC7;BM do-
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mains as well as the formation of additional pure PBDTTT-C regions within the intermixed
phase. In both cases, the resizing is expected to occur on a length scale similar to d,. On the
one hand, an alteration of the domain size on a length scale exceeding d, would have no ef-
fect on PL emission, since excitons may not reach the D-A interface during their lifetime in any
case. On the other hand, a highly efficient quenching can be assumed from experience for an
intimate mixing of D and A phases that cannot be observed in Figure 6.4a. The assumption of
an alteration of the active layer morphology on the ten nanometers length scale is consistent

with the observations in IC-AFM height images in Figure 6.2b and c.

In order to verify the interpretation of the effect of DIO on the active layer morphology, PL
decay dynamics measured at 1.74 eV are compared for the different PBDTTT-C:PC;;BM blends
(Figure 6.4b). In addition, also the PL transient for neat PC7;BM is shown. The transients were
fitted by a biexponential decay. The corresponding time constants and the ratio of the ampli-
tudes are summarized in Table 6.2. The transient of the neat fullerene follows a monoexponen-
tial decay with an effective radiative lifetime 7, of fullerene singlet excitons of about 700 ps. 72
is slightly reduced for the blend without DIO and a second fast channel 7, is introduced, which
is close to the temporal resolution of the measurement. 7; most probably results from the dis-
sociation of excitons at the D-A interface. Thus, the decay dynamics of the 0 % DIO blend can
be expected to be mainly determined by the quenching of excitons generated within fullerenes
phases. With the addition of up to 3 % DIO, 1, is substantially reduced and the relative con-
tribution of the fast decay channel A;/ A, increases. The latter continues for the 10 % blend,
however, a slight increase in 7, as compared to the 3 % blend can be observed. Both the de-
crease in 7, up to 3 % DIO and the gradual increasing contribution of 7; can be interpreted in
terms of a reduced size of PC7;BM domains allowing more excitons to reach the D-A interface
during their lifetime. The finding confirms the analysis of time-integrated PL spectra. The in-
crease in 7, due to the use of 10 % DIO might be correlated with an enhanced contribution of

donor emission due to the presence of PBDTTT-C domains.

The finer dispersion of PC7;BM domains with increasing DIO content, as deduced from PL
measurements, implies a substantially enhanced interfacial area. Thus, an increased density

of initially generated interfacial polaron pairs and free charge carriers can be expected. The

time-integrated transient
Ap Ay T1/ps T2/ps AilAr
PC7;:BM - - - 726 -
0 % DIO - 3530 24 512 0.29
1% DIO 230 2330 28 264 0.97
3 % DIO 690 700 18 145 1.47
10 % DIO 1180 470 14 186 2.80

Table 6.2.: Donor and acceptor contributions Ap and A, to the integral blend PL of
PBDTTT-C:PC71BM blends derived from a fit according to Equation 6.1 and time constants 7; and
7, and the corresponding amplitude ratio A;/ A, deduced by a biexponential fit of PL transients. For
comparison also the decay time for neat PC7;BM is shown.
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Figure 6.5.: (a) Initial (0.5 ps) TA signal probed in the 0.24 to 0.4 eV region. Already the use of 1 %
DIO results in an enhanced initial generation of bound and free charge carriers (arrow) staying on
a similarly high level for the 3 % and 10 % film. (b) TA transients probed at 0.34 eV for the different
blends with varying DIO content. The transients were fitted assuming a biexponential decay, which
is shown using the example of 3 % DIO.

change in optical density as studied by TA spectroscopy (Equation 4.10) is directly propor-
tional to the population of both species and thus is an appropriate quantity allowing con-
clusions to be drawn on the active layer morphology. Figure 6.5a shows the TA spectra of
PBDTTT-C:PC7;BM films with varying DIO content recorded at 0.5 ps and in the IR region be-
tween 0.24 and 0.4 eV. This low energy absorption band is associated with the population of
the photogenerated bound polaron pairs or free polarons °101:256.257] without spectrally over-
lapping intrachain excitations. 28! Already the addition of 1 % DIO provokes an increase in the
transient absorption by more than a factor of two as compared to the 0 % DIO device (Fig-
ure 6.5a, arrow). The further increase in the amount of DIO up to 3 % and 10 % causes only
minor changes. The enhanced fast photogeneration for the 1 % DIO blend can be related to
a substantial increase in the D-A interface as a consequence of a reduced size of fullerene do-
mains. This observation is in agreement with previous TRPL measurements and with the en-
hanced PCE of the 1 % DIO device (Table 6.1). However, at first sight, no considerable change
of the initial TA signal of the 3 % DIO blend appears to be inconsistent with AFM and PL mea-
surements that indicate further shrinking PC;;BM domains and thus a gradual increase in the
interfacial area. This contradiction can be clarified taking into account the enhanced donor PL
of the 3 % DIO blend (Table 6.2). It indicates the formation of pure PBDTTT-C domains within
the intermixed D-A phase compensating decreasing PC71BM phases and their positive effect
on the fast photogeneration. The same reasoning holds for the 10 % DIO blend showing both
an even more donor dominated PL emission as well as larger agglomerates visible in IC-AFM
height images. The reason for a slightly reduced photogeneration of the 3 % DIO blend and an
improved photogeneration of 10 % DIO blend, both relative to 1 % DIO, can only be speculated.
The trend might result from the competition of shrinking PC71 BM domains and the formation
of pure PBDTTT-C regions.
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Figure 6.6.: Schematic illustration of the dominant transformations of the morphology of
PBDTTT-C:PC71BM blends caused by the use of DIO. Already small amounts of DIO (0.6 % to 1 %)
provoke the substantial decrease in the size of pure PC7; BM domains surrounded by an intermixed
D-A phase. A higher DIO content (3 % and 10 %) results in a fine-tuning of the domain size and link-
ing of pure domains. Their optimum tradeoff, i.e., the most efficient photogeneration and collection
of free charge carriers, is achieved by the use 3 % DIO.

Despite a comparable yield of fast photogeneration of the 1 %, 3 % and 10 % DIO blends, the
PCE shows a maximum value for 3 % DIO (Table 6.1). To clarify this issue, the decay dynamics
probed by TA have to be considered first. Figure 6.4b shows the transients for the different
blends. Their decay was found to be independent of the energy of the probe beam and does not
change significantly with changing the amount of DIO. Assuming a biexponential decay, a fast
and a slow time constant of 7; = 100 ps and 7, = 2 ns were found with an amplitude ratio A,/ A;
of about 0.8. These rather short time constants indicate that the decay dynamics are mostly
determined by bound polaron pairs. 2% Although, the transients do not cover the nanosecond
time regime, which would be characteristic for the dynamics of free charge carriers, it can be
speculated that the TA signal of the 1 % and 10 % DIO blend is more dominated by bound
polaron pairs than in the case of 3 % DIO. The maximum PCE of the 3 % DIO device thus can
be explained rather by a fine-tuning of the active layer morphology than a drastic change in
nanostructure as observed for small amounts of DIOQ, i.e., 0.6 % and 1 % DIO. This fine-tuning
is assumed to mainly involve the formation of percolation paths favoring the collection of free
charge carriers. The main changes of the active layer morphology are shown in Figure 6.6 as
a function of the amount of DIO. The illustration has to be understood as a scenario assumed
from combining AFM and photophysical results, but not as a reproduction of the actual blend
morphology. It must be emphasized that the precise effect of 10 % DIO is difficult to establish
as it will be seen in the context of OTRACE measurements.

6.2.4. Field Dependent Photogeneration and Nongeminate Recombination

In this section, the effect of an altered blend morphology on the photovoltaic performance of
PBDTTT-C:PC7;BM blends is studied using charge extraction techniques. In contrast to pho-
tophysical measurements, the following experiments were performed on operational devices
and hence are sensitive to free, extractable charge carriers. In addition, they include larger time
scales starting on the ten nanoseconds range. In the first step, pre-bias dependent TDCF was
applied using an excitation energy of 2.33 eV. As a basic requirement allowing conclusions to be
drawn about the yield of free charge carrier formation, i.e., excluding nongeminate losses dur-

ing delay and extraction, the laser intensity has to be adjusted to be in a range showing a pho-
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Figure 6.7.: Total extracted charge carrier density n;,; as a function of the pulse fluence derived
from TDCF measurements on PBDTTT-C:PC;;BM solar cells with varying DIO content (f; = 20 ns,
Veoi = =4V, teo; = 20 ps). The dashed line indicates the pulse fluence which was chosen for the
respective pre-bias dependent measurement. Grey lines serve as guides to the eye.

togeneration linearly proportional to the illumination intensity. Figure 6.7 shows the extracted
charge carrier density n;.; as a function of pulse fluence for the different PBDTTT-C:PC7;BM
devices. Furthermore, the intensities chosen for the following pre-bias dependent measure-
ments are indicated (dashed lines).

The normalized extracted charge carrier density obtained from pre-bias dependent TDCF
measurements is shown in Figure 6.8a. For all devices, n;,; is reduced towards lower internal
electric fields. This decrease is commonly linked with a field dependent charge carrier photo-
generation via bound polaron pairs. 9112122 Regarding the 0 % DIO blend, 7,,, drops to about
65 % of the initial charge carrier density when going from -4 V to V,, i.e., close to zero internal
electric field. The addition of DIO yields a descent to about 80 % (0.6 % DIO) and 85 % (1 % and
3 % DIO) at a pre-bias close to V, relative to the initial value, respectively, and hence a less field
dependent photogeneration and reduced geminate losses. The further increase in the amount
of DIO up to 10 % results in the reversed trend and an again increased field dependence with a
drop to about 80 % of the saturation value at a pre-bias close to V,.. In addition to local gemi-
nate losses explaining the pre-bias dependent decay of n;,;, consideration must be given to the
extraction of free charge carriers from pure donor and acceptor domains. In a recent publica-
tion by Burkard et al., the generation of free charge carriers within large PC71BM domains was
demonstrated for excitation energies above 1.85 eV. 8! It is claimed that these charge carriers
overcome recombination within the fullerene phases by a hole transfer to the polymer that is

favored by an applied external electric field. Due to the presence of large PC;1BM agglomer-
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ates in the case of the 0 % DIO device, the strong pre-bias dependence of n;,; can be partially
attributed to this process. Therefore, the weaker field dependence of free charge carrier genera-
tion when adding 0.6 % DIO might originate from the decreasing size of fullerene domains and
correspondingly a more efficient hole transfer. This finding confirms the observations in the
previous sections demonstrating similar profound changes of the active layer morphology for
the smallest amount of DIO. At first sight, the weaker field dependence along with a decreasing
size of PC7;BM domains seems inconsistent with the results presented in Chapter 5 and cur-
rent publications. Both suggest a more efficient photogeneration with growing fullerene do-
mains. 130-133.249] However, it must be emphasized that in the case of PBDTTT-C:PC7;BM the
decrease in the size of PC7;BM domains starts on a considerably larger length scale of about
100 to 200 nm. The further reduced field dependence of free charge carrier formation due to
the use of 1 % and 3 % DIO indicates an optimized phase separation and the formation of per-
colation pathways between pure domains. Similar results are reported by Albrecht et al. for
the copolymer PCPDTBT blended with PC71BM and its fluorinated derivatives. 6260 In these
publications, reduced geminate losses are correlated with the presence of rather pure donor
and acceptor domains with an average size of 10 to 20 nm. This range perfectly matches the
results of the time-integrated PL study, where similar values are concluded based on the exci-
ton diffusion length. The results shown in Section 6.2.3 also contribute to an understanding
of the reversed trend of an increased field dependence in the case of the 10 % DIO blend. It
is reasonable to attribute increased geminate losses to both the presence of larger and rather
pure donor domains, exceeding their optimum size in the 3 % DIO blend, as well as less inter-
connected phases. The interpretation of TDCF measurements is therefore consistent with the
scenario of a most efficient collection of free charge carriers in the finely-tuned D-A network of
the 3 % DIO blend.

The effect of geminate and nongeminate recombination on device performance can be de-
termined by further analyzing the field dependence of free charge carrier generation. [60:61,96,260]
For this purpose, n;,; is normalized to the current density of the investigated devices at -2.5V
and compared to the j-V characteristics. The difference between n;,; and j(V) (Figure 6.8b,
shaded area) corresponds to the loss current density due to nongeminate recombination. The
field dependence of n,,; is largest for the 0 % DIO device. For this additive content j(V) and
TDCEF agree only in the voltage range below 1 V indicating that the photovoltaic function is af-
fected by both geminate and nongeminate losses. The use of 1 % and 3 % DIO weakens the field
dependence of free carrier formation and a discrepancy between j(V) and TDCF can only be
found close to V, in a rather small bias range. The finding demonstrates a high yield of free
charge carrier generation and minimized nongeminate losses. This result contradicts a publi-
cation by Hawks et al., who claimed nongeminate recombination to be the sole loss mechanism
in PBDTTT-C:PC7;BM solar cells optimized through the use of 3 % DIO.!?%3! The conclusion
was drawn based on the reconstruction of j-V curves assuming a field independent generation
rate. The tested devices resembled the photovoltaic performance of the ones studied in this
work. Expanding the scope of the discussion to the closely related copolymer PTB?7, it is striking
to see that the recombination dynamics in PBDTTT-C:PC;;BM clearly differ from PTB7 based
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Figure 6.8.: (a) Extracted charge carrier density 7, vs. pre-bias V). derived from TDCF measure-
ments on PBDTTT-C:PC;BM solar cells (open symbols). Measurement conditions were f; = 20 ns,
Veor = =4V, and t.4; = 20 ps. nyy was fitted by Gaussian (lines) and normalized to the respective
maximum of the fit. The black arrow indicates a decreasing field dependence. Only data for 0 %,
0.6 % and 3 % DIO are shown in the top graph. The normalized r;,; obtained on the 1 % and 10 %
DIO device roughly coincide with data of the 3 % and 0.6 % DIO device, respectively, as it can be
found in the bottom graph. (b) Comparison of j(V) (left axis) measured under 1 sun illumination
intensity with the relative n,,; (right axis). n,,; was normalized to the current density at -2.5 V. The
difference between j (V) and n;,; corresponds to nongeminate recombination losses as indicated by
the shaded area using the example of 1 % DIO.

blends. Recently, Foster et al. reported on a similarly reduced geminate recombination but en-
hanced nongeminate losses, i.e., a reduced charge carrier lifetime, for optimized PTB7:PCg; BM
solar cells (3 % DIO). %31 A comparable conclusion was drawn by Foertig et al. for PTB7:PC7;BM

devices. 92!

Regarding the origin of nongeminate losses and charge carrier transport, the charge extrac-
tion technique OTRACE was applied. In the first step, the effective charge carrier mobility y
was calculated from the maximum peak position ;4 of OTRACE transients according to Equa-
tion 4.6. Figure 6.9a presents u as a function of delay time for devices with varying DIO content.
Due to RC distortions for #; < 10 ys provoked by the chosen illumination intensity of 1 sun,
an average mobility was evaluated for 10 ps < #; < 1.8 ms (Figure 6.9b). All devices show an
average mobility of about 2-1078 m? (Vs)~!, which is common for organic solar cells.?!9 Sur-
prisingly, OTRACE reveals an increase in g with the addition of DIO contrary to the findings of
Foster et al. [ They found an almost constant hole mobility, but a decreased electron mobility
in optimized devices using the SCLC method. This contradiction can be explained by the fact
that y, as derived from OTRACE transients, provide an estimate of an effective u including both
electron and hole mobility and the influence of trapped charge carriers (Section 4.3.2). Further-
more, OTRACE data reveal the overall highest mobility for the 1 % DIO device. In combination
with an even more efficient fast photogeneration (Figure 6.5a) and a similar field dependence
(Figure 6.8a) as compared to the 3 % DIO blend, this finding raises the question of the origin
of the reduced PCE in the case of the 1 % DIO device. Most probably, the mobility is deter-
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Figure 6.9.: (a) Charge carrier mobility u vs. delay time z; derived from the maximum peak position
tmax Of OTRACE transients (S = 90 kV s™1). The increase in p in the shaded area is attributed to RC
distortions. 1% An average value of u was calculated from the non-shaded time range. (b) Average
1 derived from the left graph as a function of the DIO content.

mined by charge carriers extracted from well connected regions that form only a small fraction
of the 1 % DIO bulk. As already suggested in conjunction with the field dependent photogen-
eration, remaining and less connected phases provoke an inefficient charge carrier collection

that reduces j.

In addition to transport properties, OTRACE provides information about the charge carrier
density available for extraction under working conditions. Figure 6.10a shows the charge car-
rier density n as a function of delay time ¢; for PBDTTT-C:PC;;BM solar cells with 0 %, 1 %,
3 %, and 10 % DIO. The impact of the iterative correction according to Equation 4.3 is visible
in Figure 6.10b. This graph compares the corrected charge carrier density n.,,r(t4) with n as
a function of ¢; and as a function of the sum ¢4 + ;4. Considering the shortest delay time
of 100 ns in Figure 6.10a, n(t;) increases with the addition of DIO by about 50 % (1 % DIO)
and 94 % (3 % DIO) with respect to the device without additive and again decreases by about
20 % (10 % DIO) with respect to 3 % DIO. The trend is in contrast to the fast photogeneration
in Figure 6.5a showing a significant increase in transient absorption for 1 % DIO and only mi-
nor changes in photogenration efficiency for the 3 % and 10 % DIO blends. In line with the
discussion of TA relating to device performance in the previous section, there are two possible
explanations for the discrepancy between TA and OTRACE. First, enhanced geminate recombi-
nation losses during t; in the case of the 1 % and 10 % DIO devices (Figure 6.8) might result in
a reduced charge carrier density in the OTRACE experiment. Second, an extracted charge car-
rier density, which is smaller than expected from the yield of fast photogeneration, suggests a
less efficient polaron pair dissociation in intermixed D-A phases. Furthermore, an effective ex-
traction requires the adequate collection of charge carriers in interconnected D and A phases.
Thus, a fine-tuning of the blend morphology in terms of a demixing of the matrix phases when

going from 1 % to 3 % DIO and the formation of percolation pathways seems reasonable. The
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Figure 6.10.: (a) Extracted charge carrier density n vs. t; of PBDTTT-C:PC7;BM devices with varying
DIO content derived from OTRACE transients (S = 90 kV s~!). An iterative correction was applied
(Equation 4.3). The arrows indicate the trend of the inverse slope A derived from a power law fit
n(f) < % in the fast and slow recombination regime. (b) Charge carrier density n as function
of delay time f; and as function of the sum of delay time 7; and the maximum peak position ;4
compared with the iteratively corrected n.,,,(¢47) (symbols). Data were derived from OTRACE mea-
surements on PBDTTT-C:PC7;BM solar cells processed with 3 % DIO.

reduced initial charge carrier density in the case of the 10 % DIO device similarly supports the
assumption of a reduced linking of pure domains and an incomplete extraction under solar cell

working conditions.

In addition to the initial charge carrier density, the time dependent decay of 7 also reflects
changes of the active layer morphology induced by DIO. Figure 6.10a shows a fast recombina-
tion regime at short times and high n (hereinafter referred to as f = fast) followed by the slow
decline of n(f) at long times and small n (s = slow). A similar behavior has already been ob-
served in TA measurements on MDMO-PPV:PCgBM as well as non-annealed and annealed
P3HT:PCg BM. 2612621 Both regimes follow a power law dependence n(f) < t~'/*. A corre-
sponding fit yields a substantial decrease in the recombination order given by A = 3.4 (0 %
DIO), 2.5 (1 % DIO), the minimum value of 2.3 (3 % DIO), and the renewed increase to 3.2 (10 %
DIO). In contrast, A is about 5.5 and not affected by the additive content up to 3 % DIO. Only
the addition of 10 % DIO leads to an increase in A to about 7. The deviation from a pure ond
order decay, which is characterized by A + 1 = 2, suggests a recombination strongly affected by
energetically trapped charge carriers. 159152 Thus, the whole range of #, is expected to be in-
fluenced by both the nongeminate recombination of free polarons as well as the recombination
of free and trapped charge carriers. The presence of a fast and slow regime can be understood
within the scenario of a recombination dominated by structural properties at short times, i.e.,
high n, and dominating influence of energetic disorder at long times,. i.e. low n, discussed in
detail in Section 6.3. Therefore, the maximum value of A¢ in the case of the 0 % DIO device
confirms the scenario for PTB7:PC7;1BM in the publication by Foertig et al., who suggests the
trapping of charge carriers inside isolated fullerene domains. %?! The constant A for 0 %, 1 %
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and 3 % DIO can be interpreted as the slope of an exponential distribution of trap states in terms
of an Urbach tail energy according to Equation 3.10. 2612632641 [t vields E4 = A kT =~ 140 meV
independent of the blend morphology. The strong decrease in A ¢ already for the small amount
of 1 % DIO can be seen as a further indication of shrinking acceptor domains that continues up
to a DIO content of 3 %. In analogy, the following increase in A ¢ for 10 % DIO as compared to
3 % DIO is consistent with the formation of larger polymer phases. However, regarding the sub-
stantial increase in A and the fairly large E 4 of about 180 meV, a strong influence of the over-
concentration of DIO on the energetics of the system, in addition to nanostructural changes,
cannot be completely ruled out. In this context, X-ray photoelectron spectroscopy (XPS) re-
vealed a weak signature of the 3d core level of iodine in PTB7:PC7; BM films processed with 3 %
DIO after drying the active layers under high vacuum conditions. %% The signature was related
to DIO molecules and/or separated iodine atoms remaining in the active layer. They might gen-
erate an enhanced trap density or deep tail states in PBDTTT-C:PC7;BM films processed with
10 % DIO. It must be emphasized that a possible overestimation of E4, e.g., as compared to
transient photovoltage (TPV) and charge extraction (CE) on PTB7:PC;;BM presented by Fo-
ertig et al., %% is a subject of active study and might result from the OTRACE technique itself.

Furthermore, the thickness of the active layer can have an influence on the determination of
As- [266]

6.2.5. Conclusions

In this chapter, the effect of a systematically increasing amount of the solvent additive DIO in
PBDTTT-C:PC7;BM solar cells was studied. The combination of surface imaging, photophysi-
cal, and charge extraction techniques revealed a multi-tiered impact of DIO on the active layer
morphology and correlated changes in free charge carrier generation and nongeminate recom-
bination dynamics. In analogy to well-studied blends of PTB7:PC;;BM, the morphology of the
blend processed without DIO was found to be dominated by large fullerene domains embed-
ded in a polymer-rich matrix. These agglomerates provoke increased singlet exciton losses due
to a rather small D-A interfacial area and give rise to a poor device efficiency of 3.0 %. Already
the use of small amounts of DIO (0.6 %) leads to a dramatic decrease in the size of PC;;BM
domains. The strongly enhanced D-A interface yields a highly efficient exciton dissociation
that, however, might be dominated by the generation of bound polaron pairs. In addition, an
inefficient collection of free charge carriers in a still finely intermixed D-A matrix without a suf-
ficient number of percolation paths is assumed that would explain the moderate PCE of 5.6 %
of the 0.6 % DIO device. The use of up to 3 % DIO shows only a minor impact on the fast pho-
togeneration, which is related to a balanced effect of further decreasing PC71BM domains and
the formation of pure PBDTTT-C regions within the intermixed matrix. Both these factors fa-
vor free carrier formation and collection. As a result, the 3 % DIO device shows the maximum
PCE of 7.1 %. This photovoltaic performance is mostly determined by nongeminate recombi-
nation compared to only weak geminate losses. Increasing the DIO content up to 10 % yields

a reduced PCE of 5.7 %. Since the measurements revealed a still highly efficient dissociation
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of singlet excitons, the reduced photovoltaic performance is related to the photogeneration of
predominantly bound polaron pairs and the hindered extraction of free charge carriers in a less
interconnected network of pure D and A phases. In the light of the outcomes of Chapter 5, the
study demonstrates that the generation of free charge carriers is highly sensitive to the size of
both donor and acceptor domains. The findings further highlight the strong impact of blend
morphology on the interplay between local photogeneration and charge carrier transport and

hence on the photovoltaic performance of BHJ solar cells.
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domains. As it is known from previous publications and as it is verified by PL measurements within
this work, these domains are present in the DIO-free device and their size is significantly reduced
through the use of the processing additive. In addition, by relating the charge carrier mobility p with
the generalized recombination rate, it is demonstrated that the carrier density dependence of u does
not account for the super-second order decay in either device. The finding is related to the profound

impact of detrapping processes in a partially phase separated blend, slowing-down recombination.

6.3.1. Current-Voltage Characteristics

PTB7:PC;,BM devices were fabricated without and with 3 vol% of the processing additive DIO.
The j-V characteristics of the solar cells are shown in Figure 6.11. Device parameters can be
found in Table 6.3. The measurements were performed under simulated 1 sun conditions. The
solar cells had an active area of 9 mm?. Comparing both devices, the use of DIO results in an
almost doubled PCE. This rise in device efficiency is attributed to an increase of 61 % in j,. and
of 29 % in FE compensating the slight decrease of about 6 % in V.. The result is in accordance
with previous publications, 3691921 showing a similar effect of DIO on the device parameters
of PTB7:PC7;BM solar cells spin-cast from chlorobenzene. The increased performance is com-
monly related to an alteration of the blend morphology mainly characterized by the reduced
size of pure fullerene domains that is ascertained in the following using a photophysical ap-

proach.

6.3.2. Nanomorphology

Following the reasoning in Section 6.2, the comparison of the spectral shape as well as the ab-
solute value of the photoluminescence of blend films allow conclusions to be drawn about rel-

ative changes of the size of neat D and A domains on the ten nanometers length scale and the
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Figure 6.11.: j-V characteristics of PTB7:PC71BM solar cells without and with 3 % DIO. The illumi-
nation intensity was adjusted to 1 sun under a simulated AM1.5 G spectrum.

intermixing of the blend constituents. In order to verify the dominant microstructural changes
of PTB7:PC7BM blends upon the addition of DIO, steady state PL. measurements were per-
formed. Figure 6.12a shows the spectrally corrected, relative photon flux of PTB7:PC7; BM films
without and with 3 % DIO as well as the normalized photon flux of neat PTB7 and PC;;BM. An
excitation energy of 3.1 eV was used. At this energy, PC7; BM shows a much stronger absorbance
as compared to PTB7 (Figure 2.4 and 6.3). All films had a thickness that was comparable to the
active layer thickness of PTB7:PC7;BM devices. Regarding the maximum value of the blend
spectra, the PL is reduced by a factor of more than two in the case of the DIO blend. Further-
more, both blend spectra reveal two peaks situated at an energy of 1.57 eV and 1.7 eV with a
slightly increased relative contribution of the low energy peak in the case of the DIO blend. By
comparison, neat PTB7 reveals a maximum PL emission at around 1.6 eV and neat PC;;BM a
double peak structure with signatures at about 1.58 eV and 1.75 eV. With regard to the excita-
tion energy and the overlap of donor and acceptor PL, the spectral shape of the blend emission
can be correlated with a dominating acceptor PL and an only small proportion of donor PL that
is slightly enhanced due to the use of the processing additive. It is important to note that the
slight redshift of the blend PL maxima as compared to the neat films might originate from the

spectral superposition of the two neat film components.

It is broadly accepted that the morphology of PTB7:PC7;BM blends processed without DIO

is characterized by the presence of pure fullerene domains with an average diameter in the

Voo /mV  joc/mAcm™ FF/% PCE/%

w/o DIO 778 8.0 53.8 3.3
3 % DIO 728 12.9 69.4 6.5

Table 6.3.: Photovoltaic parameters of PTB7:PC7;BM solar cells without and with 3 % DIO of neat
PC7;BM and PTB7:PC7;BM films. j-V characterization was performed under 1 sun illumination
intensity and simulated AM1.5 G conditions.
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Figure 6.12.: PL spectra of neat PTB7 and PC;;BM as well as PTB7:PC7;BM blend films without and
with 3 % DIO. Films were excited at 3.1 eV. Spectra of neat films were normalized to their maximum
value. The arrow indicates the enhanced PL quenching in the blend processed with DIO.

100 nm range that are embedded within a polymer-rich, intermixed matrix phase. [36:8590,91,93I
In addition, based on previous studies, a reduced size of these domains, i.e., a finer D-A in-
termixing in blends optimized through the use of DIO can be assumed. The spectra shown
in Figure 6.12 can be understood on the basis of those findings. Regarding the PL emission
of the blend processed without DIO, it is reasonable to assume that the major part of singlet
excitons on the acceptor recombine, since the average size of PC;;BM domains exceeds the
typical exciton diffusion length d, of 5 to 10 nm. %% Thus, excitons fail to reach the D-A inter-
face during their lifetime causing a dominating acceptor proportion in the blend PL. A reduced
size of PC71BM domains in the blend processed with DIO substantially increases the D-A inter-
facial area explaining a more efficient quenching of the overall PL emission. In addition, it is
more likely that singlet excitons generated within fullerene domains reach the heterojunction,
reducing the relative spectral contribution of acceptor PL to the blend emission. In sum, the
changing PL emission of PTB7:PC;1BM blends without and with DIO supports the assumption
of smaller fullerene domains in the case of the DIO blend that is consistent with previous mor-
phological studies. *9! This conclusion is further confirmed by a reduced radiative lifetime of
fullerene excitons due to the use of DIO. Respective TRPL measurements can be found in Refer-
ence 267. Furthermore, AFM height and phase images reveal the presence of a large scale phase
separation in DIO-free blends and a smoothing of the surface morphology for blends processed
with the solvent additive. Corresponding measurements are shown in Reference 138. It must
be emphasized that an apparent proportion of donor emission in the blend spectra indicates

the presence of PTB7 domains with a size exceeding d, within the matrix phase.
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6.3.3. Nongeminate Recombination and Charge Carrier Transport

The effect of an altered blend morphology of PTB7:PC71BM solar cells without and with DIO on
the nongeminate recombination dynamics and transport properties of photogenerated charge
carriers was studied by means of OTRACE. The time dependent decay of the charge carrier den-
sity n after photoexcitation at V,. conditions is shown in Figure 6.13a. An illumination intensity
of 0.01 sun and 1 sun was chosen. To compensate for recombination during extraction, an it-
erative correction was applied as described in Section 4.3.2 (Equation 4.3). Both blends reveal
a saturation of n at shortest delay times of several 100 ns. With the addition of DIO, the satura-
tion value of n(t;) increases from 1.5- 10%2 to0 2.5-10%2 m~3. This increase in the initial charge
carrier density of about 67 % matches the rise of j;. and hence demonstrates the more efficient
photocurrent generation of the DIO sample as it was found in j-V characteristics (Figure 6.11).
Regarding the decay dynamics of the individual blends, the increased photogeneration realized
by a higher illumination intensity provokes a stronger recombination. The finding is a clear ev-
idence for an effective charge carrier lifetime 7.¢; that depends on the charge carrier density
n and hence bimolecular recombination (Section 3.2.2).21%! In addition, a transition from a
fast (f = fast) to a slow (s = slow) recombination regime can be found at a delay time of about
4-107° s. This observation is in line with the decay dynamics found in solar cells based on
the similar copolymer PBDTTT-C in Section 6.2 and with TA studies in literature. 261:262] The
presence of two recombination regimes is confirmed by the open circuit voltage decay showed
in the inset in Figure 6.13a. According to Equation 4.11, the decay of V,.(¢) is consistent with
the decrease in n due to charge carrier recombination. Although, OCVD is a straightforward
approach to study the recombination dynamics in organic solar cells, e.g., as shown in Chap-
ter 7, the following study focusses on OTRACE measurements, among other reasons, because it

allows simultaneous access to n and the charge carrier mobility.
The nongeminate recombination dynamics of the fast and slow regimes are analyzed by the
generalized continuity equation (Equation 3.16). Its integration yields

A)_I/A

n(0) = (Akyt+ng , 6.2)

with the constant of integration ng. This power law dependence was applied to the fast re-
combination regime (Figure 6.13b, dash-dotted lines) revealing a change of the recombination
order A+ 1 from A /0 +1 = 3.3 (without DIO) to A ¢, +1=2.2 (3 % DIO). In the slow regime,
i.e, for times kAt > ny }L, Equation 6.2 simplifies to n(t) t~11 (dotted lines) yielding com-
parable values for both devices of A /0 +1 =5.9 and Ag,, +1 = 6.3. The deviation from a
pure 2" order decay (A + 1 = 2) indicates a recombination strongly affected by charge carrier
trapping over the whole range of t;.115152! In the case of a strong D-A phase separation, the
prerequisite for nongeminate recombination is that electrons and holes meet at the D-A in-
terface. This includes the interaction of free polarons as well as the interaction of free and
trapped charge carriers. Regarding charge carrier trapping, spatial and energetic traps have

to be distinguished. The former describes charge carriers that are locally free but confined in
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Figure 6.13.: (a) Extracted charge carrier density n vs. ¢; of PTB7:PC7; BM devices without and with
3 % DIO derived from OTRACE transients (S = 60 kV s™!) recorded under 0.01 and 1 sun illumina-
tion intensity. Data were corrected iteratively (Equation 4.3). The inset shows the respective V,
transients (smoothed) recorded under 1 sun illumination intensity. Lines were added as a guide to
the eye illustrating two different recombination regimes. (b) Identification of the inverse slope A by
power law fits of n(#) in the fast and slow recombination regime.

neat domains due to missing percolation to the electrodes. Hence, spatially trapped charge
carriers can interact with free ones but are not extracted in CE experiments. This may lead
to an underestimation of the recombination order, i.e., A + 1 < 2. Energetic trapping includes
charge carriers in the tails of the DOS and may, in contrast, account for A + 1 exceeding 2. En-
ergetically trapped charge carriers can participate in a recombination process in two cases.
Either they are trapped very close to the heterointerface or, since trapping within neat material
phases protects from recombination, they have to be thermally activated,. i.e., released from
trap states, making them mobile once again. This crucial impact of localized trap states on the
nongeminate recombination dynamics has been reported in several publications, [14%:261,262,268]
In particular, in References 150 and 152, an increasing deviation from a 2" order decay with
decreasing temperature in P3HT:PCg1BM and pBTCT-C,;»:PCg1 BM, respectively, was explained
by the delayed release of charge carriers from energetic traps at low T. A delayed activation
due to reduced thermal energy makes recombination less probable since potential recombina-
tion partners might already have recombined or are extracted, slowing-down charge carrier de-
cay. Regarding PTB7:PC7; BM the super-second order decay can be understood along the same
lines, but taking into account the altered nanostructure rather than varying T. The blend mor-
phology of the DIO-free blend is characterized by large, pure fullerene domains. Thus, it seems
less likely that charge carriers released from energetic traps in the interior of these domains
reach the D-A interface, since re-trapping may occur more frequently as compared to the 3 %
DIO device. Furthermore, it seems reasonable to assume that the structural difference between
both blends will dominate the decay dynamics at short ¢4, i.e., high n, aslong as released charge
carriers easily find recombination partners. With increasing #4, i.e., low n, recombination will

become less probable since, according to the reasoning above, low-lying trap states contribute
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Figure 6.14.: Photocurrent transients j(t) — jo of PTB7:PC71BM devices without and with 3 % DIO
recorded at different delay times f;. Measurements were performed under 1 sun illumination inten-
sity using a voltage ramp of S = 60 kV s~!. All transients were normalized to their maximum value.
The shaded areas illustrate an increased contribution of trapped charge carriers at short t; in the
case of the additive-free device.

more and more. Thus, nongeminate recombination will preferentially be affected by thermal
activation processes. According to this argumentation, the super-second order decay can be
related to energetic trapping. Furthermore, the appearance of a fast and slow recombination
regime, as monitored by OTRACE, most probably results from morphological properties and
energetic disorder dominating the decay dynamics at high and low n, respectively. Hence, the
enhanced Ay ,/, of the DIO-free device as compared to A, can be understood in terms of an
intensified trapping of charge carriers within neat PC7; BM domains, as supposed by Foertig et
al.%?! This enhanced contribution of trapped charge carriers is also evident in OTRACE tran-
sients. Figure 6.14 shows the normalized photocurrent transients recorded on both devices at
different delay times. At 100 ns, 1 ps, and 10 s, transients of the DIO-free devices show a peak
broadening indicating that the extraction of charge carriers requires higher field strength rela-
tive to the DIO device, i.e., their release is hindered by trapping. Similar effects were observed
recently in PCDTBT:PCg; BM solar cells supported by drift-diffusion calculations. 227269 Re-
garding the recombination order at long times, 15, comparable values between both devices
imply an energetic disorder in terms of an exponential distribution of trap states, 6!/ which
is independent of the preparation conditions and hence the blend morphology. This finding
might be related to an unchanged D-A matrix phase as supposed by Collins et al. %! It is im-
portant to note that the values of A ¢ derived from OTRACE measurements coincide well with
TPV and CE results. ®? However, a distinct deviation is found for A;. As outlined above, this

difference could be induced by the particular experimental conditions.
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In order to study the effect of DIO on the transport properties, the effective charge carrier
mobility p was derived from ¢,,,, of OTRACE transients recorded under 0.01 sun and 1 sun
illumination intensity according to Equation 4.6. Typical values of f,,,, were on the order of
107% s corresponding to electric field strengths of about 1.5-108 V m™!. Figure 6.15a depicts p
as a function of delay time. Comparing both light intensities, p shows a strong initial increase
with delay time for 1 sun. This increase demonstrates the striking impact of RC rise on the
OTRACE extraction peak, causing a shift of 4, towards longer times (Section 4.3.2). 219 This
RC limitation extends to longer delay times in the case of the DIO-free device due to delayed
bimolecular recombination. In the case of 0.01 sun, no initial increase but a constant value of
can be found. Although it cannot be fully excluded that data recorded at this low illumination
intensity is free of RC distortion, the charge carrier mobility was evaluated using 0.01 sun in
the following. A linear fit ranging from 100 ns to 180 ps (without DIO) and to 32 ps (3 % DIO)
yields a charge carrier mobility of 1,/ = 1.73-1078 m? Vs™! and ;= 1.15-1078 m? Vs~ for
the blend processed without and with DIO, respectively. By using SCLC, Foster et al. found a
nearly constant hole mobility of uj, = 1.5-1078 m? Vs~!, but a decrease in the electron mobility
from p,=4.3- 1079 m? Vs~! to 1.4-107? m? Vs~! in additive-free and optimized PTB7:PCg; BM
devices. This overall moderate electron transport was related to a close D-A intermixing within
the matrix phase, that is further reduced in the optimized blend due to a smaller size of pure
fullerene domains. Keeping in mind that OTRACE yields information about an average electron
and hole mobility without specifying the contribution of u; and ., the trend of charge carrier
mobility as observed in this work agrees well with the results published by Foster et al. It is
striking that Figure 6.15a reveals a relaxation of y towards longer times starting at about 200 us
(without DIO) and 50 ps (3 % DIO) that most probably originates from the recombination of
the fastest charge carriers first taking place. Since the charge carrier density is simultaneously
decreasing with t; (Figure 6.13), this observation is equivalent with a n-dependent charge car-
rier mobility. Combining n(z;) and u(¢4), Figure 6.15b shows a slightly stronger carrier density
dependence of u for the DIO device. This apparent n-dependence of u might also be caused
by a time dependence of p due to charge carrier relaxation into tail states during #;. In or-
der to ensure a prevalent n-dependence, u was derived in additional, illumination dependent
OTRACE measurements on a second set of PTB7:PC;;BM devices without and with 3 % DIO.
The samples had an active area of 3 mm? and a photovoltaic performance comparable to the
ones in Figure 6.3. The inset in Figure 6.15b depicts p as a function of ¢, derived for a constant
charge carrier density of 710! m™3 and an illumination intensity ranging between 0.01 sun
and 1 sun. Although, the measurements reveal slightly different magnitudes of u as compared
to Figure 6.15a, which might be explained by the different experimental conditions, only a mi-
nor time dependence is visible. This finding justifies that mobility is relaxed at this timescale
making charge charier concentration dependence the dominant factor.

So far, the recombination dynamics in Figure 6.13 was analyzed under the assumption of
the generalized continuity equation given in Equation 3.16. Deviations from a pure 2" order
decay were found, which are correlated with a substantial impact of charge carrier trapping

in separated phases. Furthermore, Figure 6.15a revealed a charge carrier mobility depending
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Figure 6.15.: Charge carrier mobility u vs. (a) delay time #; and (b) charge carrier density n of
PTB7:PC71BM devices without and with 3 % DIO derived from the maximum peak position ;4
of OTRACE transients (S = 60 kV s™1). The inset shows pvs. tg derived from illumination dependent
OTRACE transients and a constant n (S =75 kVs™1).

on the charge carrier density n. In this context, a super-second order kinetics was linked with
the n-dependent charge carrier mobility in an earlier publication, i.e., it was claimed that p(n)
completely accounts for an additional n-dependence of the recombination coefficient k.. in a
pure bimolecular approach (Section 3.2.2). (1531 1 contrast, Rauh et al. showed that p(n) alone
cannot explain a recombination order exceeding two in PTB7:PC; BM solar cells and supposed
that a trap-assisted recombination mechanism has to be considered.?’" The statement was
justified by the deviating carrier density dependence of R(n)/n?, being proportional to kjec,
and p(n) derived by relating j-V and CE measurements. However, the approach required the
assumption of a field independent polaron pair dissociation and thus was limited to the de-
vice processed with 3 % DIO. 92! Furthermore, the charge carrier density was determined by
CE at short circuit conditions where corresponding internal electric fields may be too small
to extract all charge carriers. 117123 Bearing in mind the latter, the deviating n-dependence of
R(n)/n? and p(n) was most likely overestimated. In the following, the proposition by Rauh et al.
is verified for both PTB7:PC; BM devices without and with DIO using n(¢;) and u(n) as derived
simultaneously by OTRACE measurements. Using n as a function of #; the recombination rate

can be derived according to

dn
R(i’l) = —E . (6.3)

By contrast, the Langevin-type recombination rate (Chapter 3.2.2) is given by

q
grgo

Ri(n) = pmn? . (6.4)

Figure 6.16a shows the general (Equation 6.3) and the Langevin-type (Equation 6.4) recombina-
tion rates for an illumination intensity of 0.01 sun. Ry (n) was calculated using both the carrier
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Figure 6.16.: (a) General and Langevin-type recombination rate R and Ry, vs. charge carrier density
n of PTB7:PC;;BM devices without and with 3 % DIO derived from OTRACE measurements under
0.01 sun illumination intensity. (b) Reduction factor R/R; vs. n calculated from the graphs on the
left. The dash-dotted lines serve as guides to the eye.

density dependent p(n) (Figure 6.15a, open symbols) as well as the constant values ./, and
W, (Figure 6.15a, dashed lines). A dielectric constant of €, = 3.2, derived from the capacitive
response of OTRACE transients, was used. Comparing the Langevin-type recombination rates,
a clear impact of the n-dependence of  on Ry (n) can be seen for small charge carrier densities
(shaded areas). However, the effect does not account for the increased slope and the overall
decreased value of R(n). Both the different n-dependence of R(n) and Ry (n) as well as the sub-
stantially reduced Langevin recombination become clearer by calculating the reduction factor
R(n)/ Ry (n) (Figure 6.16b). It clearly shows a strong charge carrier dependency and an absolute
value less than 1 (dashed line). In addition, smaller values of R(n)/R; (n) were found for the
DIO-free device.

According to Equation 6.3 and 6.4, the reduction factor R(n)/ Ry (n) relates the n-dependence
of u(n) and R(n)/ n?. The clear deviation from unity as well as the finite slope of R(n)/Rr(n) in
Figure 6.16b identify the diverging carrier density dependence of both quantities. The finding
might be related to the different origin of transport and recombination, occurring within neat
D and A phases and at the heterointerface, respectively. Thus, different mobile vs. trap pop-
ulations in the bulk and at the interface would be the consequence. In addition, R(n)/Ry(n)
clearly demonstrates that the recombination prefactor is not proportional to p(n). Thus, the
super-second oder decay cannot be explained by the n-dependence of y alone. This find-
ing confirms the result of Rauh et al. for optimized PTB7:PC71BM solar cells and, additionally,
demonstrates that the conclusion also holds for additive-free devices. Following the reasoning
above and in Reference 270, the D-A phase separation has to be considered to account for a re-
combination order exceeding two. As outlined above, charge carriers in a phase-seperated D-A
blend have to be present at the heterointerface in order to recombine. Charge carriers trapped

within the bulk of pure domains are unable to undergo recombination and have to be ther-
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mally activated to contribute to the species of free ones and to reach the interface. Therefore,
two limiting factors exist that lower the nongeminate recombination rate: the trap distribution,
i.e., the energetic disorder of the blend, and the extent of phase separation. Since the similar
decay of n(t,) in the slow recombination regime in Figure 6.13 suggest a comparable tail en-
ergy of both blends, it is a reasonable assumption—from a qualitative point of view—that the
reduced Langevin recombination, i.e., the deviation of the reduction factor from unity, is con-
trolled by structural properties. In this regard, the smaller magnitude of R(n)/ R (n) in the case
of the DIO-free device most likely results from the increased size of fullerene domains. Recently,
Gorenflot et al. analyzed the recombination dynamics in P3HT:PCg; BM blend films revealing
both a super-second order decay and a reduced recombination rate and thus a similar behavior
as compared to PTB7:PC7;BM. 2”1 The authors ruled out previously proposed models includ-
ing the two-dimensional transport in crystalline P3HT phases as well as charge carrier density
gradients near the electrodes, and discussed several potential explanations for their findings.
First, it was found that, even if phase separation yields a reduced recombination rate, the effect
is to small to explain experimental observations and does not account for a higher order re-
combination dynamics. Second, a possible n-dependence of y, as expected for an exponential
DOS, was not completely eliminated but considered unlikely to provoke a super-second order
decay, since both P3HT and PCg; BM show a behavior consistent with a GDOS. In addition, it
was argued that a non-encounter limited recombination, i.e., a rather slow recombination via
bound polaron pairs as intermediate step, may account for the reduced recombination rate,
but not for A + 1 > 2. Finally, the authors showed that the scenario of a mixed interfacial phase
between pure D and A domains with an expDOS and a GDOS, respectively, and the recombi-
nation via interfacial states reproduces both observations. The conclusions for PTB7:PC7;BM
in this work are only in part consistent with the findings in Reference 271. Calculating the re-
duction factor R(n)/Rr(n) from OTRACE data supports that the n-dependence of u(n) does
not account for the higher order kinetics alone. Furthermore, Gorenflot et al. predicts that R
should increase with more interfacial volume fraction, which is in accordance with Figure 6.16
revealing higher recombination rate for the optimized blend and hence smaller domain sizes.
However, relating the deviation from a 2" order decay to the size of fullerene domains clearly
contradicts Gorenflot et al. They propose that there is no way of explaining super-second or-
der kinetics with phase separation. The contradiction requires further investigation. Thereby,
it must be taken into account that the recombination rate in the case of the 3 % DIO device is
close to second-order kinetics and that the morphology of the non-optimized blend, revealing
pure fullerene domains of several 100 nm in diameter, differs considerably from conventional

polymer:fullerene blends.

6.3.4. Conclusions

PTB7:PC7;BM solar cells show a substantial increase in the photovoltaic performance through
the use of the processing additive DIO. The improved PCE is commonly related to the decreas-

ing size of pure fullerene domains embedded within an intermixed matrix phase and thus an
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enhanced D-A intermixing. 368599911 In the present chapter, steady state PL spectroscopy was
applied to verify the distinct nanostructure of PTB7:PC;; BM blends processed without and with
3 % DIO. A pronounced quenching of the blend emission and a decreased relative contribution
of the acceptor component to the overall PL is related to a decreased size of PC7;BM domains
caused by DIO. The effect of the altered blend morphology on the nongeminate recombination
dynamics and transport properties was studied using OTRACE. The measurements revealed a
super-second order decay and reduced Langevin recombination in both devices. Addressing
charge carrier transport, a reduced mobility of the DIO blend was found that is consistent with
literature. 93! While both devices showed a slight carrier density dependence of y, it is demon-
strated that p(n) is not proportional to the recombination rate in either case. The result gives
further evidence that super-second order kinetics in BHJ solar cells cannot be explained by the
carrier density dependence of p alone. In accordance with Rauh et al., ?’" the deviation from
a pure bimolecular decay is related to charge carriers trapped in separated D-A phases leading
to a slowed-down decay of n. A stronger impact of trapping in the case of the DIO-free de-
vice is seen as further indication for charge carriers confined in large PC7; BM agglomerates, as
suggested by Foertig et al.!%! Contrary to the scenario presented in this chapter, Gorenflot et
al. recently proposed recombination via interfacial states rather than phase separation as the

origin of a super-second order decay. >"!)
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balanced transport properties—most likely

caused by a reduced hole mobility—are found in MD376:PCg; BM. Both observations are related to
an enhanced charge carrier delocalization due to a higher degree of dimerization in the vacuum de-
posited blend. The more efficient polaron pair dissociation yield in the case of MD376:Cg is addition-
ally associated with a stronger interaction of the donor and acceptor constituents at the heterointer-
face. The study clearly demonstrates the important influence of supramolecular order on the func-
tionality of organic BH]J solar cells based on MC dyes.

7.1. Introduction

Merocyanine dyes are predestined for the application as donor components in organic BHJ
solar cells due to their easy synthesis, their widely tunable electronic properties, and a strong
absorption reaching the NIR region.'””) The latter is related to the D-A structure of the small
molecules causing an intramolecular CT and a strong permanent ground state dipole moment
(Section 4.1.1). Although the bipolarity is expected to cause a high energetic disorder in amor-
phous solids impeding hopping transport, 272! the chromophores were successfully introduced
as electron donor in solution processed blends with PCg; BM by Kronenberg et al. in 2008. 174!

The PCE could be further increased up to 4.5 % by the optimization of structural and electronic

87



7. The Effect of Supramolecular Order

HB194 jMD376 ID583

Figure 7.1.: Molecular structure of the MC dyes (a) HB194, (b) MD376, and (c) ID583. The molecules
differ by the alkyl substituents attached to donor moiety (blue).

properties as well as an optimized layer stack.17177! This rather remarkable photovoltaic per-
formance becomes possible due to a strong dipole-dipole interaction of dye monomers that
leads to the formation of close centrosymmetric dimeric aggregates in solid films. '8 The ag-
gregation effectively compensates the bipolarity. Since MC dyes typically show both a high
thermal stability and a high solubility, they can be processed by either thermal deposition un-
der high vacuum conditions (VAC) or spin casting from conventional organic solvents (SOL).
Using vacuum deposition, the PCE of BHJ solar cells based on MC dyes could be raised up to
6.1 %. 273! For the first time, the effect of the two processing techniques on device efficiency was
systematically investigated for the MC dyes MD376 and HB194 blended with either Cgy (VAC)
or PCg;BM (SOL).[!78 The comparison revealed an increased photovoltaic performance of the
VAC devices by a factor of almost two. This superior PCE results from a slightly reduced Vj,
that is compensated by higher values of j; and FE The finding was claimed to be the result of
an improved charge carrier generation and reduced recombination losses due to a smaller scale
phase separation of the VAC active layer with a typical scale of 10 nm as compared to 20 to 30 nm
in the case of the SOL blend. In place of the butyl side chain (MD376), the donor unit of HB194
is bridged by a propylene group (Figure 7.1a and b). This modification of the molecular struc-
ture is ascribed a higher rigidity of the donor moiety and an increased molecular interaction in
solid films. Indeed, in an earlier publication, an increased PCE of HB194:PCg1 BM as compared
to MD376:PCg; BM was found. The finding was explained by superior transport properties due
to a more favorable molecular packing of HB194 allowing a higher dye loading in the blend. 17
The previous studies demonstrate that the optimization of the MC dye based BH]J solar cells is
decisively driven by the molecular self-assembly and the phase separation of the D and A con-
stituents of the blend and thus occurs on the so-called supramolecular level, i.e., on the ten
nanometers length scale. '8! However, despite the key significance of supramolecular order,
its effect on the fundamental steps of photocurrent generation has not yet been studied in de-
tail.

The present chapter addresses this issue and presents an analysis of charge carrier transport
and recombination in vacuum deposited MD376:Cg and solution processed MD376:PCg; BM
devices. For this purpose, the charge extraction techniques TDCF (Section 4.3.1) and OTRACE
(Section 4.3.2) are applied in order to study the field dependence of free charge carrier gener-
ation and charge carrier mobility. In addition with OCVD an alternative approach is chosen to
elucidate the nongeminate recombination dynamics of both devices. Conclusions about the

molecular arrangement are drawn by studying the absorption and photoluminescence of VAC
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and SOL films. Their results are finally correlated with the results of the charge extraction mea-
surements. All samples studied in this chapter were processed by Steven Graf and Julian Krum-
rain (University of Cologne). The external and internal quantum efficiency as well as absorp-
tion and PL spectra were measured by Steven Graf. Their more detailed analysis can be found
in Reference 274. OTRACE measurements were performed together with Andreas Baumann

(Bavarian Center for Applied Energy Research e.V.).

7.2. Results

7.2.1. Photovoltaic Performance

Figure 7.2a shows the j-V characteristics of vacuum deposited MD376:Cgy and solution pro-
cessed MD376:PCg BM devices. The corresponding photovoltaic parameters are summarized
in Table 7.1. The devices had an active layer thickness of about 55 nm (VAC) and 45 nm (SOL),
demonstrating the strong absorption of MC dyes relative to common donor polymers. In ad-
dition, the high V,. of both devices can be mainly ascribed to the low-lying HOMO level as the
second major benefit of this type of chromophores. ?”®! It must be noted that the open circuit
voltage is additionally increased by the use of MoO3 as HTL instead of PEDOT:PSS.?"3! Since
Vo of an organic BHJ solar cell depends on the difference between the HOMO level of the donor
and the LUMO level of the acceptor, [15416% the slightly reduced V. of the VAC device can be
related to the higher LUMO level of PCg; BM relative to Cg (Section 4.1.2). 178 With regard to
device performance, clear differences in regard to the two processing techniques were found
despite an almost similar V.. The PCE of the VAC device exceeds the efficiency of the solution
processed sample by almost a factor of 4. This rise of photovoltaic performance results from a
substantial increase in js. and FF compensating the trend in V,.. The finding is in agreement
with the performance gain of vacuum deposited HB194 and MD376 devices in a previous pub-
lication,1”® although different layer stacks as well as blend ratios of 1:1 for both processing
techniques were used in that case. It is important to note that MD376:Cg( devices showed the
highest efficiency for a mixing ratio of 1:1 in contrast to the best performing 1:3 MD376:PCs; BM
blends. This lower dye loading of the optimized SOL device can be correlated with a reduced
absorption and hence accounts to a certain extent for the moderate j. as it has been concluded
in an earlier work. [17®! This effect is reinforced by a thinner active layer of the SOL device.

The dark j-V curves are shown on a semilogarithmic scale in Figure 7.2b. It is striking that
the SOL device shows a dark saturation current that exceeds the VAC device by more than two
orders of magnitude. The impact of parallel resistance is visible up to a voltage of about 0.9 V
and therefore, it is more pronounced as compared to the VAC device. This indicates the pres-
ence of local shunts that might result from a thinner active layer. The finding is also evident
from the dependence of V. on the illumination intensity (Figure 7.2b, inset). The open circuit
voltage shows an almost linear behavior over the hole intensity range in the case of the VAC
device, but a strong impact of light intensity in the case of MD376:PCg; BM. This may explain

the non-vanishing V,. of the VAC device in the dark j-V characteristics, which is most prob-
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Figure 7.2.: (a) j-V characteristics of vacuum deposited MD376:Cgy and solution processed
MD376:PCg; BM solar cells measured in the dark and under a simulated AM1.5 G spectrum with
an intensity adjusted to 1 sun. (b) Dark j-V characteristics in semilogarithmic representation. The
inset shows V,,; normalized to its maximum value vs. illumination intensity. The illumination de-
pendent measurements were performed in the optical cryostat using a high power white LED.

ably induced by residual light and thus demonstrates a high sensitivity to lowest illumination

intensities.

Reflecting the trend in j-V characteristics, the external quantum efficiency of the VAC de-
vice shows a maximum value of 57 % at an energy of about 2 eV, which is reduced to 28 % in
the case of the SOL sample (not shown). In order to compare both devices with respect to the
different spectral contributions to the photocurrent, the EQE was normalized to the respective
maximum value (Figure 7.3a). The graph reveals two striking characteristics. First, MD376:Cgg
shows an enhanced contribution below an energy of 2.0 eV as compared to MD376:PCg; BM
and hence below the absorption onset of MD376 (shaded area). The observation might be re-
lated to an improved D-A interaction in the VAC blend resulting in an increased contribution
of interfacial CT complexes to the photocurrent, as discussed below. Additionally, a shift in
absorption due to a variation of molecular packing in the solid film on the dye’s energy levels
seems reasonable. Second, whereas the SOL device shows an only minor contribution to the
photocurrent between 2.5 eV and 3.3 eV where MD376 contributes only marginally to the ab-
sorption of the blend, the VAC device reveals a substantial increase in the EQE regarding that
energy range. The origin of this increased contribution as well as of the outperforming EQE
of the VAC device can be partly understood by looking at the internal quantum efficiency (Fig-

Voc/mV  joe/mAcm™2 FF/% PCE/%

MD376:Cgp, 1:1 (VAC) 952 9.3 47.3 4.2
MD376:PCg1BM, 1:3 (SOL) 1010 2.9 37.9 1.1

Table 7.1.: Photovoltaic parameters of vacuum deposited MD376:Cgy and solution processed
MD376:PCg1BM solar cells measured under 1 sun and simulated AM1.5 G conditions.

90



7.2. Results

—~
Y
-

(b)

Wavelength / nm Wavelength / nm
700 600 500 400 350 700 600 500 400 350

FTTOT T[T r T [T [T T T I I oI EI I T[T T T T [T T T [T I 111
610;‘. Fa ;35 100i o 7II|IIII|IIII|IIII|I77:
S En —4-VAC| 12 E s 80 3
© E 1 —v SoL| 4 R E = = =
S o . — 30 - E 14 r 7
§0.8; LA - - ratio 1 m > 80F - E
; i ;25 I.On E) é = 20 II|IIII|IIII|IIII|I é
& F 17 3 e 25 30 35 7
3 06F 1.5 © 60 3
&= E —420 = € E 7
) E ] < 2 E 4
E . > c E B

€ E J Q © E =
204 —415 & o 40 =
© E 3 (@) — = E
> i T Z 3 E 3
jon - - = - —
T ook -10 £ 20k 3
c 02 ] < = =
" : [y =%
L>Ij = —5 E - 3

0-07 07 11 | 1111 | | I T - | 111 1 | | N -
2.0 25 3.0 35 4.0 2.0 25 3.0 3.5 4.0
Energy / eV Energy / eV

Figure 7.3.: (a) External and (b) internal quantum efficiency of MD376:Cgy (VAC) and
MD376:PCg; BM (SOL) devices. The EQE was measured without background illumination and nor-
malized to its maximum value. The IQE was derived by the ratio of the EQE and the respective
absorbance measured as (1 —reflectance) as shown in the inset.

ure 7.3b), calculated by the ratio of the EQE and the absorbance. The latter was derived from
the reflectance of samples comparably stacked as working devices, with the exception of larger
metallic electrodes. Whereas the IQE of the VAC device is almost constant in the whole reliable
energy range from 2.0 to 3.8 eV, the SOL device shows a pronounced dip between 2.5 eV and
3.5 eV. Since this energy range coincides with the onset of PCg; BM absorption (Figure 7.3b, in-
set), the decrease might be interpreted in terms of a differing fullerene packing in the SOL films
used for measuring EQE and reflectance, causing slightly shifted absorption spectra. Albeit the
origin of the dip cannot be fully clarified, the rise of the IQE of the VAC device in that energy
range is smaller than the increase in EQE that indicates the formation of an additional absorp-
tion band. However, regarding the absolute values of the IQE, MD376:Cgp shows an overall
enhanced efficiency. This confirmation of the trend in EQE implies that the difference in j is
only minor driven by a stronger absorption, but more likely by a highly efficient charge carrier

generation and collection in the VAC blend.

7.2.2. Charge Carrier Transport

In order to study the origin of the large difference in fill factor, transport properties of both
devices were analyzed. The field dependence of the charge carrier mobility u was studied by
OTRACE measurements. The electric field F was varied by changing the slope of the voltage
ramp S. An illumination intensity of 0.1 sun and a constant delay time of 56 pus was chosen.
In a prior, intensity and delay time dependent measurement (not shown), both a vanishing
distortion by RC effects and no relaxation were found for these settings. The maximum peak
position of the OTRACE transients was evaluated according to Equation 4.6. Figure 7.4a shows

w as a function of the square root of the electric field F'/2, derived from F = St,,4,/d, revealing
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Figure 7.4.: (a) Effective charge carrier mobility p vs. the square root of the electric field F*/2 ob-
tained from field dependent OTRACE transients of MD376:Cgy (VAC) and MD376:PCg; BM (SOL) de-
vices (symbols). The voltage ramp S was varied form 50 to 633 kV m~! (VAC) and 50 to 467 kV m™!
(SOL). u was fitted by an exponential (solid lines). (b) Schematic illustration of the negative field de-
pendence of 1 using the example of a hole in a D-A network. For high field strengths, the movement
against the direction of the electric field becomes less probable.

a two to three times higher mobility of the VAC device. In addition, both blends show a distinct
negative dependence of p on the electric field. Such a negative field dependence has also been
reported for other D-A blends, e.g., PSHT:PCg; BM and PCPDTBT:PC7; BM. 96276 In accordance
with the Gaussian disorder model (Section 3.2.1), the finding can be related to a high spatial
disorder of the studied blends as illustrated in Figure 7.4b. Especially in the interpenetrating
network of D-A blends, direct paths between two sites might be suppressed by dead-ends or in
favor of faster detour routes. However, if an electric field is applied, the loop around parts of
non-transporting phases might involve hops against the direction of the electric field and hence
becomes less probable. This localization of charge carriers induced by the electric field reduces
the charge carrier mobility. It was shown that the negative field dependence of i dominates at
low fields, whereas it is overcompensated by a Poole-Frenkel type field effect at high fields, i.e.,

a positive field dependence. 137!

To quantify the negative field dependence of p, the slope parameter s was derived by an

exponential fit according to In(u) oc sF'/2. First, it must be noted that In(u) of the VAC device

-1/2

starts to deviate from a straight line at a field strength of roughly 4000 V!> m~!/2, Second,

the VAC sample shows a stronger decrease with increasing electric field (Table 7.2). According

‘ Lo / mZ (VS)—I S/v—l/Z ml/Z

MD376:Cgp, 1:1 (VAC) 1.76(5)-107%  -6.7(1)-107*
MD376:PCg BM, 1:3 (SOL) | 3.6(3)-107° -4.0(4)-107*

Table 7.2.: Parameters y and s as deduced from an exponential fit of y vs. F/? according to the
proportionality In(u) o< sF'/2.
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Figure 7.5.: Photocurrent j,y, vs. effective voltage of (a) MD376:Cg (VAC) and (b) MD376:PCg;BM
(SOL) devices derived from illumination dependent j-V characteristics measured in the optical
cryostat using a high power white LED. The black line indicates a square-root dependence of j,p
on the effective voltage. The inset shows the SOL device j, vs. illumination intensity at an effective
voltage of 0.1 Vand 1V (dashed lines). The written numbers correspond to the slope of a linear fit
(grey line).

to the GDM, the slope parameter s is proportional to (62 — 2?) and therefore depends on the
interplay of energetic and spatial disorder (Equation 3.8). Assuming a comparable energetic

disorder in both blends, this would suggest a higher spatial disorder of the VAC blend.

In a previous publication, the overall low FF of solar cells made from MC dyes was presumed
to result from a strongly imbalanced charge carrier transport yielding the formation of space
charge. 1762731 While OTRACE gives information about the effective value of u without speci-
fying the contribution of electron and hole mobility, the smaller effective mobility of the SOL
device might be related to a reduced mobility of one type of charge carriers, indicating im-
balanced transport properties. Mihailetchi et al. showed that in such a case, the photocurrent
Jpn of a BHJ solar cell is expected to reveal a square-root dependence on voltage that is sup-
plemented by a three-quarter power dependence on illumination intensity only in the space-
charge limit.!5”) Figure 7.5 shows j,; = j — jaark as a function of the effective voltage Vo — V
of MD376:Cgp and MD376:PCg1BM devices. Vj denotes the compensation voltage at which the
respective j,; vanishes. A square-root dependence is indicated by black lines. The VAC device
shows no square-root dependence over the whole range of V) — V indicating balanced elec-
tron and hole mobilities. *7277! In contrast, the SOL device suggests a square-root dependence
around an effective voltage of 1 V that is slightly more pronounced for lower illumination in-
tensities. However, no three-quarter power dependence of j,;, on illumination intensity can be
found at an effective voltage of 0.1 V and 1 V (Figure 7.5, inset). The voltage and illumination
dependence of j,; of the SOL device indicate that the photocurrent and hence FF might be
restricted by an imbalanced transport that, however, is not strong enough to lead to significant

build up of space charge.
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Figure 7.6.: Total extracted charge carrier density n;,; vs. filter transmission, i.e., illumination in-
tensity, derived from TDCF measurements on MD376:Cgy (VAC) and MD376:PCg; BM (SOL) devices
(Vpre = 0.9V, £z = 20 ns). The dashed lines indicate the intensity chosen in the linear regime for the
respective pre-bias dependent measurement. Grey lines serve as guides to the eye.

7.2.3. Geminate and Nongeminate Recombination

As stated above, the enhanced PCE of MD376:Cg relative to MD376:PCg) BM can be partly re-
lated to superior transport properties, but they fail to account for the overall low FF of both
blends as compared to high performance polymer:fullerene systems. Thus, the yield of free
charge carrier generation as well as nongeminate losses of charge carriers are assumed as fur-
ther performance limiting factors and will be studied in the following. First, the field depen-
dence of photogeneration was analyzed by TDCE Devices were photoexcited using an energy
of 2.33 eV, which is dominated by the absorption of the chromophore (Figure 7.9a). Figure 7.6
shows the laser intensity used for pre-bias dependent TDCF measurements. It was chosen in
a range characterized by a linear dependence of the total extracted charge carrier density on
the illumination intensity in order to exclude nongeminate losses during delay and extraction.
The low laser intensity is the major precondition allowing the study of free charge carrier for-
mation. The normalized extracted charge carrier density obtained from pre-bias dependent
TDCF measurements on both devices is shown in Figure 7.7a. A saturation of rn;,; at the most
negative pre-bias is followed by a decrease to about 30 % (VAC) and 15 % (SOL) of the ini-
tial value when approaching a pre-bias close to V., i.e., vanishing internal electric field. This
means that the field dependence of n;,; and thus geminate losses are stronger in the case of
the SOL device as compared to the VAC sample. The observation implies a less efficient disso-
ciationyield, °®112122 ¢ o  caused by stronger bound polaron pairs or a reduced delocalization
of charge carriers, as discussed below.

As already emphasized, pre-bias dependent TDCF measurements are not affected by non-
geminate losses due to the chosen laser intensity. Thus, further conclusions can be drawn by
comparing the normalized n,, with the photocurrent j,; as shown in Figure 7.6b for the two
devices. In this graph, j,;, which was recorded under varying illumination intensities, is nor-

malized to the respective short circuit photocurrent under 1 sun conditions. It must be noted
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Figure 7.7.: (a) Total extracted charge carrier density 1, vs. pre-bias V). (symbols) deduced from
TDCF measurements on MD376:Cgo (VAC) and MD376:PCg; BM (SOL) devices (f; = 20 ns). nyor Was
fitted by a polynomial (lines) and normalized to the respective maximum of the fit. (b) Comparison
of the relative n, (right axis) with j,; recorded under varying illumination intensities (left axis).
Jpn was normalized to j,,(0 V) under 1 sun conditions. 74,; was normalized to the current density
at -4V (VAC) and -2 V (SOL).

that j(V) of MD376:PCg1 BM was measured only down to -2 V due to the high dark saturation
current (Figure 7.2b). In both cases, the normalized j,j changes only slightly with illumina-
tion intensity indicating 1%t order recombination losses (Section 3.1.1). In addition, the shape
of the relative n;,, perfectly matches j,;. Since a potential mismatch between both quantities
arises from an additional loss current density due to nongeminate recombination, (6%:61,96:260]
this finding demonstrates that the photovoltaic performance of both devices is primarily lim-
ited by geminate losses. It can be further concluded that the reduced FF of the SOL device
mainly results from a stronger field dependence of free charge carrier generation.

Although nongeminate losses only have minor effect on device performance, the charge
carrier decay dynamics are studied. Since OTRACE transients recorded on MD376:Cgy and
MD376:PCg1BM devices showed a rather low S/N ratio and might be additionally affected by
the presence of local shunts, the OCVD signal was evaluated instead. Figure 7.8a shows the
Voc (1) transients measured on the VAC and SOL solar cells using an illumination intensity of
1 sun. The photovoltage transient of the VAC device reveals a distinct single exponential decay
in the time range from 10 ps to 1 ms and a subsequent regime with an increased slope starting
at an open circuit voltage of about 0.7 V (dashed line). This value approximately correlates with
the voltage up to which shunting was observed in the dark j-V characteristics (Figure 7.2b).
Hence, the second regime is attributed to an additional recombination current due to local
shunts.?*3! In contrast, determining a single exponential decay of V,(#) in the case of the SOL
device is rather difficult, since the substantially higher leakage current causes a second, faster

decay regime starting already at about 0.9 V.

The observed OCVD behavior can be studied in more detail using Equation 4.11. Assum-

ing charge neutrality n = p and a recombination following the generalized continuity equation
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Figure 7.8.: (a) Open circuit voltage transient V,.(f) (smoothed) vs. delay time f; of MD376:Cgg
(VAC) and MD376:PCg; BM (SOL) devices recorded at an illumination intensity of 1 sun. The values
of 1 were derived from a fit of the single exponential regime of V,.(#) (grey lines). The dashed lines
indicate the shunt limited voltage range that was not taken into account. (b) Relative recombination
coefficient —c¢ 12k, (smoothed) vs. delay time ¢4 calculated according to Equation 4.13.

(Equation 3.16), i.e., n(t) « =Y for times Ak > ny A the single exponential decrease in V. (f)
can be described by

kgT 2
Voc(t) = — (ln(C) - —ln(t)) , (7.1
q A

with the constant ¢ = 1/(nypy). This proportionality was applied to extract the slope of V,()
in the shunt-free regime, i.e., the recombination order A + 1 (Figure 7.8a, grey lines). Similar
recombination orders of 2.34 and 2.23 are observed for the VAC and the SOL device, respec-
tively. The photovoltage transient can be further used to calculate a quantity proportional to
the recombination coefficient k,.. according to Equation 4.13. Figure 7.8b shows —c™!/2k; . as
a function of ¢, for an illumination intensity of 1 sun. It can be seen that the relative recombina-
tion coefficient of the VAC device overshoots the SOL device by about one order of magnitude
at short times and slightly decreases with increasing time in both cases. The trend reversed at
larger timescales, i.e., 0.1 ms (SOL) and 1 ms (VAC), when the additional shunt-induced loss
current sets in (dashed lines). In view of an increased charge carrier mobility of the VAC device
(Figure 7.4a), the enhanced recombination coefficient relative to the SOL device seems rea-
sonable, although the discrepancy between both devices is more pronounced as in the case of
u. This difference might be explained by the varying acceptor types Cgp and PCg;BM of both
blends. Their different LUMO levels affect the effective bandgap of the D-A blend and hence

the intrinsic charge carrier densities ny and pg that determine the prefactor c.
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7.2.4. Photophysical Properties

It seems reasonable to assume that the observed differences in free charge carrier generation
and transport between the studied devices are correlated with differences in film formation
during vacuum deposition and spin casting. In this regard, first conclusions about the inter-
molecular interaction on the supramolecular level as well as the interaction of the blend con-
stituents can be drawn from photophysical properties of solid films. Figure 7.9a shows the
absorbance of VAC and SOL films of the neat chromophore together with the normalized ab-
sorbance of MD376 in CB at a concentration of 10 mol 17!, The neat films were processed
according to the active layer of VAC and SOL devices. The absorption spectrum of the solution
shows two clear absorption bands at2.15 eV and 2.6 eV that can be attributed to the optical exci-
tation of the S state and to the excitation of a singlet state above Sy, respectively. The spectrum
is in good agreement with data presented by Peckus et al. 28! Hence, it can be assumed that the
solution contains only dissolved monomers at the given concentration. With respect to the ab-
sorbance of dissolved MD376, both neat films show a splitting of the main absorption band in
terms of a reduced absorption strength at an energy of 2.15 eV and a second, more pronounced
peak arising at 2.0 eV. The absorption strength and energetic position of this additional feature
seems to be stronger and slightly red shifted for vacuum processing as compared to the spin
cast film. In accordance with Reference 278, this double peak structure in the energy range
from 1.9 to 2.2 eV can be correlated with an excitonic coupling of neighboring monomers and
thus the self-assembly of MD376 into dimeric units. However, since the thin film spectra do not

show a distinct red or blue shift, no preferred orientation can be assigned to these aggregates.

In addition to the optical density of neat films, their photoluminescence is compared with
the PL of blend films in Figure 7.9b. The vacuum deposited film of neat MD376 shows two
main peaks at about 1.7 eV and 1.9 eV that can be attributed to the emission of an intermolecu-
lar CT state forming upon the arrangement of chromophores and the PL of the monomer itself,
respectively. 278 Both signatures are also visible in the SOL film of neat MD376, although with
a substantially reduced emission of the low energy excited state and a more dominant PL of the
monomer. This different spectral composition allows the conclusion of a reduced dimerization
in the case of the SOL film and thus a less efficient compensation of the bipolarity. As com-
pared to the spectra of neat MD376, both blend films show a highly efficient quenching of the
singlet PL and the formation of a new emission band at about 1.5 eV and 1.65 eV in MD376:Cg
and MD376:PCg1 BM, respectively. This red shifted PL most probably results from a CT state
formed at the D-A interface. ?"® Regarding the interfacial CT emission, the VAC blend shows
an enhanced quenching as compared to the SOL film. Since the PL of both blends was mea-
sured under similar experimental conditions, this stronger quenching indicates reduced losses
in MD376:Cgp due to a more favorable D-A interaction at the heterointerface. This interpreta-
tion is in agreement with a higher yield of free charge carrier generation as observed in TDCF
measurements. It must be emphasized that the different peak positions of the blend PL might
result from the LUMO level offset of Cgg and PCg BM.
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Figure 7.9.: (a) Absorbance of VAC and SOL films of neat MD376 in comparison with the normalized
absorbance of MD376 in solution at 10~% mol1~! concentration. (b) PL spectra of VAC and SOL films
of neat MD376 and the MD376:Cg (VAC) and MD376:PCg; BM (SOL) blend films with a mixing ratio
of 1:1. An excitation energy of 2.58 eV was used. All spectra were normalized to their maximum
value.

7.3. Discussion

The arrangement of MC dyes on the supramolecular level plays the key role in their applica-
tion as donor components in BHJ solar cells. Concerning vacuum deposited and solution pro-
cessed BHJ films based on MD376, absorption and steady state PL. measurements (Figure 7.9)
allow the conclusion of both a higher degree of dimerization as well as an enhanced polaron
pair dissociation yield at the D-A heterointerface in the case of the VAC blend. A more ordered
nanomorphology is further confirmed for the vacuum deposited film by PL lifetime measure-
ments, which are not shown in this thesis but can be found in Reference 274. The stronger in-
termolecular interaction of the chromophores during vacuum deposition appears conclusive
due to a slower film formation and higher processing temperatures, i.e., the thermodynamic
equilibrium of the D-A blend can be achieved more easily.!1”8! The actual packing feature of
MC dyes in solid films crucially depends on their rigidity and their planarity, i.e., the torsion
angle between the D and A subunits, commonly yielding a longitudinal and traverse displace-
ment of adjacent molecules. The packing motif of MD376 was analyzed by Biirckstiimmer et al.
using single crystal X-ray analysis. " The study revealed a small distortion angle of 5.4° of the
chromophore. Furthermore, the close arrangement of the dyes in centrosymmetric dimeric
units is reported that are characterized by donor-acceptor nz-contact and a small distance of
3.37 A between parallel planes. Individual z-stacks show a longitudinal shift resulting in a 7-
contact of acceptor subunits and a distance of 3.55 A. This antiparallel stacking of monomers
result in a dwindling small residual dipole moment on the supramolecular scale without strong
interaction of separated dimers. In this context, the pronounced increase in EQE of the VAC

device in the region between 2.5 eV and 3.3 eV has to be discussed. A similar observation was
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made for VAC and SOL devices based on HB194 and related to a different packing and hence
a raised absorption of Cgg relative to its asymmetric derivative PCg; BM. Although this cannot
be completely ruled out, it seems not very likely because the SOL blend contains a three times
higher fullerene loading and the rise of Cgy absorbance can hardly be so strong. Thus, it seems
more reliable to relate this feature to the formation of a blue shifted H-band due to a more
pronounced dimerization in the VAC blend. The assumption is supported by the absorbance
of blend films, shown in Reference 274. A similar increased contribution of H-aggregated dye
manifold to the photocurrent was recently shown for a novel bis(MC) chromophore. 27!

Recent measurements of the FET hole mobility among a series of different MC dyes revealed
the highest mobility for spin cast films of the chromophore with the largest molecular dipole
moment. 2" The result demonstrates that the bulk mobility is not necessarily reduced by a
large bipolarity but crucially depends on the packing fashion of the dyes in solid films. Thus,
the increased effective charge carrier mobility of the VAC device as observed in field depen-
dent OTRACE measurements (Figure 7.4) can be related to an improved dimerization provok-
ing a better compensation of the bipolarity. Furthermore, the formation of spatially extended
m-stacks providing improved percolation paths in the VAC blend seems reasonable. At first
glance, the increased effective mobility of the VAC device is contrary to an increased negative
field dependence of p, since the latter indicates a higher spatial disorder that is commonly
linked to a decrease in p.[28% This increased disorder in the case of the VAC blend might be
due to the reduced fullerene loading causing a smaller scale phase separation as observed by
TEM measurements on VAC films of HB194. 178! The obvious contradiction is solved assuming
a dominant influence of supramolecular order that compensates the negative effect of stronger
intermixing on the charge carrier mobility. In addition, the assumption of a similar energetic
disorder of both blends entering the interpretation of the slope parameter s has to be seen as
a rough approximation, since the elimination of local dipole moments should be taken into
account. 272 As already pointed out, the charge extraction technique OTRACE yields informa-
tions about an effective blend mobility including contributions of both electrons and holes.
However, following the reasoning above, it can be assumed that the reduced mobility of the
SOL device is mainly caused by a decreased hole mobility y,. This presumption is in line with
the limitation of the photocurrent of the SOL device (Figure 7.5) indicating imbalanced trans-
port properties. The assumption of a significantly reduced hole mobility is further supported
by FET measurements revealing a rather low pj, of about 107'% m? (Vs)~! in MD376:PCg; BM
blends as compared to the electron mobility of 2 - 1077 m? (Vs)~! of the neat fullerene. 176!

The restrictive influence of imbalanced transport might explain the reduced fill factor of the
SOL device to some extent, however it does not account for the moderate FF of about 47 % of the
VAC device. Incidentally, this value is close to the highest fill factor reported for optimized MC
dye based BHJ solar cells up to now. [178273! As revealed by pre-bias dependent TDCF measure-
ments (Figure 7.7), the voltage dependence of the photocurrent of both devices is essentially
limited by the field dependence of charge carrier generation, i.e., geminate recombination. In
addition, this field dependence is lower in the case of the VAC device. In this context, the field
dependence of charge carrier dissociation in a ID583/Cgo PH]J solar cells was recently analyzed
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by Petersen et al. 28! Except for the propyl side chain of the donor unit, the MC dye ID583 is
identical with MD376 (Figure 7.1c). Hence, similar structural and energetic properties can be
expected. The PHJ configuration was chosen in order to avoid a field dependent charge carrier
collection, i.e., nongeminate recombination of free charge carriers. These losses might super-
impose field dependent photogeneration. Petersen et al. demonstrated that the voltage, field
and negligible temperature dependence of the photocurrent could only be reproduced under
the assumption of a field dependent exciton dissociation tunnel process. This result was inter-
preted in terms of a charge generation that is not limited by the dissociation of a bound precur-
sor state being energetically lower than the CSS. Although the model can be seen as a possible
explanation, it must be emphasized that nongeminate losses are indeed present in a PHJ con-
figuration as shown by Foertig et al.?2!! Thus, it seems to be more appropriate to attribute the
reduced field dependence in MD376:Cg to an enhanced charge carrier delocalization due to a
higher degree of dimerization. The importance of delocalization for an efficient polaron pair
dissociation has been demonstrated and predominantly associated with crystalline domains in
several studies. >247282] This also includes Chapter 5, where a less field dependent photogen-
eration in 1:4 pBTTT-C;4:PCg1BM blends was related to the delocalization of electrons in pure
fullerene domains. In contrast to this finding, the reduced field dependence of the VAC device
indicates that in the present case the major impact stems from delocalization in more ordered
donor phases, i.e., the delocalization of CT excitons and/or holes. Otherwise, a positive effect
of the higher fullerene loading of the SOL device should be visible. Furthermore, delocalization
in well ordered r-aggregates is seen as the major driving force compensating the effect of pos-
sibly smaller domains within the VAC blend. Regarding the model proposed by Petersen et al.,
tunnel processes might be seen as a pre-seperation step, i.e., prior to delocalization. A further
explanation of the less field dependent photogeneration is the formation of a more proper in-
terfacial arrangement of the chromophores with respect to the fullerene molecules during vac-
uum processing. In a recent publication, Ojala et al. showed that the re-arrangement of the dye
molecules at the D-A interface significantly increases the CT dissociation efficiency and hence
the FF of ID583/Cg PHJ solar cells. 283 Although the more favorable orientation of ID583 was
achieved by post-annealing or by heating the substrate during vacuum deposition, a similar
effect could make the difference between the studied MD376:Cgy and MD376:PCg; BM devices.
The interpretation implies a stronger D-A interaction in the case of the VAC blend that would
be in agreement with transient PL!?”4 and the low-energetic tail of the EQE (Figure 7.3).

With regard to the differences in PCE between MD376:Cgp and MD376:PCg; BM devices, dif-
ferent aspects have to be considered. First, it can be assumed that, in addition to the vary-
ing LUMO level of the acceptors, the improved dimerization in the VAC blend influences the
chromophores’ redox potentials and thus contributes to the difference in V,. between both
samples. 174 Second, based on the observation that geminate losses are the major factor lim-
iting photovoltaic efficiency, the substantially raised j;. of the VAC device can be related to a
more efficient charge carrier generation in addition to a stronger absorption. The enhanced
dissociation yield most likely results from more crystalline donor phases and/or and improved

arrangement of D and A molecules at the heterointerface. These changes of the blend mor-
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phology on the supramolecular level can also be assigned to a reduced field dependence of
the photocurrent of the MD376:Cg device, although still considerable geminate losses prevent
higher values of FE Regarding MD376:PCg;BM, the fill factor is further limited by imbalanced

electron and hole mobilities.

7.4. Conclusions

In summary, the free charge carrier generation and transport of vacuum deposited MD376:Cg
and solution processed MD376:PCg1BM solar cells were compared in order to understand the
pronounced voltage dependence of the photocurrent and the clearly improved power conver-
sion efficiency of the VAC device. Pre-bias dependent TDCF measurements revealed the field
dependence of free charge carrier formation as the most detrimental factor limiting the pho-
tovoltaic performance of both blends. These geminate losses were found to be significantly
enhanced in the case of MD376:PCg; BM. In addition, the efficiency of the SOL device is further
affected by imbalanced transport properties—most probably due to reduced hole mobility—as
it was deduced from illumination dependent j-V characterization and the charge extraction
technique OTRACE. Based on the absorption and photoluminescence of vacuum deposited
and solution processed films of neat MD376 and the blends, the obtained results were associ-
ated with an alteration of the blend morphology on the supramolecular level. The slowed down
film formation during vacuum deposition suggests a stronger intermolecular interaction that
primarily results in a higher degree of dimerization within the MD376:Cg blend. Consequently,
both the increased effective charge carrier mobility as well as the higher polaron pair dissocia-
tion yield can be related to an enhanced delocalization of excitons and/or electrons in spatially
extended phases of dimer aggregates. Regarding MD376:Cgg, reduced geminate losses might
be further correlated with a stronger interfacial D-A interaction. The study demonstrates the
high sensitivity of the functionality of MC dye based solar cells on the supramolecular pack-
ing of the blend constituents. It further contributes to the understanding of the differences in

photocurrent generation between vacuum deposited and solvent processed devices.
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8. Summary

The present work dealt with the elementary question of how the intermixing of donor and ac-
ceptor constituents of an organic BH]J solar cell affects the fundamental steps of photocurrent
generation and thus limits device performance. This relationship was investigated using differ-
ent photovoltaic systems and the charge extraction techniques TDCF and OTRACE. Whereas
TDCEF allowed conclusions to be drawn about the field dependence of geminate recombina-
tion losses, OTRACE yielded information about nongeminate losses and transport properties
under realistic operating conditions of a solar cell.

In order to understand the effect of neat fullerene phases on polaron pair dissociation, the
field dependent photogeneration in pBTTT-C;s based solar cells was studied. The model sys-
tem allowed a systematically tunable ratio between finely intermixed and segregated domains
by varying the acceptor type and loading fraction. It was found that the impact of excess
energy on photogeneration is subordinate to the influence of an increase in PCg; BM. Excess
fullerene beyond a blend ratio of 1:1 causes the formation of fullerene domains in addition
to intercalated domains. The observation was explained by polaron pair dissociation via fully
thermalized CTS in combination with only a minor influence of excited interfacial states. Fur-
thermore, TDCF measurements on fully segregated pBTTT-C;5:bisPCg; BM blends revealed an
almost identical field dependence of photogeneration as compared to 1:4 pBTTT-C,4:PCg; BM.
This result showed that the presence of spatially extended, pure fullerene phases is the main
prerequisite for an efficient, field independent polaron pair dissociation that can be correlated
with the delocalization of electrons along these domains.

By combining TDCF and OTRACE with surface imaging and photophysical techniques, it was
possible to monitor the effect of a systematically increased amount of DIO on the bulk mor-
phology of PBDTTT-C:PC7;BM blends and to link it with changes in photogeneration and free
charge carrier formation. Poor singlet exciton splitting and predominant geminate losses in
the DIO-free blend was related to missing percolation paths and the presence of large agglom-
erates, identified as neat fullerene domains. 0.6 % and 1 % DIO led to a substantial decrease
in the size of PC7;BM domains, facilitating exciton quenching and provoking a highly efficient
local photogeneration. However, the still moderate photovoltaic performance was ascribed to
the still finely intermixed D-A phase surrounding fullerene domains. Only the use of 3 % DIO
caused a maximum PCE of 7.1 % that was correlated with a highly efficient formation of free
charge carriers and minimized nongeminate losses due to the formation of interpenetrating D
and A phases. The study convincingly demonstrated that improving the performance of state-
of-the-art BHJ devices by the use of solvent additives relies on a crucial balance between local

photogeneration and charge carrier extraction.
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In the course of optimizing device efficiency through the use of DIO, nongeminate recom-
bination and transport properties were studied in PTB7:PC7;BM solar cells without and with
3 % DIO by means of OTRACE. This polymer:fullerene system is known for an active layer mor-
phology that behaves similarly to PBDTTT-C:PC;1BM upon processing with DIO. A reduced
Langevin-type recombination as well as a deviation from a pure bimolecular decay was found
in both the non-optimized and optimized blends. A higher recombination order in the case
of the DIO-free blend was explained by charge carrier trapping in the interior of pure PC;;BM
domains. Regarding transport properties, OTRACE revealed a reduced charge carrier mobility
in the 3 % DIO blend that might result from a decreased electron mobility in shrinking PC7; BM.
By relating the nongeminate recombination rate with y, it was shown that, despite the obvious
influence of morphology on charge carrier transport, the charge carrier dependence of u does
not account for the super-second order decay in either device. The observations highlighted
the importance of multiple trapping and release processes in the slowing down of recombina-
tion in partially phase separated blends.

Apart from varying the composition of the active layer and using processing additives, the
film formation of merocyanine dye based blends was manipulated by different film formation
methods. Vacuum deposited MD376:Cgq solar cells exhibited a higher efficiency than the so-
lution processed counterpart MD376:PCg) BM. Applying pre-bias dependent TDCE the field
dependence of photogeneration was identified as the most detrimental factor limiting pho-
tovoltaic performance of both devices, whereas MD376:PCg; BM revealed stronger geminate
losses. Apart from a contrasting photogeneration, imbalanced transport properties were found
in the solution processed blend by illumination dependent j-V characterization and OTRACE
measurements. The results were correlated with a higher degree of dimerization of the chro-
mophore molecules and a stronger interfacial interaction of the blend constituents in vacuum
deposited MD376:Cgy. Both morphological factors might provoke an enhanced CT exciton
and/or hole delocalization as well as an increased dissociation yield, illustrating the impor-
tance of supramolecular order.

To conclude, this work demonstrated the crucial impact of blend morphology on device
physics in four comparative studies. Particular importance was attributed to interconnected,
neat domains on a length scale similar to the exciton diffusion length and hence on the order of
ten nanometers. It was shown that such domains provide both the main driving force for an ef-
ficient polaron pair dissociation, mainly due to the delocalization of excitons and/or polarons,
as well as percolation paths for an efficient charge carrier extraction. The presented results
might serve as a starting point for the advancement and optimization of present D-A systems,

allowing a large-scale application of organic photovoltaics in the near future.
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Zusammenfassung

Im Bereich der organischen Photovoltaik gilt derzeit die Heterogemisch (bulk heterojunction,
BH]J)-Solarzelle als eines der vielversprechendsten Konzepte. Der zentrale Aspekt der vorlie-
genden Arbeit war die Untersuchung des Einflusses der Morphologie auf die Generierung von
Photostrom und damit auf die Funktionsfahigkeit eines solchen Bauteils. Als wichtigste Mess-
techniken kamen die Ladungsextraktionsmethoden time delayed collection field (TDCF) und
open circuit corrected transient charge extraction (OTRACE) zum Einsatz. Wéahrend TDCF In-
formationen iiber die Feldabhéngigkeit der geminalen Rekombination lieferte, wurden unter
Verwendung von OTRACE die Transporteigenschaften und nichtgeminale Verluste unter real-
istischen Arbeitsbedingungen einer Solarzelle analysiert.

Um die Funktion reiner Fullerendoménen bei der Trennung von Polaronpaaren besser zu
verstehen, wurde zunéchst die feldabhéngige Photogenerierung in Bauteilen basierend auf
dem Polymer pBTTT-Cg mittels TDCF untersucht. Die Wahl fiel auf pBTTT-C;¢, da das Ma-
terial in Kombination mit Fullerenderivaten eine systematische Anpassung der Morphologie
durch Art und Anteil des Akzeptors erlaubt. Die Messungen zeigten, dass der Einfluss von Uber-
schussenergie auf die Photogenerierung vernachldssigt klein gegeniiber dem Einfluss reiner
Fullerendoménen ist, die sich zusétzlich zu interkalierten Phasen ab einem Mischungsver-
hiltnis von 1:1 ausbilden. Auf Basis dieser Beobachtung konnte darauf geschlossen werden,
dass die Trennung von Polaronpaaren {iberwiegend tiber vollstindig relaxierte Ladungstrans-
ferzustdnde (charge transfer states, CTS) ablduft und nur geringfiigig von angeregten CTS bee-
influsst wird. Weiterhin zeigten TDCF-Messungen an 1:4 pBTTT-C;5:PCs;BM und vollstdndig
separierten pBTTT-C;4:bisPCs1 BM Heterogemischen vergleichbar geringe geminale Verluste.
Als mogliche Erkldarung wurde die verstidrkte Delokalisierung von Ladungstrigern in reinen
Phasen herangezogen. Das Ergebnis verdeutlicht, dass das Vorhandensein reiner Fulleren-
doméinen die wesentliche Voraussetzung fiir eine effiziente, feldunabhéngige Dissoziation von
Polaronpaaren ist.

Durch die Verkniipfung der Ergebnisse von TDCF und OTRACE mit bildgebenden Verfahren
und photophysikalischen Methoden war es moglich, den Einfluss eines systematisch erhéhten
Anteils des Losungsmitteladditivs Diiodooktan (DIO) auf die Morphologie und die Generierung
freier Ladungstrdager in PBDTTT-C:PC7;BM zu untersuchen. Ohne die Verwendung von DIO
zeigte das Heterogemisch hohe strahlende Verluste und damit eine schlechte Trennung von
Exzitonen sowie dominierende geminale Verluste. Die Beobachtungen wurden mit fehlen-
den Perkolationspfaden und dem Vorhandensein gro3er Agglomerate, die als von einer durch-
mischten Matrix umgebene Fullerendominen identifiziert wurden, in Verbindung gebracht.

Bereits die Verwendung von kleinen Mengen des Additivs (0.6 % und 1 % DIO) fiihrte zu einer
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8. Summary

deutlichen Verkleinerung der Doménen und hatte eine effiziente lokale Photogenerierung zur
Folge. Die trotzdem eher miRige Effizienz der Bauteile wurde auf Verluste in weiterhin fein
durchmischten Bereichen der aktiven Schicht zuriickgefiihrt. Die Erh6hung des DIO Anteils auf
3 % fiihrte zu einer maximalen Bauteileffizienz von 7.1 %. Sie resultierte aus einer hochergiebi-
gen Generierung freier Ladungstrager sowie aus minimierten nichtgeminalen Verlusten. Unter
Einbeziehung aller Ergebnisse wurde dies mit der Ausbildung reiner, vernetzter Donator- und
Akzeptorphasen erkldrt. Die an PBDTTT-C:PC7;BM durchgefiihrte Studie zeigt eindrucksvoll,
dass die Optimierung modernster, hocheffizienter Heterogemische auf einem ausgewogenen
Verhiltnis von lokaler Photogenerierung und der Extraktion von Ladungstridgern beruht.

Im Zuge der Effizienzerh6hung durch den Gebrauch des Additivs DIO wurden nichtgemi-
nale Verluste und der Transport freier Ladungstragern in PTB7:PC;;BM Solarzellen ohne und
mit 3 % DIO néher untersucht. Ahnlich wie PBDTTT-C:PC;1BM zeigt auch diese Donator-
Akzeptor-Kombination eine Morphologie, die durch ausgedehnte Fullerendoménen in Gemis-
chen ohne DIO und deren optimierte Dispersion durch die Verwendung des Additiv gepragt
ist. Sowohl fiir das Bauteil ohne als auch mit 3 % DIO zeigte OTRACE eine reduzierte Langevin-
artige Rekombination, die zudem eine deutliche Abweichung von einem bimolekularen Ver-
halten aufwies. Die dabei auftretende hohere Rekombinationsordnung im Fall der Probe ohne
DIO wurde dem Einfangen von Ladungstragern in Fullerenphasen zugeschrieben. Weiterhin
zeigte OTRACE eine reduzierte Ladungstragermobilitédt in der mit DIO hergestellten Solarzelle,
die wahrscheinlich mit einer verminderten Elektronenmobilitédt in besser dispergierten Fulle-
rendoméinen korreliert. Durch die Verkniipfung der Mobilitdt mit der nichtgeminalen Rekom-
binationsrate konnte gezeigt werden, dass trotz des offensichtlichen Einflusses der Morpholo-
gie auf Transporteigenschaften die Abweichung von einer reinen bimolekularen Rekombina-
tion nicht vollstdndig tiber die Ladungstragerdichtenabhingigkeit der Mobilitdt erklart werden
kann.

Neben der Anderung der Zusammensetzung von Heterogemischen und der Verwendung von
Additiven wurde die Morphologie von Merocyanin-basierten Solarzellen durch verschiedene
Herstellungsprozesse beeinflusst. Diese hatten eine deutliche Erhéhung der Effizienz von auf-
gedampften MD376:Cgp Zellen im Vergleich zum l6sungsprozessierten Donator-Akzeptor-
Gemisch MD376:PCg; BM zur Folge. Der Unterschied wurde zunéchst in einem Vergleich des
Photostroms j,; mit der aus TDCF bekannten extrahierten Ladungstrdgerdichte untersucht.
Die Gegeniiberstellung ergab eine mal3gebliche Limitierung der Effizienz durch geminale Ver-
luste in beiden Proben, wobei die Photogenerierung in MD376:PCg1BM eine stidrkere Feldab-
hingigkeit aufwies. Zudem wurde durch die Verwendung von beleuchtungsabhéngigen j-V-
Messungen und OTRACE ein unausgeglichener Transport freier Ladungstrédger in der 16sungs-
prozessierten Solarzelle festgestellt. Beide Ergebnisse wurden einer verbesserten Dimerisation
des Merocyanins MD376 sowie einer starkeren Donator-Akzeptor-Wechselwirkung und damit
einer erh6hten Delokalisierung von CT Exzitonen und/oder Lochern sowie einer effizienteren
Polaronpaartrennung im aufgedampften Gemisch zugeordnet.

Zusammenfassend demonstriert die vorliegende Arbeit den entscheidenden Einfluss der

Morphologie auf die grundlegenden Prozesse in organischen BHJ-Solarzellen anhand vier ver-
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gleichender Studien. Besondere Bedeutung kommt dem Vorhandensein von reinen, untere-
inander verbundenen Doménen zu, deren Grol3e etwa der Diffusionsldnge von Exzitonen ent-
spricht. Sie liegt damit im Bereich von wenigen 10 nm. Doménen dieser GréRe kénnen als
treibende Kraft fiir eine effiziente Trennung von Polaronpaaren und gleichzeitig als Voraus-
setzung fiir einen leistungsfdhigen Transport gesehen werden. Dabei spielt die erh6hte De-
lokalisierung von Ladungstrdgern in reinen Phasen eine wichtige Rolle. Die vorgestellten Er-
gebnisse liefern einen Ansatz fiir die Weiterentwicklung und Optimierung bestehender BH]J-
Systeme und kdnnen damit die organische Photovoltaik ihrer Anwendung im groRen MaRtab

nédher bringen.
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A. Nomenclature

Abbreviations

A
AFM, IC-AFM
AM
AWG
BDT
BH]J
BMC
CB
CE
CSS
CT
CTC
CTS
Cv

DCB
DIO
DOOS
DOS
e-h
EBT
EQE
expDOS
FET

FF

FIR
FTIR
FTPS
FWHM
GDM
GDOS
HOMO
HTL

acceptor

(intermittent contact) atomic force microscopy
air mass

arbitrary waveform generator
benzo[1,2-b:4,5-b’']dithiophene
bulk heterojunction

bimolecular crystal

chlorobenzene

charge extraction

charge separated state

charge transfer

charge transfer complex

charge transfer state

cyclic voltammetry

donor

1,2-dichlorobenzene
1,8-diiodooctane

density of occupied states

density of states

electron-hole

electron back transfer

external quantum efficiency
expontential density of states
field-effect transistor

fill factor

far-infrared

Fourier transform infrared spectrometer
Fourier transform photocurrent spectroscopy
full width half maximum

Gaussian disorder model

Gaussian density of states

highest occupied molecular orbital

hole transport layer
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A. Nomenclature

IQE

IR

ISC

ITO

j-v
LED
LUMO
MC
MEH-PPV
MoOs
MTR
NIR
Nd:YAG
OCVD
ODT
OPA
OPV
OTRACE
P3HT
pBTTT

pBTTT-C g
PCqBM
PC; BM
PCBM
PCDTBT

PCE
PCPDTBT

PDS
PEDOT:PSS
PHJ

PL, TRPL
PTB7

13Y%
RC
RMS
RT

internal quantum efficiency

infrared

intersystem crossing

indium tin oxide

current-voltage

light emitting diode

lowest unoccupied molecular orbital
merocyanine
poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene)
molybdenum trioxide

multiple trapping and release

near-infrared

neodymium doped yttrium aluminum garnet
open circuit voltage decay

1,8-octanedithiol

optical parametric amplifier

organic photovoltaic

open circuit corrected transient charge extraction

poly(3-hexylthiophene-2,5-diyl)

poly(2,5-bis(3-alkyl-thiophene-2-yl)thieno[3,2-b]thiophene), without

further specification of the side chain
poly(2,5-bis(3-hexyl-thiophen-2-yl)-thieno[3,2-b]thiophene)
[6,6]-phenyl-Cg; -butyric acid methyl ester

[6,6]-phenyl-C7; -butyric acid methyl ester

PCg1BM and/or PC;;BM fullerene derivatives
poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]

power conversion efficiency
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’] -
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]

photothermal deflection spectroscopy
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

planar heterojunction

(time-resolved) photoluminescence
poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-
2,6-diyl-alt- (4- (2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)]

photovoltaic

resistive-capacitive

root mean square

room temperature (T = 300 K)



S/N

So

$1

SCLC
Si-PCPBDTBT

SMU
SOL
SR
SRC
T
TA
TCO
TDCF
TEM
TOF
TPV
TT
UPS
VAC

signal-to-noise

singlet exciton ground state

singlet exciton exited state

space-charge limited current
poly[(4,40-bis(2-thylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-
(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,50-diyl]
source measurement unit

solution processed

spectral response

standard reporting conditions

triplet exciton excited state

transient absorption

transparent conductive oxide

time delayed collection field

transmission electron microscopy

time-of-flight

transient photovoltage

thieno(3,4-b]thiophene

ultraviaolet photoelectron spectroscopy

vacuum processed

X-ray diffraction
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A. Nomenclature

Important Variables and Constants

All constants are adapted from the set of CODATA internationally recommended values of the
fundamental physics constants maintained by the National Institute of Standards and Technol-
ogy. 1284

a electron-hole distance (thermalization length),

also: plane distance

a absorption coefficient
c=2.998-10 ms™! speed of light in vacuum
d active layer or film thickness
d, exciton diffusion length
E energy
Ecr CT ground state energy
E4 activation energy (tail slope energy, Urbach tail energy)
Eyp Coulomb binding energy
Ep*e exciton binding energy
E Z P polaron pair binding energy
Eg band gap
£0=28.854-10"12 As V- 1g7! vacuum permittivity
Er dielectric constant (relative permittivity)
F electric field
Y Langevin recombination coefficient
h=6.626-10"3*7s Planck constant
J current density
Jsc short circuit current density
kcrs charge separation rate
kesT triplet transfer rate
krec nongeminate recombination coefficient
kp=1.380-10"22JK! Boltzmann constant
kgT thermal energy
kq(F) field dependent dissociation rate
k¢ recombination rate of the singlet exciton or CTS
kr recombination rate of the CSS
A recombination order, also: wavelength
mobility
n charge carrier density, also: electron density, integer value
Npp polaron pair density
Ncol charge carrier density extracted by collection pulse
Npre charge carrier density extracted by pre-bias voltage
Niot total extracted charge carrier density
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no

Ne, Nt
Nia

v

OD
OPV
Po

Py
P(F)
p

PL
G=1.602-10"19 As
rrRMS
I'c

R

Ry

Ry

Ry, R,
S

g

intrinsic electron density, also: constant of integration
density of free (trapped) charge carriers
ideality factor

hopping rate, also: frequency

optical density

organic photovoltaics

intrinsic hole density

total incident irradiance

escape probability

hole density

photoluminescence emission intensity
elementary charge

root mean square roughness

Onsager radius (Coulomb capture radius)
nongeminate recombination rate,

also: reflection coefficient

geminate recombination rate
Langevin-type recombination rate
series (shunt or parallel) resistance
voltage ramp

energetic disorder parameter,

also: conductivity, absorption cross section
spatial disorder parameter
temperature

delay time

pulse length

lifetime

voltage

collection voltage

open circuit voltage

pre-bias voltage

pulse height
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