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Abstract

Over the past decade, organic solar cells (OSCs) have evolved from a niche topic to a serious
technology that will enable completely new areas of application for solar cells in just a few
years. This is primarily due to the fact that OSCs — in contrast to conventional silicon-based
solar cells — can be manufactured at extremely low cost and energy consumption and
furthermore provide the option of lightweight, flexible substrates. For actual
commercialization, however, their efficiency and, above all, their long-term stability must be
further improved. One promising approach is to build up the absorber layer from three
components instead of the usual two, thus producing so-called ternary solar cells. The third
component offers additional possibilities to tailor the properties of the absorbing layer and
simultaneously increase efficiency and stability. However, it also makes the solar cells more
complex and the mechanisms taking place in ternary OSCs are still not fully understood.

This thesis therefore focuses on a sub-class of organic solar cells consisting of a polymer donor
(D) and a nonfullerene acceptor (NFA) and aims to understand how the use of fullerenes (FA)

as a third component affects stability and performance.

In the introduction, the current state of understanding the working principles of ternary organic
solar cells (TOSCs) in general is critically reviewed (chapter 1.3). Although TOSCs have been
researched for more than ten years, there is still no universal model to define the mechanisms
involved. Instead, various models exist, which we present in detail with a special focus on their
inconsistencies, contradictions, and limitations. Furthermore, it is illustrated that the existing
models are outdated and do not reflect more recent findings. We therefore provide an overview
of the latest research on TOSCs with respect to their electronic and morphological properties.
Finally, the conventional models for TOSCs are revisited in the light of new insights with the

aim to point out existing gaps and to provide the stimulus for challenging old concepts.

In the first part (chapter 3), we study the photostability of polymer:NFA organic solar cells
under ultraviolet (UV) illumination and how different fullerene derivatives serving as third
components influence the lifetime. For the binary systems, the lifetime under UV illumination
is found to be in the range of only several hours which is attributed to a photocatalytic
decomposition of the vulnerable vinyl-bonds of the NFA caused by the used zinc oxide (ZnO)
electron transport layer (ETL), resulting in the formation of trap states and a reduced fill factor.

Since the photocatalytic decomposition occurs via the formation of radicals from oxygen
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species adsorbed on the ZnO surface, we add different fullerene derivatives as third components
to act as radical scavengers.

We find that already an addition of 5 % fullerene derivative not only increases the efficiency of
the binary systems but also significantly enhances the photostability. We explain this positive
effect with the fullerenes trapping the radicals and acting as sacrificial agents since their large
conjugated system is able to delocalize the excess charge and does not form a trap state. We
thus establish a straightforward and transferable way to increase the photostability of

polymer:NFA OSCs by a ternary approach.

Building on this first project, the second part (chapter 4) takes a look from a more general
perspective at how the use of ZnO as an electron transport layer affects stability studies of
organic solar cells. Although ZnO is one of the most widely used ETL materials, it also has a
pronounced defect chemistry with properties that are highly dependent on processing method
and environment. One problem is the so-called light-soaking issue, which means that pristine
ZnO-containing solar cells have a low performance due to an energy level mismatch at the ZnO
interface caused by adsorbed oxygen species which have to be desorbed by a short UV light
exposure but can re-adsorb from the environment. It is usually assumed that this light-soaking
effect does not re-occur in an oxygen-free atmosphere and for this reason, based on
convenience, stability measurements are frequently performed with a white light LED which
contains no UV part. However, we show that even in an oxygen-free environment in the absence
of UV light a reversible degradation occurs in OSCs which is independent of the used absorber
materials and accelerates at higher temperatures but can be undone with a short UV exposure.
We attribute this reversible aging to the re-adsorption of oxygen, which is unavoidably trapped
at the interface of ZnO during the cell manufacturing. With this work, we establish that stability
measurements of ZnO-containing OSCs should be handled carefully and must be performed
exclusively with a UV-including illumination, since otherwise erroneous results will be

obtained.

The third part (chapter 5) of this thesis finally elucidates the working principles in
polymer:NFA:FA ternary organic solar cells. For this, a concise study is performed,
systematically comparing ternary D:NFA:FA systems with different components and varying
compositions. For all of the investigated systems, the open-circuit voltage is found to increase
with increasing ratio of the fullerene, whereby the extent of this increase is directly correlated
to the fullerene’s LUMO position, indicating an electronic involvement in the charge transfer
(CT) state formation. By using a combination of different analytics we are able to prove that
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the investigated group of D:NFA:FA systems behaves according to an alloy model and that the
charge transfer state indeed is delocalized over both acceptors. Furthermore, the investigation
of the voltage losses in dependence of the composition reveals that the nonradiative
recombination decreases with increasing fullerene fraction, however this beneficial effect is
found to be almost completely cancelled by increasing radiative recombination. Notably, the
recombination behavior is independent of the third component’s nature and only seems to be
related to the CT state energy, proving that the power gap law established for binary OSCs also
applies for ternary systems. Based on the behavior of the internal quantum efficiency, we
therefore propose that the positive effect of fullerenes as third components does not come from

reduced nonradiative recombination but from a more efficient exciton splitting.
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1 Introduction

1 Introduction

1.1 Why Organic Solar Cells?

Since the industrial revolution, humanity's energy demand has been steadily increasing, so far
up to 165 billion megawatt hours in 2021.! A large part of this energy demand is supplied and
used in the form of electric energy, which is usually generated by burning a primary energy
source, such as coal or gas, and using the resulting thermal energy to drive a turbine and a
generator that ultimately produces the electricity. Renewable energy sources such as wind or
hydroelectric power plants also use a mechanical intermediate step to generate electricity with
the help of a generator. Until today, solar cells, fuel cells, and thermoelectric materials are the
only possibility for mankind to generate electricity directly from a primary energy source
without further intermediate steps. In the case of solar cells, this conversion happens with a
relatively moderate efficiency — in the ideal case a maximum of 33 % can be reached with single
junction cell according to the Shockley-Queisser limit - but since sunlight as a primary energy
source is virtually unlimited and available for free, solar cells are nevertheless an attractive

option, both in terms of economic efficiency and environmental sustainability.

Table 1.1: Comparison of several figures of merit for different solar cell technologies based on silicon, perovskites,

and organic materials.>®

Crystalline Si Perovskite Organic
¢.¢' Record Efficiency 26.7 % 25.8% 19.0 %
'n'a $ Commercial Efficiency ~ 20 % ~15% ~10 %

Power per weight 0.043 kW/g 9kW/g 10 kW/g

@ COz2 per power 50 g/kWh ~ 10 g/kWh <10 g/kWh

Among the commercially available solar cell technologies, inorganic silicon-based cells are by
far the most widespread since they are able to deliver consistently high efficiencies over several
decades at comparably low production costs. They are therefore unbeaten in classic, large-scale

electricity production, for example on roofs or in solar parks, and currently no competitive solar
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1 Introduction

cell technology exists in these areas of application. However, silicon-based solar cells also have
drawbacks, as they are relatively heavy and energy-intensive to manufacture. These downsides
play only a minor role for current applications but can limit the silicon-based technology for
future fields of applications. Our energy infrastructure currently is undergoing a fundamental
transformation, moving away from centralized power generation in fossil-fueled plants. Instead,
the goal is a decentralized structure in which a large number of smaller, green power producers
work together to meet our demands. In this future energy infrastructure, new types of solutions
will be required, such as energy generation from solar cells attached to building facades. For
this type of application, record efficiencies will no longer be the decisive factor, but cost-
effective, sustainable production from abundant materials and, above all, a high power per
weight ratio. In terms of those factors, the Si-based technology is far outperformed by novel
solar cell technologies based on perovskites or organic materials (see Table 1.1). In fact,
perovskite-based solar cells seemed to be the most promising option for many years now, with
tremendous research efforts and impressive progress in efficiency and stability. However, so
far most promising perovskite materials contain toxic water-soluble lead compounds, which
complicates their commercial application worldwide and very likely precludes it in the
European Union. For this reason, organic-based solar cell technologies are now receiving more
and more attention and the combined research efforts have resulted in their efficiencies

increasing drastically in recent years, reaching up to date a remarkable 19 %.*

1.2 Basics of Organic Solar Cells

1.2.1 Organic Semiconductors

Organic semiconductors are molecules based on conjugated, molecular bonds between organic
atoms, mostly sp? hybridized carbon atoms but also contain heteroatoms such as sulfur, oxygen
or nitrogen. Their semiconducting properties arise from the n-electrons, which can move freely
through the C atom network and can be excited to higher states with relatively small energies —
1.e. photons in the visible range — due to the delocalization. The state from which the electrons
are excited is called highest occupied molecular orbital (HOMO), while the state to which the
electrons can be excited is named lowest unoccupied molecular orbital (LUMO). When not a
single molecule but several electronically interacting molecules are considered, a splitting of
the excited state occurs (Davydov splitting), similarly to inorganic semiconductors, resulting in
a band-like character of the excited state in a bulk organic semiconductor.’

Upon excitation of an organic semiconductor by photons, an electron-hole pair is generated.

Due to the low permittivity of organic materials, the Coulomb forces between electron and hole
2



1 Introduction

are only weakly screened, resulting in a high binding energy of 0.1 eV — 1 eV. Such strongly
bond electron-hole pairs are called Frenkel excitons. Since the thermal energy at room
temperature (= 0.025 eV) is not sufficient to overcome the binding energy, the exciton cannot
split into free charges spontaneously. Instead, it can diffuse through the semiconductor and
move from one molecule to the other either by non-radiative energy transfer via the exchange
of a virtual photon or by radiative energy transfer, where the exciton recombines, and the
generated photon is absorbed by the next molecule. Since excitons in organic semiconductors
normally have a short lifetime, the diffusion length is limited to about 5-20 nm depending on
the energetic disorder of the respective material.®

In the case that the exciton binding energy can be overcome, and free charge carriers are
generated, they move on by a so-called hopping mechanism. In contrast to inorganic
semiconductors, which are often highly ordered and in which charges travel in bands as highly
delocalized waves, organic semiconductors are usually strongly disordered, resulting in many
scattering events and a stronger localization of the charge carriers. They therefore move by
‘hopping’ from one localized energetic state to the next one, resulting in charge carrier
mobilities on the order of around 10* ¢m?/Vs. For a simplified description of the hopping
charge transport, often a Gaussian disorder model is used (Miller-Abrahams hopping). In this
model, the distribution of energetic states p(E) in dependence of their energy E of a disordered

system is approximated with a Gaussian distribution:’

EZ
p(E) =1/ 2ma? exp <_Tﬂ> (1.1)

where the standard deviation ¢ is a measure for the energetic disorder of the system. As shown
in Figure 1.1, the free charge carriers move in this distribution by hopping to states with lower
energy (or slightly higher energy driven by the thermal energy). Due to the energetic loss during
this hopping process, the average transport energy of free charge carriers occurs at an energy
fraction of o/kgT lower than the center of the density of states (DOS). The thermally relaxed

charge carriers then are collected by the respective electrode.
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Figure 1.1: Schematic depiction of the hopping process in a disordered system with a gaussian density of states
distribution, where the standard deviation o is a measure for the disorder. After excitation, charges are thermally

relaxing to the transport energy during hopping from one localized state to the other.®

1.2.2 Working Principles of Organic Solar Cells

The history of organic photovoltaics (OPV) began in 1986, with the work of Tang et al. who
developed a bilayer organic solar cell consisting of copper phthalocyanine and a perylene
tetracarboxylic derivative.' These two compounds acted as electron rich (donor) and electron
poor (acceptor) materials, respectively, thus mimicking the p-n junction of silicon solar cells.
However, while silicon-based solar cells already exceeded 20 % efficiency at that time, the
organic counterpart did not even quite reach 1 % efficiency.

The main problem was — and still is — related to an intrinsic material property of organic
compounds: The low permittivity of ¢ = 2-5 compared to silicon with ¢ = 12 and the
consequently high exciton binding energy.!! In silicon-based solar cells the thermal energy at
room temperature is already sufficient for the splitting of an electron-hole pair and the p-n
junction is only necessary to provide a directed charge transport. However, in organic materials,
to overcome the exciton binding energy and create free charge carriers, several steps are
necessary (Figure 1.2): first, the exciton created in the donor-type material diffuses to an
interface with the acceptor-type material. Since the donor-type material has a higher LUMO
than the acceptor-type material, the exciton is provided with a driving force for building a
charge transfer (CT) state, where the electron is transferred to the acceptor material while the

hole stays at the donor material. This newly formed CT state still is coulombically bound, but

4



1 Introduction

since the spatial separation between hole and electron is increased, the Coulomb forces and the
CT state binding energy are reduced compared to the exciton binding energy. In the next step,
the CT state binding energy has to be overcome to form the charge separated (CS) state.'? Up
to now, it has not been fully understood, how exactly the step from CT state to CS state takes
place and how the necessary energy is provided. Possible explanations assume either that the
Coulombic bonding of the CT state can be overcome by other energy gains, for example by
entropic effects' or local electric fields.'* Or so-called ‘hot’ CT states are assumed,'> where
excess kinetic energy from the excitation can be used for the charge separation. Both
explanation approaches are frequently found in the literature, but are just as often criticized and

refuted, so that until today no unified explanation exists.

E
4

S

So

Exciton formation Exciton splitting CT state splitting

Exciton diffusion CT state formation Free charge drift
D D D

P 9' I e—>

i _“E% 7

h","’ h+ <—ht

Figure 1.2: Simplified energetic picture of the charge generation process in an organic heterojunction, where the
Jablonski-type diagram of the energetic states is shown in the upper part and the energy levels of donor and
acceptor are shown in the bottom part. 1) When a donor molecule is excited from its ground state Sy to the excited
state S, an exciton is formed, which then diffuses through the bulk until it reaches an acceptor molecule (or an
acceptor domain). 2) Driven by the LUMO offset, the electron transfers to the acceptor molecule (or domain),
forming a charge transfer state. 3) When the energy is provided to overcome its Coulomb binding energy, the CT

state is split and the free charge carriers drift towards their respective electrodes.
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However, it is clear that it is critical for the efficiency of an organic solar cell that an exciton
can diffuse rapidly to a donor-acceptor interface and form a CT state before geminately
recombining again. It is therefore advantageous to have a large interface between the two
materials so that diffusion paths are as short as possible. A decisive breakthrough for organic
solar cells was therefore the introduction of the so-called bulk heterojunction (BHJ) by Heeger
et al. in 1995.'° In a BHJ — in contrast to a bilayer architecture — donor and acceptor molecules
are intimately mixed in one single layer, simultaneously providing a large interface and forming
charge percolating pathways of each material. To date BHJ absorbing layers are state of the art
for organic solar cells.

In BHJ organic solar cells, additional layers are necessary for a working cell, since the BHJ
does not ensure a directional charge transport — unlike in silicon-based solar cells, where the
p-n junction serves this purpose. For this reason, the active layer is sandwiched between a hole
transport layer (HTL) and an electron transport layer (ETL) which at the same time serve as
electron and hole blocking layers, respectively. Organic solar cells are processed on top of a
transparent substrate, through which the cell is illuminated. Since the substrate also serves as
an electrode, it is usually made of transparent, conductive metal oxides, such as indium doped
tin oxide (ITO) or fluorine doped tin oxide (FTO). Thereby, two different architectures are
possible: the transparent electrode can either serve as an anode and then has to be paired with a
low work function top electrode (e.g. aluminum) as cathode, which for historical reason is
called the ‘normal’ architecture. Or the transparent electrode serves as a cathode and is paired
with a high work function top electrode (e.g. silver or gold) as anode, which correspondingly is
called the inverted architecture.

With both architectures, the organic solar cell basically corresponds to a diode and its current
density-voltage (J-V) characteristic is often described with an extended Shockley equation:®

aV —JR9)\ _ [\ _V—=JRs
nkgT Rp

JV) =Jo <eXp ( —Jpn (1.2)

with the saturation current density Jy, the photocurrent Jp, the diode ideality factor n, the
Boltzmann constant kg and the temperature 7. In comparison to the basic Shockley equation, a
series resistance Rs and a parallel resistance Rp are added to account for the behavior of a real
solar cell with sheet resistances, injection barriers and local shunts. This equation, however,
initially was developed for inorganic solar cells and consequently is not capable of completely
describing organic solar cells, which, for example, have a stronger field-dependent photocurrent
than their inorganic counterpart due to the charge generation via coulombically bound CT

states.
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1.2.3 Absorber Materials in Organic Solar Cells

As described above, the absorbing layer of OSCs must basically consist of two components,
one having higher lying energy levels and acting as an electron donor, and one having lower
energy levels and acting as an electron acceptor.

Acceptor materials can be divided into two large groups: the fullerene acceptors (FAs) and the
nonfullerene acceptors (NFAs). FAs are derivatives or relatives of the Cso molecule and while
they have very good electron accepting and transport properties, their absorption is usually low
and in the near ultraviolet region, which is why their most popular representatives PCs1BM and
PC71BM (see Figure 1.3) in combination with various donor molecules were only able to reach

maximum power conversion efficiencies (PCEs) of 11-12 %.

Figure 1.3: Chemical structures of exemplary acceptor and donor molecules.

NFAs, on the other hand, with their larger synthetic variability can reach higher absorption

coefficients and their energy levels can be easily tuned to match a suitable donor molecule. In
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the group of NFAs, countless different molecules exist with a wide variety of structures, but the
ones that are most frequently used and achieve the highest efficiencies are the ADA-type and
A-DAD-A-type fused-ring electron acceptors. They are designed to have a strong
intramolecular electron push-pull effect, which leads to a narrow band gap and thus a
complementary absorption in combination with most high-performance donor molecules,
which mostly have a larger band gap. Furthermore, they can be easily equipped with large alkyl
side chains, which make the molecules more soluble and additionally prevents aggregation in
the BHJ. Examples for this type of acceptor are the ITIC-family (ADA-type), molecules based
on a core unit of indacenodithieno[3,2-b]Jthiophene with 1,1-dicyanomethylene-3-indanone
(IC) end wunits, and the so-called Y-series (A-DAD-A-type), which possess a
thienothienopyrrolo-thienothienoindole core with IC end units. The most frequently used
representative of those two families — IT-4F and Y6 — are shown in Figure 1.3.!2

Donor materials are usually polymers and are divided according to the size of their band gap
into wide band gap donors (E; > 1.8 eV), medium band gap donors (1.6 eV <E; < 1.8 eV), and
small band gap donors (Eg < 1.6 eV), since their band gap and the location of their frontier
molecular orbitals decide with which type of acceptor they should be paired. Large band gap
donors, such as the probably most famous poly(3-hexylthiophene-2,5-diyl) (P3HT, see Figure
1.3), were previously paired with the even larger band gap fullerenes, which resulted in the first
successful OSCs, however, with only moderate absorption and currents. The development of
polymers with smaller band gaps, such as the PTB-family which is based on thieno[3,4-
b]thiophene and benzodithiophene units, increased the reachable photocurrents. With the
advent of small-band gap NFAs, donors with large band gaps again were employed
successfully, and newly developed polymers from the PBDB-family made today’s record
efficiencies possible. As representatives of the PTB-family and the PBDB-family, PTB7-Th
and PBDB-TF are shown in Figure 1.3.!
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1.3 Ternary Organic Solar Cells

This chapter is based on the following publication:

Marcella Giinther, Negar Kazerouni, Dominic Blitte, Jose Dario Perea, Barry C. Thompson,

Tayebeh Ameri. Models and Mechanisms of Ternary Organic Solar Cells.

Manuscript under Revision

1.3.1 Introduction

Research on organic solar cells has been ongoing for more than 40 years now, but mainly due
to the advances made in the last decade, they have evolved from being a niche topic to a
promising commercial option, with power conversion efficiencies (PCE) that will exceed 20 %
in the near future!® 2,

The fundamental principle of organic solar cells is based on the combination of two organic
materials, one being an electron donor (D) and one being an electron acceptor (A), which allows
the separation of the strongly bound Frenkel excitons via the transfer of an electron or hole to
the other material and the formation of charge transfer (CT) states?!*2. Since the efficiency of
this separation process correlates with the interface area present between the two materials, bulk
heterojunction (BHJ) architectures are usually applied, where the intermixed materials allow
for a larger interface area, while simultaneously providing transport pathways for the separated
charges'®?*. With novel absorber molecules and ever improving architectures and processing
methods, the efficiencies of such binary OSCs were progressively enhanced, however, this
development is limited by the close correlation between voltage and current generation***, By
decreasing the energy differences between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the absorbing materials, the absorption range
can be broadened towards longer wavelengths and thereby more current will be generated,
resulting in a higher short-circuit current density (Jsc). Nonetheless, the generated open-circuit
voltage (Voc), which is proportional to the energetic difference between the donor HOMO and
the acceptor LUMO, would thereby decrease and thus offset this efficiency gain.

This constraint can be circumvented by a simple approach: the addition of a third component
to the BHJ, which can either function as a second donor or as a second acceptor, resulting in a
ternary organic solar cell (TOSC)%. It has now been demonstrated numerous times that in

TOSCs Jsc and Voc can be improved simultaneously, in addition to many other positive effects,
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such as reduced energy losses, facilitated charge transport, and even significantly improved
stability?’!. The underlying complex working mechanisms of TOSCs are still not conclusively
understood and different models are used to describe them. The most prominent models are the
so-called cascade model, alloy model, and parallel-like model, which all provide a basic
mechanism and establish a relationship between the ternary composition and the resulting Voc.
Many reviews have been devoted to the description of these models and their supporting
experimental evidence?’2°, however, there is still significant confusion as all models have
theoretical gaps and often contradict each other. In addition, the development of all existing
models now dates back several years, meaning that the state of knowledge at that time now is
far outdated and the understanding of mechanisms in OSCs has fundamentally changed.
Nevertheless, those models are still used unchanged and even completely new systems are
assigned to them without challenging old concepts.

For this reason, this review will provide a critical analysis of all currently existing models for
describing the mechanisms of operation in TOSCs. Five different concepts are identified and
separately presented, with a particular focus on inconsistencies and gaps in scope, thereby
emphasizing still open questions for ongoing research. The performance parameters for selected
examples of each concept are shown in Table 1.2. Next, the new findings on general
mechanisms in OSCs since the development of the conventional models are briefly summarized
and recent results on TOSCs are discussed, divided by findings on CT states, recombination
behavior, morphology, and the interplay of electronics and morphology. Finally, the models are
discussed in the light of recent results, contradictions and shortcomings are highlighted and

open questions are addressed, with the aim of setting the course for future research.

1.3.2 Models for Ternary Organic Solar Cells

The cascade model. The crucial aspect of the cascade model is that the third component in the
ternary blend exclusively works as an absorption sensitizer by transferring charges or energy
without participating in charge percolation, while the other two components (donor and
acceptor) carry out the hole and the electron transport to the electrodes. This concept can be
implemented under different energetic and morphological conditions. The most frequently
described scenario is that the sensitizer introduces intermediate HOMO and LUMO levels
resulting in an energy cascade through all three components (Figure 1.4a). In this case, the
sensitizer molecules must be located at the interface of donor and acceptor domains to ensure
trap-free charge transport (Figure 1.4b). Another possibility involves energy transfer from the

sensitizer to the donor or to the acceptor. In this case, the sensitizer can also be embedded in
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the donor (or acceptor) domains and its LUMO (or HOMO) does not necessarily have to be
cascade aligned but also can be higher than the donor LUMO (or lower than the acceptor
HOMO). The physically measurable consequence of the cascade model is that the Voc should
theoretically be a constant value, determined by the energetic difference of the hole and electron
quasi-Fermi levels of donor and acceptor, and independent of the composition of the ternary
blend (Figure 1.4¢). At the same time, the additional absorption of the third component should
translate into a correspondingly increased Jsc.

The idea of a cascade charge transfer mechanism was introduced in 2010 with the addition of a
small-band gap polymer with intermediate HOMO and LUMO as sensitizer to a binary host
system to broaden the absorption®?. With photo-induced absorption it was proven that the
sensitizer transfers a positive polaron to the host donor and an electron to the host acceptor,
which carry out the charge transport. Analogous to these findings, the validity of the cascade
model has been confirmed repeatedly by various groups*—3%.

It soon was realized that the third component — although having an appropriate energy level
alignment for cascade charge transfer — instead can also be involved in energy transfer and that
those two processes often compete in cascade-like systems* #2. A summary of the details of
energy transfer in TOSCs can be found elsewhere®.

Ternary systems following the cascade model were demonstrated to be superior to their binary
counterpart for several reasons. First, the sensitization with a third component, having either a

344445 or a larger band gap*® than the binary host system, broadens the

smaller band gap
absorption range and improves light harvesting. Second, it has been found that the addition of
a cascade sensitizer can improve the PCE even without broadening the absorption substantially
by suppressing monomolecular and bimolecular recombination and increasing charge carrier
mobility*>#"!, The strategy of absorption extension has been used successfully, especially for
fullerene-containing systems; however, with respect to the new class of non-fullerene acceptors
(NFAs) with excellent absorption capability, it is questionable whether this approach still adds
value. In fact, theoretical calculations have shown that for state-of-the-art absorbers, a ternary
approach is only beneficial if it positively influences transport or recombination kinetics, thus
increasing the fill factor>.

With respect to the exact mechanism in ternary cascade systems, the question arises between
which components the charge transfers take place and which CT states are therefore occupied.
Theoretically, three CT states are accessible, each corresponding to the charge transfer between

two of the three components (Figure 1.4d). However, in a typical combination of two donors

with one acceptor (or two acceptors with one donor), the CT state between the two donors (or
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the two acceptors) is energetically unfavorable and therefore usually only weakly occupied. In
the meantime, though, it has been shown that under specific energetic and structural conditions

this charge transfer may also take place and that therefore all three CT states may be

d47,53
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Figure 1.4: Energetic and morphological picture in the cascade model. a) Typical energy level alignment for a
cascade-like ternary organic solar cell (TOSC), where the energy levels of the third component (D, red) are located
in between those of the donor (D, blue) and the acceptor (A, green). Possible charge and energy transfers are
displayed with black and yellow arrows, respectively. The quasi-Fermi levels for electrons and holes are indicated
with black dotted lines, with the difference being the elementary charge g times the open-circuit voltage (Voc). b)
Corresponding morphology with the third component being located at the interface of donor and acceptor. c)
Expected Voc trend of a cascade-like ternary cell in dependence of the ratio of the two donors D; and D,, for the
two donors having a large (light blue) or a small (dark blue) HOMO offset. d) Jablonski-type diagram for a cascade
TOSC where for simplification one common ground state Sy is assumed. From the excited states S; of all three
components energetically different CT states (CT)) are accessible, with the one between the two donors being the

energetically least favorable.

In principle, the concept of cascade charge and energy transfer is a coherent and frequently used

model to describe the operating principle of TOSCs, but there are limitations. The model
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definition requires a very specific morphology, with the sensitizer being located at the
donor:acceptor interface or being embedded in one host component, which is actually only
achievable for low sensitizer ratios and very specific conditions of molecular miscibility. At the
same time, however, the pinned Voc for different sensitizer ratios is the simplest metric for
assigning systems to the model. In fact, a pinned Voc over the whole composition range is rather

1335455 in literature, even for systems that are analytically shown to belong to the

exceptiona
cascade model. Instead, a certain tunability of the Voc with the sensitizer ratio is often
observed?*+40:44:46.48.56.57 Thjg can be partly attributed to the fact that the additional absorption
of the sensitizer increases the photogenerated current of the cell, which in turn affects the Voc.
But just as importantly, the increasing sensitizer content prevents the required morphology and
the cascade model therefore no longer applies®® ®!. Notably, a recent work, which examines the
cascade model with a more profound theoretical basis and uses kinetic Monte Carlo simulations
for this purpose, has also shown that a tunable Voc can indeed occur even with the cascade
model, which is attributed to the stronger spatial separation of charge carriers in three different
components and the consequently reduced CT recombination losses®?.

In practice, however, the assignment to the cascade model is often based solely on the matching
cascade-like energy level alignment of all three components>>%%3, However, this should be
avoided, since the accuracy of experimental HOMO and LUMO values is often debatable, due

to their common determination by cyclic voltammetry (CV) in solution, which does not

necessarily depict the energetic situation in a solid-state device®.

The alloy model. In contrast to the more conceptually straightforward cascade processes, in
which the Voc would by necessity be pinned to the smallest HOMOp-LUMOA4 offset, the alloy
model offers a framework to understand systems with a composition-dependent Voc which has
enabled organic solar cells approaching 19% efficiency.® The first important breakthrough was
achieved, when a system consisting of a polymer donor and two fullerene acceptors was
reported, whose Voc could be tuned with the ratio of the two acceptors®. To explain this
unexpected tunability, the alloy model was introduced in 2013%7. The model proposes an
intimate mixture of the synergistic components (either two donors or two acceptors) in which
HOMO, LUMO and CT state energies take on values that are a weighted average of the
synergistic components. Analogous to inorganic semiconductor alloys, where conduction and
valence band energies vary with composition, the term organic alloy refers to the intimate blend
of synergistic components, either two donors D; and D; or two acceptors A; and A>, which

possesses composition-dependent properties (Figure 1.5a, b). It is observed that the excitonic
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character (i.e. absorption spectra) of the synergistic components are distinctly preserved, likely
due to the more localized nature of the exciton as compared to the CT state, allowing photons
to be harvested across the full absorption range (enhancing Jsc), while the Voc is a weighted
average that usually is described as having a near-linear composition-dependence (Figure

1.5¢)%8,

a b
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Figure 1.5: Electronic and morphological picture in the alloy model. a) Energy levels of a ternary system following
the alloy model with the two donors forming an electronic alloy, thus resulting in a pseudo-binary cell consisting
of a donor alloy (purple, with the pristine donors in blue and red) and the acceptor (green). Possible charge transfer
pathways are indicated with black arrows. The difference of electron and hole quasi-Fermi levels (dotted black
lines) corresponds to the elementary charge ¢ times the open-circuit voltage (Voc). b) Corresponding morphology
of an alloy-like ternary blend, where the two donors are intimately mixed. ¢) The expected Voc trend of an alloy-
like system as a function of the two donors’ ratio for a large (light blue) and a small (dark blue) HOMO offset of
the two donors.

Significant evidence for the alloy model has been obtained through structural and electronic
characterization. For example, utilizing solid-state nuclear magnetic resonance, it was found
that blended fullerenes do form a solid solution (alloy)®’. However, most evidence in support
of the alloy model has been collected using systems based on synergistic polymer donors or
systems based on two non-fullerene acceptors. For example, it was demonstrated with two
random analogs of poly(3-hexylthiophen-2,5-diyl) (P3HT), which showed compositional-

dependence of the Voc that the CT state energy also changes accordingly with the
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composition®”’°. Based on the tuning of the Voc and the CT state energy, it was proposed that
there is a regular variation of the donor HOMO in the blend of the two polymers, and indeed it
was found that the ionization potential (IP) changed linearly with composition’!. Such
composition dependence has been investigated via inverse photoemission spectroscopy (IPES)
and ultraviolet photoelectron spectroscopy (UPS)’?> where the measured ionization potential
(IP) or electron affinity (EA) is correlated with the HOMO and LUMO energies’>. However,
electrochemical measurements have also proven effective to observe the same composition
trends and are far more accessible. Specifically, CV measurements on blend films of two
synergistic NFAs showed a trend in both HOMO and LUMO energies with changing
composition’*. For both D:A:A> and D1:Dx:A systems, photocurrent spectral response (PSR)"
enabled measurements of the CT state’®. PSR data clearly demonstrated that the CT state energy
shifts continuously with composition, supporting the hypothesis that the LUMO of acceptor
alloys and the HOMO of donor alloys varies with composition®”¢,

Ultimately, many groups have observed evidence of co-crystallization of synergistic
components in ternary blend films through grazing incidence X-ray diffraction (GIXRD),
resonant soft X-ray scattering (RSoXS), and differential scanning calorimetry (DSC) that show
the hallmarks of alloy formation’"”"". However, while miscibility of synergistic components
is necessary for alloy formation, reports suggest that co-crystallization is not’!%°,

While all ternary blends do not follow the alloy model, it is clear that there is a subset of TOSCs
for which the alloy model provides the most accurate description of the morphology and the
electronic properties. However, a detailed theoretical description is still lacking, especially
investigation of the nature of newly formed delocalized CT states and free charge carriers.

While there is evidence that new CT states have formed®’-®

, others claim that they are mere
superpositions®!#2. Furthermore, a detailed description of how HOMO/LUMO tuning occurs

while optical properties of the components are invariant is missing.

The parallel-like model. The parallel-like model is based on the assumption that the ternary
cell consists of two distinct binary sub-cells (D1:A and D2:A for a donor third component; D:A |
and D:A; for an acceptor third component), which work independently and are not connected
electronically (Figure 1.6a). The three components form three independent channels for charge
transport and are morphologically separated (Figure 1.6b). The exciton splitting can happen at
two different interfaces, resulting in two possible CT states, and in the idealized case no energy

or charge transfer occurs between the two donors or two acceptors. The Voc in the parallel-like
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model is the weighted average of the two sub-cells (Figure 1.6¢), while the Jsc corresponds to
the sum of the two sub-cells.

The concept of a parallel-like BHJ was introduced independently by two different groups in
2011 and 2012, when they observed that the photocurrent generation, Voc, and external
quantum efficiency (EQE) spectra of different ternary blends perfectly match a weighted
average of the two corresponding binary blends, suggesting that the ternary blend actually was
composed of two binary sub-cells 3334 Those two sub-cells were assumed to be completely

separated morphologically and therefore to not interact electronically.

a b
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Figure 1.6: Electronic and morphological picture in the parallel-like model. a) Energy levels of a ternary system
following the parallel-like model, where the donors (D; blue and D; red) each build a separate sub-cell with the
acceptor (green), allowing no charge transfer between the two donors. The possible charge transfer pathways are
indicated by black arrows. The two sub-cells result in one electron quasi-Fermi level (black dotted line) and two
different hole quasi-Fermi levels (grey dotted lines). The elementary charge ¢ times the open-circuit voltage (Voc)
corresponds to the difference of the electron quasi-Fermi level and the average of the hole quasi-Fermi levels. b)
Related morphology of a parallel-like blend, with all three components forming separate domains. ¢) Expected
Voc trend of a parallel-like ternary cell as a function of the two donors’ ratio for a large (light blue) and a small

(dark blue) HOMO offset of the two donors.

While in the beginning the Voc was predicted to be a mass weighted average of the two binary
sub-cells, this idea was theoretically expanded in 2015 by considering the different absorption

capability of the blend components, which results in differently occupied density of states
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(DOS)®. Additionally, the simplified idea of a complete electronic separation of the two sub-
cells was waived. Instead, it was assumed that the DOS of the two donors (or two acceptors),
indeed, equilibrate, but that this process is hindered and slowed down by the spatial separation.
Consequently, the Voc is not exclusively determined by the lower lying HOMO, as assumed
for the cascade model, but if the equilibration of the two DOS is slower than the timescale of
charge collection, the higher HOMO can also significantly contribute to the Voc. In the ideal
case of a parallel BHJ, where the equilibration is always slower, the Voc of the ternary blend
then is the average of the binary sub-cells, weighted by their current contribution.

Several other groups so far have attributed their TOSCs to the parallel-like model®®?,
supporting the operation mechanism with investigations of morphology and electronic
behavior. However, reports about TOSCs following a parallel-like model are still scarce and
therefore the generality and validity of the model is difficult to judge. A general criticism
concerns the underlying physics of the model. When considering the equivalent circuit of a
parallel-like system with two photodiodes being connected in parallel, it becomes evident that
at a bias higher than the Voc of the low-Voc sub-cell, it is in fact biased in its forward direction
and thus shorts the system. Even with the argument that such an equivalent circuit does not
correspond to the microscopic reality of the parallel-like cell, the existence of two different
quasi-Fermi levels in one blend is questionable since they should equalize immediately by the

contact to the same metal electrode>?.

Other approaches. In addition to the three popular models described above, two other
approaches exist to explain the mechanisms in TOSCs which will be referred to as ‘state-filling
model” and ‘quadrupole concept’ below.

The state-filling model is based on the previously introduced concept of describing the
electronic states of donor and acceptor molecules via a disorder broadened gaussian DOS where
HOMO and LUMO are defined as the central energies of those distributions’. It should be noted
that the energy levels defined in this way do not necessarily correspond to the valence and
conduction band onsets that can be detected by measurement methods®. The state-filling

model?

was introduced in 2016 and transfers this concept to TOSCs by using one joint DOS
for the two donors or two acceptors, respectively, which corresponds to a mass weighted
average of the single components’ DOS (Figure 1.7a, b). This effective DOS then is filled
according to a Fermi-Dirac distribution, resulting in a density of occupied states (DOOS) and a
corresponding quasi-Fermi level for holes or electrons. The Voc of the ternary blend results

from the difference of the hole and electron quasi-Fermi level.
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As a consequence of this model, a composition-tunable Voc is obtained, with a curvature that
depends on the difference of the two donor HOMOs or the difference of the two acceptor
LUMOs, respectively (Figure 1.7¢). A small difference in energy levels results in a near-linear
tunability, since both DOS contribute to the density of occupied states. On the other hand, a
larger difference results in a more exponential curvature, since the lower lying HOMO (or the
higher lying LUMO, respectively) only contributes significantly to the DOOS for a higher

weight ratio.
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Figure 1.7: Electronic picture in the state-filling model. a) Energy levels of a ternary cell in the state-filling model.
The two donors (blue and red) overlap, forming common energy levels (purple) with a new hole quasi-Fermi level,
while the acceptor (green) remains unchanged. The difference of electron and hole quasi-Fermi levels corresponds
to the elementary charge g times the open-circuit voltage (Voc). b) Density of states (DOS) depiction of the
energetic situation in a ternary blend with two different donor ratios. Shown are the DOS of the two donors (blue
and red) and their superposition (purple) and the DOS of the acceptor (green) with the corresponding density of
occupied states (DOOS). With decreasing amount of D the donor DOOS is flattened and therefore down-shifted,
resulting in a lower hole quasi-Fermi level and a higher Voc. ¢) Expected Voc trend of a ternary cell following the
state-filling model as a function of the two donors’ ratio for a large (light blue) and a small (dark blue) HOMO

offset of the two donors.

The state-filling model was extended in the following year by considering a composition-
dependent disorder for the gaussian DOS?>. From temperature-dependent hole and electron
mobility measurements the energetic disorder of donor and acceptor was determined,
respectively. It was found that the disorder of the materials changed upon adding the third

component and can increase or decrease with the ratio, depending on the material. Since a
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higher disorder leads to a broadened DOS, it also results in a down-shifted LUMO and an up-
shifted HOMO and thus in a smaller Voc. Considering the composition-dependent disorder
values, the near linear tunability of the Voc could be explained that is often observed in literature
but was incorrectly predicted as exponential with the state-filling model that did not consider a
composition-dependent disorder.

So far, not many groups have compared their experimental results with the state-filling model®®,
since the simulation of the Voc according to the model is not straight-forward but is based on
equations that can only be solved numerically. In addition, the model neglects the existence of
CT states, which makes it difficult to compare with other concepts, and it also ignores possible
recombination losses.

Compared to the four models presented so far, the quadrupole concept is based on a different
approach. While the other models assume constant molecular energy levels which are at most
shifted by a varying degree of disorder, the quadrupole concept is based on the fact that the
molecular energy levels are strongly dependent on the electrostatic environment, more precisely
on the surrounding quadrupole moments®’ %,

In general, to calculate HOMO and LUMO energies for molecules, an intramolecular part and
an intermolecular part must be considered. The intramolecular part corresponds to the IP or EA
of the single molecule in vacuum. The intermolecular part originates from permanent and
induced electrostatic interactions of the molecule with the quadrupole moments of surrounding
molecules and scales with the distance r. In simulations of the HOMO and LUMO energy,
this interaction is usually assumed to converge fast and therefore only a small surrounding
volume is taken into account with a short cut-off of around r = 4-8 nm. However, it was found
that the electrostatic interactions can have a much longer range, especially in aggregated thin-
film structures (resembling a 2D-infinite film)®’. Thus, the energetic landscape changes
drastically when r = oo is used instead as a cut-off. These results also have implications for the
behavior of TOSCs, as demonstrated with a model system consisting of a blend of zinc
phthalocyanine (ZnPc) and one of its fluorinated derivatives (FsZnPc, FsZnPc, Fi6ZnPc) as
donors and Ceo as an acceptor’®. The molecular structures, isopotential surfaces, and resulting
quadrupole moments of ZnPC and FisZnPc are depicted in Figure 1.8a. Since the IP of the
donor molecules is increasing with progressive fluorination, the Voc of the ternary blends was
found to increase with higher ratios of the fluorinated donor (Figure 1.8b) — a result that is to
be expected based on models for TOSCs with tunable Voc. However, the UPS measurements
of blends of the donors revealed something unexpected: The UPS signal of the blend did not

correspond to a weighted average of two fixed pristine signals, but the pristine peaks themselves
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were shifted in the blend (Figure 1.8c). Density functional theory (DFT) simulations of the
HOMOs considering intermolecular interactions along the molecular stacking directions
confirmed that each component’s shift of energy levels in the blend observed with UPS can be

attributed to the intermolecular charge-quadrupole interactions in molecular mixed stacks.
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Figure 1.8: Electronic and morphological picture in the quadrupole model. a) Molecular structure of ZnPc and
Fi6ZnPc, their isopotential surfaces at -0.3 V (blue) and +0.3 V (red) calculated via density functional theory, and
the resulting three-dimensional quadrupole moments. b) Expected open-circuit voltage (Voc) trend as a function
of the two donors’ ratio for ternary systems following the quadrupole model. ¢) Measured ultraviolet photoelectron
spectra (gray circles) of ZnPc:FisZnPc blends with varying compositions and the respective fits based on a
superposition (black solid line) of the pristine materials’ Gaussian fits (blue for ZnPc, red for Fi¢ZnPc). d)
Schematic depiction of the morphology for a ternary blend in the quadrupole model, with the two donors (blue
and red) being strongly intermixed while still forming stacks of several alike molecules and the acceptor (green)
forming a phase separated domain. e) Energy level alignment for a ternary blend with two donors (blue and red)
and one acceptor (green) in the quadrupole model. The respective lighter colors show the energy levels of the
pristine components which are shifted (indicated by arrows) upon blending. Panels a and c are adapted from

REF.*%S.
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Importantly, this effect does not need large aggregates, but simulations show that the IP is
shifted already for five stacked molecules, allowing a quite large extent of miscibility in the
ternary blend (Figure 1.8d). Additionally, the quadrupole moments of surrounding molecules
also affect the acceptor and its EA, meaning that all energy levels in the ternary blend are shifted
compared to the pristine components (Figure 1.8e).Subsequently, it was demonstrated that the
observation of quadrupole moments influencing EA and IP in a model system is also
transferable to several other molecules and that the electrostatic gradients at donor-acceptor
interfaces induced by quadrupole moments could even increase the driving force for free charge
generation®.

The primary findings of the effects of quadrupole moments on energy levels and CT states have

100 and to doping in organic semiconductors'®!, but

since been applied to homojunction OSCs
not much further research exists on the effects on TOSCs. Therefore, the quadrupole concept
for TOSC:s is still subject to some limitations and leaves questions unanswered. So far, the
causal relationship of quadrupole moments and Voc in ternary blends has only been
demonstrated for relatively small and planar molecules. Moreover, for a significant effect on
the energetic landscape in the blend, the quadrupole moments of the blended species have to
show a significant difference along the m-m stacking direction, and both species must be
systematically oriented in the film. It is thus unclear whether this effect also applies to large,
non-planar molecules or disordered polymers, and experimental data on this is lacking.
Furthermore, in the previous work introducing the quadrupole concept for TOSCs, a single
charge transfer state was assumed for the blend, without further discussion or justification, and
it is not clear between which molecules this state occurs (D1:A, D2:A or an alloyed Di/D2:A).
Therefore, the exact description of the CT states in the quadrupole concept is still missing. In

addition, the practical application of the model is limited by the need for advanced DFT

calculations.
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Table 1.2: Selected performance parameters for TOSCs and their respective binary OSCs which were attributed

to one of the described concepts. For the state-filling model no detailed performance data is available.

Performance

Blend Type Ratio Attributed Ref
PCE Jsc FF Voc model
D1:D2:A | 0.9:0.1:1.5 | 8.2 168 | 687 | 072
PTB7:PID2:PC7:BM D1:A 1:1.5 7.3 15.0 67.1 0.72 Cascade REF 33
D2:A 1:1.5 2.0 5.3 44 .4 0.86
D:A1:A2 1:1 2.2 5.0 36.7 1.17
PBDB-T:ITCN:IT-M D:Al 1:0.2:0.8 11.7 17.7 71.2 0.95 Cascade | REF*
D:A2 1:1 10.8 17.1 68.1 0.94
D1:D2:A 0.7:0.3:2 8.8 17.0 65.3 0.79
PTB7:PCDTBT:PC71BM D1:A 1:1.5 6.6 14.5 63.0 0.73 Cascade REF 40
D2:A 1:4 6.1 10.9 63.0 0.89
D1:D2:A 0.9:0.1:1:1 5.5 15.1 61.0 0.60
P3HTT-DPP- ’ o
10%:P3HT7s-Co- D1:A 1:1.3 5.1 144 | 620 | 057 Alloy REF
EHT25:PCs1BM D2:A 1:0.8 3.2 8.0 59.0 0.68
D:A1:A2 66.7:3:97 10.1 17.4 73.9 0.78
PTB7-Th:TPE- ) _ Allo REE 102
4PDI:PC/1BM D:Al1 66.7:100 1.9 4.3 50.3 0.89 y
D:A2 66.7:100 9.2 16.5 71.2 0.77
D:A1:A2 1:0.18:1.02 18.5 27.0 79.7 0.86
PM6:BTP-eC9:BTP-F D:Al 1:1.2 17.6 26.8 77.5 0.85 Alloy REF 193
A:A2 1:1.2 16.2 24.1 75.0 0.90
D1:D2:A 0.5:0.5:1 7.0 13.7 58.9 0.87
DTffBT:DTPyT:PCs1BM D1:A 1:1 6.3 12.2 56.5 0.91 Parallel-like | REF &
D2:A 1:1 6.3 12.8 58.1 0.85
D:A1:A2 1:0.5:0.5 10.2 15.5 70.5 0.93
PBDB-T:PC1BM:ITIC- D:Al 1:1 9.2 132 | 762 | 092 | Parallel-like | REF¥
Th D:A2 1:1 7.1 12.6 59.0 0.95
D:A1:A2 1:0.9:0.6 12.1 17.4 74.0 0.95
PBDTTPD- . g
HAT:ITIC:PCoiBM D:A1 1:1.5 100 | 149 | 69.0 | 097 | Parallellike | REF
D:A2 1:1.5 7.8 12.1 75.0 0.86
D1:D2:A 1.8:0.2:3 3.5 10.2 59.0 0.58
ZnPc:FaZnPc:Ceo D1:A 2:3 3.3 10.2 59.0 0.55 Quadrupole | REF*®
D2:A 2:3 1.6 1.7 29.0 0.85
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1.3.3 Advances in Understanding Ternary Mechanisms

The development of the models described above took place mainly between 2011 and 2015,
before the widespread use of non-fullerene acceptors, and the models are therefore focused on
mechanisms in fullerene-containing OSCs. However, because NFAs differ from fullerenes in
many crucial properties, the mechanistic understanding of binary OSCs has evolved since their
emergence and also for TOSCs, recent discoveries have shed new light on the conventional
models. For this reason, the following briefly summarizes the current understanding of binary
mechanisms, with a particular focus on NFAs, and then explains the most important insights
into TOSCs, their CT states, their recombination behavior, their morphology and its interplay
with electronics. Finally, the conventional models are shortly reevaluated in light of the most

recent findings.

New findings for binary mechanisms. The prevailing understanding of binary OSC
mechanisms at the time of the ternary model development can be described in simplified terms
as follows: Upon light absorption of the donor an exciton is generated which diffuses to an
acceptor interface and by the transfer of an electron from the donor LUMO to the acceptor
LUMO a CT state is formed. For this to happen, a driving force of around 0.3 eV is assumed to
be necessary'®, provided by the LUMO offset. To split the CT state into free charges, the
coulombic force between hole and electron has to be overcome, however, it is not fully
understood how this energy is provided. In this picture, recombination occurs either geminately
via the excited singlet state S or the CT state, or it occurs non-geminately when free charges
encounter each other (second order) or when a free charge encounters a trapped charge (first
order) (Figure 1.9). In-depth explanations can be found in various other reviews®!1%%1%,

With the emergence of NFAs this mechanistic understanding was reexamined, resulting in a
revised understanding, which is briefly described below. More detailed accounts can be found
in other recent reviews focusing on binary OPVs!>!19%1% First of all, in contrast to fullerene
derivatives, NFAs have a strong absorption capability, whereby a CT state can additionally be
formed by a hole transfer from the acceptor HOMO to the donor HOMO. Moreover, due to the
usually red-shifted absorption of the NFA compared to the donor, energy transfer from the
donor to the acceptor becomes an important possibility, which competes with electron
transfer'*. Another crucial difference is assumed to be that with involvement of NFAs the
driving force for CT state formation (Figure 1.9, 4G¢r) can be reduced up to a near-zero offset
of the respective LUMOs!?-!1% or HOMOs!'!!"!1? which is explained, among other things, by

longer exciton lifetimes'!® or the existence of quadrupole-induced local electrostatic fields''*.
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However, the question of the extent to which the driving force can actually be dispensed is part
of an ongoing debate!'. In fact, very recent findings rather indicate that a near-zero offset is
not possible and that previous results in this direction are based on an incorrect determination

of the involved materials’ energy levels''®.
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Figure 1.9: Schematic Jablonski-type diagram depicting the revised understanding of mechanisms in binary
OSCs. Photoexcitation of the donor or acceptor results in an excited singlet state S; which can either recombine
radiatively or non-radiatively (rate constants kig,. and kz..-) or undergo a charge transfer (rate constant kcr),
driven by the energetic offset of S; and CT (4Gcr). The CT state can also either recombine or form a charge
separated state CS if the necessary free energy 4Gcs is provided. The CS state then results in a collection of the

free charge carriers or the charge carriers encounter and reform a CT state before collection (rate constant keyc).

The splitting of the CT states into free charges is still poorly understood. In general, there are
two different approaches to explain how the coulombic force between hole and electron can be
overcome (Figure 1.9, 4Gcs). In one case it is assumed that the charge separated state is
energetically favored by other effects, for example by a stronger delocalization of free
charges'!’, by entropic effects'?, or by local electric fields'*. Alternatively, it is suspected that
excess energy is available for charge separation due to ‘hot’ CT states!®. The latter concept in
particular, however, is increasingly being called into question, as evidence is accumulating that
CT states and charge separated states (CS) are in a thermodynamic equilibrium. The existence
of this equilibrium has several important consequences: The splitting of the CT state must occur
from a thermally relaxed state, which excludes hot CT states, and the recombination of free
charge carriers exclusively occurs via the reformation of a CT state!!®122, It thus has major
implications on the understanding of recombination and energy loss in OSCs. Usually, the
energy loss Ejoss , meaning the difference between the band gap E, of a solar cell and the cell’s
Voc times the elementary charge ¢, is described in an energetic state picture according to

equation (1.3)!%:
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Etoss = Eg — qVoc = (Eg — Ecr) + qAVpe ™" + qAVSE (13)

With the first term being the energetic offset between the excited singlet state (also called local
exciton, LE) and CT state, the second term being radiative losses, and the third term being non-
radiative losses. Often also another definition for losses based on a detailed balance approach
can be found, where the non-radiative losses are the same, but the radiative losses are defined
differently'?*.

Under the prerequisite of equilibrium between LE, CT and CS, the non-radiative recombination
is mainly governed by the CT state and its coupling with skeletal molecular vibrations. Here, a
high CT state energy is beneficial, since this weakens the coupling, resulting in smaller non-
radiative losses (energy gap law)'?>!26. Another influence on non-radiative recombination is the
hybridization of local exciton and CT state, which has been demonstrated to occur for small
offsets AEre.cr '%!127128 The hybridization is assumed to increase the oscillator strength of the
CT to ground state transition, thus suppressing non-radiative losses'?*!3°. However, it is argued
that this kind of suppression only results in more radiative recombination and does not reduce
the total energy loss, if not also the LE lifetime is enhanced!?!.

There are also findings that contradict a full thermal equilibrium in OSCs. Measured charge
carrier mobilities, for example, decrease with the time elapsed after photo-excitation, which
suggests that excess thermal energy is essential for the charge transport’*!. Simulations
furthermore indicate that the Voc found in many OSCs is higher than what would be expected
from a system being in thermal equilibrium, instead the excess energy could be explained by
an incomplete relaxation of charge carriers in a global density of states, where the excess

thermal energy of not fully relaxed charge carriers contributes to an increased Voc'*.

CT states in TOSCs. The formation of the CT state is a crucial step in any organic solar cell
and there is considerable evidence that its energy directly correlates with the Voc for binary
OSCs'3313, For this reason, there has always been great interest in making it analytically
accessible, however, this is complicated by the fact that CT states usually have weak absorption
and emission. Nevertheless, a variety of methods exist to investigate CT states, which are
described and discussed in other reviews?>!?%136137 The most frequently used methods are
highly sensitive EQE and EL measurements, from which the CT state energy is extracted by
fitting to a model describing the transition between the ground state and the CT state. Already
for binary OSCs, this is a highly controversial topic, as different models exist, such as the

139,140

frequently used Marcus theory!**13¥ the Marcus-Levich-Jortner theory or a three-state
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model'?”13 and the measurements additionally are influenced by many parameters, such as the

absorber layer thickness!#""!%2, the temperature'*° or the energetic disorder!**.
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Figure 1.10: Comparison of different CT state perceptions of the same ternary system P3HT:PCBM:ICBA.
a) Energetic situation in case of one alloyed CT state. b) Measured photocurrent spectral response (PSR) data for
a P3HT:PCBM:ICBA ternary blend with varying PCBM:ICBA ratio, showing a shift of the interface band gap
(indicated by the area between the dotted lines). ¢) Expansion of the PSR data in the region of the peak at 1.7 eV
with subtracted background. The higher energy peak belongs to the PCBM absorption and is shifted continuously
towards lower energies with increasing ICBA fraction, which here is taken as evidence for an alloyed CT state. d)
Energetic situation in case of two distinct CT states. ¢) Measured electroluminescence spectra (black) and
corresponding Gauss fits (pink) for binary P3HT:PCBM cells and f) ternary P3HT:ICBA:PCBM cells, where the
Gauss fit corresponds to a linear superposition of the P3HT:PCBM and P3HT:ICBA blends’ Gauss fits (green),
which is here taken as evidence for two distinct CT states. Panel b, ¢ adapted from REF ¢, Panel e, f adapted from

REF %,
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Especially the three-state model is used more and more often for NFA-containing cells, since it
describes the CT state absorption or emission not only as the coupling of the ground state and
the CT excited state (two-state model), but additionally considers the coupling with the LE,
whose contribution becomes more pronounced for smaller energetic offsets between CT and
LE. Another problem occurs when the energetic offset between LE and CT state is small, which
often is the case when NFAs are used, since the absorption of the CT state is then strongly
overlapped by the absorption tail of the smallest band gap component and fitting is not
reasonably possible anymore!?2.

For ternary systems it becomes even more complex, since theoretically not only one single CT
state but even three distinct CT states can be accessible, one between every set of two
components. However, the energetically highest CT state between the two like components
(two donor-type components D and D or two acceptor-type components A1 and A») is usually
ignored or assumed to be negligibly occupied, even though there are a few reports indicating

4733 The main discussion

that a charge transfer can occur between two like components
therefore revolves around the question of whether two simultaneously occupied CT states can
exist (D:A1 and D:A, or Di:A and D»:A), analogous to the parallel-like concept, or whether
only one CT state exists (D:A12 or Di2:A), which results from long-range delocalization in a
mixture of two components, analogous to the alloy concept. Answering this question with the
help of CT state analytics is difficult, since the two potential CT states are energetically close
and therefore distinguishing between a singular signal or the superposition of two signals is
often not possible unambiguously, as contradictory results on similar systems
demonstrate®”#1:82 (Figure 1.10). This is further complicated by the fact that already in binary
cells, energetically different CT states are sometimes detectable due to variations in crystallinity
or molecular orientation throughout the blend'*+!#,

The same ambiguity applies for a direct examination of the involved energy levels with
photoelectron spectroscopy: theoretically, alloyed HOMOs (or LUMOs) should be
distinguishable from a superposition of two separate energy levels, however, since the involved
states are energetically close, the interpretation of the measurements is difficult and leads to
contradictory results’>82146,

In principle, however, it is known for binary OSCs that large, homogeneous domains, especially
in the case of crystalline NFAs, allow extensive delocalization of the CT state!!”. At the same
time, in particular, structurally similar NFAs are known to form well-mixed, homogeneously

crystalline phases!®1#719® Therefore, it is reasonable to assume that in such systems the CT

state is delocalized over both materials and exhibits an energetically averaged value. In fact, a
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recent study investigating ternary blends with two NFAs, one with a negative ionization energy
offset to the donor and one with a positive offset, demonstrated that the quantum efficiency of
the TOSC is determined by the average of both offsets, thus indirectly proving the
delocalization of the CT state over two different materials'®’.

Thus, while some evidence exists for the presence of an alloy-like CT state, the concept of two
simultaneously occurring, energetically distinct CT states faces a fundamental problem: Under
the now increasingly accepted assumption of the CT state being in equilibrium with the free
charge carriers''®!2!| the occupation of two energetically different CT states should follow a
Boltzmann distribution, which would result firstly in an exponential dependence of the Voc on
the composition and secondly in a strong temperature dependence of the Voc. This is not
compatible with the experimentally most often observed linear correlation of composition and
Voc in ternary blends that are attributed to work in a parallel-like model***"# and a Voc that

tends to decrease with increasing temperature'>°

. One other possibility theoretically would be
that the equilibrium between CT states and free charge carriers could be suppressed by
morphological conditions, allowing the parallel existence of energetically different CT states,
which are populated according to the absorption of the respective component and not according

to a Boltzmann distribution, but so far, no systematic studies on this topic are available.

Recombination in TOSCs. For TOSCs, it is often assumed that Ecr and Voc are linearly
correlated, implicitly suggesting that all changes in Voc with composition are caused by a
change in Ecr, while recombination and transport behavior are composition independent. The
models described above are also based on this assumption and therefore primarily focus their
mechanistic description on the CT state. However, evidence is accumulating that the addition
of a third component additionally affects recombination voltage loss, mobility, and energetic
disorder in the blend, thus having a significant influence on the Voc beyond the CT state energy.
An increasing number of publications describe the reduction of charge carrier recombination
via a ternary approach. For example, the power gap law already mentioned for binary OSCs
can be beneficial for ternary blends '%: since energetically higher CT states couple less with
molecular vibrations, an up-shifting of the CT state by the addition of a third component results
automatically in less non-radiative recombination'®!. Similarly, the addition of a third
component with an intrinsically lower non-radiative recombination can lead to an overall
reduced voltage loss in the ternary blend!>?. Furthermore, the recombination behavior can be
affected by morphological variations induced by a third component. For example, it has been

demonstrated that suppressing the aggregation of NFAs, either by adding a fullerene
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derivative'®?

or another NFA with varied end-groups'>*, reduces their self-quenching and
increases the blend’s electroluminescence, thus decreasing the non-radiative recombination.
Analogously, the EL can be enhanced by using a third component with high photoluminescence
quantum yield'>>. Another promising approach is the combination of a symmetric and an
asymmetric NFA in a ternary system, reducing both radiative and non-radiative recombination
due to decreased energetic disorder and a lowered reorganization energy, which is attributed to
a more ordered molecular packing between the two NFAs2%!56_ In some cases, the voltage loss
reduction by a ternary approach can even be large enough for the ternary cell’s Voc to exceed

the Voc of the respective binary references!>%!7,

Morphology in TOSCs. Already the morphology of binary solar cells, which has been studied

158,159

much more thoroughly than that of ternary ones , 1s rather complex. To simplify, the

1160,161’ with a

morphology of binary blends is therefore often described by a three-phase mode
predominantly pure donor phase, a predominantly pure acceptor phase, and a mixed D:A phase,
neglecting the possible existence of domains with variable mixing ratios or differences between
crystalline and amorphous regions. Following this approach for ternary blends would result in
a seven-phase model, with three predominantly pure phases as well as three binary and one
ternary mixed phase. For this reason, a further simplification is usually employed for ternary
blends, where mixed phases of donor and acceptor are ignored. In this heavily condensed view,
two fundamentally different microstructures can occur: the third component (donor or acceptor)
either forms a third, also pure phase, or it is compatible with the corresponding host component
and forms a mixed donor or acceptor phase, building a pseudo-binary blend. These two
morphologies are usually called parallel-like or alloy-like and describe the extreme cases of the
range of possible morphologies in this simplified approach. It should be emphasized that the
terms alloy-like and parallel-like here characterize a type of microstructure and should not be
confused with the corresponding mechanistic models of analogous name.

The precise understanding of the ternary structure and the assignment to one of the two
described types require elaborate analytics and the combination of many different methods,
which will not be described here, but can be found in other reviews'>%16%163,

One widely used approach to make a simple prediction of a ternary blend’s morphology type

based on material properties is the miscibility’!!64

, since two well-miscible components tend to
form an alloy-like morphology, while poorly miscible components tend to be parallel-like.
Miscibility of two components is widely expressed via the Flory-Huggins parameter y ', which

can be obtained either by a relation to the Hildebrandt or Hansen solubility parameters'®, via
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the melting point depression method!®’~1%°, or from the components’ surface tensions according
to the Wu model'”®. Several approaches also exist to calculate the miscibility of components
theoretically!”"174,

Based on the predicted miscibility, two compatible donors or acceptors can be selected for the
design of alloy-like morphologies; a strategy that has been demonstrated to result in high-
performance TOSCs. However, the compatibility of two components is not only determined by
the miscibility, but also by other factors. For two polymeric donors, it was demonstrated that,

in addition to similar surface energies!”

, structural compatibility is crucial, i.e., similar
orientation and crystal sizes of the two polymers’®, strong lamellar interactions between them
and additionally a similar phase separation with the acceptor!’®. To achieve structural
compatibility, a similar molecular structure or backbone of the polymers can be helpful'”’, but
is not mandatory!'’%!”®, The same applies to the use of two non-fullerene acceptors: again, the
molecules do not have to be structurally similar to be compatible for an alloy-like
morphology'”, however, the strategy of employing similar NFAs is increasingly gaining
popularity due to its simplicity!47!89-183 For example, the combination of two NFAs sharing
the same central unit but one of them containing a single fluorinated end group has been shown
to be a universal guideline for well-working TOSCs'®.

In contrast to an alloy-like morphology, a parallel-like morphology is less frequently reported
in literature, mainly since it holds additional challenges. The combination of non-compatible
components, especially in the case of polymers, usually leads to a severely disordered film,
resulting in disrupted charge transport, decreased mobility, trap formation and increased
recombination’®. Up to now, there are no repeatedly proven guidelines to design high-
performance parallel-like TOSCs. However, one promising approach is based on the
incorporation of a diblock copolymer as third component, which consists of one new acceptor

homopolymer subunit and one host polymer subunit®

. Another strategy seems to be the
combination of a fullerene acceptor with a non-fullerene acceptor, which appears to result in a
parallel-like morphology in some cases®’*. Yet, alloy-like TOSCs have also been reported for
a diblock copolymer approach!'®* or a fullerene:non-fullerene approach’!3%, proving once again
that no universal guidelines for forming specific morphologies exist and that in general there is

a disagreement about the interpretation of the results of morphological analyses.

Interplay of electronics and morphology. Morphology and electronic behavior cannot be
considered separately in TOSCs since they are closely intertwined, and their interrelations

affects all steps from charge generation to charge transport and extraction. Already the energy
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levels of the individual molecules, although often assumed to be constant values, depend
strongly on their chemical environment. Compared to a single molecule, the energy levels of
solid films are shifted due to orientation, polarization or crystallinity effects!®¢~188, Furthermore,
if several different molecules are mixed, as is the case with BHJ solar cells, the energy levels
are additionally affected by the influence of neighbor molecules and long-range interactions
from quadrupole moments®’-!%’.

With its impact on the energy levels, the morphology therefore naturally influences the CT state
energy. For TOSC:s it is therefore particularly difficult to understand the origin of composition-
dependent CT state energies, since morphological effects such as changing chemical
environments have to be distinguished from electronic effects such as alloying of two
components. An elegant solution for this was demonstrated by comparing the CT state’s

composition dependence of binary and ternary blends with similar morphology '

. As aternary
blend, MEH-PPV:PCs1BM:ICBA was chosen, consisting of a strongly disordered polymer and
two very similar acceptors, consequently having a comparable morphology with the binary
MEH-PPV:PCs1BM blend. It was found that changing the acceptor ratio in the ternary blend
has the same effect on CT state energies as changing the donor:acceptor ratio in the binary
blend. The authors therefore concluded that the CT state energy simply depends on the
aggregate size of PCBM, thus ruling out the possibility of an electronic alloy between the two
acceptors, a conclusion that was recently confirmed for a different TOSC'"!. A similar effect
also occurs for polymers, for which it has been shown that different CT state energies can be
detected depending on the disorder at the interface with the acceptor'®!.

Morphologically induced disorder furthermore has an impact on the energy of free charge
carriers'®?. The average energy of thermalized charge carriers lies by a value of ¢°/kzT below

the center of the corresponding DOS'®

, with o being the standard deviation of the gaussian
distribution and thus a measure for the energetic disorder broadening, the Boltzmann constant
ks and the temperature 7. Therefore, an increased energetic disorder results in larger losses
during thermalization and thus in a smaller Voc. Ternary approaches have been shown to be
particularly well suited for reducing energetic disorder, since the addition of a third component
is an straight-forward strategy to tune the blend crystallinity and thus suppress disorder!**!%.

Adding a third component can furthermore improve the transport properties of a blend and
promote charge extraction, which in turn enhances the fill factor. This is possible by increasing
or balancing charge carrier mobility, for example, by adding components that have an
intrinsically higher mobility, such as fullerene derivatives'®®, or components with a high

crystallinity®®. A particular advantage of ternary blends here could be that the high-mobility

31



1 Introduction

third component acts as a charge extraction ‘highway’, while the other two components are
mainly involved in charge splitting*®>’. However, this potential advantage is controversially
discussed, since simulations show that for a significantly increased mobility, the third
component would have to form a continuous percolating phase, which would require a lot of
material and is rather unrealistic with typical proportions of the third component of less than 20
% in the total blend®?. An enhanced mobility and FF can additionally be achieved by changing
the molecular orientation, where a face-on orientation often is assumed to be most beneficial
for charge transport. For example, it has been shown that the addition of PC71BM as a second
acceptor can tune the orientation of the non-fullerene acceptor towards face-on stacking,
resulting in an increased mobility and efficiency!'®”!°®. However, it also has been demonstrated
that a mixed face-on and edge-on orientation, achieved by adding a second donor, can be even
more advantageous than the pure face-on orientation of the binary blend, which once again
illustrates that nano-morphological design rules strongly depend on the employed molecules'®’.
One morphological feature that is often ignored but may have crucial implications on
performance and working principles is the vertical inhomogeneity of ternary blends. This issue,
for example, was systematically investigated by building pseudo-ternary blends from stacks of
two separately manufactured P3HT:PCs1BM layers with different composition®”’. Since the
energy levels of P3HT strongly depend on the mixing ratio with PCs1BM due to induced
disorder, it was found that the Voc depends on the stacking order of the two layers, with the
layer being in contact with the hole transport layer governing the Voc. Those findings thus are
strong evidence that the assumption of constant Fermi levels throughout a blend possibly are

not valid for morphologically inhomogeneous ternary mixtures.

The models in the light of recent findings. As described in the first part of the review, the
presented models already have some inconsistencies and deficiencies within themselves in
terms of a precise definition and differentiation from each other. Moreover, with the latest
findings on mechanisms in binary and ternary OSCs, as presented in the second part, the ideas
in the models have been overtaken or refuted in some points. One major issue is that apart from
the quadrupole approach, all existing models assume the properties of the pristine materials to
be preserved in the blend and thus ignore the strong influences due to electrostatic effects or
disorder when mixed. Moreover, in all approaches except the state-filling model, the CT state
energy is considered as a discrete value instead of being described by the varying occupation
of a density of states. However, the biggest problem is the strong focus of the models on the CT

state, especially in the case of cascade, alloy and parallel-like model. The CT state is considered
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to be static and directly correlated with the Voc, while all effects from charge separation,
recombination, and transport are neglected. Newer findings, however, have shown that the CT
state in fact is in a dynamic equilibrium with the free charge carriers, thus being virtually
independent from the singlet excited state and determined by the kinetics of this equilibrium.
This decisive aspect is consequently not represented in all existing descriptions of TOSC

mechanisms.

1.3.4 Outlook

Ternary organic solar cells have been a hot research topic in recent years and the possibilities
offered by the incorporation of three different components have provided impressive results in
terms of both efficiencies and stability. And even though much progress has been made in
understanding the mechanisms at work, a comprehensive picture of their operating principle is
still missing. Instead, new systems are often carelessly assigned to old models that lack a precise
definition and delineation. Therefore, to achieve a more profound understanding of TOSCs,
research must move away from existing models and return to more in-depth mechanistic
studies. One of the most challenging areas is the deciphering of the ternary blend morphology
and its influence on the occurring mechanisms. For this, of course, the development of existing
and new analytical methods must be advanced. In addition, more theoretical approaches to the
representation of structural interactions must be developed. However, since a complete
understanding of the morphological details will not be possible in the foreseeable future by
either analytical or theoretical methods, mechanism research must detach itself from
morphology to some extent. Instead, more studies should be conducted that systematically vary
the components and composition of ternary blends and are able to establish relationships
between molecular design and solar cell performance and properties. In addition to continued
research on new systems, collecting data from already reported TOSCs and comparing them
systematically in a meta-study could help answering many open questions.

Another fundamental aspect that needs more research, but is not exclusively related to solar
cells, is charge transport in heterogeneous organic materials and how thermal relaxation and
Fermi level position depend on the intermixing of two components. With respect to TOSCs, the
community will likely need to move away from the ideal of a simple and comprehensive model
for all compositions of a combination of three materials and instead face the possibility of
different mechanisms and effects being present simultaneously or transitioning smoothly into

each other.
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With this review, we want to stress that the currently used models for TOSCs are still works in
progress and not yet finalized theories. Combined efforts and collaboration of the entire OSC
community will be needed for a future with a comprehensive and in-depth understanding of the

working principles of TOSCs.
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1.4 Stability of Organic Solar Cells

For organic solar cells, research in recent years has been primarily focused on increasing
efficiencies. So far, a record efficiency of 19 % has been achieved, which means that OSCs are
slowly reaching the range they need to be a commercially competitive alternative. However,
for a commercial application, stability is also crucial, and this issue has been rather neglected
so far. Although there are individual publications that cite very impressive long-term stabilities
for specific systems,??!?*? detailed studies about degradation mechanisms and clear design rules
for high stability are lacking.

In general, aging mechanisms of OSCs can be divided into four groups: extrinsic degradation,
intrinsic degradation in the dark, photodegradation, and mechanical degradation. Extrinsic
degradation occurs when molecules from the environment, mainly oxygen and water, are
allowed to enter the device. They can chemically react with the absorbing materials or the
interlayers and this results, for example, in a loss of absorption or increased series resistances
in the device. However, this type of degradation is often ignored, since it could be addressed
with a proper encapsulation, such that the research effort is more shifted towards developing
those encapsulations. More critical problems are intrinsic degradation and photodegradation,
since those aging processes may be unavoidable. Intrinsic degradation in the dark mostly occurs
due to thermally induced rearrangements of molecules in the device. The diffusion of molecules
in the photoactive layer can lead to a too fine intermixing or a phase separation, thus destroying
the optimal BHJ morphology. Or molecules from the interlayers or electrodes can diffuse into
the photoactive layer, creating shunts. Those processes are typically accelerated at higher
temperatures and since a solar cell can easily heat up to over 60 °C during operation, these are
problems that urgently need to be solved. Photodegradation can occur when the illumination
itself causes the solar cell to lose efficiency, for example by photochemical reactions.?”
Mechanical degradation is now gaining importance with the pursuit of producing OSCs on
flexible substrates and mainly describes degradation due to bending of the solar cells, which
can cause cracks, delamination or shunting in the different layers.?*

The stability of solar cells is usually measured quantitatively by the so-called Tso time, which
describes the time it takes for a solar cell to lose 20% of its initial efficiency under the respective

aging conditions.
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1.5 Zinc Oxide as Electron Transport Layer

Zinc oxide (ZnO) is by far the most commonly used electron transport material in inverted
organic solar cells. The reason for this lies in its many advantageous properties - such as
transparency, high conductivity, good processability, low-cost and non-toxicity — which make
it an attractive material for both lab-scale and commercial applications.

ZnO has a direct band gap of around 3.3 eV and consequently an absorption onset below 375
nm, thus being highly transparent in most of the visible range. With a LUMO of ~ -4.3 eV (vs.
vacuum), ZnO is able to accept electrons from most of the currently used high-performing
organic acceptor materials, and the very low HOMO of ~ -7.6 eV makes it an excellent hole
blocking material. The most stable structure of zinc oxide is the hexagonal wurtzite phase, while
the other two polymorphs zinc blende and cubic ZnO are metastable.?*

For organic solar cells, the ZnO electron transport layer (ETL) can be manufactured via two
fundamentally different approaches: either the layer is produced directly via a sol-gel approach
or ZnO nanoparticles are pre-synthesized and then processed as a dispersion to form a film. For
the sol-gel synthesis, a zinc-precursor, normally zinc acetate, is dissolved in an alcoholic solvent
and stirred for the hydrolysis reaction and the formation of zinc hydroxide acetate as an
intermediate. The solution then is processed to form a thin film, for example by spin coating or
doctor blading, and dried via a heating step which removes the remaining acetate.?® Since the
sol-gel needs high temperatures in this last step which do not allow for flexible substrates, pre-
synthesized ZnO nanoparticles are usually preferred. Those nanoparticles can be produced by
different methods, such as sol-gel synthesis or a chemical precipitation, and then are dispersed
in a solvent for the processing to form a thin film.

The n-type conductivity of ZnO is caused by defects in the crystal structure. While it was
previously believed that the good conductivity is due to oxygen vacancies, recent results have
shown that the conductivity mechanism is based on extrinsic impurities, mainly hydrogen but
also other species.?’ Since this type of impurity is very challenging to control, especially when
the ZnO is produced and processed in a solution-based process, the conductivity of ZnO is
difficult to adjust and often an additional doping is applied for better control.

Two of the most challenging aspects of ZnO as ETL are its surface chemistry and achieving a
matching energy level alignment with the absorbing layer. This, for example, is expressed in
the so-called light-soaking issue, which means that ZnO-containing OSCs reach their full
performance only after illumination with light whose energy corresponds to the band gap of
ZnO (UV region). The cause of the light-soaking issues is attributed to oxygen species being

chemically adsorbed on the surface of zinc oxide, which trap negative charges at the surface of
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the ZnO and thus at the interface to the photoactive layer of the solar cell. This leads to an
upward band bending towards the surface of the ZnO layer and consequently a hindered
electron extraction from the absorbing layer, resulting in enhanced interface recombination and
a decreased fill factor (FF). UV irradiation generates electron-hole pairs in the ZnO, of which
the holes can recombine with the trapped electrons, leading to a desorption of the oxygen and
a reduced band bending. Consequently, the electron extraction issue at the interface of active
layer and ZnO is resolved under continuous UV illumination.2%8-210

On the other hand, however, this very process of UV illumination can also generate radical
oxygen species, which in turn react with the active layer materials, reducing their absorption
capability or generating traps, thus worsening the recombination behavior and the

performance.?!!?12
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2.1 Ultraviolet-Visible Spectroscopy

Since the efficiency of solar cells correlates with the cell’s capability to absorb light from the
sun, spectroscopy in the ultraviolet (UV) and visible (Vis) spectral range is an essential method.
The parameters accessible with this method are the samples’ transmittance (7)), absorbance (4),
and reflectance (R). The transmittance compares the intensity of light before it passes through
a sample (ly) with the intensity after passing through (/) and is usually expressed as a

percentage:
T=— (2.1)

The absorbance is derived from this as shown in equation (2.2) and is a dimensionless quantity,

which is often also denoted as optical density.

A = —1og(T) = log (170) (2.2)

The reflectance R compares the intensity of the light reflected from a sample (/z) with the
intensity of light reflected from a reference material (/z ), usually a white standard.
I

R =
IR,O

(2.3)
Different types of samples are measured with different geometries and methods. Solutions are
usually measured in transmission mode and evaluated according to the Lambert-Beer law that
neglects any scattering losses and relates the absorbed light directly to the path length L through
the sample, the concentration ¢ and the extinction coefficient ¢ of the solution:

A= ¢€-c-L (2.4)
UV-vis spectra of powders obtained in diffuse reflectance can be measured evalulated the
Kubelka-Munk theory, which assumes that absorption and reflection of the powder surface is
neglectable and instead the behavior is dominated by scattering/diffuse reflectance. The
obtained diffuse reflectance R then can be used to approximate the absorption:
_(-Ry

— 2.5)

A

For solar cells, however, measurements of solid films on a transparent substrate are most

commonly used. Films can be measured in transmission mode by measuring the transmittance
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of the substrate separately and subtracting it. In this case the transmission/absorbance depends
on the film thickness L, and therefore, usually the absorption coefficient o is used instead.
Following the Lambert-Beer law, the intensity decays exponentially with the penetration depth
L in the film:

[=1,-e %L (2.6)
Inserting equation (2.2) in equation (2.6) and solving by the absorption coefficient results in
equation (2.7), with the pre-factor 2.303 coming from the conversion of the logarithm to the

natural logarithm.!

A
a = 2.303 ‘T (2.7)

However, two factors are neglected with this type of measurement, which is why the absorption
measured in this way deviates significantly from the true absorption of the organic solar cell.
The first factor involves reflective losses, which can be easily accounted for by measuring each
film in transmission and reflection mode. The second, more complicated influence comes from
the organic solar cells behaving as a non-linear optical cavity.? Due to reflections and
interferences occurring at the interfaces of the multiple layers the electric field intensity
distribution within the devices is complex and has to be assessed via a transfer-matrix approach
which considers the thicknesses and optical constants of the different layers.> Nevertheless,
this influence usually is ignored for normal absorption measurements and only has to be

considered for the calculation of internal quantum efficiencies.

UV-Vis spectra of thin films were recorded in transmission with a Perkin-Elmer Lambda 1050

spectrometer including an integrating sphere and an InGaAs-detector.

2.2 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy monitors the spontaneous emission of light in the visible
range after the absorption of photons, and thus is the complementary method of UV-Vis
spectroscopy. In principle, two different phenomena can be observed with PL spectroscopy,
namely fluorescence and phosphorescence (see Figure 2.1). Fluorescence is the radiative
transition from a molecule’s excited state S to the ground state So and usually occurs with
minimal time delays compared to the absorption. Phosphorescence occurs when the excited
singlet state Si1 undergoes a non-radiative intersystem crossing to the triplet state T1 (or its

higher vibrational levels), which then decays radiatively to the ground state. Since transitions
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with a change of multiplicity are formally forbidden, phosphorescence occurs on longer
timescales than fluorescence and usually shows weaker intensities.*

For PL measurements, the sample is usually excited with a monochromatic light source and the
photons emitted from the sample are spectrally dispersed and collected by a photodetector. The
photodetector is often equipped with a cut-off filter in order to avoid detecting a strong signal
from the excitation wavelength. Excitation wavelengths and recorded spectral range must be

selected appropriately for each sample.

thermal relaxation
A g
>
A
Sl thermal relaxation
. Tl
absorption fluorescence
v
SO

Figure 2.1: Simplified Jablonski diagram of a molecule. By the absorption of a photon, the molecule is excited
from its ground state Sy to its excited state S;. If it is excited to higher vibrational levels of S| a thermal relaxation
to the vibrational ground state occurs. Then, the excited state can either decay radiatively (fluorescence) or it can
undergo an intersystem crossing with a change of multiplicity, forming an excited triplet state T;. The radiative

decay of the triplet state to the ground state is called phosphorescence.

Following the rule of thumb that a good solar cell also needs to be a light emitting diode, most
solar cell materials exhibit a strong photoluminescence, with dominating radiative decay
pathways, since non-radiative decay corresponds to loss mechanisms in the solar cell.” This
also applies to the separate materials in organic solar cells, however, when a donor and an
acceptor are combined to a bulk heterojunction, the PL of the separate materials is quenched,
since a charge transfer occurs between the two materials to form a CT state. Since CT states
usually have small transition dipole moments, they show a negligible PL intensity. For this
reason, the quenching of the pristine materials’ PL in the BHJ can be used as a measure of

effectiveness of the charge transfer.

PL spectra were obtained with a FluoTime 300 (PicoQuant), using an excitation wavelength of

378 nm provided by a diode laser (LDH-P-C-375, PicoQuant).
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2.3 Raman Spectroscopy

Raman spectroscopy is a technique to study vibrational modes of molecules. In contrast to its
complementary method infrared spectroscopy, it does not rely on absorption of light but on its
inelastic scattering. A monochromatic light source, often a laser in the visible or near-infrared
range, illuminates the sample and the photons interact with molecular vibrations, resulting in
inelastic scattering processes. This interaction can either decrease (Stokes shift) or increase
(anti-Stokes shift) the photon’s energy. This so-called Raman effect arises from the interaction
of the light’s electric field with the electron cloud of the molecule and therefore its extent
depends on the polarizability of the respective sample. Strongly polarized bonds such as C-O
or C-F, which generate a strong absorption signal in IR-spectroscopy, often have a lower
polarizability and thus show a low intensity in Raman spectroscopy. On the other hand,
symmetrical bonds such as C=C, which are not visible with IR-spectroscopy, often have a high
polarizability and are easy to detect with Raman. To predict if a vibrational transition is Raman
or IR active, selection rules derived from group theory are applied. Those selection rules state
that normal modes of vibration are IR active if they transform similar to the cartesian
coordinates x,y,z. In contrast, normal modes are Raman active if they transform similar to the
products of the cartesian coordinates (xy, Xz, yz, x?, y, z°).°

Raman spectra are usually showing the difference in energy of the incoming photons and the
detected photons by using wavenumbers as a unit, resulting in a symmetric spectrum with
negative values for an anti-Stokes shift and positive values for a Stokes-shift. However, usually

only the positive part is shown since the signal intensity for the Stokes-shift is larger.

Fourier-transform Raman spectra of powder samples were recorded with a RAM II extension
of the Bruker Vertex 70 with a germanium detector at an excitation wavelength of 1064 nm and

a laser power of 50 mW.

2.4 X-ray Diffraction

The absorbing layer of bulk heterojunction organic solar cells has a complex nanomorphology
consisting of domains in the nanometer-range with varying size, composition, and crystallinity.
This structure is decisive for the performance of the solar cells and therefore, there is a high
interest in understanding it in detail. An interesting technique for characterization is X-ray

diffraction (XRD), since it can provide information about domain sizes and crystallinity of the

BHJ.
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XRD is based on the elastic scattering of X-rays by the electron density in a material. Since the
lattice planes in a crystal determine differences in electron density, X-rays are scattered by
them. Most of the scattered X-ray waves cancel each other out but under certain conditions
constructive interference is possible, which is described by Bragg’s law:
nd = 2d - sinf (2.8)

Here, A is the wavelength of the incident X-rays, n is an integer variable describing the order of
scattering, d is the distance of the lattice planes and € is the X-ray incident angle. In case of a
powder sample, the orientation of the crystal lattice planes is equally distributed and the incident
angles causing a constructive interference can be depicted as intensity maxima (reflexes) in the
1D diffraction pattern.’

The width of the reflexes is determined by the size of the scattering crystallites. An infinitely
large crystallite would cause an infinitely narrow reflex, only broadened by the limits of
instrumental resolution, but smaller crystallites cause a broadening of the reflexes. The
correlation of the reflection broadening at half the maximum intensity (full width at half

maximum = FWHM) and the mean crystallite size s is given by the Scherrer equation:

KA
* = Bcoso

2.9)

Here, K is a factor related to the shape of the crystallites (usually set at K=0.9), 4 is the X-ray
wavelength, S is the reflex broadening at FWHM and @ is the Bragg angle.

In case of organic solar cells, the samples usually are thin films with moderate crystallinity,
which is why the scattering volume is very low in a transmission geometry measurement. For
this reason, X-ray scattering experiments for such samples are commonly performed in a so-
called grazing-incidence geometry, where the X-ray beam impinges onto the sample under a
very small incident angle. This kind of geometry has two advantages: Firstly, a focused beam
with small diameter under a small incident angle is projected into a long stripe on the sample
surface, increasing the interaction volume. Secondly, when the incident angle is smaller than
the critical angle of the material studied, the incident beam undergoes total external reflection.
Under those conditions, the incident beam cannot propagate into the material, instead it is
exponentially damped (evanescent wave), and therefore undesired scattering from the bulk is

suppressed.
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Figure 2.2: Schematic depiction of the measurement geometry for grazing-incidence X-ray scattering with a 2-
dimensional detector. The sample surface lies in the x-y plane and the wave vector k; comes in under the angle
0;. The scattered wave vector kris deflected by an angle ¥ in y-direction and an angle arin z-direction. When the
detector is placed near the sample, the larger scattering angles are monitored, for a detector being placed with a

larger distance, smaller scattering angles can be examined.?

Grazing-incidence X-ray scattering is classified into two sub-groups based on the exit angle of
the scattered signal. Grazing-incidence wide-angle X-ray scattering (GIWAXS) results from
larger scattering angles and probes molecular length-scales. Grazing-incidence small-angle X-
ray scattering (GISAXS) results from smaller scattering angles, and probes nanometer length-
scales, such as domain sizes and distances. As shown in Figure 2.2, GIWAXS and GISAXS
measurements of thin film samples are usually performed with a 2-D detector, to obtain

additional information about the orientation of crystallites and domains in the sample.®

Wide angle XRD measurements of powder samples were performed in transmission with a
STOE STADI P diffractometer (Cu Kq, A = 1.5406 A) and a Ge(111) single crystal
monochromator equipped with a DECTRIS solid state strip detector MY THEN 1K.

GIWAXS and GISAXS measurements of thin films on glass substrates were done in
collaboration with the group of Prof. Miiller-Buschbaum (TU Munich) at the P03 beamline at
DESY (Hamburg).
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2.5 X-Ray Photoelectron Spectroscopy
The method X-ray photoelectron spectroscopy (XPS) makes use of the photoelectric effect to
determine the elements and their chemical state in a sample. For the measurement, the sample
is irradiated with X-rays of a specific wavelength, whereby electrons are emitted. The kinetic
energy Exin of the emitted electrons, which is measured by a detector, is given by the energy
Exyqy of the incident X-rays minus the electron’s binding energy Epinging and a surface and setup
dependent correction factor @:

Exin = Exray = Ebinding — P (2.10)
As a result of the measurement a plot of the number of electrons at each binding energy is
obtained. Since every element has a unique set of binding energies coming from its orbitals, the
peaks can often be clearly assigned to an element. The signal intensity directly correlates with
the present number of atoms of one element, whereby the composition of a sample can be
inferred. However, it must be noted that XPS is a surface-sensitive method and cannot provide
information about the bulk of a sample.
A particularly interesting possibility arises from the fact that the electron binding energies of
an atom are changed according to the oxidation state or the direct chemical environment of the
atom. This can be used to identify different species of the same element and to deduce, for

example, the chemical bonds present.’

XPS measurements of thin films on glass substrates were carried out in collaboration with the
group of Prof. Hofmann (TU Darmstadt) in the cluster tool Darmstadt Integrated System for
Solar Cell research (DAISY-SOL) using a Thermo Fisher Scientific Escalab 250 system
equipped with a monochromatized Al Ka X-ray source (1486.6 eV).

2.6 Contact Angle Measurements

Contact angle measurements are an interesting tool for solution-processed organic solar cells,
since on the one hand the wetting of the active layer solution on the respective substrate can be
analyzed and on the other hand surface energies of the active layer components can be
calculated, from which, in turn, their miscibility with each other can be concluded.

The contact angle 6 is defined as the angle at the three-phase boundary formed by a liquid

droplet on a solid substrate, surrounded by a gaseous atmosphere, as depicted in Figure 2.3.
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Figure 2.3: Schematic depiction of the contact angle 6 formed between a liquid droplet and a solid substrate.

The grey arrows indicate the interfacial energy vectors y between the different phases.

To measure the contact angle, a drop of a liquid is dispensed onto a substrate surface and a
photograph is taken of it, based on which the angle between the substrate and the drop surfaces
is determined. The value of the contact angle is determined by the thermodynamic equilibrium
of the solid-liquid interfacial energy (y.s), the solid-gas interfacial energy (ysc), and the liquid-
gas interfacial energy (y.¢), as described by the Young equation:'”

Ys¢ — ¥YsL — Yiccosf =0 (2.11)
The contact angle therefore is a direct measure for the wetting of a liquid on a solid, whereas a
smaller contact angle accounts for a better wettability. This method, for example, can be used
to select appropriate solvents for the coating process, which show good wettability on the
respective substrate.
However, the more frequently used application is the determination of materials’ surface
energies (whereby surface energy is a different term for the solid-gas interfacial energy ysc).
Interfacial energies can be split into the interactions of polar and dispersive components of the
respective phases:

y=y?+y? (2.12)

Since the dominating interactions between two phases therefore is correlated with their
polarities, different theories exist to describe surface energies. For the surface energy of
polymers, where polar-polar interactions have a strong contribution, usually a model developed
by Souheng Wu is employed,'! which describes the correlation of the interfacial energy of a
liquid (y.6) and of a solid planar film (ysc) with the contact angle between the solid and the
liquid. Since the gaseous phase normally is air in all cases, those interfacial energies for
simplicity are named y; and ys in the following:'?
4-vivd 4wv
vityvd v+

y. - (1+ cosB) = (2.13)

By measuring the contact angle of two different liquids with known polar and dispersive

components, usually water and glycerol, a numerically solvable linear system of two equations
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is obtained with the polar and dispersive components of the solid materials as variables, from
which the total surface energy can be calculated with equation (2.12).

By determining the surface energy of different active layer materials, their miscibility in the
bulk heterojunction can be inferred, since the closer the surface energies, the higher the

miscibility. This can also be expressed quantitatively via the Flory-Huggins parameter y:'3

2
X1z = K(\y1 = /r2) (2.14)
with the surface energies of films of the two materials y; and y: (in units of mJ/m?) and the

proportionality constant k=116 x 10> m™"?. A smaller Flory-Huggins parameter indicates a

better miscibility of the two components.

Contact angle measurements were performed with an optical tensiometer (nanoScience
instruments) and the photographs were evaluated with the One Attension software package in

the Young-Laplace analysis method.

2.7 Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful microscopic method, since in contrast to
classical optical microscopy methods it is not limited by the optical diffraction limit. The
imaging is based on the physical contact of a measuring tip with the sample surface and can
obtain a resolution in the order of several nanometers. In doing so, the tip can either actually
touch the sample constantly (contact mode) or with a specific frequency (tapping mode), or the
tip is held above the sample at a certain distance controlled by the interaction force between tip
and the surface (force measurement), while the sample is moved under the tip, usually by a
piezo-controlled stage, to obtain a 2-dimensional image. The movement of the tip is monitored
via a laser spot that is reflected from the cantilever surface, to which the tip is attached, and
detected by a photodetector, as schematically shown in Figure 2.4.

The most frequently used measurement method is the tapping mode, which has several
advantages compared to the contact mode. Since in contact mode a static bending of the
cantilever has to be monitored, the influences of noise and drift are difficult to distinguish from
the measurement signal, especially since the interaction forces between tip and surface have to
be kept small (and therefore also the bending of the cantilever) to not mechanically destroy the
sample surface with the tip. In tapping mode, on the other hand, the tip is driven to oscillate up
and down close to its resonance frequency, minimizing the actual contact between tip and

surface and also reducing the impact of noise.'*
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Figure 2.4: Typical configuration of an atomic force microscope. The tip is in contact with the sample (or in
tapping mode) while the xy-stage is moving. The laser points onto the cantilever and the beam is reflected from
the surface to the photodetector. From the displacement of the laser beam with respect to the detector, the

deflection of the cantilever can be inferred while scanning over the sample surface.

AFM measurements were done with a NANOINK atomic force microscope in tapping mode.

2.8 Current-Voltage Characterization and Light Intensity Dependence

The most fundamental characterization of each solar cell is done with a current-voltage
measurement which provides the basic parameters to describe the cell’s performance. For this
measurement, a voltage sweep is performed on the solar cell while being illuminated and the
generated current is measured. For comparable results, the illumination must be done with a
standardized spectrum, usually the AM 1.5 global spectrum (AM1.5 G), which corresponds to
the solar spectrum as perceived on earth under a solar zenith angle of 48.2° with a power density
of 1000 W/m?." Usually, such a spectrum is achieved by using a xenon arc lamp and correcting
its output with optical filters. The intensity of the lamp is calibrated with a silicon diode whose
current under AM1.5 G is known. The use of an unsuitable light source or an incorrect
calibration diode can lead to a so-called spectral mismatch and thus to an erroneous

determination of the cell efficiency.!’
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Figure 2.5: Schematic depiction of a current-voltage characteristic of an organic solar cell under illumination
(red) and in the dark (green). The performance parameters short-circuit current (Jsc), open-circuit voltage (Voc)

and the maximum power point (Pypp) that can be directly extracted from the curve are indicated in blue.

Since the generated current depends on the illuminated area of the solar cell, usually a shadow
mask is applied on top of the cell to exactly define this area and the current per area (current
density J) is used as parameter, resulting in JV-curves, with a typical measurement for
illuminated and dark cells shown in Figure 2.5.

From the JV-measurements, several parameters can be extracted'®: the open-circuit voltage
(Voc), which is the maximum achievable voltage of the cell when no current is flowing, the
short-circuit current density (Jsc), which is the current density at zero voltage, and the maximum
power point (Pypp), which corresponds to the highest achievable power of the cell and is the
maximum product of the cell’s voltage Vupp and current density Jypp. From those values the

fill factor (FF) of the cell can be calculated according to equation (2.15):

P % :
FF = _MPP_ _ YMPP Jmpp

= = (2.15)
Voc * Jsc Voc " Jsc

Finally, the power conversion efficiency (PCE) of the cell can be assessed by relating Jsc, Voc

and FF to the power of the incident light P;,, as shown in equation (2.16):
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Pypp Voc *Jsc - FF
PCE = = .
P, 2 (2.16)

When JV-measurements are performed with different illumination intensities, additionally the
recombination behavior of the cells can be investigated.

The following expression for the Voc of organic solar cells was derived by Koster et al.!”:

Ega kgT (1-P)yNZ
Voo = =22 — “201n (=) 2.17)

with Eg,, being the difference of donor HOMO and acceptor LUMO, the elementary charge ¢,
the temperature 7, the Boltzmann constant kg, the charge separation probability P, the Langevin
coefficient y, the effective density of states N, and the charge generation rate G.

From this equation it is apparent that only the charge generation rate G depends on the incident
light intensity, since Egqp, P, N¢, and y are inert properties of the used materials. Therefore, the

dependence of the Voc on the light intensity / can be simplified as follows:
kgT
Voc = C+n-%-ln(1) (2.18)

with C being a constant and the slope n=1. The equation of Koster et al. is based on the
assumption of only bimolecular recombination (Langevin recombination) and cannot be solved
for Voc when additionally trap-assisted recombination (Shockley-Read-Hall recombination) is
considered. Nevertheless, it is assumed that the Voc in this case stills shows a natural
logarithmic dependence on the light intensity but with a slope n larger than unity.'®! In this
way, n can be used as a measure for the occurrence of trap-assisted recombination, with larger
n indicating more trap-assisted recombination. However, it must be taken into account that the

absolute value of n has no physical meaning and only should be used for qualitative comparison.

JV measurements in air were performed using a Keithley 2401 source-measure unit and a
Newport ABA solar simulator, which was calibrated to AM 1.5G with a Fraunhofer silicon
diode. The cells were illuminated through a shadow mask with 8.31 mm? open area. For JV
measurements under a protective atmosphere, the measurements were carried out in a nitrogen-
filled glove box using a Keithley 2401 source-measure unit and a white light LED (Bridgelux),
which was calibrated to 100 mW cm™ with a silicon diode (Hamamatsu S1227-66BQ). The

cells were illuminated through a shadow mask with 6.25 mm? open area.
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2.9 External Quantum Efficiency Measurements

While current-voltage characterization provides information about the behavior of a solar cell
as a whole, external quantum efficiency (EQE) measurements can be used to take a closer look
at the contribution of the individual materials, which is especially interesting for OSCs since
they consist of at least two different absorbing components.

The term external quantum efficiency describes for each wavelength which ratio of incident

photons is converted by the solar cell to electrons contributing to the generated photocurrent:

EQE()) = number of photogenerated electrons 519
B number of incident photons @19

If every single incident photon is converted to an electron the EQE would be 100%. The
external quantum efficiency, however, counts all incident photons and therefore does not
consider losses due to reflection or scattering. This is taken into account by the so-called internal
quantum efficiency (IQE), which describes the ratio of the number of generated electrons to
actually absorbed photons, and which is obtained by dividing the EQE by the absorption per
wavelength 4(4):

EQE(A)

A(A)

IQE(2) = (2.20)

For measuring the EQE, the sample solar cell is illuminated through a monochromator with
spectrally selected light and the resulting photocurrent density J is measured. Since the number
of incident photons is unknown in such a setup, a calibration is necessary. For this purpose, a
silicon diode (Sil) with known EQE spectrum is measured before the sample solar cell. Usually,
the setup also contains a permanently installed second silicon diode (Si2) which monitors any
fluctuations of the light intensity between the calibration measurement (Si2-cal) and the sample

measurements (Si2-sample):

]sample (A) ]Siz—cal (/1)
]Sil(/l) Q Sll( ) ]Siz—sample (/1)

In this way, the EQE of the sample solar cell can be determined by measuring only current

EQEsample W = (2.21)

densities and at the same time the measurement is also independent of the exact setup geometry
or the absolute intensity of the light source.

Additionally, the Jsc of the solar cell can be predicted from the EQE measurement by
integrating the measured photocurrent for each wavelength over the whole spectral range. The
prior calibration ensures the correct result even if the intensity of the spectral slices used does

not exactly match with the solar spectrum.
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One problem of EQE measurements is that by using narrow spectral slices for illumination, the
charge carrier density in the cell for each measurement point is much lower than it is under an

illumination with 100 mW cm™

. For this reason, the photocurrent predicted by EQE
measurements is often overestimated, especially for devices with a nonlinear light intensity
dependency.?’ If this is the case, EQE measurements should be performed with an additional

white backlight, which ensures a realistic charge carrier density in the device.

EQE measurements were performed with a home-built setup using a 150 W Xe short arc lamp
(LOT Oriel) combined with a monochromator (HORIBA microHR) and two Si-diodes to
calibrate the photon flux and compensate for light intensity fluctuations. For voltage-dependent
EQE measurements, a potentiostat (Metrohm Autolab) was used to apply voltage and

simultaneously measure current.

2.10 Fourier-Transform Photocurrent Spectroscopy

In organic solar cells the working principles are governed by the sub-band gap charge transfer
states. Since CT states have a low oscillator strength they are difficult to access directly by
spectroscopic methods as for example UV-Vis spectroscopy. Instead, CT states are usually
investigated with a special, highly-sensitive form of EQE measurements called Fourier-
transform photocurrent spectroscopy (FTPS). For this method, the output light beam of an FTIR
spectrometer is used to illuminate the sample solar cell and the generated photocurrent is
measured. The intensity modulation of the light beam is used for a Fourier transformation of
the photocurrent signal and results in a photocurrent spectrum.?!

The absorption of the CT state is energetically below the materials’ band gaps, but in the
spectrum it is usually still superimposed by the band gap absorption and therefore only appears
as a shoulder instead of a separate peak. The CT state energy Ecr can theoretically be
determined by the intersection of the FTPS spectrum with the corresponding
electroluminescence spectrum, but since this requires elaborate measurements with both
methods, the CT state energy is usually determined by fitting the FTPS spectrum.

As derived by Vandewal et al,*?

the EQE can be expressed as the total absorption multiplied by
the absorbed-photon-to-electron internal-conversion efficiency #. Hereby, the total absorption
is approximated by a2d with the absorption coefficient a and the active layer thickness d, with
the factor 2 considering reflection at the back electrode. The absorption coefficient, in turn, can
be expressed by the product of the density of states in dependence of the energy o(E) and the

number of charge transfer complexes Ncrc:
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EQE(E) = no(E)Ngrc2d (2.22)

The density of states can be expressed according to the Marcus theory,>* which describes the

absorption cross section for a transition from the CT ground state to the CT excited state:

o(E)E =

Y
f—ﬂTex (— (Ecr +4 - E) ) (2.23)
B

Atk 4AkgT

with the Boltzmann constant kg, the absolute temperature 7, the reorganization energy 4 of the
CT absorption process, and the energy independent factor f, that is proportional to the square
of the electronic coupling matrix.

By using equation (2.23) for o(E) in equation (2.22) the following expression is obtained:

EQE(E) =

2
f (_ (Ecr +A—E) ) (2.24)

——————eX
E.\/AntAkgT 4AkpT

The pre-factor f'equals to nNcrc2df; and is energy independent. The FTPS spectrum now can
be fitted by this formula with the free parameters f, A and Ecr. This is normally done in a semi-

logarithmic graph, as shown schematically in Figure 2.6.
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Figure 2.6: Schematic depiction of typical FTPS data (black dots) for an OSC with corresponding fit (red line)
and indication of the charge transfer energy Ecr, the reorganization energy A, and the maximum of CT absorption

Emax-
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FTPS measurements were performed with a modified Bruker Vertex 70 FTIR instrument by
focusing light from a tungsten halogen lamp through a CaF> beam splitter with integrated gold
mirrors to illuminate the devices under short-circuit conditions. The current from the devices
was amplified with a FEMTO DHPCA-100 current amplifier, passed through an analog-to-

digital converter, and fed back to the FTIR instrument for Fourier transformation.

2.11 Electroluminescence Spectroscopy

Organic solar cells feature several emissive states: the emission of the excited state of the
separate donor and acceptor and additionally the emission of the charge transfer state. Those
states can be accessed via the above-mentioned PL spectroscopy or by applying a bias to the
solar cells, thus injecting charges, and monitoring the resulting electroluminescence (EL).
Similar to the reciprocity between absorption and PL of a material, the external quantum

efficiency of a solar cell (EQEpr) and the quantum efficiency of its EL (EQFEEr) are directly

related to each other, as shown by Rau’s optoelectronic reciprocity theorem: 242>
qV
BQEg,(E) = EQEpy () - @55 (B) - (exp (1) — 1) (225)
B

where @3p is the black body spectrum at an energy E, g the elementary charge, V' the applied
voltage, kp the Boltzmann constant, and 7 the temperature.
Therefore, analogously to FTPS, the CT state energy Ecr can be extracted by fitting the high-

energy tail of the emission spectrum /(E) with an expression derived from Marcus theory:*?

_ fi (Ecr —A—E)?

With the factor f; which is proportional to the electronic coupling matrix element and the
reorganization energy 4. The analogy between FTPS and EL spectra and there corresponding
fitting becomes evident in Figure 2.7, where an exemplary reduced (= divided by the energy)

EQE and EL spectrum of the same solar cell are shown with the corresponding Marcus fits.
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Figure 2.7: Exemplary reduced external quantum efficiency (EQEpy) and EL spectrum of an organic solar cell
with the corresponding Marcus fits. The fit maxima are shifted by two times the reorganization energy A. The

intersection of both spectra corresponds to the charge transfer state energy Ecr.?

EL spectroscopy was performed in collaboration with the group of Dr. Wolfgang Tress (ZHAW
Winterthur).
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3 Increasing Photostability of Inverted Nonfullerene Organic Solar Cells by Using Fullerene
Derivative Additives

3.1 Abstract

Organic solar cells recently achieved efficiencies of over 18 % and are well on their way to
practical applications, but still considerable stability issues need to be overcome. One major
problem emerges from the electron transport material zinc oxide (ZnO), which is mainly used
in the inverted device architecture and decomposes many high performance nonfullerene
acceptors due to its photocatalytic activity. In this work we add three different fullerene
derivatives — PC71BM, ICMA and BisPCBM - to an inverted binary PBDB-TF:IT-4F system
in order to suppress the photocatalytic degradation of IT-4F on ZnO via the radical scavenging
abilities of the fullerenes. We demonstrate that the addition of 5 % fullerene not only increases
the performance of the binary PBDB-TF:IT-4F system, but also significantly improves the
device lifetime under UV illumination in inert atmosphere. While the binary devices lose 20 %
of'their initial efficiency after only 3 hours, this time is increased fivefold for the most promising
ternary devices with ICMA. We attribute this improvement to a reduced photocatalytic
decomposition of IT-4F in the ternary system, which results in a decreased recombination. We
propose that the added fullerenes protect the IT-4F by acting as a sacrificial reagent, and thereby
suppress the trap state formation. Furthermore, we show that the protective effect of the most
promising fullerene ICMA is transferable to two other binary systems PBDB-TF:BTP-4F and
PTB7-Th:IT-4F. Importantly, this effect can also increase the air stability of PBDB-TF:IT-4F.
This work demonstrates that the addition of fullerene derivatives is a transferable and

straightforward strategy to improve the stability of organic solar cells.

3.2 Introduction

With efficiencies reaching over 18 %, organic solar cells (OSCs) have become serious
competitors for state-of-the art inorganic solar cells. This is especially true because their
properties such as lightweight, low cost, sustainable materials and flexibility allow them to open
entirely new markets. For commercial applications, however, not only the efficiency has to be
convincing, but also the stability must be sufficiently high, which is not yet the case for many
high-performance OSC systems. A major degradation influence, which of course cannot be
avoided, is light. Nearly all organic solar cells show an initial fast degradation when being
exposed to light the first time, which is referred to as a burn-in.*?

This initial light-induced degradation can have two fundamentally different causes of either
morphological or molecular nature. Morphological changes occur when the energy introduced

into the OSC by light causes diffusion® or recrystallization of components, thus resulting in a

loss of the optimal interpenetrating network of the bulk heterojunction (BHJ).”” Molecular
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changes occur when the incident light breaks chemical bonds directly'® or activates reactions

1112 with impurities,' or with interlayers.'*

of the components with each other,
An inverted architecture is normally considered being more stable for devices containing
fullerene acceptors.'>' However, for nonfullerene acceptors the inverted geometry brings up
new stability issues. Especially, the electron transport layer (ETL) ZnO, which is commonly
used in inverted devices, can cause stability problems.!” ZnO is known as photocatalyst for the
degradation of organic compounds and, for example, is used for water purification.'®2° Upon
irradiation with UV light, electron-hole pairs are created in the ZnO, which then can either react
directly with adsorbed pollutants or form reactive oxygen species (e.g. *OH, *0;) with the
surrounding water, which act as mobile, potent oxidizing agents and decompose dissolved
pollutants.?

This photocatalytic reactivity of ZnO, which is very desirable for water purification, can have
a detrimental effect in organic solar cells.'*?!*> The organic molecules, which are located
adjacent to the ZnO layer, can be reduced or oxidized directly due to the photoinduced charge
carriers in ZnO.?° Furthermore, as a result of the manufacturing process, water and oxygen are

adsorbed on the ZnO surface,’>**

which again can form mobile, reactive oxygen species that
attack the active materials.?

Nonfullerene acceptors have been shown to be particularly susceptible to the destructive
influence of ZnO,'*?! since they usually contain end groups like indandione (e.g. ITIC, IT-4F,
[EICO-4F) or rhodanine (e.g. IDFBR) that are connected to the core by a non-aromatic double
bond, which is vulnerable to addition reactions. It has been demonstrated that IT-4F, ITIC and
IEICO-4F films coated on a ZnO substrate undergo complete photobleaching in less than 100
hours when exposed to UV illumination.'* A more detailed investigation with ITIC revealed
that the excitation of ZnO causes an addition reaction of radical oxygen species to the vinyl
bond in ITIC and dimerization of ITIC was also detected.?! In a solar cell, this process causes
a loss of absorption and more importantly, the degraded molecules can act as charge traps and
thus as recombination centers.

The use of UV filters in front of the solar cells could solve the degradation problem by
suppressing the photocatalytic activity of ZnO, however, this is not a reasonable option due to
ZnO suffering from the so-called light-soaking issue.?® Photovoltaics containing ZnO as ETL
need UV illumination to passivate defect states on the surface of the ZnO and to reach their
optimum performance. It is assumed that those defect states originate from the chemisorption

of oxygen on the ZnO surface, which traps electrons from the ZnO conduction band by forming

03 species and thus creates a depletion layer and band bending next to the interface.?’ This
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results in a barrier for electron injection or extraction and consequently in an s-shaped current
density-voltage curve (JV-curve), which causes a reduced fill factor. UV illumination generates
electron-hole pairs in the ZnO which help desorbing the oxygen due to the holes recombining
with 05 and forming O again.?’ This results in a decrease of the injection/extraction barrier
and the recovery of the performance of the solar cell.

A more promising way to suppress the detrimental influence of ZnO on the absorbing materials
is to introduce a protective interlayer between ETL and absorbing layer.?2?%%° For example, a
thin pyrene-bodipy based layer on top of ZnO was shown to significantly increase the device
lifetime under illumination for both PBDB-TF:IT-4F and PTB7-Th:PC7;1BM systems,
respectively.??

However, this method of using a protective layer increases the complexity in manufacturing the
solar cells due to the additional layer and thereby would also increase the potential cost of the
OSC manufacturing. A much simpler approach would be to suppress the UV aging due to ZnO
by directly adding a protective third compound to the binary absorber mixture of the active
layer. Promising candidates for this approach are fullerenes, since they are well known radical

scavengers’?3!

and already established materials for OSCs.

In this work, we use a ternary approach to investigate the influence of three different fullerene
derivatives, namely PC7:BM, ICMA and BisPCBM, on the UV stability of inverted binary solar
cells consisting of the donor PBDB-TF and the acceptor IT-4F (all systematic names can be
found in the experimental part). The fullerene derivatives are found to significantly slow down
the UV-induced aging of the binary system, mainly due to decreased losses of the fill factor. It
is shown that the addition of fullerenes reduces the formation of defect states, which emerge
due to the photocatalytic degradation of IT-4F on the electron transport layer ZnO. In the

present work, a mechanism is proposed that explains the protective effect of the fullerenes with

their radical scavenging abilities, suppressing the detrimental influence of ZnO.
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3.3 Results and Discussion

3.3.1 Performance of Ternary OSCs

In Figure 3.1a, the molecular structures of the used materials are illustrated. The corresponding
energy levels are provided in Figure S 3.1. Binary and ternary organic solar cells were built in
an inverted architecture with ZnO as the ETL and MoOx as the hole transport layer (HTL), as
illustrated in Figure 3.1b. For the binary blend, the polymeric donor PBDB-TF and the small
molecule acceptor IT-4F were used in a 1:1 weight ratio. For the ternary blends 5 wt% of
PC71BM, ICMA or BisPCBM were added, respectively. A weight ratio of 5% was found to
achieve the highest power conversion efficiency (PCE) values for all three ternary blends, as
illustrated in Figure S 3.2.

Inverted binary OSCs with PBDB-TF:IT-4F have been reported to yield champion efficiencies
between 12% to 13% ,'*? however, since the aim of this study was to compare the device
stability of binary and ternary solar cells, the PCE was not extensively optimized, but all cells
were built following a standardized procedure.

The PCE distribution of the binary and the three different ternary systems is shown in Figure
3.1¢, the corresponding distributions of the open-circuit voltage (Voc), short-circuit current
density (Jsc) and fill factor (FF) can be found in Figure S 3.3. For each system, 30 individual
cells fabricated in three different experimental batches are presented. The associated average
and record photovoltaic performance parameters are summarized in Table 3.1. The binary
reference system on average achieved an efficiency of 8.8%, with a Voc of 0.83 V, a Jsc of 16.9
mAcm? and a FF of 64%. The addition of 5% fullerene derivative had a positive effect for all
three studied fullerenes and resulted in an average PCE improvement of 6%, 10%, and 7% for
PC71BM, ICMA and BisPCBM, respectively, compared to the binary system. This
improvement originates mainly from an increased Jsc and FF, whereas the Voc remains nearly
unchanged with the addition of the third component. As can be seen from the absorption
coefficients of the binary and ternary blends in Figure S 3.4, the fullerenes do not significantly
improve the absorption of the different solar cells. However, in the external quantum efficiency
(EQE) spectra, shown in Figure 3.1d, a difference becomes visible. In the wavelength region
from 500 to 800nm, the EQE of all ternary cells is higher than that of the binary cell, with the
ternary ICMA showing the strongest increase. This region corresponds to the absorption range
of IT-4F (Figure S 3.4), and thus suggests that the fullerenes improve charge transport from
the acceptor. This effect probably also accounts for the enhanced FF, since the addition of

fullerenes is known to result in an increased and more balanced charge carrier mobility.>*-*
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Figure 3.1: a) Chemical structures of all used active layer materials, b) inverted device architecture of all built

OSCs, c) PCE distribution (from 30 individual solar cells each) of the binary and the three ternary systems with

added fullerenes as indicated, and d) the respective external quantum efficiency spectra (EQE) of the best cells

with corresponding integrated photocurrents.

Table 3.1: Maximum and average values (in brackets) of performance parameters for binary and ternary devices

from 30 cells conducted in three different experimental rounds.

PCE (%) Voc (V) Jsc(mA cm™) FF (%)
PBDB-TF:IT-4F | 10.2(8.8+1.0) | 0.85(0.83+0.02) | 17.3(16.9+1.3) | 69 (64+4)
PBDB-TF:IT-4F
10.5(9.3+0.8) | 0.83(0.82+0.01) | 17.7(17.4+0.5) | 71 (66 +4)
+ 5% PC71BM
PBDB-TF:IT-4F
10.8 (9.7+0.8) | 0.83(0.83+0.01) | 17.7(17.4+0.5) | 73 (69 +4)
+ 5% ICMA
PBDB-TF:IT-4F
‘ 10.8(9.4+0.8) | 0.84 (0.83+£0.01) | 17.8 (17.0+1.0) | 72 (67 +4)
+ 5% BisPCBM

80

Integrated Photocurrent (mA cm™)



3 Increasing Photostability of Inverted Nonfullerene Organic Solar Cells by Using Fullerene
Derivative Additives

3.3.2 UV Stability of Binary and Ternary Cells

The UV stability of binary and ternary cells was examined by exposing them to a continuous
UV illumination in a nitrogen atmosphere. A UV LED emitting at 365 nm was used as the light
source and its intensity was calibrated to match the intensity of the UV part (300-400 nm) of
one sun radiation. At regular time intervals, a JV'-curve was measured under a white light LED
to determine the change in the performance of the solar cells. The spectra of all used light
sources can be found in Figure S 3.5.

In Figure 3.2a, the aging of the four different systems during 30 hours of continuous UV
illumination is presented. For every system three individual cells were averaged, and all data
points were normalized to the performance of the respective fresh devices. The PCE curves for
all devices show a typical burn-in behavior* with an exponential decay of the efficiency in the
first few hours. However, it is evident that the addition of the fullerenes significantly reduces
the burn-in, and thus increases the device lifetime in all cases. The lifetime is usually defined
as the time after which the device has lost 20 % of its initial efficiency (so called Ty lifetime).'?
For the binary cells this time is only three hours, while it is more than doubled by the addition
of PC71BM (7 h) and BisPCBM (6h). For the cells with ICMA even a fivefold Tgy lifetime
(16 h) is achieved.

The degradation of the PCE for all four systems is mainly from FF losses, with rather small
losses in Voc and Jsc. The fill factor is also the parameter that experiences the strongest stability
improvement through the addition of the fullerenes, with ICMA showing the most pronounced
effect and PC7:BM and BisPCBM behaving very similar. Interestingly, the stability of the Voc
and Jsc values is also improved to the greatest extent by the addition of ICMA, followed by
PC71BM and BisPCBM with a similar effect.

To examine if the observed stabilization effect scales with the amount of added fullerene,
ternary devices with different ratios of the most promising candidate ICMA were built and aged
under the same conditions for 120 hours. The degradation over time for Voc and FF, which are
the two performance parameters with the most distinct aging effect, is shown in Figure 3.2b.
The corresponding PCE and Jsc curves can be found in Figure S 3.6. It is obvious that the
stabilizing effect of ICMA depends on the fullerene content, but already amounts as small as
1.25 wt% result in a significantly improved stability. Furthermore, the stabilizing effect seems
to saturate with an increasing ratio of ICMA. Since the performance of fresh devices decreases
when 10 % or more ICMA is added, 5 % ICMA was chosen as the best trade-off between

reaching a high device efficiency and a long device stability.
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Figure 3.2: a) UV stability of the photovoltaic parameters of binary and ternary devices (averaged over 3 devices

each) as a function of time. b) UV stability of Voc and FF as a function of time for binary PBDB-TF:IT-4F cells

and ternary cells with different ratios of ICMA.

3.3.3 Characterization of Fresh and Aged Devices

To investigate the origin of the UV instability of the binary system and to understand the

stabilizing effect of the three added fullerenes, various characterization methods were
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performed to compare the fresh devices with the corresponding devices aged for 24 hours under
UV illumination.

Already a first look at the JV-curves of fresh and aged devices shows a striking difference. As
depicted in Figure 3.3a, the JV-curves of the three fresh ternary devices are very similar to the
one of the fresh binary devices. However, the aged binary devices not only show a much higher
fill factor loss (Figure 3.2a), but above all a strongly increased series resistance. On average,
the fresh binary devices have a series resistance (Rs) of 6.7 Q cm?, whereas aged devices show
a series resistance of 19.6 Q cm?, which corresponds to an increase of almost 200 %.
Meanwhile, Rs only increased by about 60 % for the aged ternary devices compared to the fresh
ones. The strong increase of Rs in binary devices indicates that the aging might be interface-
related and that the fullerenes have a protective function in the ternary devices.

To learn more about the observed losses in Jsc, UV-vis spectroscopy and EQE measurements
were performed for fresh and aged devices. As shown in Figure S 3.7a, all systems experience
a small loss in absorption, which is most pronounced for the binary system, and which mainly
seems to come from the absorption region of IT-4F (550-800 nm). Remarkably, the EQEs of
the binary fresh and aged devices (Figure S 3.7b) do not reflect this loss. While the EQEs of
the ternary systems remain nearly unchanged after the UV exposure, the aged binary system
shows a small loss over the entire wavelength range, what is more clearly visible when the EQE
difference is plotted, as in Figure S 3.7¢. Since the main aging induced current losses in all
systems occur at around maximum power point (see Figure 3.3a) and not for the Jsc, voltage-
dependent EQE was performed additionally. By measuring the cells biased with 0.6 V, the
changes in current density for fresh and aged cells become more obvious, as depicted in Figure
3.3b (see Figure S 3.7d for EQE differences). The EQEs of all fresh devices biased with 0.6 V
are very similar, however, after 24 h of UV illumination the binary and ternary EQEs differ
greatly from each other. They all show a loss over the whole wavelength region, but this loss is
much larger for the binary system. This finding suggests that although during the aging the IT-
4F is partly attacked, it is not the absorption loss but another dominant process that reduces the
exciton harvesting all over the spectrum. This process apparently is slowed down by the
addition of the fullerene derivatives.

Furthermore, since the main PCE losses for all systems originate from the fill factor, light
intensity dependent JV-measurements and Fourier-transform photocurrent spectroscopy
(FTPS) were carried out in order to study the recombination behavior of fresh and aged

devices.>
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In Figure 3.3c¢, the light intensity dependence of the Voc is depicted for all four systems, fresh
and after 24 hours of UV aging. According to Voc ~ nkT / e - In(I) the Voc is linearly dependent
on the natural logarithm of the light intensity / and the slope corresponds to the product of the
ideality factor n, the Boltzmann constant k and the temperature 7.3® An ideality factor of one
hereby signifies a recombination mechanism that is exclusively bimolecular, while for only
monomolecular recombination the ideality factor is two.>” The fresh devices all have a rather
similar ideality factor between 1.24 and 1.27, and all devices show an increased ideality factor
after exposure to UV illumination. However, the extent of this increase is quite different. While
the ideality factor of the binary system increases from 1.26 to 1.43, the ternary systems with
ICMA and BisPCBM exhibit 40 % less increase of n compared to the binary one. The ideality
factor of the ternary system with PC7;BM increases in a similar way as the binary one.

The FTPS results of the fresh and aged devices are depicted in Figure 3.3d. The spectral region
from 900 to 1450 nm (sub-band gap) can be divided into two parts.*>* The part between 900-
1000 nm is attributed to the absorption of band tail states and is mainly related to the energetic
disorder of the bulk. The part from 1000 nm upwards, which has a much lower slope, can be
assigned to the absorption of defect states. The FTPS results of all fresh devices are quite
similar, but for the aged devices differences emerge in both regions. In the absorption region of
the band tail states, all aged systems show a small shift to lower energies, suggesting an
increased energetic disorder. The more remarkable feature, however, is the change in the defect
state region. Here, the aged binary system shows a strongly increased current from defect state
absorption, while the aged ternary devices feature a substantially smaller increase. We note that
the extent of this increase corresponds to the observed ranking in the stability of the systems
with the ICMA device being the most stable device and showing the least increase.

These findings suggest that a large share of the binary system aging is caused by increased trap-
assisted recombination and that the addition of the fullerenes, especially ICMA, partly

suppresses this effect.
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Figure 3.3: Characterization of the fresh binary/ternary devices and of the same devices aged for 24 hours under
UV light. a) JV characteristics under illumination, b) voltage-dependent EQE-spectra at a bias of 0.6 V, c) light
intensity dependence of Voc, and d) FTPS measurements of binary PBDB-TF:IT-4F (black) and ternary devices
with added PC7;BM (blue), ICMA (red), and BisPCBM (green). Fresh devices are shown with dashed lines/empty
symbols and 24 h UV aged ones with solid lines/filled symbols.

To examine whether morphological changes are the reason for the emergence of traps, grazing-
incidence wide-angle and small-angle X-ray scattering (GIWAXS and GISAXS) measurements
were performed for the binary and ternary blends. The 2D GIWAXS data of the fresh and aged
blends are shown in Figure S 3.8, the corresponding out-of-plane and in-plane cake cuts are
presented in Figure 3.4a and Figure 3.4b. In all GIWAXS patterns, the (100) diffraction peak
at ¢ = 32nm" is visible, indicating a high crystallinity of the polymer PBDB-TF.*
Additionally, the in-plane cuts show a broad diffraction peak between g = 12 nm™ and 18 nm’!,
which is attributed to the (010) Bragg peak of crystalline PBDB-TF.*’ No significant differences
are visible in the line cuts, neither between the binary and ternary devices nor between the fresh

and aged ones. To additionally investigate possible changes on larger length scales addressing
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domain sizes and distributions, an in-depth analysis of the 2D GISAXS data was performed by
modeling the intensity curves resulting from horizontal line cuts in the Yoneda region. To
account for the different length-scales of the domains, the data is modeled with three
cylindrically-shaped substructures, according to the local monodisperse approximation (LMA)
in the framework of the distorted wave Born approximation (DWBA).*'*** The 2D GISAXS
data and all LMA-DWBA fit parameters can be found in Figure S 3.9 and Table S 3.1.
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Figure 3.4: Normalized a) out-of-plane and b) in-plane cake cuts of the 2D GIWAXS data and ¢) horizontal line
cuts of 2D GISAXS data at the critical angle of 0.1° (symbols) and the corresponding fits of binary PBDB-TF:IT-
4F (black lines) and ternary devices with added PC71BM (blue), ICMA (red), and BisPCBM (green). Fresh devices
are shown with light colors and 24h UV aged ones with darker colors. The curves are shifted along the y-axis for

clarity of the presentation.

The intensity cuts and their modeled fits, as shown in Figure 3.4¢, are very similar for fresh
and aged films of the binary and ternary blends. A closer look at the fit parameters (Table S
3.1) confirms that indeed radius and center-to-center domain distances for the three different
length-scales are the same within the error bars. For the medium sized substructures, it is
noticeable that the intensity-weighted proportion in the fit increases somewhat after the aging.

However, since this is the case for all four systems, this increase cannot be the reason for the
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different aging behavior. Therefore, both GIWAXS and GISAXS measurements indicate that
no morphological changes are responsible for the improved aging behavior of the fullerene
containing devices. Interestingly, such stability of the PBDB-TF:IT-4F film morphology is in
contrast to similar systems studied in operando experiments. For example, Wienhold et al.
observed in PBDB-T-SF:IT-4F OSCs a Jsc driven aging, which was caused by a reduction of

interfaces per cross section area.**

3.3.4 Origin of UV Aging and Explanation for the Protective Effect of the Fullerenes

In this work, the GIWAXS and GISAXS results indicate that the different aging behavior of
binary and ternary systems is not morphology related. However, there might be morphological
changes that are not clearly visible in GIWAXS and GISAXS, for example on very small scales
or in amorphous regions. Moreover, adding fullerenes as the third compound has been shown
to stabilize the microstructure of binary blends against recrystallization and phase separation
and thus increasing the stability.*>*

Therefore, in order to further ensure that the origin of the aging process of the binary PBDB-
TF:IT-4F system is not morphological, the UV aging was compared to two other aging
conditions. On the one hand, the binary system under nitrogen was exposed to a white light
LED, which has been calibrated to one sun (<100 mW c¢m) and therefore emits a much higher
overall intensity than the used UV LED (=4.6 mW cm). The spectra of the used LEDs can be
found in Figure S 3.5. On the other hand, the binary device was thermally aged at 85°C under
nitrogen atmosphere. In contrast to chemical aging, degradation of the binary blend that is
caused by morphological changes, such as recrystallization or diffusion, should mainly depend
on the amount of energy absorbed. Consequently, if the aging resulted from morphological
modifications, the aging due to the white LED or the elevated temperature would show a similar
or worse behavior as the UV LED aging, since the overall absorbed energy is higher (see
absorption spectra in Figure S 3.4).

However, such a similar behavior cannot be observed in the obtained time-dependent PCE
curves, as shown in Figure 3.5a. The corresponding Voc, Jsc and FF curves can be found in
Figure S 3.10. The binary cells exposed to the white light LED and to the increased temperature
both show a considerably slower loss of efficiency than the one exposed to the UV LED. This
clearly demonstrates that the mechanism of the observed aging under UV illumination is
dependent on the wavelength of the LED. In addition to the GIWAXS and GISAXS findings,

it is taken as a strong indication for the UV aging being a molecular rather than a morphological
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degradation process, in contrast to other findings about white light aging of PBDB-TF:IT-4F

devices.?
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Figure 3.5: a) PCE as a function of time for binary PBDB-TF:IT-4F devices aged for 30 hours under different
conditions. Devices were aged in nitrogen atmosphere either under a UV LED calibrated to the UV part of one
sun radiation (black), under a white light LED calibrated to one sun radiation (grey) or in the dark on a hotplate at
85°C (light grey). For each condition the average of three individual devices is shown. b) FF as a function of time
during continuous UV illumination for binary devices with a ZnO ETL (black), binary devices with a SnO2 ETL
(grey), ternary ICMA devices (red), and binary devices with an ICMA interlayer between ZnO and BHJ (orange).
c) Difference of UV-vis spectra of fresh blends and blends aged for 24 hours under UV illumination for a binary
blend on glass (dotted black) and on ZnO (solid black) and for a ternary ICMA blend on glass (dotted red) and on
ZnO (solid red). d) Raman spectra of ICMA that was aged on glass (blue) and on ZnO (red) as a film, scraped off

and measured as powder.

One possible molecular degradation pathway of active layer materials, already shown by

47-49

several groups, arises from the presence of the additive DIO, which was also used for the

manufacturing of the cells in this work. In particular, it was demonstrated that residual DIO
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under the influence of UV illumination can form radicals, that attack and decompose the
acceptor material ITIC.* This mechanism could also be transferable to the ITIC derivative IT-
4F used here. To investigate whether the observed aging trends of binary and ternary cells are
related to the additive used, binary PBDB-TF:IT-4F cells and ternary PBDB-TF:IT-4F:ICMA
cells were prepared without DIO (see Table S 3.2 for performance parameters) and aged under
the same conditions. As visible in Figure S 3.11, the aging trends for binary and ternary cells
with and without DIO are quite comparable. The binary cells without DIO age slightly slower
than with DIO and this difference could well be due to a detrimental influence of the additive.
However, more importantly, the fullerene ICMA has the same stabilizing effect with and
without DIO, which proves that ICMA slows down an aging process that is clearly not related
to the additive DIO.

Other possible causes of chemical and non-morphological aging processes are linked to the
interfaces with the transport layers. To investigate this, binary devices were built with SnO»
instead of ZnO as an ETL. SnO; has a larger band gap than ZnO and does not absorb at the
wavelength used for the UV aging, as shown in the UV-vis spectra in Figure S 3.12. Therefore,
UV-induced aging processes, which originate from the ETL, can be excluded when using SnOx.
The performance parameters of these cells can be found in Table S 3.3. The SnO,-based cells
were built using the same recipe as for the ZnO-based cells, although the efficiency is worse,
mainly due to a smaller Jsc and FF. Afterward, they were aged under the same conditions as
those used for the ZnO-based cells. Remarkably, their aging behavior is different from that of
the ZnO-based binary cells, as shown in Figure 3.5b and Figure S 3.13. Especially, the aging
of the FF is significantly slowed down and resembles more the curve of the ternary cell with
ICMA. However, there seems to be another process, that causes the Voc to age faster and
therefore decrease the stability of the system. Nevertheless, this slower aging of the binary
system on SnOz is a strong indication that the ZnO interlayer is the reason for a photocatalytic
degradation process in the binary devices.

To prove that the fullerene implemented in the bulk photoactive layer really suppresses this
proposed degradation at the interface, binary cells were built with a thin interlayer of ICMA in
between ZnO and photoactive layer (for details see experimental section). The device
performance after UV aging is also shown in Figure 3.5b and Figure S 3.13. It is evident that
the aging behavior of the ternary ICMA devices and the devices with ICMA interlayer is very
similar and that in both cases the stability compared to the binary devices is improved in the
same way. This finding proves that ICMA suppresses an interface related degradation process,

which even works when ICMA is mixed into the active layer.
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In order to understand what this UV-induced molecular degradation process at the interface
looks like and what causes it, the UV-vis spectra of the fresh and aged thin films of the binary
and ternary ICMA blend were more closely examined. In Figure 3.5¢ we present the difference
in absorption of the fresh and aged films, normalized to the intensities of the fresh films.
Interestingly, the respective films on glass (dotted lines) show no change in absorption after
aging, indicating a good UV stability of the pristine molecules. However, if a ZnO layer is
present underneath the films, the absorption is changed after UV illumination. Both the binary
and the ternary blend show an absorption loss between 550-850nm (the absorption range of IT-
4F), that is more pronounced for the binary blend, and an absorption increase between 350-
550nm. Such an absorption loss of IT-4F or ITIC containing blends on top of ZnO has also
been observed by other groups and has been attributed to photocatalytic degradation of the
nonfullerene acceptor on the ZnO.!*%° The absorption increase between 350nm and 550nm is
assumed to be caused by the degradation products.'* Obviously, the addition of ICMA,
respectively the other fullerenes, suppresses the ZnO-induced photocatalytic degradation of
IT-4F.

To get an indication of how the fullerenes protect the other active layer materials and whether
they themselves are altered in the process, thin layers of ICMA on glass and on ZnO were aged
under UV, scraped off and the obtained powder was analyzed with Raman spectroscopy. The
two spectra, shown in Figure 3.5d, are very similar and show the same peaks as pristine ICMA,

!, which can be attributed to various

namely several small peaks between 700cm™ and 1480cm™
vibrations of C-H groups and two larger features from vibrations of Ceo at 1462cm™ and
1572cm™!, where the former comes from the symmetric C=C stretching.’! A closer look at this
region reveals that for the ICMA aged on ZnO those two peaks experience a broadening towards
smaller wave numbers, indicating the slight expansion of some bonds in the Ceo, which could
for example happen due to an addition reaction of an electronegative functional group to a C=C
bond. Thus, these results are a clear evidence that ZnO can cause UV-induced molecular
changes to a fullerene.

Combining these observations with the finding that the main difference in UV stability of binary
and ternary cells comes from a different trap density, the following explanation for the
stabilizing effect of the fullerenes is proposed and schematically depicted in Figure 3.6: Upon
UV illumination, an electron-hole pair is excited in the ZnO, which can interact with species
that are adsorbed on the surface of ZnO.? This results in the generation of reactive oxygen

species,?’ symbolized here as an OH-radical, which can then attack the vulnerable vinyl bonds

of the IT-4F (Figure 3.6a), and thus destroy the conjugation in the small molecule acceptor.'*
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The degraded IT-4F firstly absorbs less, which leads to a small decrease in Jsc of the binary
cell. Secondly, and more importantly, the degraded IT-4F acts as a recombination center and
therefore strongly reduces the fill factor of the binary devices. The added fullerene, depicted
here as ICMA, acts as a radical scavenger and can catch several of those reactive oxygen

species,’*3!

and thus, protects the IT-4F molecule from chemical degradation (Figure 3.6b).
The fullerenes with their large delocalized systems and good electron accepting properties can

stabilize radicals and, therefore, do not act as recombination center.

Active Layer binary Zn0O

Figure 3.6: Scheme of the proposed mechanism for the ZnO-induced aging process in binary and ternary devices.
UV light generates an electron-hole-pair in the ZnO, which reacts with species adsorbed on the ZnO surface.
Reactive oxygen species, as for example OH-radicals, are created, which then can attack the vulnerable vinyl
bonds of IT-4F (a). The deteriorated IT-4F acts as recombination center. ICMA protects IT-4F as sacrificial reagent
and radical scavenger (b). Due to the large delocalized system, it can stabilize radicals, thus not acting as

recombination center.

To understand the different effects of the three used fullerenes on the UV stability of the binary
blend ICMA>PC7:BM>BisPCBM), the location of the fullerenes in the ternary blend must be
considered. For this reason, contact angle measurements of all pristine components were
performed with water and glycerol and the surface energy was calculated according to the Wu

152

model.’” The results are summarized in Table S 3.4. The surface energy of ICMA (40.3 mN m’
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1Y is much higher than the values of PBDB-TF (18.0 mN m™) and IT-4F (24.5 mN m™), and
therefore it is expected to demix from the host system during film preparation and accumulate
at the ZnO interface, while the lower surface energy components accumulate at the air surface
to reduce the total energy.>®> Consequently, ICMA can trap the reactive oxygen species on the
ZnO surface more efficiently and the protective effect is high. On the other hand, the surface
energies of BisPCBM (27.8 mN m™") and PC71BM (30.6 mN m™!) are only somewhat higher
than those of the binary host, which means that they do not demix to the same extent and thus

show a smaller protective effect than ICMA.

3.3.5 Transferability of the Protective Effect

In order to examine whether the protective effect of the fullerenes is transferable, two other
binary systems were chosen. On the one hand, PBDB-TF was combined with another
nonfullerene acceptor BTP-4F and on the other hand IT-4F was combined with another polymer
PTB7-Th. In both cases, corresponding ternary devices containing additionally 5% ICMA were
also built. The average performance parameters of all devices can be found in Table S 3.5.
Next, binary and ternary devices then were exposed to the same UV aging conditions as
described above for the PBDB-TF:IT-4F system.

As visible from Figure 3.7a, the PBDB-TF:BTP-4F binary cells show the exact same aging
behavior as the PBDB-TF:IT-4F system and, most importantly, the addition of ICMA has the
same stabilizing effect, which mainly comes from reduced losses in FF' and Voc (Figure S
3.14). The UV stability of the PTB7-Th:IT-4F binary devices, shown in Figure 3.7b,
demonstrate also a burn-in behavior which is comparable to the PBDB-TF:IT-4F system and
furthermore, the added ICMA in the ternary cells slows down the aging. However, in this
system the protective effect of the fullerene is not as strong as for PBDB-TF:IT-4F and PBDB-
TF:BTP-4F, which could be related to a different miscibility of the PTB7-Th polymer with the
acceptors [T-4F and ICMA.

Remarkably, this protective effect can not only be transferred to other materials systems, but
even to other aging conditions. Binary devices based on PBDB-TF:IT-4F and the corresponding
ternary devices with additional 5% ICMA were exposed to air for 24 hours in the dark. The
PCE as a function of time, presented in Figure 3.7c¢, clearly reveals that the addition of I[CMA
significantly slows down the PCE loss, which likewise mainly originates from smaller losses
in FF and Voc, while the Jsc remains nearly unchanged in both devices (Figure S 3.14). In
agreement with our photostability results, the better air-stability of the ternary device also

suggest that ICMA acts as a radical scavenger for oxygen radicals diffusing into the active layer
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and consequently suppresses the oxidation of the ZnO surface.®* However, further
investigations, which are beyond the scope of this work, will be necessary to elucidate the
detailed mechanism of this effect.
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Figure 3.7: a,b) UV stability of the PCE as a function of time for binary PBDB-TF:BTP-4F devices and PTB7-
Th:IT-4F devices and the corresponding ternary devices containing additionally 5% ICMA. ¢) Air stability of the
PCE as a function of time for binary PBDB-TF:IT-4F devices and the corresponding ternary device with 5%

ICMA. For all systems four individual devices were averaged and normalized to the respective fresh device.

3.4 Conclusions

In conclusion, we successfully demonstrated that the efficiency and UV photostability of a
PBDB-TF:IT-4F based OSC can be improved by simply incorporating different fullerene
derivatives into the bulk heterojunction, resulting in an up to fivefold increased lifetime without
affecting the active layer morphology or negatively impacting on the PCE. Upon UV
illumination, devices without fullerenes showed a rapidly decreasing fill factor due to
increasing monomolecular recombination, which is attributed to the photocatalytic degradation
of IT-4F at the ZnO interface. Based on the light intensity-dependent Voc and FTPS results, the
fullerenes protect IT-4F from the detrimental influence of ZnO by acting as radical scavengers
and, thus, suppressing the emergence of trap states. Furthermore, we showed that the protective
effect of fullerenes is transferable to OSCs based on different polymers and nonfullerene
acceptors and even significantly increases the air stability. This work illustrates that a ternary
approach — compared to additional protective interlayers — provides a simple and versatile
method to protect nonfullerene acceptors from the photocatalytic activity of ZnO and increase

the photostability of inverted organic solar cells.
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3.5 Experimental Section

Materials. ITO substrates with 15 Qcm? were purchased from Kintec. The ZnO nanoparticle
dispersion (Avantama-N10) was purchased from Avantama AG. Poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-
bis(2-ethylhexyl)benzo[1',2'-c:4’,5'-c'|dithiophene-4,8-dione))] (denoted PBDB-TF,
sometimes called PBDB-T-2FF or PM6), 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3'-d"]-s-
indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) and 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2",37":4°,5"thieno[2',3":4,5]pyrrolo[ 3,2-g]thieno[2',3":4,5]thieno  [3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (denoted BTP-4F, sometimes called Y6) were provided by
Solarmer. Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)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)] (denoted
PTB7-Th, sometimes called PCE10) was purchased from 1-Material. [6,6]-Phenyl-C71-butyric
acid methyl ester (PC7;1BM), indene-Ceo monoadduct (ICMA) and bis(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]C62 (BisPCBM) with a purity of >99% were
obtained from Solenne BV. Chlorobenzene, 1,8-diiodooctane (DIO), and 1-chloronaphthalene
were purchased from Sigma Aldrich.

Device Fabrication. ITO substrates were cleaned with detergent and ultrasonicated in water,
acetone and isopropanol for 10 min. The substrates were then dried under a nitrogen flow and
plasma cleaned for 20 min. A 40nm ZnO layer was spin coated (1400rpm for 60s) and annealed
for 10min at 120°C in air. Subsequently, the substrates were moved to a nitrogen glovebox. For
the active layer solutions, all compounds were dissolved separately, then mixed and stirred
overnight. For the PBDB-TF:IT-4F binary active layer a 1:1 weight ratio with a total
concentration of 20 mg ml! in chlorobenzene was prepared. For the corresponding ternary
active layers, Swt% of PC71BM, ICMA or BisPCBM was added (dissolved in chlorobenzene
with 20 mg mL™! concentration), resulting in a ratio of approximately 1:1:0.05. The ICMA
solution was heated to 70°C to completely dissolve prior to mixing. At a time 30min before
spin coating, v/v 0.5% DIO was added and then all active layers were dynamically spin coated
with a two-step program, first 900 rpm for Ss followed by 4000rpm for 60s. For the binary
devices with an ICMA interlayer a 20 mg mL' ICMA solution at 70°C was dynamically spin
coated (1000rpm for 60s) on top of ZnO, followed by an annealing at 120°C for 15min.
Subsequently, the PBDB-TF:IT-4F layer was spin coated as explained before. For the PTB7-
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Th:IT-4F binary active layer a 1:1.5 weight ratio with a total concentration of 20 mg ml™! in
chlorobenzene was prepared, and for the corresponding ternary active layer Swt% of ICMA
was added (20 mg mL™! in chlorobenzene). Also, v/v 0.5% DIO was added 30min before spin
coating the active layer (1500rpm for 60s). For the PBDB-TF:BTP-4F binary active layer a
1:1.2 weight ratio with a total concentration of 16 mg mL! in chloroform was prepared, and for
the corresponding ternary active layer 5wt% of ICMA was added (16mg mL! in chloroform).
30min before spin coating v/v 0.5% 1-chloronaphthalene was added and the mixture was spin
coated with 3000rpm for 30s. Finally, on top of all devices 10nm of MoOx and 100nm of Ag
were evaporated through a mask.

Characterization Techniques. JV-measurements were performed using a Keithley 2401
source-measure unit and a Newport ABA solar simulator, which was calibrated to AM1.5G
using a Fraunhofer silicon diode. UV-vis spectra of the thin films on glass substrates were
recorded with a Perkin Elmer Lambda 1050 instrument, using an integrating sphere and an
InGaAs detector. EQE measurements were performed with a home-built setup using a 150 W
Xe short arc lamp (LOT Oriel) combined with a monochromator (Horiba microHR) and two
Si-diodes (Hamamatsu) to calibrate the photon flux and compensate for light intensity
fluctuations. For voltage-dependent EQE measurements a potentiostat (Metrohm Autolab) was
used to apply voltage and simultaneously measure current. Light intensity dependent JV-curves
were measured using a Keithley 2401 source-measure unit and a white light LED as light
source. A Si-photodiode was used to control the light intensity. FTPS measurements were done
with a modified Bruker Vertex 70 FTIR instrument by focusing light from a tungsten halogen
lamp through a CaF> beam splitter with integrated gold mirrors to illuminate the devices under
short-circuit conditions. The current from the devices was amplified with a FEMTO DHPCA-
100 current amplifier, passed through an analog-to-digital converter, and fed back to the FTIR
instrument for Fourier transformation. Every measurement was averaged over 10000 scans for
noise reduction and then scaled to the respective EQE signals, which were obtained separately.
FT-Raman powder measurements were done with a RAM II extension of the Bruker Vertex 70
with a germanium detector at an excitation wavelength of 1064 nm and a laser power of 50mW.
GIWAXS and GISAXS measurements were performed at the P03 beamline at DESY>
(Hamburg, Germany) at an energy of 12.85 keV. For GIWAXS a Pilatus 300k detector (Dectris)
was used and the data were obtained at an incident angle of 0.32° and a sample detector distance
(SDD) of 287mm. 2D-GIWAXS data were corrected and evaluated with the software
GIXSGUL>® For GISAXS a Lambda pixel detector (DESY) was used and the data were

obtained at an incident angle of 0.32° and an SDD of 3554mm. Data evaluation was performed
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with the open source Python program DPDAK. Horizontal line cuts were made at the critical
angle of PBDB-TF (0.1° for 12.85 keV).

Stability Testing. All device photostability tests were performed in a nitrogen filled glovebox
with water and oxygen levels <Ippm. The illumination with UV light or white light LED was
performed through the glass substrate and a shadow mask with 6.25 mm?®. The devices were
aged under a 365nm UV LED (Thorlabs), which was calibrated with a Si-diode (Hamamatsu)
to match the UV part of AM1.5G (300-400nm, corresponds to 4.6 mW cm™). For the JV-
measurements a Keithley 2401 was used and the devices were illuminated with a white light
LED, which was also calibrated to 1 sun with a Si-diode. For the air stability tests, devices were

aged under dark condition in air at a constant temperature of 20°C.
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Figure S 3.1: HOMO and LUMO energy levels of the used active layer materials PBDB-TF and IT-4F, and of the
fullerene derivatives PC71BM, ICMA and BisPCBM.
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Figure S 3.2: Average a) PCE, b) VOC, c) JSC and d) FF (from at least seven individual cells) for ternary organic

solar cells with varying concentrations of the three different fullerenes in the binary blend of PBDB-TF:IT-4F.

The donor:acceptor ratio was kept at 1:1 and the fullerene:IT-4F ratio was changed.
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Figure S 3.3: Distribution of a) Voc, b) Jsc and ¢) FF from 30 individual cells for the binary PBDB-TF:IT-4F cells

and the three ternary OSCs with different added fullerene derivatives.
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Figure S 3.6: UV stability of normalized a) PCE and b) Jsc as a function of time for binary and ternary PBDB-
TF:IT-4F cells with different ratios of ICMA. Since the devices were removed from the sample holder between
the individual measurements, the Jsc does not show a clear trend but small fluctuation, which originate from small

differences in contacting and in the exact location of the illuminated area.
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Figure S 3.7: a) Absorption difference of fresh and 24h UV aged binary and ternary cells related to the

corresponding fresh device. b) EQE measurements of fresh and 24h UV aged binary and ternary cells and c)

corresponding differences. d) EQE differences of fresh and 24h UV aged binary and ternary cells from voltage-

dependent EQE measurements with a bias of 0.6V.
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a).

Binary fresh

+5% BisPCBM fresh !

+5% BisPCBM 24h UVJ

Figure S 3.8: 2D GIWAXS data of the fresh and 24h UV aged a) binary PBDB-TF:IT-4F blend and the PBDB-
TF:IT-4F blends with addition of 5% b) ICMA, c¢) PC71BM, and d) BisPCBM.

a) b)
)

+5% ICMA fresh

Binary fresh ' )

Binary 24h UV I +5% ICMA 24h UV

+5% PC;,BM fresh +5% BisPCBM fresh

+5% PC,,BM 24h UV , +5% BisPCBM 24h UV

Figure S 3.9: 2D GISAXS data of the fresh and 24h UV aged a) binary PBDB-TF:IT-4F blend and ternary PBDB-
TF:IT-4F blends with addition of 5% b) ICMA, ¢) PC7;BM, and d) BisPCBM.
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Table S 3.1: Fit parameters of the GISAXS data modeling of line cuts in the framework of the DWBA with three

cylindrically shaped substructures. Radius and center-to-center domain distance (DC) for each of the modeled

cylindrically-shaped substructures (large, medium, small) and their respective share in the fit of the total intensity.

Radius Dc Radius Dc Radius Dc

Sample large | medium | small
large large | medium | medium | small small
on glass/ITO

[nm] [nm] [nm] [nm] [nm] [nm] [%] [%] [%]
PBDB-TF:IT-4F fresh 99.5+3.0 | 200+15 |44.7+3.0| 102110 |12.1+1.5| 63.9+7 2.3 9.0 88.7
PBDB-TF:IT-4F 24h UV 99.5+2.6 | 210410 | 44.8+1.7 | 102+10 |12.5+2.0| 63.9t+7 2.2 13.7 84.1
+5% ICMA fresh 100.1£3.0| 215+15 | 44.5£2.0| 102+10 | 12.5£1.3 | 62.819 2.4 8.7 88.9
+5% ICMA 24h UV 100.1+3.5| 220415 [ 44.4+2.3| 102110 | 12.2+1.5| 62.849 2.4 12.4 85.2
+5% PC7:BM fresh 99.0+2.5| 210+15 |44.5£1.9| 99+13 |12.0+1.3| 62.5t10 2.5 9.5 88.0
+5% PC7:BM 24h UV 98.5+2.2 | 215415 |44.4+1.9| 99415 |12.2+1.5]| 62.5+10 2.3 11.8 85.9
+5% BisPCBM fresh 101.6+3.0{ 212410 |44.0+2.5| 100+15 |12.3+1.3 | 62.8+15 2.5 8.9 88.6
+5% BisPCBM 24h UV 101.6+2.5| 213+10 |44.0+2.0| 100+15 | 12.4+1.0 | 62.8+15 2.3 11.3 86.4
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Figure S 3.10: Stability of Voc, Jsc and FF as a function of time for binary PBDB-TF:IT-4F devices under different

aging conditions. Devices were aged for 30 hours in nitrogen atmosphere either under a UV LED (black), a white

light LED (grey) or in the dark on a hotplate at 85°C (light grey). For every aging condition, data of three individual

devices were averaged and normalized to those of the fresh devices.

Table S 3.2: Record and average PCE, Voc, Jsc and FF of binary PBDB-TF:IT-4F devices and ternary PBDB-

TF:IT-4F:ICMA devices without DIO (from 14 individual cells processed in two batches).

PCE Voc Jsc FF
(%) V) (mA cm™) (%)
PBDB-TF:IT-4F 8.4 (7.5£0.6) | 0.90 (0.90+0.01) | 15.2 (14.4£1.0) | 61 (58+2)
w/o DIO
PBDB-TF:IT-4F:ICMA | 8.6 (7.8+1.0) | 0.90 (0.90+0.01) | 15.7 (14.8£0.6) | 61 (58+6)
w/o DIO
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Figure S 3.11: UV stability of PCE, Voc, Jsc and FF as a function of time for binary PBDB-TF:IT-4F and ternary
PBDB-TF:IT-4F:ICMA devices with and without DIO.
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Figure S 3.12: UV-vis spectra of thin films of ZnO and SnO; on glass. The red bar marks the emission range of
the used UV LED.
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Table S 3.3: Record and average PCE, Vo, Jscand FF of binary PBDB-TF:IT-4F devices with ZnO as ETL (from

30 individual cells) and from binary devices with SnO, as ETL (from 26 individual cells).

PCE Voc Jsc FF
(o) V) (mA cm?) (%)
PBDB-TF:IT-4F | 10.2 (8.8+1.0) | 0.85(0.83+0.02) | 17.3 (16.9£1.3) 69 (64+4)
with ZnO
PBDB-TF:IT-4F 8.4 (7.1+0.7) | 0.84 (0.85+0.01) | 16.4 (15.4%1.1) 61 (55+4)
with SnO»

] —e— PBDB-TF:IT-4F with ZnO ETL

1.0, *— PBDB-TF:IT-4F with SnO, ETL
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Figure S 3.13: UV stability of PCE, Voc and Jsc as a function of time for binary PBDB-TF:IT-4F devices and the
corresponding ternary devices with 5% ICMA added with a ZnO ETL, in comparison with PBDB-TF:BTP-4F

devices with a SnO» ETL and PBDB-TF:BTP-4F devices with an ICMA interlayer on top of ZnO.
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Table S 3.4: Contact angles with water and glycerol on pristine films of the active layer materials and the resulting

surface energies calculated according to the Wu model.

Contact angle water | Contact angle glycerol Surface energy
(deg) (deg) (mN m™)
PBDB-TF 103.0 97.1 18.0
IT-4F 98.6 84.9 24.5
PC7;1BM 83.0 72.5 30.6
ICMA 70.1 80.1 40.3
BisPCBM 89.6 77.4 27.8

Table S 3.5: Average PCE, Voc, Jsc and FF of binary PBDB-TF:BTP-4F and PTB7-Th:IT-4F devices and the
corresponding ternary devices with 5 % ICMA added (from 15 individual cells processed).

PCE Voc Jsc FF
(%) (V) (mA cm?) (%)
PBDB-TF:BTP-4F | 123+0.5 0.85+0.01 21.9+0.2 67+3
PBDB-TF:BTP-4F | 12.8+0.8 0.86+0.01 20.9+0.8 71+3
+5% ICMA
PTB7-Th:IT-4F 6.5+0.6 0.66 +0.01 16.0+0.3 62+ 6
PTB7-Th:IT-4F 7.4+0.1 0.67+0.01 16.2+0.2 69 £ 1
+5% ICMA
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Figure S 3.14: UV stability of Voc, Jsc and FF as a function of time for binary PBDB-TF:BTP-4F devices (a,d,g)
and PTB7-Th:IT-4F devices (b,e,h) and the corresponding ternary devices where 5 % ICMA was added. Air
stability in the dark of Voc, Jsc and FF for binary PBDB-TF:IT-4F devices and corresponding ternary devices with

5 % ICMA added (g,h,i). In all cases, four individual devices were averaged and normalized to the value of the

fresh device.
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4.1 Abstract

Although zinc oxide (ZnO) is one of the most commonly used materials for electron transport
layers in organic solar cells (OSCs), it also comes with disadvantages such as the so-called
light-soaking issues, i.e. its need for an exposure to ultraviolet (UV) light to reach its full
potential in OSCs. Here, the impact of ZnO light-soaking issues on stability measurements of
OSCs is investigated. It is found that in the absence of UV light a reversible degradation occurs,
which is independent of the used active layer material and accelerates at higher temperatures
but can be undone with a short UV exposure. This reversible aging is attributed to the re-
adsorption of oxygen, which for manufacturing reasons is trapped at the interface of ZnO, even
in an oxygen-free environment. This oxygen can be removed with a UV-pretreatment of the
ZnO, but at the expense of device efficiency and a production that has to take place in an
oxygen-free environment. This work establishes that stability measurements of ZnO-containing
OSCs must be performed exclusively with a light source including a UV-part, since the usage

of a simple white light source — as often reported in the literature — can lead to erroneous results.
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4.2 Introduction

Zinc oxide is one of the most popular and widely used electron transport materials in organic
solar cells, owing to its many advantageous properties, such as high transparency, conductivity
and stability, low cost and toxicity, and an easy solution-based processing.l'? On the other
hand, however, ZnO is also a complex material with a pronounced defect chemistry, whose
electronic properties strongly depend on processing conditions and environment. One of its
major problems is the so-called light-soaking issue.l*) ZnO-containing solar cells need an
exposure to light with an energy corresponding to the ZnO band gap — usually in the UV range
— to reach their full potential.'*>) Without this light-soaking, the current-voltage characteristics
show an s-shape with a reduced fill factor (FF) and an increased serial resistance, as
schematically shown in Figure 4.1 with the red curve. The necessary exposure time and
wavelength of light depend on the exact properties of the used ZnO but are usually in the range
of some seconds and between 360-380 nm, respectively. Importantly, the light-soaking issues
are reversible, meaning that after some time without UV illumination, the cell performance can
degrade again with the s-shape and reduced fill factor coming back. The cause of the light-
soaking issues is attributed to oxygen being chemically adsorbed on the surface of zinc oxide,
which traps negative charges at the surface of the ZnO and thus at the interface to the
photoactive layer of the solar cell. This leads to an upward band bending towards the surface
of the ZnO layer and consequently a hindered electron extraction, resulting in enhanced
interface recombination and a decreased FF. UV irradiation generates electron-hole pairs in the
ZnO, of which the holes can recombine with the trapped electrons, leading to a desorption of
the oxygen and a reduced band bending. Consequently, the electron extraction issue at the
interface of active layer and ZnO is resolved."~") However, the irradiation with UV can also
result in the generation of oxygen radicals which can decompose the absorbing layer, which is
why it the duration of UV illumination is usually kept as short as possible.[® 1]

Since oxygen is responsible for the light-soaking issues, they are especially pronounced in
oxygen-containing atmospheres, where the FF is decreasing within several minutes without UV
illumination due to oxygen diffusing through the active layer to the ZnO interface and adsorbing
there.'¥) On the contrary, the light-soaking issues are strongly reduced in an oxygen-free
environment (e.g., a glove box) and it can be reasonably assumed that in such an atmosphere
one short initial UV exposure is enough to resolve the light-soaking issues long-term.

This assumption is particularly important when it comes to stability measurements of ZnO-
containing solar cells. Thermal stability or photostability of OSCs is often investigated in an

oxygen-free atmosphere using a light source without UV part to determine the performance of
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the cells over time.['>"'®! This is either done to distinguish UV-induced aging from other aging
factors or it is for pragmatic or financial reasons, since it is by far easier and cheaper to do long-
term aging with a white light LED, which has a stable intensity and only needs little cooling, in

contrast to expensive xenon-lamp solar simulators.

Current (mA)

i .
Voltage (V)

Figure 4.1: Schematic current-voltage curves for a ZnO-containing organic solar cell before (red) and after (blue)
UV light-soaking. The insets show the valence band (VB), conduction band (CB) and Fermi-level (EF) of the zinc
oxide with adsorbed oxygen and upward band-bending (red), which hinders the electron injection from the active

layer, and after the desorption of oxygen (blue) with decreased band-bending.

In this work, we show that the influence of ZnO light-soaking cannot be neglected even in an
oxygen-free atmosphere and that, therefore, investigations on thermal or photostability can be
misleading under such conditions. We demonstrate for several different active materials that
stability measurements of ZnO-containing solar cells which are performed with a light source
without UV-component in an oxygen-free atmosphere show a reversible degradation that can
be recovered completely by a short UV treatment. This reversible degradation is amplified at
elevated temperatures, which makes it prone to be mistaken for thermal degradation of the solar
cell. Using XPS measurements, we show that the reversible degradation is caused by oxygen,
which is unavoidably trapped at the interface between ZnO and the active layer, and which re-
adsorbs on the ZnO thermally activated, resulting in a hindered electron extraction and a

decreased fill factor.
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4.3 Results and Discussion

In order to study the influence of ZnO light-soaking issues on thermal stability measurements,
inverted organic solar cells with an architecture ITO|ZnO (30-40 nm)|active layer (80-100
nm)/MoOx (10 nm)|Ag (100 nm) were built, containing the active layer materials PBDB-TF and
IT-4F at a 1:1 weight ratio. The molecular structures and a scheme of the cell architecture can
be found in Figure S 4.1. The commercially available ZnO nanoparticle dispersion (2.5 wt%
in 2-propanol) was spin coated on ITO substrates, annealed at 120 °C for 10 min in air and
subsequently transferred into a nitrogen containing glove box in which the spin coating of the
active layer and the evaporation of MoOx and Ag was carried out. The finished cells were then
subjected to the measurement routine schematically depicted in Figure 4.2. All steps of this
routine were performed in a nitrogen containing glove box, with the cells having no further
contact with.

First, current density-voltage (J-V) curves were measured for the freshly prepared cells with a
white light LED (step 1| in Figure 4.2a) at room temperature (= 19 °C). The used LED has a
cut-off wavelength of 430 nm, thus containing no UV part, and was calibrated with a silicon
photodiode to match the photocurrent under AM 1.5 (see Figure S 4.2 for emission spectrum
and experimental part for calibration details). The cells then were illuminated with a UV LED
for 5 seconds to overcome the light-soaking issues and a second J-V curve was measured with
the white light LED (step 2 in Figure 4.2a). The UV LED with a wavelength of 365 nm was
calibrated with a silicon photodiode to match the UV part of AM 1.5G (= 4.6 mW/m?). The
spectrum of the UV LED is also shown in Figure S 4.2. After those two initial J-V
measurements, the cells were subjected to a thermal aging on a hotplate for 30 hours at 85 °C,
being kept in the dark except for J-J measurements performed at regular intervals with the
white light LED (step 3 in Figure 4.2a), which is in accordance with the typical procedure in

17.18] To examine whether the absence of a UV component had

the literature for thermal aging.!
an influence on the measurement results during the 30 h of thermal aging, the cells were then
again illuminated with the UV LED for 5 seconds and a final J-J measurement was taken with
the white light LED (step 4 in Figure 4.2a).

For better comparability, the performance data of all cells measured with this procedure and
presented below are normalized to the respective cell’s performance after the initial 5 s UV-
soaking (step 2). All presented data points are averaged over six independently measured cells.
The freshly prepared PBDB-TF:IT-4F cells in general showed the expected strong s-shape in
step 1 due to the missing UV soaking, with a low fill factor of 46.0 + 1.0 %, a low power

conversion efficiency of 6.8 £ 0.4 %, an open-circuit voltage (Voc) of 0.80 = 0.05 V, and a
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short-circuit current density (Jsc) of 18.8 £ 0.7 mA cm™ (average over all measured cells). After
the initial 5 s UV-soaking in step 2, the performance improved to an average PCE of 11.8 + 0.3
%, a FF of 73.5+ 0.2 %, a Voc of 0.84 = 0.01 V, and a Jsc of 18.7 + 0.4 mA cm™>. These values
are a bit lower than the 12-13 % PCE which are usually reported in the literature for inverted
PBDB-TF:IT-4F cells,’®!° however, since the aim of this project was a deeper understanding

of the stability behavior, the cells were not further optimized.
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Figure 4.2: a) Scheme depicting the measurement procedure used. The whole procedure is performed in an
oxygen-free environment and at 19 °C if not otherwise stated. As a first step, a J-¥ curve is measured of the pristine
cells with a white light LED, followed by a 5 s UV illumination (365 nm) and another J-J measurement with the
white light LED (step 2). Then the cells are thermally aged for 30 hours at 85 °C and measured at regular time
intervals with the white light LED (step 3). As a last step, the cells are again illuminated with UV light for 5 s and
measured. b, ¢) Normalized performance as a function of time for the different figures of merit (FoM) of PBDB-
TF:IT-4F solar cells, which were measured according to the described procedure but as a were kept at 19 °C in
step 3 as a reference. The blue markings indicate the time of the UV treatments. d, ) Normalized performance as

a function of time for PBDB-TF:IT-4F cells measured at 85 °C according to the described procedure.

The results of the J-J measurements performed with the described routine for reference cells
kept at room temperature (19 °C) are shown in Figure 4.2b, c. After the initial UV soaking, the

cells show a relatively constant PCE over time, however, after 30 hours, a small relative loss of
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about 4 % in PCE is apparent, which can be attributed to a decreasing FF, while Jsc and Voc
are stable over time. Notably, this small loss is fully recovered after the final 5 s of UV
illumination, showing that it is not a real thermal aging effect. Thus, already the behavior at
room temperature is an indication that the absence of UV illumination can produce erroneous
stability results. Nevertheless, the influence is relatively small and can probably be justifiably
neglected on the chosen timescale, especially if other aging influences are responsible for much
larger losses.

However, the behavior over time changes drastically when the cells are thermally aged at a
temperature of 85 °C (Figure 4.2d, e), which is the commonly used condition for thermal
stability tests.!”l After the initial UV soaking, the cells’ performance shows a strong
exponential decay, with a relative PCE loss of 15 % already after two hours. After
approximately 20 hours, more than 20 % of the initial efficiency is lost, exceeding the cell’s
life time according to the Tso definition.!'8! The PCE loss is mainly attributed to the decreasing
FF, while the Jsc and Voc are constant over time with a small initial increase and decrease,
respectively, which is due to the J-V measurement being performed at elevated cell temperature.
Strikingly, here again the final UV soaking step recovers all of the losses and restores the initial
cell performance, clearly proving that the cells did not thermally degrade during the
measurement time. Instead, the usage of a white light source without a UV part for
characterizing cells at elevated temperature resulted in a PCE loss, that could be wrongly
attributed to thermal degradation, but is fully recoverable by UV illumination.

Hence, the main question is why the lack of a UV illumination component, especially at
elevated temperatures, leads to a decrease in cell performance. Two causes would seem
plausible: The behavior could originate from the active layer, for example, when thermal
degradation is cured by UV illumination, although this would be rather unusual for organic
solar cells. Or the behavior could be caused by the interfacial layers, in which case ZnO light-
soaking issues would be an apparent possibility.

To investigate whether the active layer is responsible for this behavior, cells with two
alternative active layers — one being PTB7-Th:PC71BM and one being PBDB-TF:Y6
(systematic molecule names can be found in the experimental part; the structures are shown in
Figure S 4.3) - were prepared with the otherwise same cell architecture and subjected to the
same measurement procedure at 85 °C. The behavior of the FF over time for the different active
layers is shown in Figure 4.3. Again, all values are normalized to the performance after the
initial UV-soaking and averaged over six independently measured cells. The corresponding

graphs for PCE, Voc and Jsc can be found in Figure S 4.4. For all three different active layers,
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a clear degradation of the FF after the initial UV-soaking occurs, with a comparable,
exponential decay in the first few hours. For PBDB-TF:IT-4F and PBDB-TF:Y6, the initial
performance can be fully restored with the UV-soaking step after 30 hours. For PTB7-
Th:PC71BM, the performance is only partly restored. This can probably be explained by a real
thermal aging of the active layer, as PBT7-Th:PC71BM blends are known to phase-separate at

elevated temperatures, resulting in a decreased FF and PCE.*"
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Figure 4.3: Normalized fill factor as a function of time for the three different active layers PBDB-TF:IT-4F (red),
PBDB-TF:Y6 (black) and PTB7-Th:PC7BM (green). The measurements were run according to the procedure
described in FIG 2a, with the first data point being the pristine cells, the second data point (blue marking) being
the UV-soaked cells, followed by a thermal aging at 85 °C, and the last data point representing the cells that were
again soaked with UV-light (blue marking).

Since the used alternative active layers show a comparable behavior to the initial PBDB-TF:IT-
4F system, although they exhibit both molecularly and morphologically major differences, it
seems to be very unlikely that those materials are responsible for the observed behavior. Instead,
it is much more likely that this reversible thermal degradation originates from the interface
layers. And indeed, a very similar behavior originating from ZnO light-soaking is well-known
in the literature:*>! When ZnO-containing cells with a protective UV-filter are measured in air,
their performance degrades within several minutes, with the J-V curve developing a strong s-
shape with reduced FF and increased serial resistance. When the UV-filter is removed, the
performance can be fully recovered. This behavior is attributed to oxygen diffusing into the cell
and adsorbing on the ZnO interface with the active layer, resulting in band bending and hindered
electron extraction. Illuminating the cell with UV-light results in immediate desorption of
oxygen and thus in a recovered performance.

In contrast to those literature reports, however, the measurements in this work were carried out

under exclusion of oxygen and at elevated temperature. The question is therefore whether the
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observed behavior nevertheless can be explained by the adsorption of oxygen and where this

oxygen comes from in an oxygen-free atmosphere.
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Figure 4.4: a) Powder X-ray diffractogram of the used ZnO (black line) with red bars indicating the diffraction
lines of ZnO hexagonal wurtzite structure. b) Atomic force microscopy image of the ZnO layer surface, showing
densely packed ZnO nanoparticles with a root mean square (RMS) roughness of 0.86 nm. ¢) UV -vis absorption
spectra of a ZnO film (red line) and a PBDB-TF:IT-4F film (black line) on a quartz substrate, respectively, with
the blue bar indicating the emission range of the used UV-LED. d) O 1s XPS spectrum of the ZnO layer, fitted
with three components for stoichiometric oxygen (Og) of bulk ZnO, oxygen in oxygen deficient regions (Oger),

and adsorbed oxygen species (O.ds). The black line represents the envelope of the fitted components.

To answer this question, the used ZnO layer was examined in more detail. The layer consists
of commercially available ZnO nanoparticles, which are highly crystalline with the typical
Waurtzite crystal structure, as confirmed with the powder X-ray diffraction (XRD) pattern
shown in Figure 4.4a. From the reflection line broadening an approximate particle size of 12
nm is calculated with the Scherrer equation. As apparent from the atomic force microscopy
(AFM) image in Figure 4.4b, the spin coated and annealed ZnO films consist of closely packed
nanoparticles with very good coverage, exhibiting a smooth surface with a low roughness of

0.86 nm root mean square. From the UV-vis spectra of the ZnO film and the active layer PBDB-
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TF:IT-4F shown in Figure 4.4c it is evident that the spectral range of the UV LED is mainly
absorbed by the ZnO, while the active layer primarily absorbs in the visible range.

In order to obtain more information about the chemical speciation of possibly adsorbed oxygen
on the surface, the ZnO layer was investigated with X-ray photoelectron spectroscopy (XPS).
As expected, mainly the elements zinc and oxygen are visible in the survey spectrum, which is
shown in Figure S 4.5. In addition, however, carbon is detectable, which indicates organic
impurities, for example residues of spin coating the ZnO nanoparticles from 2-propanol or
adventitious carbon species adsorbed from handling the samples in ambient conditions. In
Figure 4.4d the high-resolution scan of the O 1s region is shown. According to literature, the
spectrum was fitted with three components corresponding to stochiometric O® ions in the
wurtzite structure (Os, 530.0 eV), O ions in oxygen deficient regions of the wurtzite structure
(Odet, 531.0 eV), and adsorbed oxygen species (Oads, 532.2 €V).[21723] This may be atmospheric
oxygen which is physisorbed or chemisorbed as oxygen atoms or molecules, depending on
temperature and atmospheric composition.[%?4 The details are a controversial topic in literature,
but below 150°C and in an ambient atmosphere chemisorbed O; seems to be the dominating
species.?*! Additional adsorbed oxygen species coming from sources other than atmospheric
oxygen may also be involved, such as COx, -OH or H20. However, due to the close-lying O 1s
binding energies of the different possible adsorbates in the 532-533 eV region it is not possible
to unambiguously identify the molecular nature of the O-containing adsorbate. Notably, the
adsorbed species is stably present and neither affected or desorbed by sample storage in a N>
glove box nor by handling in ultra-high vacuum conditions during XPS analysis.*!]

Based on the results presented so far, we hypothesize the following: The freshly prepared solar
cells contain an adsorbed layer of oxygen species on top of the zinc oxide layer, which is
unavoidable due to the necessary manufacturing of the ZnO layer in air, even if all other steps
are performed in an oxygen-free atmosphere. The oxygen-containing adsorbates then are
enclosed by the active layer spin coated on top and cause an upward band bending in the ZnO.
The initial UV-treatment or the first illumination of the pristine cells with a UV containing AM
1.5G spectrum results in a desorption of those oxygen species and thus in a good cell
performance. However, due to the active layer being on top of the ZnO, the desorbed oxygen
species are confined at the interface and therefore are able to re-adsorb. The adsorption of
oxygen onto ZnO is known to be an endothermic process, where the activation energy strongly
depends on the exact ZnO layer properties and environmental conditions.!?>?®! Therefore, the

elevated temperature of 85 °C accelerates the re-adsorption and thus also speeds up the
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performance loss, while at room temperature the re-adsorption and the resulting degradation
are very slow.

To verify this hypothesis, thermal stability was measured at several temperatures for eight hours
with the procedure described in Figure 2a. In case the hypothesis is correct, the thermal
degradation should show a strong, consistent temperature dependence and it should be possible
to determine an apparent activation energy from the temperature-dependent decay time
constants. And indeed, as shown in Figure 4.5a, the fill factor follows an exponential decay
over time for all tested temperatures, with the slope of this decay increasing with temperature.
For all degradation temperatures, after eight hours, the FF could be fully restored by a 5 s UV
illumination (measurement points at 8 h, blue marking in Figure 5a). Interestingly, the cells
measured at 85 °C even show a small improvement of performance after the re-soaking
compared to the freshly UV-soaked cells, which probably can be attributed to a beneficial
annealing effect on the active layer morphology. To obtain the decay time constant t, the
measurement data of the fill factor over time FF(t) for each temperature was fitted with an

exponential decay with offset yo and scaling factor A according to equation (4.1):

FF(t) =yO+A-exp<—§) 4.1)

The use of FF(t) for this fit can be justified by the fact that the FF is the parameter that should
be most sensitive to possible band bending at the ZnO interface and therefore should have a
direct linear correlation to the amount of adsorbed oxygen species. The corresponding data for
Voc, Jsc, and PCE over time and the details for all fits can be found in Figure S 4.6 and Table
S 4.1. The obtained time constants then were plotted semi-logarithmically in an Arrhenius-type
diagram vs. the inverse temperature, as shown in Figure 4.5b. The linear trend of the data points
is clearly evident, indicating that the temperature-dependent behavior is indeed controlled by
one process with a uniform activation energy. More importantly, from the slope of the linear
fit, an apparent activation energy can be determined with a value of Ea = 0.36 eV. There are
no literature values for the activation energy of oxygen adsorption on ZnO within a solar cell,
however, there are values for this process on pure ZnO nanowires. Madel et al.[*! investigated
the persistent photoconductivity of ZnO nanowires and found an activation energy of 0.16 eV
for oxygen adsorption in a pure oxygen atmosphere. For a lower atmospheric oxygen content,
the activation energy was found to increase, with a value of 0.33 eV in an atmosphere with 1%
oxygen in argon. In comparison, for the case investigated here, an activation energy of 0.36 eV
seems to match this trend, considering that there is no atmospheric oxygen but only the oxygen

trapped at the interface.
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Figure 4.5: a) Development of the normalized fill factor as a function of time for PBDB-TF:IT-4F devices heated
at different temperatures between 19 °C and 85 °C, with the data points being the average of five separately aged
solar cells. All values are normalized to the initial performance after 5 s of UV illumination (time = 0, blue
marking) and after 8 hours of thermal degradation the devices were exposed to a second UV illumination of 5 s
(blue marking). The exponential fits of the respective data points according to equation 1 are shown as solid lines.
b) Semi-logarithmic Arrhenius-type diagram of the time constants obtained from the exponential fits over the
inverse temperature T multiplied with the Boltzmann constant k. The linear fit of the data is indicated with a solid

black line, with the fit’s slope corresponding to the activation energy Ex =0.36 eV.

Provided that the presented hypothesis is correct, the problem of the thermal degradation should
be solvable by removing the oxygen species adsorbed on the ZnO by UV illumination before
the additional solar cell layers are deposited.

To this end, we transferred freshly prepared ZnO layers into a nitrogen-filled glove box and
exposed them to UV illumination for different time periods before depositing the other layers
and avoiding any further contact with oxygen, analogous to the approach described by Liu et
al.?7] which they used to reduce photocatalytic decomposition of active layer materials by
oxygen adsorbed on ZnO. The cells pretreated in this way then were exposed to the same
procedure as described in Figure 2 and heated at 85 °C for 30 hours. The resulting normalized
PCE and FF over time for no pretreatment and pretreatments of 2 min, 10 min and 1h are shown
in Figure 4.6a and b, the corresponding trends for Jsc and Voc can be found in Figure S 4.7.
It is clearly visible that the FF loss is greatly reduced even for a ZnO pretreatment of two
minutes compared to the untreated devices. A pretreatment of 10 min almost completely
eliminates the degradation within this time frame, with a total loss in PCE of around 2 % after
30 hours. An even longer pretreatment time of up to one hour did not show any further
improvement, which is why 10 min of UV treatment is assumed to be the optimum at the used

UV light intensity.
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Figure 4.6: a) Normalized PCE and b) FF as a function of time for PBDB-TF:IT-4F solar cells, for which the ZnO
was illuminated with UV light for different times as a pretreatment. The measurements were run according to the
procedure described in FIG 2a, with the first data point being the pristine cells, the second data point being the
UV-soaked cells (blue marking), followed by a thermal aging at 85 °C, and the last data point showing the cells
that were again soaked with UV-light (blue marking). ¢) O 1s XPS spectra for a ZnO layer before (black) and after
(red) UV illumination inside of the XPS chamber. The spectra were fitted with three components for the
stochiometric oxygen (Os), the oxygen in oxygen deficient regions (Oger), and adsorbed oxygen species (Oags),
dashed lines and solid lines representing the fits for the spectrum before and after illumination, respectively. d)
Enlarged high binding energy region of O 1s spectra for the ZnO layer before (black) and after (red) UV

illumination and after oxygen exposure (green) and a second UV illumination (gray).

To understand how exactly the UV pretreatment affects the ZnO surface, a ZnO layer was
illuminated with UV inside the XPS chamber and the O 1s spectrum was recorded before and
after the illumination (technical details can be found in the experimental section). The
corresponding min-max normalized O 1s spectra are shown in Figure 4.6¢. As described above,
both spectra were fitted with three components for stochiometric oxygen (Os), oxygen in
oxygen deficient regions (Oger) and adsorbed oxygen species (Oads). As to be expected, the O 1s

spectrum shows no difference due to the UV treatment in the region of the stochiometric oxygen
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signal. However, the illumination reduces the signal intensity in the region between 531-534
eV, which can be mainly assigned to a reduction of the adsorbed oxygen species, supporting
the concept of a UV-induced desorption. To get an idea of which oxygen species are involved
in the desorption and re-adsorption process, following the first UV illumination of the ZnO
layer, the sample was exposed to an O partial pressure of 0.1 mbar in the same vacuum system
and a third O 1s spectrum was recorded. Afterwards, the ZnO layer was UV illuminated a
second time and a final O 1s spectrum was obtained. A comparison of those four O 1s spectra
in the relevant region between 531-534 eV is shown in Figure 4.6d.

It is clearly visible that the oxygen exposure again results in the same spectrum as for the ZnO
layer before illumination, while the second illumination reproduces almost the same spectrum
after the first illumination. We take this as a proof that the observed behavior of the
corresponding solar cells is governed by the reversible desorption and re-adsorption of
molecular oxygen, while the other adsorbed oxygen species do not interfere with the cell’s
performance. However, we note that when fitting the Ols spectra, the weighting between Oads
and Oger is not unambiguous. Another interpretation is also possible, where the observed
changes could be partly attributed to a change of oxygen speciation in the oxygen deficient
region. Nevertheless, we consider the simple, reversible desorption and re-adsorption of oxygen

to be the chemically more plausible process and therefore chose the presented fitting.

Table 4.1: Averaged performance parameters for pristine PBDB-TF:IT-4F cells for different ZnO pretreatment

times (J-¥ measurement performed after 5 s of UV soaking to achieve maximum performance).

ZnO treatment  Jsc [mA/cm?] Voc [V] FF [%] PCE [%]
none 18.7+0.4 0.84 +0.01 73.5+£0.2 11.8+0.3
2min 183+ 0.6 0.83 £0.01 73.5+0.4 11.1+£0.5
10min 18.1+0.6 0.82 £0.01 73.0+0.1 10.8+0.4

1h 18.1+0.6 0.81£0.01 73.0+0.3 10.7+£0.3

To summarize, the UV pretreatment of the ZnO layer eliminates the problematic reversible
degradation behavior, but it is not a flawless solution, since the pretreatment itself decreases
the device efficiency. The performance parameters of the pristine cells after the initial 5 s UV-
soaking are listed in Table 4.1 for different ZnO pretreatment times. All figures of merit
decrease with the duration of the ZnO pretreatment, with a drop of PCE from 11.8 % (untreated)
to 10.8 % for the optimum time of 10 minutes pretreatment. The cause of this loss it not clearly
attributable, but it seems reasonable that by changing the surface chemistry of ZnO through UV

pretreatment (e.g., the dipole moment of the interface), the behavior of the devices is also
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affected. However, a small and time-independent loss in PCE after a ZnO pretreatment (around
8 % of relative PCE loss for 10 min UV pretreatment) is certainly preferable to a progressive

thermal degradation, which means a loss of more than 20 % after only 30 h.

4.4 Conclusions

In conclusion, we have studied the influence of ZnO light-soaking on stability measurements
of inverted organic solar cells. It was found that the inverted devices in the absence of UV
illumination show a reversible degradation of performance, mainly governed by a loss of FF,
which can be recovered by a short UV illumination. Such a behavior is principally known for
OSCs with ZnO as ETL and is usually explained by the fact that atmospheric oxygen diffuses
through the cells and adsorbs on the ZnO surface, resulting in an upward band bending in the
ZnO, which hinders electron extraction and thus decreases FF and PCE. UV illumination helps
desorbing the oxygen and thus recovers the performance. In this work, however, we show that
this kind of reversible degradation unexpectedly also occurs in an oxygen-free environment and
is amplified by higher temperatures. We hypothesize that instead of oxygen diffusing in from
the atmosphere, the cause of the reversible degradation here is oxygen that is already adsorbed
on the ZnO surface due to its production process. Although this oxygen can be desorbed with
an initial UV treatment, it is then trapped at the interface between ZnO and active layer and can
re-adsorb when no continuous UV illumination is applied. As evidence, we show that the
reversible degradation is independent of the used active layer materials and that its temperature
dependence can be attributed to the activation energy of oxygen re-adsorption. Finally, we
demonstrate, supported by XPS measurements, that removing the oxygen from the ZnO surface
by a UV pretreatment before building the solar cell solves the reversible degradation problem,
however, at the price of a small loss of device efficiency.

This work establishes that stability measurements of ZnO-containing OSCs should be
performed exclusively with light sources featuring a UV part and closely reproduce the AM
1.5G spectrum, otherwise there is a high risk of confusing real aging effects with ZnO light-
soaking effects. Furthermore, there are additional implications for using ZnO in commercial
OSCs: since the oxygen is typically adsorbed on the ZnO due to the manufacturing process, its
presence cannot be avoided even by encapsulating the assembled cells. However, the oxygen
present reduces the performance of the solar cells under operation, especially in the morning
hours when the UV component in natural sunlight is not yet sufficient for complete oxygen
desorption. This could only be avoided by pretreating the ZnO layer with UV and performing

the whole manufacturing process under complete exclusion of oxygen. It is likely that such
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increased manufacturing cost and complexity could lead to a re-assessment of the utility of ZnO

to serve as ETL in commercial OSCs.

4.5 Experimental Section

Materials. ITO substrates with a sheet resistance of 15 Q cm? were purchased from Kintec.
The ZnO nanoparticle dispersion (N-10) was obtained from Avantama AG. Poly[(2,6-(4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[ 1,2-b:4,5-b"]dithiophene))-alt-(5,5-(1’,3'-di-2-
thienyl-5',7"-bis(2-ethylhexyl)benzo[1',2'-c:4’,5'-c']dithiophene-4,8-dione))] (PBDB-TF), 3,9-
bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2’,3"-d']-s-indaceno[ 1,2-b:5,6-b’|dithiophene (IT-4F) and 2,2'-
((22,2'2)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[ 1,2,5]thiadiazolo[3,4-
e]thieno[2",37":4°,5"thieno[2',3":4,5]pyrrolo[ 3,2-g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-o0xo0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (Y6) were purchased from Solarmer. Poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)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-Th) was obtained from 1-
Material.

[6,6]-Phenyl-C71-butyric acid methyl ester (PC7i1BM, 99.5%) was purchased from Solaris
Chem. Chlorobenzene (anhydrous, 99.8%), chloroform (anhydrous, >99%, amylene
stabilized), 1,8-diiodooctane (DIO) and MoOs; powder (99.97% trace metals basis) were
purchased from Merck. 1-chloronaphthalene was obtained from TCI.

Device Fabrication. The ITO substrates were cleaned with detergent and ultrasonicated in
water, acetone and 2-propanol for 10 min. They were dried with a nitrogen flow and plasma-
cleaned for 10 min. Subsequently, the ZnO nanoparticle dispersion was spin coated with 1400
rpm for 45 s and annealed for 10 min at 120 °C in air. The substrates then were transferred into
a nitrogen glovebox (oxygen level <0.1 ppm) and all following steps and measurements were
performed without any further contact with oxygen, if not otherwise stated. For the active layer
solutions, the components were separately dissolved in the respective solvent, followed by
mixing and stirring overnight. The respective additive was added 30 min before spin coating.
PBDB-TF:IT-4F solutions were prepared with a 10:10 mg/ml weight ratio in chlorobenzene
with 0.5 vol% DIO and dynamically spin coated at 900rpm for 5 s and 4000 rpm for 60 s. For
PTB7-Th:PC71BM, a ratio of 8:12 mg/ml in chlorobenzene with 3 vol% DIO was used and the
solution was dynamically spin coated with 1500 rpm for 45 s. PBDB-TF:Y6 solutions were
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prepared with 7.25:8.75 mg/ml in chloroform with 0.5 vol% 1-chloronaphthalene and
dynamically spin coated with 3000 rpm for 30 s. Finally, 10 nm of MoOx and 100 nm of Ag
were evaporated through a mask.

Characterization Techniques. J-J measurements were carried out in a nitrogen-filled glove
box using a Keithley 2401 source-measure unit and a white light LED (Bridgelux), which was
calibrated to 100 mW cm? with a silicon diode (Hamamatsu S1227-66BQ). The cells were
illuminated through a shadow mask with 6.25 mm? open area. Wide angle X-ray diffraction
measurements were performed in transmission with a STOE STADI P diffractometer (Cu Kai,
L =1.5406 A) and a Ge(111) single crystal monochromator equipped with a DECTRIS solid
state strip detector MYTHEN 1K. For the sample preparation, the ZnO dispersion was drop-
cast on a heating plate at 120 °C (same conditions as for the annealing of the spin coated films)
and the emerging powder was used. The ZnO crystal structure was assigned using the ICSD
database.!”®) AFM measurements were done with a NANOINK atomic force microscope in
tapping mode. UV-vis spectra of thin films on quartz substrates were recorded in transmission
with a PerkinElmer LAMBDA 1050 instrument with integrating sphere. XPS measurements
were performed in the cluster tool Darmstadt Integrated System for Solar Cell research
(DAISY-SOL) using a Thermo Fisher Scientific Escalab 250 system equipped with a
monochromatized Al Ko X-ray source (1486.6 eV) operated at 200 W power and 650 pm spot
size. The XPS spectra were collected at a take-off angle of 90° with respect to the sample
surface. All XPS region scans (O 1s, Zn 2p) were acquired with a pass energy of 10 eV, a step
size 0f 0.05 eV and a dwell time of 50 ms per measurement point. Survey spectra were obtained
with a pass energy of 50 eV, step size of 0.5 eV and a dwell time of 50 ms. All spectra were
binding energy calibrated to the main C 1s peak with a value of 285.0 eV. Measurements were
carried out in ultra-high vacuum (UHV < 1x10” mbar). For re-adsorption experiments, the
sample was exposed to an oxygen partial pressure of 0.1 mbar inside a separate vacuum
chamber with a base pressure of 1x10°® mbar as a part of the cluster tool vacuum system, i.e.,
all transfer operations were done under UHV conditions (<1x10 mbar). Peak fitting was
performed using a sum of Gaussian (70%) and Lorentzian (30%) lines, while the secondary
electron background was subtracted utilizing the Shirley function using CasaXPS software
version 2.3.25.%%

Stability testing. All stability tests were done in a nitrogen-filled glovebox with oxygen and
water levels <1 ppm. For thermal stability measurements, all devices were first put into a home
built metal sample holder and subjected to a J-J measurement at room temperature (19 °C).

Then the devices in the sample holder were transferred to a temperature-controlled heating plate
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and J-J measurements were performed in regular intervals with the devices maintaining the
chosen temperature. The UV soaking before and after the thermal stability measurements was
performed with a 365 nm UV LED (Thorlabs Solis-365C) which was calibrated with a Si-diode
(Hamamatsu) to match the UV part of AM 1.5G (4.6 mW cm™).
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4.6 Supporting Information
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Figure S 4.1: Schematic architecture of the inverted organic solar cells and molecular structures of the used

absorbing materials PBDB-TF and IT-4F.
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Figure S 4.2: Normalized spectra of the used white LED and UV LED compared to the normalized AM 1.5G

spectrum.
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Figure S 4.3: Chemical structures of the molecules used for the alternative blends PBDB-TF:Y6 and PTB7-
ThIPC71BM.
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Figure S 4.4: Normalized a) PCE, b) Voc, ¢) Jsc, and d) FF as a function of time for the three different active
layers PBDB-TF:IT-4F (red), PBDB-TF:Y6 (black), and PTB7-Th:PC7:BM (green). The measurements were run
according to the procedure described in FIG 2a of the main text, with the first data point being the pristine cells,
the second data point (blue marking) being the UV-soaked cells, followed by a thermal aging at 85 °C, and the last
data point representing the cells that were UV-soaked again (blue marking). All data points are averaged over 6

independently measured cells.
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Figure S 4.5: XPS survey scan of the ZnO layer, showing emissions from the elements Zn, O, and C.
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Figure S 4.6: Development of the normalized a) PCE, b) Voc, ¢) Jsc, and d) FF as a function of time for PBDB-

TF:IT-4F devices heated at different temperatures between 19 °C and 85 °C, with the data points being the average

of five separately aged solar cells. All values are normalized to the initial performance after 5s of UV illumination

(time = 0, blue marking) and after 8 hours of thermal degradation the devices were exposed to a second UV

illumination of 5 s (blue marking).
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Table S 4.1: Fitting parameters for the exponential fit of the fill factor decay over time for different temperatures

and adjusted R-square for each fit.

Temperature T A Yo Adjusted R-square
°O s
85 0.9007 0.1595 0.8443 0.988
70 1.3202 0.1513 0.8442 0.992
60 1.9213 0.1005 0.8973 0.995
50 3.2166 0.1039 0.89771 0.999
35 6.5698 0.0611 0.9385 0.999
19 11.0092 0.0388 0.96 0.990
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Figure S 4.7: Normalized a) PCE, b) Voc, ¢) Jsc, and d) FF as a function of time for PBDB-TF:IT-4F cells, for
which the ZnO was illuminated with UV light for different times as a pretreatment. The measurements were run
according to the procedure described in FIG 2a in the main text, with the first data point being the pristine cells,
the second data point being the UV-soaked cells (blue marking), followed by a thermal aging at 85 °C, and the last

data point representing the cells that were UV-soaked again (blue marking).
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Cachafeiro, Wolfgang Tress, Jose Dario Perea, Salvador Leon Cabanillas, Thomas Bein and
Tayebeh Ameri. Elucidating the Origin of Open-Circuit Voltage in Ternary Organic Solar Cells

Comprising a Nonfullerene and a Fullerene Acceptor

To be submitted

5.1 Introduction

In retrospect, the development of organic solar cells (OSC) to date can be divided into two
major eras based on the main acceptor type used: the era of the fullerene acceptors (FA) and
the era of the nonfullerene acceptors (NFA). Since the invention of the bulk heterojunction
(BHJ) OSC in 1995, Ceo and its derivatives and relatives have been the dominating acceptors,
and the most popular representatives PCs1BM and PC71BM have been able to support
impressive power conversion efficiencies (PCEs) of 11-12 % in combination with various donor
(D) molecules.!? But fullerene derivatives have a very limited optical absorption capability and
their energy levels cannot be tuned freely, limiting performance enhancement of OSCs with
fullerene acceptors to higher values. However, from 2015 onwards, novel NFA molecules were
increasingly developed, that showed high absorption and flexibly tunable electrical properties.
When in 2016 NFA-based systems for the first time exceeded the performance of comparable
fullerene-based systems,>* a new era emerged, leading to an efficiency record of 19 % to date.’
Nevertheless, fullerenes are still widely used, but usually no longer as stand-alone acceptors,
but in combination with an NFA in ternary solar cells. It has been demonstrated numerous times
for many different material combinations that the efficiency of binary D:NFA cells can be
significantly increased by the addition of a small amount of a fullerene.® !° Intriguingly, while
this seems to be almost a universal principle, there is still disagreement about the reasons for
the positive effect of fullerenes and especially about the working mechanisms in such ternary

systems.
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A commonly reported effect of fullerenes as a third component is an improved morphology of
the ternary blend by, for example, decreasing aggregation of the NFA.%!! In addition, it is often
observed that the incorporation of fullerenes improves the transport properties in the blend, with
higher electron mobility, improved charge extraction, and consequently less
recombination.’”!""'> While such enhancements are frequently cited, how exactly the fullerenes
interact electronically with the other components in the process is rarely investigated. The few
studies that focus more on mechanistic details of individual systems yield contradictory results.
Zhou et al.!? used an NFA to sensitize a binary D:FA host system, thus creating a cascade-type
ternary system. They attributed the overall improved efficiency to the synergistic effect of the
NFA improving the blend absorption and the fullerene acting as charge percolating network
with high electron mobility. They found that the D:NFA interface is mainly responsible for the
charge generation, but the generated electrons then are transferred to the FA for the transport to
the electrode. Laquai and co-workers,'* on the other hand, observed for several D:NFA systems
that the addition of the fullerene PC71BM results in an energy transfer from the FA to the smaller
band gap NFA which increases the quantum efficiency of the ternary device. While these two
examples with their charge and energy transfer dominated behavior, respectively, should
theoretically lead to a Voc that is relatively independent of the mixing ratio of the two acceptors,
other groups observed a tunability of the Voc which depends on the FA:NFA ratio.!* For the
explanation of such a composition-dependent Voc in a ternary OSC, currently three major
theories exist: the alloy model, the parallel-like model, and the chemical environment approach.
The alloy model assumes that the two acceptors (or two donors, respectively) form an intimate
mixture with common, averaged electronic properties, resulting in a delocalized composition-
dependent charge transfer state, determining the Voc.!>!® The parallel-like model, on the other
hand, proposes the existence of two morphologically separated D:A networks (D:A; and D:A>
or Di:A and D>:A) with two distinct CT states, whose weighted average determines the Voc.!”!8
Finally, the chemical environment approach assumes that the electronic properties of the blend
are determined by the majority components (D:A1 or Di:A) but that their energy levels in turn
are influenced by their chemical environment which depends on the blend composition and the
amount of the second acceptor (or second donor).!*-?

So, in summary, there are several different and apparently incompatible approaches explaining
the working principles of D:NFA:FA systems. It is, of course, quite possible that all these
explanations are correct and that the individual D:NFA:FA systems are simply fundamentally
different, due to molecular, morphological and energetic details. However, it can be assumed

that at least a few common basic principles exist and that similar systems behave in a
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mechanistically similar way. For this reason, we have taken a concise approach in this work
and aim to study the mechanisms in ternary D:NFA:FA systems by systematically varying the
components and their ratio while monitoring the results on performance and mechanisms.

In this work, we consider eight different D:NFA:FA systems with two different donor polymers
and four different fullerenes with systematically varying LUMO levels and compare them with
two separate D:NFA:NFA systems. For all systems, we find a composition-dependent
performance with a linearly tunable Voc that directly relates to the LUMO of the respective
second acceptor. We study the voltage losses in detail and find them to be independent of the
third component’s nature. Finally, we use a combination of different measurements to
demonstrate that the considered D:NFA:FA systems follow an alloy-like mechanism with a CT

state being delocalized over both acceptors.
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5.2 Results and Discussion

5.2.1 Properties of the Employed Materials

We studied ternary systems based on one of two different polymer donors PTB7-Th and PBDB-
TF in combination with the nonfullerene acceptor IT-4F, providing two different binary
donor:acceptor (D:A) host systems. The molecular structures of all used materials are shown in
Figure S5.1a, their systematic names can be found in the experimental part. As third
components, acting as second acceptor, the four different fullerene derivatives ICMA, PCBM,
BisPCBM, and TrisPCBM were deployed, resulting in eight different ternary D:NFA:FA
systems. Additionally, ITIC was used as a third component to have two D:NFA:NFA systems

for comparison.
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Figure 5.1: a) Molecular structures b) energy levels and c¢) absorption coefficients of the employed donor polymers
PTB7-Th and PBDB-TF, the nonfullerene acceptors IT-4F and ITIC, and the fullerene derivatives ICMA, PCBM,
BisPCBM and TrisPCBM.

For this type of systematic study, the exact values of the frontier molecular energy levels are

crucial, but their precise experimental determination has been proven difficult and controversial
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in the past years.?!>* Only recently it was shown that different measurement methods can lead
to very different results for the ionization energy (IE) and the electron affinity (EA) and that
therefore values from different publications are only poorly comparable.?® To circumvent this
problem for our work, we have specifically selected the fullerene derivatives so that they exhibit
a clear trend of energy levels based on their molecular structure due to the increasing number
of electron-donating substituents on the Ceo framework. In this way, we can be sure that the EA
of  the fullerene derivatives increases continuously in the series
ICMA<PCBM<BisPCBM<TrisPCBM, regardless of possibly erroneously analytically
determined values. For better clarity, we nevertheless show in Figure 5.1b measured literature
values for IP and EA of all components used, whereby all values were obtained with
photoelectron spectroscopy of the solid materials.?*2¢

In Figure 5.1¢, the absorption spectra of all used components are shown. It is clearly evident
that the absorption in the respective ternary blends is mainly dominated by the ‘host’
components, while the fullerenes with their small absorption coefficient make only a minor
contribution. Table 5.1 lists the surface energies of the individual components that we

127

determined according to the Wu model”’ from the contact angles of water and glycerol on films

of the pristine materials.

Table 5.1: Contact angles of films of pristine materials measured with water and with glycerol, and the calculated

surface energies according to the Wu model.

Material Contact angle water | contact angle glycerol | Surface energy Wu model
[°] [°] [mN/m]

PTB7-Th 101.0 95.8 18.8
PBDB-TF 103.0 97.1 18.0
IT-4F 98.6 84.9 24.5
ITIC 89.1 82.1 25.6
ICMA 70.1 80.1 40.3
PCBM 84.3 71.4 31.2
BisPCBM 89.6 77.4 27.8
TrisPCBM 92.2 80.5 26.1

The host donors PTB7-Th and PBDB-TF have a very similar surface energy, close to that of

the host acceptor IT-4F. The materials chosen as third components show an increasing surface
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energy in the sequence ITIC<TrisPCBM<BisPCBM<PCBM<ICMA. It is commonly assumed
that a similar surface energy results in a good miscibility while very different values indicate
an unfavorable miscibility. From these results we infer that the third components (the second
acceptors) possibly show a decreasing miscibility with the host blend with increasing surface

energy.

5.2.2 Photovoltaic Performance of the Ternary Devices

Based on the components above, ternary organic solar cells were made from the 10 different
systems (PTB7-Th:IT-4F+ICMA/PCBM/BisPCBM/TrisPCBM and  PBDB-TF:IT-
4F+ICMA/PCBM/BisPCBM/TrisPCBM being the eight D:NFA:FA systems and PTB7-Th:IT-
4F:ITIC and PBDB-TF:IT-4F:ITIC being the two D:NFA:NFA systems for comparison). All
cells were built in an inverted architecture ITO | ZnO | Active Layer | MoOx | Ag and the overall
D:A weight ratio was kept constant (1:1.5 for PTB7-Th based cells, 1:1 for PBDB-TF based
cells). Further manufacturing details can be found in the experimental section. For the ternary
blends the host acceptor IT-4F was progressively replaced by the respective second acceptor
component (FA or NFA). The most promising approaches discussed in literature for improving
the PCE are usually based on the addition of smaller amounts of fullerenes to a D:NFA host
system. Therefore, for our D:NFA:FA systems, we will focus in the following on compositions
that are still dominated by a nonfullerene acceptor, i.e. where the fullerene fraction is less than
50 wt% of the acceptor phase. Yet, for the sake of completeness — and to better visualize trends
— we show here compositions with 0 %, 10 %, 30 %, 50 % and 70 % fullerene fraction for each
ternary system. Analogously, for the two D:NFA:NFA systems we show compositions up to an
ITIC ratio of 70 %. We would like to note that the goal of this study is not record efficiencies,
which is why the individual compositions were not optimized separately and fall behind in
terms of efficiency compared to some other literature values. However, in this way, a better
comparability of the cells with each other has been achieved, making trends due to the
composition of the ternary blend more apparent. In Figure 5.2a and b the PCEs for all ternary
cells based on PTB7-Th and PBDB-TF, respectively, are shown. The values were averaged
over 15 individual cells each, but for clarity the error bars are not shown here. The detailed
performance data of all ternary systems including error bars can be found in the supporting
information (Figure S 5.1 and Figure S 5.2). The PTB7-Th:IT-4F binary cells on average have
an efficiency of 6.5 %. As the IT-4F is gradually replaced by one of the four different fullerene
derivatives, the PCE is slightly increasing, mainly driven by an increasing fill factor, with the

best performance being achieved for 30 % fullerene ratio.
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Figure 5.2. Averaged power conversion efficiency (PCE) of ternary systems based on the a) PTB7-Th:IT-4F and
the b) PBDB-TF:IT-4F host system with the fullerene acceptors ICMA, PCBM, BisPCBM and TrisPCBM and the
nonfullerene acceptor ITIC as third components. Open-circuit voltage trends for the ¢c) PTB7-Th:IT-4F and the d)
PBDB-TF:IT-4F host system with the fullerenes as third component. Open-circuit voltage trends for the e) PTB7-
Th:IT-4F and the f) PBDB-TF:IT-4F host system with the nonfullerene acceptor ITIC as third component in

comparison with the ICMA ternary system.

For higher ratios, the PCE is decreasing again (the overall trends of the PTB7-Th:IT-4F:FA
systems are indicated in Figure 5.2a with the blue marking). In contrast to this, the PTB7-
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Th:IT-4F:ITIC system shows a relatively constant PCE independent of the proportion of the
third component ITIC. The PBDB-TF:IT-4F binary cells have an average PCE of 7.9 % and the
corresponding ternary systems (Figure 5.2b) show a behavior comparable to the PTB7-Th
based systems for both D:NFA:FA and D:NFA:NFA, although the efficiency improvement is
greatest for a 10 % fullerene fraction. Notably, the PBDB-TF:IT-4F:PCBM ternary system
shows the largest PCE improvement compared to the binary system and has the smallest losses
for higher fullerene fractions. Overall, the PCE trends of all D:NFA:FA systems are very similar
across the composition, regardless of the fullerene derivative used. More striking trends become
apparent when we take a closer look on the Voc. As shown in Figure 5.2¢ and d, all ternary
systems show a relatively linearly increasing Voc with growing fullerene ratio, clearly placing
them in the group of ternary systems with composition-tunable Voc. The most interesting
observation, however, is that the slope of the increasing Voc clearly differs between the different
ternary systems. In both PTB7-Th based systems and PBDB-TF based systems, the ternary cells
with TrisPCBM show the largest slope, followed by BisPCBM, PCBM, and ICMA with the
smallest slope. This trend therefore follows exactly the trend of the decreasing LUMO levels
of the fullerenes. As a reference, Figure 5.2e and f show the Voc trends of the respective
D:NFA:NFA systems, which also depict a clear linear composition-dependency. Interestingly,
in comparison to the ternary systems with ICMA, the ITIC ternary systems have a significantly
greater slope, although ICMA and ITIC should have a similar LUMO energy according to

literature values.

5.2.3 CT Energies and Loss Analysis

In order to investigate the observed Voc trends in more detail, the CT state energies were
determined with Fourier-transform photocurrent spectroscopy (FTPS). To focus, all following
analytics were only done for the binary host system PTB7-Th:IT-4F with the fullerenes ICMA,
PCBM, and BisPCBM, and with the nonfullerene ITIC. For the cells based on the PBDB-TF:IT-
4F host system a determination of the CT state energies via FTPS is not possible, since the
energetically relatively high CT state absorption is overlapped by the absorption of IT-4F. In
Figure 5.3a-d the determined CT state energy Ecr and the Voc (times the elemental charge q)
of the corresponding cells for the different compositions of the four ternary systems are shown.
The FTPS data with the corresponding Marcus fits can be found in Figure S 5.3.

It is clearly evident that for all four ternary systems, the CT state energy increases linearly with
the third component fraction, following the trends of the Voc. However, in all cases Ecr shows

a somewhat flatter increase than the Voc, indicating that there are changes in the recombination
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behavior. In an energetic state picture, as schematically illustrated in Figure 5.3e, the difference
between Ecr and Voc corresponds to the sum of the radiative and nonradiative voltage losses

V522 the losses then can

AV}4® and AVZE. With the radiative limit of the open-circuit voltage g
be calculated separately. We therefore determined qV32¢ following Rau’s reciprocity theorem

according to equation (5.1):%8

rad
0

kyT
yred = %m Jsc ) (5.1)

where kT is the thermal energy at room temperature, g is the elemental charge, J;. is the short-
circuit current density and J3%¢ is the radiative saturation current density which can be
calculated from the external quantum efficiency spectrum (EQE) and the blackbody spectrum

®@,, with equation (5.2):*

(0]

Tad = g f EQE - &,,dE (5.2)
0

The respective EQE spectra of all ternary cells can be found in Figure S 5.4. As established by
Vandewal and co-workers with the so-called power gap law, non-radiative voltage losses in
binary OSCs decrease with increasing Ect since the wavefunction overlap of the CT state and
higher vibrational modes of its ground state is decreased.*® We assume that the same principle
also applies to ternary blends and therefore show the results of the voltage loss analysis in
Figure 5.3f as a plot versus the respective CT state energy to compare the different ternary
systems. On the contrary, the plot of the voltage losses versus the ratio of the third component
leads to misleading trends due to the differences in Ecr for the different systems, as shown in
Figure S 5.5. Notably, the plot of the voltage losses versus Ect depicts very similar voltage
losses and trends over composition for all ternary systems, independent of the third
component’s nature. For all systems, the radiative losses increase with the ratio of the second
acceptor while the nonradiative losses decrease, resulting in a slight reduction of overall losses
with increasing CT state energy. This very similar behavior, related only to the energy of the
CT state and showing no differences for chemically different components, suggests that the
observed trends for the ternary systems can be explained by the power gap law. Thus, in all
cases, the third component has a positive effect on the recombination behavior only insofar as
it shifts the CT state energy upward. In the literature, the positive effect of fullerenes on
efficiency in ternary systems is often attributed to reduced nonradiative recombination. We
cannot confirm this reasoning for the systems we considered, because although the nonradiative
recombination does indeed decrease with increasing fullerene content, the radiative

recombination increases at the same time, so that the overall recombination is only marginally
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reduced. Moreover, the decreasing non-radiative recombination is not caused by the special

properties of fullerenes themselves but would be achievable with any other third component

with higher LUMO that shifts the CT state energy upward.
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Figure 5.3. Charge transfer state energy (Ecr) determined by Marcus fitting of FTPS measurements and

corresponding open-circuit voltage times the elemental charge ¢ for ternary cells with varying ratios of the second

acceptor a) ICMA, b) PCBM, c) BisPCBM, and d) ITIC. e) Energetic state picture of an organic solar cell showing

the energetic position of the excited singlet state Es;, the charge transfer state Ecr, the open-circuit voltage in the

radiative limit ¢ Vo™, and the open-circuit voltage ¢Voc. Additionally, the voltage losses due to the formation of

the CT state (4Ecr), due to radiative recombination (g4Voc™), and due to nonradiative recombination (g4 VocF)

are depicted. f) Calculated voltage losses for the four different ternary systems in dependence of the CT state

energy of the respective composition, divided by radiative and nonradiative losses.
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5.2.4 Internal Quantum Efficiency

Although recombination behavior does not appear to differ much between cells with different
second acceptors, there is still a striking difference between the optical properties of cells with
fullerenes or an NFA as a third component. When the host acceptor IT-4F is gradually replaced
by a fullerene to form a ternary blend, the total absorption of the blend decreases due to the
smaller absorption coefficient of the third component. This is not the case for ITIC replacing
IT-4F since they both have a comparable absorption coefficient. However, despite the decrease
in total absorption, the efficiency of the ternary cells initially increases with increasing fullerene
content up to 30 % and also the EQE spectra do not reflect the decreasing absorption, which is
a strong hint towards changes in the internal quantum efficiency (IQE). In principle the IQE for
organic solar cells has to be determined by optically modeling the whole device stack via
transfer matrix modeling to account for interference effects in the different layers.>! However,
this approach also bears inaccuracies, especially when determining the IQE for a range of
systematically varied active layer compositions, since the optical constants would have to be
determined individually for each layer. Consequently, we decided for a simpler approach with
the reasoning that all ternary cells were built in the same architecture with the same interlayers
and a comparable active layer thickness in a range of +10 nm, thus having a comparable internal
reflection in all ternary devices. This assumption allows for a simplified calculation of a pseudo-
IQE from the quotient of the EQE and the absorption coefficient at the wavelength of maximum
absorption (= 714 nm). The absorption coefficient spectra for all ternary blends can be found
in Figure S 5.6. These quotients, normalized to the quotient of the binary PTB7-Th:IT-4F cell,

are shown in Figure 5.4 for the different ternary systems.
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Figure 5.4. Calculated internal quantum efficiency (IQE) by dividing the EQE by the absorption coefficient at the
absorption maximum (714 nm). The values for the different ternary blends were normalized to the quotient of the

binary PTB7-Th:IT-4F.

Here, the difference between the ternary systems with a FA and with a NFA as the third
component becomes very clear. The FA ternary systems all show an increasing IQE with
increasing fullerene ratio, while for the NFA ternary system the IQE remains nearly constant
for all compositions. Basically, the IQE is composed of three contributions: the efficiency of
exciton dissociation #4.x, the efficiency of CT state dissociation 74 cr, and the efficiency of
charge collection #.,1.> Under the now established assumption that any recombination of free

charge carriers proceeds via the reformation of a CT state,*

major changes in the efficiency
of CT state dissociation and charge collection should also manifest themselves in a change in
recombination behavior. However, as shown in the previous discussion and in Figure 5.3f,
there are no differences in recombination behavior between FA and NFA ternary systems that
could explain the differences in IQE. We therefore hypothesize that the fullerenes used here
will allow for a more efficient exciton dissociation compared to the NFA ITIC. This difference
could possibly be explained by the findings of Laquai and co-workers,?® who demonstrated that
for D:NFA the main mechanism for the CT state formation is a hole transfer from the NFA to
the donor, while in D:FA systems, the dominating mechanism is an electron transfer from the

donor to the FA. It may well be that these two mechanisms operate with different efficiencies,

which would explain the change in the IQE when a NFA is replaced by a FA.

5.2.5 Assignment to a Model

In summary, the preceding discussion has shown that for all ternary systems presented, there is
a linear increase in Voc with the ratio of the third component. Furthermore, it has been shown
that this increase is directly due to an increase in the respective CT state energy. As outlined in
the introduction, such a composition-dependent Voc tunability can be explained with three
different approaches: the alloy model, the parallel-like model and the influence of the chemical
environment. We would like to rule out the influence of the chemical environment as the main
contributor to the observed increase in Ecr/Voc for several reasons: First of all, the slope of the
composition-dependent Voc for the different fullerenes increases in the row
ICMA<PCBM<BisPCBM<TrisPCBM and thus directly correlates with their increasing
LUMO level, suggesting an electronic involvement of the third components in the CT state.
Moreover, all the third components used form functional binary solar cells with the employed

donors, therefore being capable of forming a charge transfer state with the donor. There is no
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reason why they should not do so in a ternary blend and instead only passively influence the
host components. And finally, the employed third components have very different dielectric
properties and if their presence in the environment of the host molecules indeed was influencing
the CT state energy, it would result in opposing trends. For example, the permittivity of ITIC
with € = 3.0 is smaller than the one of IT-4F (¢ = 3.4), while the permittivity of PCBM (¢ =
4.6) is much higher, but nevertheless both ITIC and PCBM as third components cause an up-
shifting Ecr.3%7

From all this we conclude that while the presence of the third components may well have some
minor effect on the energetic situation of the host components, the observed bigger picture of
the Voc trends is not due to such effects but originate from an electronic involvement of the
third component in the CT state formation.

To obtain a clearer picture of the working principle of the D:NFA:FA systems we under study,
we chose the ternary PTB7-Th:IT-4F:PCBM as representative for some further measurements.
An important hint can be found when looking at the optical behavior of the binary IT-4F:PCBM
acceptor blend. In Figure 5.5, the normalized absorption and photoluminescence spectra of
pristine IT-4F and blends of IT-4F and PCBM with varying ratios are shown. The absorption
spectrum is dominated by IT-4F since PCBM only has a small absorption coefficient above 600
nm (see Figure S.1¢). For increasing PCBM ratios, the absorption of IT-4F is slightly red-
shifted which most probably is due to the induced disorder upon mixing. It would be expected
that the PL for the same reason also shows a small red-shift, however, as visible in Figure 5.4b
it instead exhibits a strong blue-shift, which increases linearly with the PCBM ratio up to the
PL of pristine PCBM. Notably, the width of the PL peaks remains nearly constant, and no
broadening is observed for the mixed blends. A very similar behavior is also found for the
corresponding electroluminescence measurements of the respective acceptor blends, as shown
in Figure S 5.7. These observations suggest that while the absorption happens via the
generation of a local exciton in the IT-4F molecules, the emission occurs from an excited state
which is delocalized between IT-4F and PCBM, thus clearly following an alloy-like behavior

as proposed by Street et al.'®
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Figure 5.5. a) Normalized absorption spectra and b) photoluminescence spectra of binary acceptor blends with

varying weight ratios of IT-4F and PCBM.

To further investigate this in the complete ternary blend also containing the polymer donor, we
performed an experiment suggested by Savoie et al.*® to distinguish between an alloy-like and
parallel-like behavior. We performed JV-measurements on the ternary PTB7-Th:IT-4F:PCBM
devices using a 785 nm laser diode that exclusively excites the IT-4F. In case of a parallel-like
mechanism, this should result in a Voc that is independent of the ternary composition, since IT-
4F and PCBM do not interact electronically and the Voc is only determined by the CT state
between donor and IT-4F. As a comparison, we used a white light LED which was calibrated
to 100 mW cm™ and adjusted the laser diode intensity for each device in a way that the same
short-circuit current was achieved as with the LED. The absorption spectra of the three
components and the emission spectra of the used light sources are shown in the Figure 5.6a. In
Figure 5.6b, the obtained Voc values of the ternary devices with increasing PCBM ratio are
presented for the LED and the laser diode being used as light source. The full JV-curves can be
found in Figure S 5.8. It is evident that in both cases the Voc values are very similar for each
ternary device and that the linear increase of the Voc with the PCBM ratio is the same, thus
ruling out the idea of a parallel-like mechanism and further supporting the idea of alloyed CT

states.
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Figure 5.6. a) Absorption coefficient spectra of the pristine materials PTB7-Th, IT-4F, and PCBM and their
overlap with the emission of a white light LED (blue) and of a 785 nm laser diode (red). b) Open-circuit voltage
from /V-measurements that were performed with the white light LED (blue) and with the laser diode (red) as a

source of illumination.

To further examine the question of whether these are indeed newly formed states and not a mere
superposition of the states of the individual materials, we compared our observed Voc trends
with the model of Kemerink et al. that was developed to describe the composition-dependence
of the Voc in ternary blends analytically.>* This model is based on a state-filling approach in
which the states in the ternary blend are described via a joint, disorder broadened gaussian
density of states (DOS), corresponding to the superpositioned DOS of the single components.
By filling the effective DOS according to a Fermi-Dirac distribution and assuming a constant
occupation over all compositions, the quasi-Fermi levels of holes and electrons can be
calculated and from their difference the Voc is obtained. In Figure S 5.9, the corresponding
formulas and the logic of the modeling script used are shortly summarized, for more details we
refer to the work of Kemerink et al. In Figure S 5.10, the measured Voc trends of the PTB7-
TH:IT-4F based systems with ICMA, PCBM, BisPCBM and TrisPCBM are compared with the
correspondingly modeled Voc trends. While the experimental and modeled values for the
ternary ICMA system still agree very well, the modeled values for the other systems deviate
further and further downward from the experimental values as the LUMO of the third
component increases. This indicates that when state-filling a joint DOS, the energetically higher
DOS of the third component is not adequately weighted and that the description via a

superposition is not applicable for the ternary systems under consideration here. Instead, the
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experimental Voc trends only can be explained with the assumption of newly formed states due

to a delocalization.

5.3 Conclusion and Outlook

In summary, we conducted an extensive study to understand the working principles and the
origin of Voc in ternary systems consisting of a polymer donor, a nonfullerene acceptor and a
fullerene acceptor. We considered eight different D:NFA:FA systems based on two different
donor polymers and four different fullerenes and additionally two D:NFA:NFA systems as a
comparison. For all of the investigated ternary systems, the third component worked as second
acceptor having an energetically higher LUMO than the host acceptor. We found a
composition-tunable Voc for all ternary systems, with the extent of tunability directly related to
the third component’s LUMO position. We studied the voltage losses in dependence of the
ternary composition and showed that for all systems the nonradiative recombination decreases
with increasing third component fraction, however, this beneficial effect is almost completely
cancelled by increasing radiative recombination. Overall, the recombination behavior is
independent of the nature of the third component and is exclusively related to the CT state
energy, confirming that the power gap law established by Vandewal and co-workers also
applies to ternary systems. We suggest that the positive effect of small amounts of fullerenes in
ternary organic solar cells instead comes from the fact that exciton splitting proceeds more
efficiently with fullerenes than with NFAs. However, to prove this hypothesis additional
transient absorption measurements will be necessary to compare the exciton lifetime of the
donor in the presence of nonfullerene or fullerene acceptors.

Eventually, by a judicious combination of different measurements we are able to demonstrate
that the considered D:NFA:FA systems follow an alloy model and that the CT state indeed must
be delocalized over both acceptors, thus shining light on the mechanisms in a promising class

of ternary organic solar cells.
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5.4 Experimental Section

Materials: ITO substrates with 15 Q ¢cm? were obtained from Kintec. A ZnO nanoparticle
dispersion in 2-propanol (Avantama N-10) was purchased from Avantama AG. Poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)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-Th) has been received from 1-
Material. Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[ 1,2-b:4,5-b"]dithiophene))-
alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[ 1',2'-c:4',5'-c"]|dithiophene-4,8-
dione))] (PBDB-TF) and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-d"]-s-indaceno[ 1,2-b:5,6-
b'ldithiophene (IT-4F) were obtained from Solarmer. 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3°-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene (ITIC) was provided by Ossila. Indene-Csp monoadduct
(ICMA), [6,6]-Phenyl-C61-butyric  acid  methyl ester (PCBM),  bis(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]Ce2 (BisPCBM), and tris(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]Ces3 (TrisPCBM), were obtained from Solenne BV.
Chlorobenzene, 1,8-diiodooctane (DIO), and MoO3 powder (99.97 % trace metals basis) were
purchased from Merck.

Device Fabrication: ITO patterned substrates were cleaned with detergent and ultrasonicated
successively in water, acetone, and 2-propanol. They were dried under an air flow and plasma-
cleaned. Then a 40-50 nm ZnO layer was spin coated with 1400 rpm for 60 s and annealed for
10 min at 120 °C in air. The substrates were then moved into a nitrogen filled glove box, where
all further processing steps were performed. All photoactive layer solutions were prepared one
day prior to spin coating and stirred overnight. For the PTB7-Th:IT-4F based cells, a fixed D:A
ratio of 8:12 mg/ml in chlorobenzene was chosen, for the PBDB-TF:IT-4F based cells, the D:A
ratio was kept at 10:10 mg/ml in chlorobenzene. For the respective ternary cells, the
nonfullerene acceptor was successively replaced by the respective fullerene acceptor (in weight
%) while maintaining the D:A weight ratio. To all active layer solutions 0.5 vol% DIO was
added 30 min prior to spin coating. The PTB7-Th:IT-4F based binary and ternary active layer
solutions were dynamically spin coated with 1500 rpm for 45s, while the PBDB-TF:IT-4F
based active layers were dynamically spin coated at 900 rpm for 5 s and at 4000 rpm for 60 s.
Finally, 10 nm of MoOx and 100 nm Ag were evaporated through a mask on top of the
substrates.

UV-vis spectra: All spectra were recorded from thin films on glass substrates in transmission

mode with a PerkinElmer LAMBDA 1050 instrument with integrating sphere.
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Contact angle measurements: Contact angle measurements were performed with an optical
tensiometer (nanoScience instruments) by dripping water or glycerol on thin films of the
pristine materials. The photographs were evaluated with the One Attension software package
in the Young-Laplace analysis method. The surface energies were calculated from the contact
angles with water and glycerol following the Wu model.?’

Solar Cell Characterization: JV-measurements were performed using a Keithley 2401 source-
measure unit and a Newport ABA solar simulator, which was calibrated to AM1.5G using a
Fraunhofer silicon diode. The cells were illuminated through a shadow mask with an area of
0.0831 cm?. For wavelength-dependent JV-measurements, a white light LED, calibrated to 100
mW cm?, was used. For the monochromatic excitation of IT-4F, a 785 nm laser diode was
employed, which was defocused to illuminate the whole cell area and whose intensity was
chosen in a way that the resulting cell photocurrent corresponded to the photocurrent generated
by the calibrated LED. The cells were illuminated through a shadow mask with an area of
0.0625 cm?.

Fourier-Transform Photocurrent Spectroscopy: FTPS measurements were done with a
modified Bruker Vertex 70 FTIR instrument by focusing light from a tungsten halogen lamp
through a CaF> beam splitter with integrated gold mirrors to illuminate the devices under short-
circuit conditions. The current from the devices was amplified with a FEMTO DHPCA-100
current amplifier, passed through an analog-to-digital converter, and fed back to the FTIR
instrument for Fourier transformation. Every measurement was averaged over 10000 scans for
noise reduction.

External Quantum Efficiency: EQE measurements were performed with a home-built setup
using a 150 W Xe short arc lamp (LOT Oriel) combined with a monochromator (Horiba
microHR) and two Si-diodes (Hamamatsu) to calibrate the photon flux and compensate for light

intensity fluctuations.
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Figure S 5.1: Detailed performance parameters for the ternary cells based on the PTB7-Th:IT-4F host system with
varying ratios of the third component a) ICMA, b) PCBM, c) BisPCBM, d) TrisPCBM, and e) ITIC. All values

are averaged over 15 individual cells.
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Figure S 5.2: Detailed performance parameters for the ternary cells based on the PBDB-TF:IT-4F host system
with varying ratios of the third component a) ICMA, b) PCBM, c) BisPCBM, d) TrisPCBM, and e) ITIC. All

values are averaged over 15 individual cells.
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Figure S 5.3: FTPS data and corresponding Marcus Fits for ternary cells based on the PTB7-Th:IT-4F host system
with a) ICMA, b) PCBM, c) BisPCBM, and d) ITIC as third component.
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Figure S 5.4: External quantum efficiency spectra of ternary cells based on the PTB7-Th:IT-4F host system with
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Figure S 5.6: Absorption coefficients of ternary blends based on the PTB7-Th:IT-4F host system with varying
ratios of the third component a) ICMA b) PCBM c) BisPCBM and d) ITIC.
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Figure S 5.10: Comparison of the experimentally obtained open-circuit voltage (blue curve) and the simulated

values (orange) according to the state-filling model of Kemerink et al.> for ternary blends based on the PTB7-

Th:IT-4F host system with the second acceptor a) ICMA, b) PCBM, c¢) BisPCBM, and d) TrisPCBM.
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This work focused on a subset of organic solar cells consisting of a polymer donor with a
nonfullerene acceptor and investigated how their stability and performance are affected by the

addition of fullerene derivatives in a ternary approach.

In the first chapter, we successfully demonstrated that the efficiency and UV photostability of
several D:NFA based OSCs can be significantly enhanced by the incorporation of fullerene
derivatives. The best working fullerene ICMA achieved a fivefold increased lifetime under UV
illumination at a ratio as low as 5 wt%. The binary D:NFA cells under UV illumination showed
a rapidly decreasing fill factor and an increasing monomolecular recombination behavior,
which was shown to be due to the literature-known photocatalytic decomposition of IT-4F on
the ZnO surface causing the formation of trap states. Since this decomposition occurs via
radicals that are formed upon UV illumination from oxygen species adsorbed on the ZnO, the
fullerene derivatives were added with the intention of acting as radical scavengers. With light-
intensity dependent Voc and FTPS results, we demonstrated that the added fullerenes indeed
suppress the emergence of trap states. Absorption measurements of UV aged IT-4F films on
ZnO with and without fullerenes furthermore confirmed that the decomposition of IT-4F is
reduced in the presence of fullerenes. We therefore proposed that the fullerenes act as a
sacrificial agent when attacked by the radical species, since due to their large electronic system
they are able to delocalize the radical and do not form a trap state. Our work highlights that
adding fullerenes in a ternary approach, compared to the addition of protective interlayers,
provides a simple, low-cost, and transferable method to increase the photostability of ZnO-

containing OSCs.

Prompted by those findings, in the second chapter we addressed more generally the influence
of ZnO and its peculiar properties on stability studies of OSCs, focusing in particular on the
light-soaking issues emanating from ZnO. These light-soaking issues normally occur in an
ambient atmosphere when oxygen species from the environment penetrate the OSC and adsorb
at the ZnO surface, resulting in a charge accumulation at the interface and a hindered electron
extraction. To avoid those issues, a permanent illumination with UV light is necessary, which
excites the ZnO and thus helps desorbing the oxygen species. In a protective atmosphere, no
light-soaking issues are normally assumed to occur, which is why JV-measurements are often

performed with white light LEDs without UV part. However, we found that even in a protective
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atmosphere the light-soaking issues cannot be ignored and that ZnO-containing OSCs in the
absence of UV illumination show a significant degradation of performance over time, which
can be recovered with a short UV exposure. This degradation was found to be independent of
the used active layer material and to accelerate at elevated temperatures. At 85°C, which is the
standard temperature for thermal stability measurements, a PCE loss of more than 20 % was
observed after only 24 hours, which was fully recoverable by UV illumination. We explained
this behavior with oxygen species — which are unavoidably contained in the ZnO through the
production process in air — thermally activated adsorbing on the ZnO over time, thus resulting
in a reversible loss of performance. With XPS measurements of the ZnO layers we proved that
indeed oxygen species are adsorbed on the ZnO surface, and that they cannot be desorbed even
under ultra-high vacuum. With in-situ UV illumination and oxygen flushing we furthermore
demonstrated that it is molecular oxygen which is desorbed under illumination and re-adsorbs
again in the dark. Finally, we showed that a UV pre-treatment of the pristine ZnO layers and a
completely oxygen-free manufacturing of the solar cells can resolve the light-soaking issues,
however at the price of a small loss of device efficiency. Our work underlined that stability
measurements of ZnO-containing OSCs have to be performed thoroughly and exclusively with
an accurate light source to avoid misleading results due to light-soaking issues. We also pointed
out that when ZnO is used in commercial, encapsulated OSCs, the production must actually be
completely oxygen-free, since otherwise the re-adsorption of the contained oxygen residues

would lead to a loss of efficiency over time.

In the last chapter, the goal was to broaden the understanding of mechanisms and performance
improvement in D:NFA:FA ternary solar cells, because although this type of system
continuously provides excellent results reported in the literature regarding efficiency, its
operating principles are still controversial. For this reason, a comprehensive study was
conducted with systematically varied components and compositions to examine the influence
of the components’ properties on the device performance. Eight different D:NFA:FA systems
based on two different polymer donors and four different fullerene derivatives were considered
and the dependence of the performance on the acceptor ratio was screened. It was found that
for all systems the open-circuit voltage increases linearly with the ratio of the fullerene and that
this trend is directly related to the LUMO position of the fullerene. Furthermore, for all ternary
systems compared to the binary D:NFA system the PCE was improved for smaller fullerene
ratios added (10-30 %).
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Using a combination of different optoelectronic measurements, it could be demonstrated that
the ternary blends can be described by an alloy-like model with a CT state that is delocalized
between the nonfullerene and the fullerene acceptor, resulting in a composition-averaged Voc.
To understand why the addition of small fullerene amounts leads to an improved efficiency, the
recombination behavior in dependence of the composition was studied. Although we found that
the nonradiative recombination decreases with higher fullerene ratios, radiative recombination
increases at the same time, almost completely canceling the positive effect. Most importantly,
by also investigating a D:NFA:NFA ternary system, we found the recombination behavior to
be independent of the third component’s nature and instead being exclusively related to the CT
state energy of the ternary system, thus confirming the applicability of the power gap law,
established for binary OSCs, also for ternary OSCs. Since changes in recombination behavior
therefore could not explain the positive effect of fullerenes on efficiency, we examined the
internal quantum efficiency of D:NFA:FA systems compared to D:NFA:NFA systems, which
show no similar PCE improvement. We observed that the IQE increases for increasing fullerene
ratios but is independent of the composition for the D:NFA:NFA system. We therefore
hypothesized that the splitting of the donor exciton into a CT state proceeds more efficiently
with fullerenes being the acceptor than with nonfullerenes, which could be due to differences

in the process of CT state formation.

In summary, this thesis illustrates that the addition of fullerenes as third components to
polymer:nonfullerene OSCs can have a beneficial effect on both stability and efficiency by
combining the advantages of the two acceptor types. However, there are still many unanswered
questions about how exactly this interaction works. In this thesis, the functional principles were
elucidated for a specific subgroup of possible materials, but comparable studies for other
materials with different structure or energy level situation are missing. With further research
focusing on even more optimal use of the synergies between fullerene and nonfullerene
acceptors, D:NFA:FA ternary systems could pave the way for organic solar cells exceeding

20 % efficiency.
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7 List of Abbreviations

AFM
BHJ
CS
CT

DFT
DOOS
DOS
DSC
EA

EL
EQE
ETL
FA

FF

FTO
FTPS
FWHM
GISAXS
GIWAXS
GIXRD
HOMO
HTL

1P

IPES
IQE
ITO

Jsc
LED
LUMO
NFA

atomic force microscopy

bulk heterojunction

charge separated

charge transfer

donor

density functional theory

density of occupied states

density of states

differential scanning calorimetry

electron affinity

electroluminescence

external quantum efficiency

electron transport layer

fullerene acceptor

fill factor

fluorine doped tin oxide

fourier-transform photocurrent spectroscopy
full width at half maximum

grazing incidence small angle X-ray scattering
grazing incidence wide angle X-ray scattering
grazing incidence X-ray diffraction

highest occupied molecular orbital

hole transport layer

ionization potential

inverse photoemission spectroscopy

internal quantum efficiency

indium doped tin oxide

short-circuit current density

light emitting diode

lowest unoccupied molecular orbital

nonfullerene acceptor

7 List of Abbreviations
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OPV
OSC
PCE
PL
PSR
RSoXS
TOSC
UPS
uv
Vis
Voc
XPS
XRD
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organic photovoltaic

organic solar cell

power conversion efficiency
photoluminescence

photocurrent spectral response
resonant soft X-ray scattering
ternary organic solar cell
ultraviolet photoelectron spectroscopy
ultraviolet

visible

open-circuit voltage

X-ray photoelectron spectroscopy

X-ray diffraction
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