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Abstract

The increasing demand for energy, driven by technological progress and the rapid growth of
the worldwide population, strongly suggests looking for renewable alternatives to commonly
used fossil energy sources. Inevitably, at some point these non-renewable energy reserves
will be depleted and by then at the latest our transition to a clean and renewable energy
source should be completed. On top of this, the adverse environmental effects accompanied
with the combustion of fossil fuels are thought to be the main driver of anthropogenic global
warming and suggest changing to an abundant and sustainable energy source sooner rather
than later. A wise approach to secure the world’s current and future energy demand is
to exploit the largest source of clean, abundant, and free energy in our (astronomically)
close proximity — the sun. Photovoltaics convert solar energy directly into electricity and
offer a practical and sustainable solution to the challenge of meeting the increasing global
energy demand. One emerging class of photovoltaic technologies, which has attracted a
lot of academic as well as industrial research interest is the field of organic photovoltaics.
Compared to common inorganic photovoltaic devices (e.g. Si, GaAs), solar cells based on
organic semiconductors offer the unique advantages of large-scale and low-cost solution
processing, bandgap tunability, a short energy payback time, and the possibility to fabricate
semi-transparent and/or light-weight, flexible devices.

The aim of this thesis is the investigation of novel, as well as state-of-the-art small molecule
materials for the application as acceptor compounds in organic solar cells. For decades the
dominating acceptor materials for organic photovoltaics were based on soluble fullerene
derivatives, which are characterized by excellent electronic but only moderate optical prop-
erties. The recent development of high-performance non-fullerene acceptor materials has
completely changed this narrative. Their superior optical properties helped to revitalize the
field of organic photovoltaics and caused power conversion efficiencies to skyrocket. A sec-
ond critical advantage of non-fullerene acceptors is the enhanced synthetic flexibility, which
allows for fine-tuning of e.g. energy level alignments in selected donor:acceptor combina-
tions, giving rise to solar cells with reduced open-circuit voltage losses and record efficiencies
currently closing in on the 20 % threshold. The rapid success of non-fullerene-based solar
cells in the last 5 years has caused the fundamental understanding of these new acceptors
to lag behind. As a contribution to the collective endeavor of the organic photovoltaics
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community in furthering the knowledge of device physics and working mechanisms of
these new class of solar cell materials, a detailed investigation of the - at the time - record-
breaking donor:acceptor combination D18 and Y6 (power conversion efficiencies >18 %) is
presented. The main focus of the D18:Y6 study is on understanding the voltage losses in
high-performance non-fullerene-acceptor-based solar cells, as improving the knowledge in
this area is critical in promoting their recent success. The voltage losses of D18:Y6 devices
are compared to fullerene devices consisting of D18 and PC7;BM to highlight the differences

between non-fullerene and fullerene acceptors.

The second main achievement presented in this thesis is the characterization and develop-
ment of efficient organic solar cells based on a novel perylene-based non-fullerene acceptor
referred to as PMI-FF-PMI. Using a set of screening methods, the material based on a perylene
monoimide (PMI) triad structure in the form of PMI-linker-PMI, was chosen as the most
promising candidate out of 17 other, structurally related, perylene-based non-fullerene accep-
tors. The PMI-FF-PMI acceptor was combined with the high-performance donor polymer
D18 to fabricate efficient organic solar cells, characterized by an extremely high open-circuit
voltage of 1.41 V, which to the best of our knowledge is the highest reported value for solution-
processed organic solar cells so far. With an effective bandgap of 2.02 eV, the D18:PMI-FF-PMI
blend can be categorized as a wide-bandgap organic solar cell and is an attractive candidate
for application as a wide-bandgap sub-cell in all-organic triple-junction solar cell devices.
The comparison of D18:PMI-FF-PMI solar cells with state-of-the-art D18:Y6 devices revealed
potential areas of optimization (e.g. photovoltaic external quantum efficiency and short-
circuit current density) of this newly developed donor:acceptor combination and provides
valuable insights for the design of new and improved non-fullerene acceptors based on this
class of materials.

Efforts in improving the performance of D18:PMI-FF-PMI solar cells have led to the de-
velopment of a new electron transport layer for organic solar cells, capable of significantly
reducing the work function of common electrode materials. Thus, the new interlayer based
on a mixture of the polymers PEIE and PFN-Br is suited to contact organic materials with
high “lowest unoccupied molecular orbital (LUMO)” energy levels and can be used as an

alternative to reactive low work function metal interlayers such as calcium.
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Kurzfassung

Der steigende globale Energiebedarf, verursacht durch den technologischen Fortschritt und
den drastischen Anstieg der Weltbevolkerung, gibt Anlass zur Entwicklung von erneuerbaren
Energie-Technologien als Alternative zu den derzeit dominierenden fossilen Energietrdagern.
Spdtestens zu dem Zeitpunkt, an dem diese begrenzt verfiigbaren und nicht erneuerbaren
Energiereserven aufgebraucht sind, sollte die Menschheit den Umstieg auf nachhaltige und
erneuerbare Energiequellen abgeschlossen haben. Die Vielzahl an 6kologisch problemati-
schen Nebeneffekten, die die Verbrennung von fossilen Brennstoffen mit sich bringt, ist dabei
noch nicht berticksichtigt. Umweltschddliche Verbrennungsnebenprodukte (Treibhausga-
se) gelten als Hauptgrund fiir den anthropogenen Klimawandel und legen nahe, dass der
Umstieg auf erneuerbare Energietrdger eher friiher als spéter vollzogen werden sollte. Ein
ratsamer Ansatz um den aktuellen und den zukiinftigen Energiebedarf der Menschheit zu
decken ist es, die grofite Quelle an sauberer, unbegrenzter und erneuerbarer Energie in unse-
rer (astronomisch betrachtet) unmittelbaren Umgebung zu nutzen — die Sonne. Photovoltaik
nutzt die Energie der Sonne und konvertiert sie effizient und auf direktem Weg in elektri-
sche Energie. Dadurch stellen Technologien, die auf dem photovoltaischen Prinzip beruhen,
eine nachhaltige und attraktive Moglichkeit dar um die Sonnenenergie zu nutzen und den
steigenden globalen Energiebedarf zu decken. Eine aufstrebende, neue Solarzellentechnolo-
gie, welche bereits betrdchtliches Interesse der akademischen und industriellen Forschung
geweckt hat, ist das Forschungsgebiet der organischen Solarzellen. Im Vergleich zu herkémm-
lichen anorganischen Solarzellen (z.B. Si, GaAs) besitzen organische Solarzellen einzigartige
Vorteile wie zum Beispiel kostengiinstige und skalierbare Losungsprozessierbarkeit, variable
Bandliicken, geringe Energieriickgewinnungszeit und die Moglichkeit semi-transparente
und/oder Solarzellen mit geringem Gewicht herzustellen.

Uber zwei Jahrzehnte hinweg waren 16sungsprozessierbare Fullerenederivate das dominie-
rende Akzeptormaterial fiir organische Solarzellen. Diese Klasse an Akzeptoren zeichnet sich
durch exzellente elektronische, jedoch aber nur moderate optische Eigenschaften aus, welche

schlussendlich die maximal erreichbare Effizienz limitieren. Aktuelle Entwicklungen von
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hocheffizienten Nicht-Fulleren-Akzeptoren haben es geschafft, die Dominanz der Fulleren-
basierten Akzeptoren zu brechen. Die tiberlegenen optischen Eigenschaften dieser Materialien
fiihrten zu einer dramatischen Verbesserung der Effizienz von organischen Solarzellen und
trugen mafigeblich zum aktuellen Aufschwung der organischen Solarzellenforschung bei. Ein
weiterer vorteilhafter Aspekt dieser neuen Akzeptor Materialien ist die erhohte synthetische
Flexibilitat, welche ein prézises Feintuning von den Materialeigenschaften von Donor und
Akzeptor ermoglicht. Dadurch kann beispielsweise der Klemmenspannungsverlust von orga-
nischen Solarzellen reduziert werden, wodurch in naher Zukunft Effizienzen von iiber 20 %
erreicht werden konnten. Die rapide Entwicklung von Nicht-Fulleren-Akzeptor-basierten So-
larzellen in den letzten 5 Jahren hat dazu gefiihrt, dass das grundlegende Verstiandnis dieser
neuartigen Akzeptoren zuriickblieb. Um das allgemeine Verstidndnis iiber die physikalischen
Prozesse und Mechanismen dieser neuen Akzeptorklasse besser zu verstehen, wurde die
Rekordmaterialkombination D18 und Y6 (Leistungsumwandlungseffizienz > 18 %) detailliert
analysiert. Das Hauptaugenmerk der Untersuchung von D18:Y6 Solarzellen liegt auf der
Analyse der Klemmenspannungsverlusten von hocheffizienten nicht-Fulleren-Akzeptor-
basierten Solarzellen im Vergleich zu analogen Bauteilen, die auf auf klassischen Fulleren
Akzeptoren (D18:PC7;BM) basieren.

Weiters wurden Solarzellen basierend auf neuartigen Perylen-Nicht-Fulleren-Akzeptoren cha-
rakterisiert und weiterentwickelt. Aufgrund verschiedener Screening Methoden wurde das
Material PMI-FF-PMI basierend auf einer Perylenmonoimide Triadenstruktur (PMI-linker-
PMI) als erfolgversprechender Anwirter fiir die Anwendung in organischen Solarzellen
ausgewdhlt. Organische Solarzellen basierend auf dem hocheffizienten Donor Polymer D18
und dem neuartigen PMI-FE-PMI Akzeptor lieferten besonders hohe Klemmenspannungen
tiber 1.41 V. Dies stellt einen Rekordwert fiir I16sungsprozessierte organische Solarzellen dar.
Mit einer optischen Bandliicke von 2.02 eV ist das D18:PMI-FF-PMI System aufserdem inter-
essant fiir den Einsatz in triple-junction Solarzellen. Durch den Vergleich mit state-of-the-art
D18:Y6 Solarzellen konnte der Photostromgenerierung in D18:PMI-FF-PMI Bauteilen das
grofites Optimierungspotential zugeordnet werden. Dadurch wurden wertvolle Erkenntnisse
fiir das Design von neuen und verbesserten Nicht-Fulleren-Akzeptoren gewonnen, die auf

dieser Klasse von Perylen-Akzeptoren beruhen.

Versuche zur Verbesserung der Performance von D18:PMI-FF-PMI Solarzellen haben zur
Entwicklung einer neuen Elektrontransportschicht gefiihrt, welche die Arbeitsfunktion von
typischen Elektrodenmaterialien deutlich reduziert. Basierend auf einer Mischung aus den
Polymeren PEIE und PFN-Br, macht es diese Zwischenschicht moglich organische Materialien
mit hohem , lowest unoccupied molecular obital (LUMO)” Energielevel zu kontaktieren.
Damit stellt sie eine geeignete Alternative dar, um reaktive Metallzwischenschichten mit

niedriger Arbeitsfunktion (z.B. Calcium) zu ersetzen.
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Aim of the Thesis

Over the last decades photovoltaic devices, consisting of conjugated polymers (donors)
and solution-processable fullerene derivatives (acceptors), emerged as the leading organic
photovoltaics (OPV) technology and reached power conversion efficiencies (PCEs) of 10-
12 %. Regardless, fullerene acceptors exhibit several disadvantageous characteristics such
as an expensive synthesis and unfavorable optical properties. In polymer-fullerene solar
cells, several different recombination processes are active resulting in moderate open-circuit
voltages (Voc) and an overall limited power conversion efficiency. The recent development
of highly efficient non-fullerene acceptors (NFAs) seems to overcome these limitations and
marks the beginning of a new OPV era with solar cell efficiencies surpassing 18 %. As a
consequence of the rapid efficiency improvements of NFA-based solar cells, the fundamental
understanding of these new acceptors is lagging behind. For the long-term commercial
success of OPYV, it is crucial to identify the relevant mechanisms and properties of current
high-performance NFA-based solar cells. A better understanding could lead to new design
strategies for future NFA materials with further improved photovoltaic properties and
preferably less synthetic complexity.

In this thesis a combination of state-of-the-art commercially available OPV materials, as well
as novel perylene-based non-fullerene acceptors are investigated and characterized in detail
to get new insights into the working mechanism of this new material class. To accomplish
this task, different optical, electronic, electrochemical, and photovoltaic characterization

techniques are used.

The objectives of this PhD thesis can be summarized as follows:
¢ To advance the current understanding of the success of novel high-performance NFAs

— Comparing the performance of state-of-the-art fullerene and non-fullerene-based
solar cells.

— Identifying the key properties and important mechanisms responsible for the
superior performance of NFA-based organic solar cells (OSCs).
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— Investigating and comparing the open-circuit voltage losses of fullerene- and NFA-
based solar cells as the open-circuit voltage loss is thought to be one of the main

factors limiting OSC device performance.

— Using the acquired knowledge to formulate design strategies for the development

of new NFA materials
¢ Development and characterization of novel NFAs

— Identifying the most promising synthesized acceptor materials for OPV applica-
tions using electrochemical, optical, and photovoltaic screening methods.

— Device characterization and optimization of organic solar cells based on most

promising non-fullerene acceptor materials.

— Explore the basic properties and working principles of newly synthesized and

commercially available, high-performance NFA materials.

— Use a commercially available, high-performance NFA-based solar cell as a bench-

mark system to quantify the performance of newly developed acceptor materials.

- Formulate optimization strategies for the synthesized NFA materials to optimize

their performance.
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Structure of the Thesis

Chapter 1 gives a theoretical background on solar energy conversion and the development,
the working principle, and current research challenges of OPV. In addition to promoting the
use of photovoltaics, Chapter 1 outlines the different approaches to solar energy conversion
and their fundamental limits. Moreover, the historical development, unique advantages, and

current shortcomings of OPV technology are briefly discussed.

Chapter 2 contains a detailed summary of the main characterization techniques, evaluation
methods, and materials used in this thesis. The used experimental setups and their working
principles are summarized and categorized into electrochemical, optical, and photovoltaic
characterization techniques. A special focus is put on the methods used to analyze the charge
transfer state energy/optical bandgap and the open-circuit voltage loss of organic solar cells.
These methods have been used as the main tools to investigate the voltage losses of the
organic solar cells studied in this thesis. Moreover, Chapter 2 gives a summary of the used

(commercially available) materials and details about the device fabrication.

Chapter 3 presents the results from our recent publication “Understanding the low voltage
losses in high-performance non-fullerene acceptor-based organic solar cells”. To gain further
inside into the working mechanisms of the novel, high-performance non-fullerene acceptors,
the -at the time- record-breaking D/A blend D18:Y6 was thoroughly investigated in terms of
optical properties, photovoltaic performance, and observed voltage losses. The NFA-based
solar cells were compared to their fullerene counterparts (D18:PC7BM) in order to identify
the mechanisms for the enhanced performance of this new class of highly-efficient NFAs.
Based on the experimental results, material optimization strategies to further reduce the

open-circuit voltage losses of OPV devices are discussed.

Chapter 4 gives an overview of the studied non-fullerene acceptors synthesized by the group
of Prof. Trimmel (Institute for Chemistry and Technology of Materials, TU Graz, Austria).
The novel perylene-based acceptors are categorized into a group of perylenediimide (PDI)
acceptors and three groups of perylenemonoimide (PMI) acceptors. The chapter describes
the performed screening process of these materials and rationalizes the choice of the most
promising acceptor candidate (i.e. PMI-FF-PMI) for OPV applications.
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Chapter 5 covers the results from our recent publication “Wide-bandgap organic solar cells
with a novel perylene-based non-fullerene acceptor enabling open-circuit voltages beyond
1.4V”. The in Chapter 4 selected novel wide-bandgap acceptor PMI-FF-PMI was used in
combination with the high-performance donor D18 to fabricate efficient organic bulk hetero-
junction solar cells with an extraordinary high open-circuit voltage beyond 1.4 V. To evaluate
the performance of the newly-developed acceptor, the photovoltaic parameters, optical prop-
erties, and voltage losses of D18:PMI-FF-PMI solar cells are compared to state-of-the-art

organic solar cells based on fullerene (PC7;BM) and non-fullerene (Y6) acceptors.

Chapter 6 includes the optimization of the D18:PMI-FF-PMI device geometry. The calcium
ETL of devices in the “standard” architecture was replaced with a new solution-processed
ETL blend using the polymers PEIE and PFN-Br. The new interlayer significantly improved
the photovoltaic external quantum efficiency of D18:PMI-FF-PMI devices by 10 % resulting
in an increase in PCE from around 5 % to slightly above 6 %.

Chapter 7 aims to summarize the main findings of this thesis and tries to give an outlook
on remaining research challenges and potential future studies based on the presented OPV
materials.

Remark: It should be noted that for the sake of uniformity, throughout this thesis, the numbering
of figures, tables, and equations of Chapters 3 and 5 deviates from the numbering in the published
manuscripts. Moreover, the sections introduction and methods of the two referenced papers are slightly
modified to avoid repeating information given in the in-depth introductory and experimental chapters
of this thesis.
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Chapter 1

Introduction

1.1 Energy Crisis & Climate Change

In 2019 the global primary energy consumption was quantified as approximately 18 TWy
(1 TWy = 8760 TWh) according to the BP statistical review of world energy.l'] A recent report
by the U.S. Energy Information Administration predicts that the world’s energy demand is
expected to almost double by the year 2050.2l Among other issues, this dramatic increase in
energy demand is known as the Terawatt (TW) Challenge, first formulated by Nobel Prize
laureate Richard E. Smalley more than 15 years ago.3! Smalley highlighted the importance
to develop a largely renewable-energy landscape until 2050, which is able to supply 30-
60 TW average power.[l Fast forward to the present day, the world’s energy mix is still
dominated by fossil-based energy sources as shown in Figure 1.1. Fossil energy in the form
of coal, oil, and natural gas accounted for more than 80 % of the world’s total energy supply
in 2018. The strong dependence on fossil energy reserves gives rise to several problems
which can be considered as some of the biggest challenges of our civilization in the current
century. Fossil fuels are a non-renewable, finite resource and as a consequence, sooner or
later this energy source will be depleted. At the latest by this time, mankind should have
developed an alternative technology to secure future energy needs. Taking into account
the adverse environmental effects accompanied with the combustion of fossil fuels, such as
greenhouse gasses or air pollutants strongly suggest changing to an abundant and sustainable
energy source sooner rather than later. Combustion byproducts such as carbon dioxide (CO5)
enhance the greenhouse effect in our atmosphere, leading to an increase in the average
global temperature. According to the United Nations Framework Convention on Climate
Change (UNFCCC) and the Paris climate agreement, it is critical to limit the global average
temperature rise to 1.5-2 °C with respect to pre-industrial levels to prevent dangerous human
interference with the climate system.m Despite the Paris climate agreement, the amount of
CO; in our atmosphere is steadily increasing and humans around the globe are starting to
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experience dramatic effects of the change in temperatures such as rising of sea levels, polar
ice cap melting, severe draughts, wildfires, storms, and floods. In addition to the discussed
environmental effects, fossil fuel-based transport and coal-fired power plants are one of the
major sources of ambient air pollution. According to the World Health Organization (WHO),
9 out of 10 people breathe air that exceeds WHO guidelines causing about seven million

premature deaths every year.[°!

Worlds Total Energy Supply 2018

74

0,
31.5% 26.9%

i) o
9.3% 20/‘ - 22.8%
°2.5% 4.9%
Il Oil [ Nuclear
B Coal I Hydro
[ Natural Gas Solar,Wind etc.

I Biofuels and waste

Figure 1.1: Worlds total energy supply by source in 2018. Data taken from International Energy
Agency (IEA) [7].

The world’s rising energy demand, the limited availability of fossil-based energy sources and
their adverse environmental and health effects strongly suggest changing to an abundant and
sustainable energy source. In quest of an appropriate source of energy in our solar system, the
obvious choice is the sun with its 5778 K hot surface, emitting energy at a rate of 3.8 x 104 TW
in form of electromagnetic radiation. Only a small fraction of this radiation is intercepted
by the earth, which regardless, is constantly delivering an enormous power of 120000 TW
to earth. In fact, almost all commonly exploited energy sources shown in Figure 1.2, except
nuclear and geothermal energy, are indirectly solar-powered. Fossil fuels like crude oil, coal,
and natural gas are originating from anaerobe decayed plants, algae, and microorganisms
that lived millions of years ago and gained their energy from sunlight via photosynthesis. The
potential energy of water, which has been evaporated from the oceans by the power of the
sun and has rained down in regions with high altitudes, can be used by hydroelectric dams to
create electricity. Wind energy is a result of the sun heating the surface of the earth unevenly,
resulting in local pressure differences in the atmosphere. Those pressure differences give rise
to the diffusion of air molecules, whose kinetic energy can be transformed into electricity
using a wind turbine. In all discussed cases, solar energy is transferred into electricity via
irreversible, multi-step processes. Taking wind energy as an example, in order to extract
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electric energy from a wind turbine, the energy of the solar radiation is first transformed
into heat via absorption processes on the earth’s surface, followed by the conversion into
kinetic energy of air molecules due to diffusion processes, which finally can be converted into
electricity. The indirect usage of solar energy results in energy dissipation upon every real-
world, non-ideal energy conversion process. The accumulated entropic losses associated with
every irreversible conversion process highlight the big advantage of a technology allowing the
direct conversion of solar radiation into useful electrical energy. By considering only sunlight
falling on land masses and assuming 65 % losses by atmosphere and clouds, Perez and Perez
derived an estimation for the usable energy potential of solar energy of 23000 TWy/y.!8l
As graphically illustrated in Figure 1.2, direct utilization of solar energy unambiguously
dwarfs the technical potentials (i.e. achievable energy generation given system performance,
topographic, environmental, and land-use constraints) of all the other renewable energy
sources. In fact, even the global energy reserves of all fossil energy sources combined, only
account for a small fraction of the energy provided by the sun every year. Thus, it is fair to
say that solar radiation offers almost unlimited potential for energy harvesting and is the
only renewable energy source that can provide more than enough energy to meet the world’s
long-term energy demand. Developing strategies and technologies to utilize the energy from
solar radiation is of paramount importance to secure future energy requirements and at the
same time eliminate the adverse environmental effects accompanied by fossil fuel energy

sources.

World Energy

2019 Use 18.4 TWy/y

Renewables

Solar 23000 TWy/y SOLAR ving

Wind 75-130 TWy/y Waves

Waves 0.2-2 TWy/y

OTEC 3-11 TWy/y 2019 World O

Biomass 2-6 TWy/y energy Biomass

Hydro 3-4 TWy/y O

Geotherm. 0.2-3 TWy/y Hvdmo

Tidal 0.3 TWyly Geothermal

Finite Tidal

Nat.Gas 220 TWy o

Petroleum 335 TWy

Coal 830 TWy f \
Uranium 185 TWy Uranium

Figure 1.2: Graphical illustration of finite planetary energy reserves in TWy and the estimated techni-
cal potential of renewable energy sources in TWy/y. The volume of each sphere represents
the respective amount of energy recoverable from depicted finite and renewable sources.
OTEC=0Ocean Thermal Energy Conversion. This figure is redrawn from Reference [8].
The data from Reference [1] was used to estimate the global primary energy consumption
in 2019.
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1.2 Solar Energy Conversion

As discussed in Section 1.1, the efficient conversion of the sheer unlimited energy provided
by the sun is crucial to cover future energy needs. The following sections discuss the
fundamental limits of solar energy conversion to quantify the room for improvement of any

solar energy converting technology.

1.2.1 Photothermal Energy Conversion

hot reservoir

SI - Ql/Tl l Q-l

, '
Sgen ‘ ‘

é2:(.12/1‘2l l ‘2

cold reservoir

Figure 1.3: Schematic illustration of heat and entropy fluxes between a hot and cold reservoir ex-
ploited by a Carnot engine.

Let us first assume an idealized situation of a hot and a cold reservoir of infinite capacity with
temperatures T1 and T,. This temperature difference can be exploited to extract work from
heat flow using a thermodynamic engine as depicted in Figure 1.3. The input and output
energy fluxes (transferred heat) are depicted in orange and the respective entropy fluxes are
depicted in purple. Sgen takes into account that additional entropy might be generated in
the energy conversion process. W denotes the amount of energy converted into useful work

(green arrow).
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The efficiency 7 of the conversion process is given by the ratio of the generated work W and
the input energy flux Q.

W

. 1.1
Q (-0

U

Balancing the energy fluxes (1% law of thermodynamics) and considering Equation 1.1 leads
to Equations 1.2 and 1.3,respectively.

Q=Q+W (1.2)
p=i % & (13)
Q1 Qi
Balancing the entropy fluxes (2@ law of thermodynamics) allows to express the term Q,/Q;
as
Sl + Sgen = 52
Q. _Q
T + Sgen = T
TS :
| Dogen & (1.4)
T Q Q

Inserting Equation 1.4 in Equation 1.3 allows to determine the ultimate efficiency for the

energy conversion process.

n=1- E . TZSgen
T Q
T
=1—--—= 1.5
1c T, (1.5)

It can be easily seen that the efficiency is maximized if the conversion is reversible and
additional entropy generating processes are avoided (Sgen = 0). In this case, the efficiency
is exclusively determined by the temperatures of reservoirs 1 and 2. This famous formula
is known as the Carnot efficiency and represents the ultimate efficiency limit for an engine
operating between a hot and a cold reservoir. Consequently, the ultimate efficiency limit
for solar energy conversion is 94.8 %, assuming T equals the temperature of the sun (T; =
5778 K) and T, equals room temperature on earth (T, = 300 K).

The Carnot limit implicitly assumes a perfect thermal contact between the two heat reservoirs
and the Carnot engine. Obviously, the enormous distance between sun and earth and the lack
of a heat transporting medium (in the Carnot limit with no thermal resistance) contradict the
idealized assumptions of the Carnot model. The so-called Blackbody (BB) limit represents a
more realistic model, where the converter is described as a blackbody absorber coupled to a
Carnot engine, as depicted in Figure 1.4. Moreover, the sun is more accurately described as a
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sink

sun absorber

W
QA ' Qsinl{

-
-

Carno

cold reservoir

Figure 1.4: Schematic illustration of the photothermal energy conversion process. A blackbody
absorber is used to convert the solar radiation into heat. A Carnot engine is used to
convert the heat flux between absorber and sink into useful work W.

blackbody, which emits energy in form of radiation. The relation between the radiated energy
flux of a blackbody and its temperature is given by the Stefan Boltzmann law in Equation 1.6
with the Stefan-Boltzmann constant ¢ = 5.67 x 1078 Wm?2 K.

E=oT4 (1.6)

while the associated entropy flux is given by

S = §0T3 (1.7)

In Figure 1.4, the subscripts S and A denote the energy and entropy from the sun and absorber,
respectively. The energy conversion in this model can be divided into two steps:

First, the absorber is exposed to the energy flux Es and entropy flux Sg from the sun. As a
blackbody with a finite temperature T, the absorber itself emits corresponding energy and
entropy fluxes E and SA. Second, if the absorber has a temperature T4 > Ty we can use a
Carnot engine to convert the heat flux between the absorber and the sink into entropy free

work (e.g. electrical energy) with an efficiency according to Equation 1.5.

W = 11c Qa (1.8)

Qa can be simply derived by balancing the absorbed and emitted energy fluxes.

On=Es—Ex=0c (TE-T}) (19)
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The overall conversion efficiency # can then be calculated by comparing the energy input
from the sun Eg to the extracted work W.

_ W _5cQa _ e (Ts—TH)
ES Es 0'T§L

_ Tx To
_ ( _ Tg> (1_ TA> (1.10)

The temperature To of the absorber can be in the range between Ts and To. At Ta=Ts
the absorbed and emitted energy and entropy fluxes are balanced, i.e. the sun and the
absorber are in thermal equilibrium (Qa=0). If heat energy in form of Qa is extracted from
the absorber, the temperature Tx is reduced below Ts. In the other extreme case at Txo=T),
there is a maximum heat transfer but the work is extracted with a Carnot efficiency of zero.
Analyzing Equation 1.10 shows that the maximum efficiency can be obtained for an absorber
temperature T s of 2.478 K resulting in an efficiency value of 84.9 % (assuming Ts=5778 K and
To=300K). Figure 1.5 illustrates the maximum efficiency curves in the Carnot and Blackbody

limit, respectively.

Sun temperature Tg (K)
0 1000 2000 3000 4000 5000 6000

100 4 Ca rnpt .Limit |
- = = BB Limit
= 80 s
2 .
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20 n ‘\ =
%
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\]
0 N
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Figure 1.5: Maximum efficiency curves in the Carnot limit with Ty=300K and varying T's and in the
Blackbody limit with Ty=300K, Ts=5778 K, and varying T4.
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It should be noted that by using the radiative energy flux Es = ¢T¢ as energy input, we
implicitly have assumed a maximum concentration of the sunlight. Without concentration,
only a fraction of the solar emission reaches the absorber, which can be described by a

geometrical factor f

o qun o 1
f=—"=& (1.11)

where Qgyun is the solid angle subtended by the sun seen from the earth. Using the suns
radius and the average distance between the sun and the earth (), can be derived as
~ 6.8 x 1077 st. The reciprocal value of f can be interpreted as the concentration factor C.
Without concentration, the efficiency of photothermal energy conversion calculated with

Equation 1.10 is significantly reduced to values below 15 %.

1.2.2 Photovoltaic Energy Conversion

In addition to blackbody absorbers, another class of materials is widely and successfully used
to harness the energy provided by solar radiation. These materials are characterized by a
forbidden gap between their energy bands and are called semiconductors. In contrast to pho-
tothermal converters, the photovoltaic effect in semiconductors allows efficient conversion of

radiative solar energy into entropy-free, chemical energy even at ambient temperatures.

Radiative to Chemical Energy Conversion

Blackbody Semiconductor
:ﬂ; Thermalization :”:
e emmmaan % temremmme el
_ I E, = -
— ‘ 7
_'i‘: 2 ) 8
[ @ E -9 -3 .
[ £ ) 5y ~107:10%
S (- =
Ep ——~£— E,
—O0—0— - —
—h— 90— —&
-
Figure 1.6: Illustration of the photoexcitation and deactivation processes in blackbody absorbers and
semiconductors.
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A blackbody, as discussed in Section 1.2.1, is characterized by a continuous density of electron
states, where electrons can be excited into higher energy states by the absorption of incoming
photons. Regardless of the photon energy, the excited electrons can lose their energy within
ps timescale due to rapid thermalization, as illustrated in Figure 1.6. In this process, the
energy is dissipated incrementally to the lattice in the form of phonons leading to an increase
in temperature. On the contrary, in semiconductors, only the photons with an energy larger
than the bandgap are able to excite an electron from the valence into the conduction band.
Photons with energy below the bandgap are either transmitted or reflected. The density
of states in the conduction band is comparable to the one of a blackbody. Thus, excess
photon energy larger than the bandgap is efficiently dissipated to the lattice and electrons
will rapidly thermalize to the edge of the conduction band. Due to the lack of electron states
in the bandgap, the energy from an electron located at the edge of the conduction band has to
be released in a single step in order to return to a state in the valence band (i.e. recombination
of the e-h pair). The energy can be released via a multi phonon process, where the energy
equivalent to Eg is distributed to multiple phonons each carrying a fraction of the energy,
or via the emission of a single photon with an energy hv = E;. Both processes (intra-band
transitions) are significantly slower than the thermalization process (inter-band transition).
Hence, the lifetime of electrons in the conduction band and holes in the valence band is in the
range of 10 — 102 s. Only these relatively long lifetimes open up the possibility to efficiently
extract the photogenerated charge carriers and enable the conversion of chemical energy
(stored in the e-h pairs) into electrical energy as it will be further discussed in Section 1.2.2.

However, first, it is necessary to discuss the physics behind the conversion process of radi-
ation energy into the chemical energy stored in e-h pairs. This conversion process can be
illustrated by considering the following “chemical reaction” occurring inside an illuminated
semiconductor.

vy=e+h (1.12)

The reaction describes the absorption / emission of a photon 7y and the creation / recombina-
tion of an e-h pair. A semiconductor in the dark and with the temperature T is considered
in thermal and chemical equilibrium with the incoming blackbody radiation from the en-
vironment with temperature Ty if Tc=Ty and p,=pp=0. At thermochemical equilibrium,
the intrinsic electron (n;) and hole (p;) distributions of a semiconductor are given by the
product of the density of electron states D, and the Fermi distribution function f., as shown
in Equations 1.13 and 1.14. Ec and Ey represent the energies at the edge of the conduction and
valence band, as depicted in Figure 1.6. The density of states and the Fermi distribution for

*

e/p
of the electron or hole, / as the Planck constant, E. as electron energy, Er as the Fermi energy,

electrons are presented in Equations 1.15 and 1.16, with m?,  as the respective effective mass
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and kg as the Boltzmann constant. For Eg < Ec — 3kgT, the “+1” term in the denominator of
fe(Ee) can be neglected and allows deriving Equations 1.17 and 1.18.

mi= [ De(Ee) fulE) dE (1.13)
Ey
pi= [ DelEe) [L- felEo)] dEe (1.14)
%\ 3/2
De(E.) = 4n (22’29) (Ee — Ec)"/? (1.15)
fe(Ee) = L (1.16)

exp ( k;?) +1

_ * 3/2
nj = Nc exp (—ECkBTEF> with Nc =2 <W> (1.17)
Ex — E 2 mt kgT 22
pi = Ny exp (— FkBT V) with Ny =2 (hl;B> (1.18)
Eg
nipi = NcNy exp —kB—T (1.19)

Nc and Ny are the effective densities of states of the conduction and valence bands describing

the number of electron states per unit volume.

Upon illumination, additional e-h pairs are created and the densities of electrons and holes
will differ from their equilibrium (i.e. intrinsic) values. Equation 1.17 shows that an increase
of the electron density n > n; requires a decrease of the Ec - Ef term in the exponent. Thus,
the Fermi level is expected to increase. Analogously, the increased hole density p > p; requires
the Fermi level to decrease (see Equation 1.18). These contrary requirements can only be
fulfilled by a splitting of the Fermi levels in an electron and a hole quasi-Fermi levels Ef and
E}, giving rise to a chemical potential jic,. Considering the quasi-Fermi level splitting in an
illuminated semiconductor the density of electrons 7 in the conduction band and density of
holes p in the valence band can be calculated using modified versions of Equations 1.17 and
1.18, where Ef is replaced with E; and Eﬁ:

Ec — E™

n = Ncexp (— CkBT F) (1.20)
Ef - E

p = Nyexp <— FkBT V) (1.21)
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The above relationship can be used to derive the quasi-Fermi levels E and E}, as shown
in Equations 1.22 and 1.23, which in the next step allows the calculation of the chemical

potential e, in an illuminated semiconductor.

El! = Ec —kgTln <I\:1C> (1.22)
Ef = Ey+kgTIn <Z\;V> (1.23)
fen = Eff —E! = E; — kgTIn (NZPNV> (1.24)

Thus, in an illuminated semiconductor the radiative energy is internally converted into
chemical energy. Moreover, the chemical potential of the e-h pairs is free of entropy and can
theoretically be converted into electrical energy without loss.

Lattice interaction Lattice interaction
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Figure 1.7: Graphical illustration of the thought experiment by Wiirfel.l’l Left: Situation before the
charge carriers interact with the lattice. Absorbed and emitted spectrum are identical
Right: Situation when the charge carriers interact with the lattice. The semiconductor is
emitting light at ambient temperature T according to the generalized Planck equation.

A thought experiment by Wiirfel allows estimating the efficiency of this conversion process
by considering the generation and thermalization of e-h pairs step by step.l’l A schematic
illustration of the thought experiment is shown in Figure 1.7. Under maximum concentration
the total photon flux emitted from the sun with energies larger than Eg will be absorbed in the
semiconductor. As a first step, the interaction of photogenerated charge carriers and lattice
is assumed to be “switched off”. This would prevent the thermalization process of charge
carriers above Eg and conserve their initial energy. In other words, the energy distribution
of the electron-hole pairs is identical to the energy distribution of the absorbed photons. As
the temperature of the electron-hole pairs is defined by their energy distribution, they are in
thermal (T = T's) and chemical equilibrium (p, = pen = 0) with the incoming solar radiation.

11 /174



JXU

Chapter 1 1.2. SOLAR ENERGY CONVERSION UNIVERSITY LINZ

As a consequence of e (Ts) = 0 the right side of Equation 1.24 has to be zero as well. Under
these conditions Equation 1.24 can be written as:

E NcN
o ln< o > (1.25)

In a second step, the interaction of lattice and charge carriers is “turned on”. Electrons will
rapidly cool down to the lattice temperature T resulting in the creation of entropy in the form
of phonons. According to Equation 1.24 the chemical potential p., (Tp) at lattice temperature
Ty is given by:

pen(To) = Eff — EE = Eg — kgTyIn < (1.26)

NcNy

)
It should be noted that due to the thermalization, i.e. the respective change in the en-
ergy distribution of electron-hole pairs, the thermal and chemical equilibrium is lost
(To # Ts, pen(To) > 0 = p,). However, the concentration of electrons and holes inside
of the semiconductor remains constant and the logarithm term in Equation 1.26 can be
expressed with Equation 1.25.

E T
pen(To) = Eg — ksTy (,ﬁs) —E, (1 - TS) (127)
ten(To)
Do) = HerT0) (128)

Equation 1.27 describes the chemical energy per electron-hole pair produced by the cooling
process. Comparing the chemical energy to the energy of the incoming solar radiation allows
calculating the conversion efficiency from radiation energy to chemical energy 7, (v). If
the semiconductor is illuminated with monochromatic radiation with the energy hv = Eg,
Equation 1.28 reduces to the Carnot efficiency. Thus, under these conditions, the semicon-
ductor represents an ideal converter for the transformation of radiation energy into chemical
energy. On the other hand, the energy difference hv - Eg for radiation with hv > Eg is lost due
to thermalization and reduces the average conversion efficiency for radiation with a broad

energy spectrum (i.e. solar radiation).

If only radiative recombination is allowed, the number of absorbed and emitted photons in
the semiconductor is identical because every absorbed photon creates an electron-hole pair
and every recombination process creates a photon. As discussed above the emitted spectrum
is different from the absorbed spectrum due to thermalization losses and thus less energy
is emitted than absorbed. However, the emission of high-energy photons with a nonzero
chemical potential (i.e. luminescence) in a semiconductor reduces the entropy generation

compared to a blackbody absorber at the same temperature. In fact, this is the reason why

12 / 174



JXU

Chapter 1 1.2. SOLAR ENERGY CONVERSION UNIVERSITY LINZ

high-efficiency values can be obtained for semiconductor-based converters (e.g. solar cells) at
ambient temperatures, which is beneficial for many applications and can be considered as

one of the main advantages of photovoltaic over photothermal conversion technologies.

Chemical to Electrical Energy

In the previous section, we have seen that semiconductors can convert radiative energy into
chemical energy. This stored chemical energy can be used to initiate further chemical reactions
as in the photosynthesis process in plants. In a photovoltaic device, an additional step is
required to transform chemical energy into electrical energy, which can then be extracted in
an outer circuit to perform electrical work. In other words, we want to extract an electron-hole
pair current ], where each electron-hole pair carries the chemical energy . In a typical
(inorganic) pn-junction solar cell the photogenerated electron-hole pairs are not stable due to
their weak coulombic attraction (high relative permittivity €;). Thus, at room temperature,
the exciton is separated into an electron and a hole, which can be considered as quasi-free
charge carriers. Ideally the p- and n-type sides of the semiconductor have metal electrodes
that form an ohmic contact to the valence and conduction band, respectively. Such devices are
commonly known as diodes. To avoid recombination at the electrodes, the contacts should
be selective, preventing the holes from reaching the anode and electrons from reaching the
cathode. Additionally, a driving force is needed to extract the free electrons and holes from
the device. Electrons and holes are charged particles. Thus either chemical (Vjiep) or electrical
potential gradients (V®) can act as driving forces and give rise to diffusion and drift currents,

respectively.

Applying a voltage V between the metal electrodes allows modifying the electrochemical

potential of the electron-hole pairs #7¢p.

Men(X) = pen(x) = Ef(x) — ER(x) = qV (1.29)

In Section 1.2.2, no current was extracted or injected from or into the device (I¢n, = 0). INlumi-
nation of the semiconductor led to a maximum value of 7}, at open-circuit conditions. As

discussed, at open circuit conditions all the absorbed photons are being re-emitted and no
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energy is extracted from the solar cell. Using Equations 1.20 and 1.21 allows to express the
product of electron and hole densities as:

”iPi qV
P
Ec—E Ex —E
np = NcNy exp <_CkBTV> exp <FkBTF>
4
np = nip; exp <IjBT> (1.30)
Nen = Eff —EL = qV = kgTIn (:Z) (1.31)

As seen from Equation 1.30 the densities of photogenerated electrons and holes (np) are
being reduced upon negative biasing due to the extraction of electron-hole pairs from the
semiconductor. As a consequence, the electrochemical potential is reduced as well, as
described by Equation 1.31. If at a certain negative bias all photogenerated charge carriers
are extracted from the device, 7., approaches zero as np = n;p;. This condition, where the
voltage across the pn-junction is zero, is commonly referred to as short-circuit condition.
Once again no energy is extracted from the solar cell as the electrochemical potential of the
extracted charge carriers is zero. Thus, there exists a combination of electrochemical potential
and the number of extracted charge carriers, which gives rise to a maximum of extracted

power. Hence, this point is called maximum power point.
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Figure 1.8: A typical J-V-curve of a solar cell under solar illumination (black, solid line). The electrical
power is depicted in red. The maximum power point in combination with the open-
circuit voltage and the short circuit current can be used to calculate the electrical fill factor
(FF). The fill factor can be illustrated graphically as the areal ratio of the green shaded
rectangular and the rectangular formed by V¢ times Jsc (depicted in orange).
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The relationship between extracted charge carrier current and electrochemical potential per
e-h pair is an important parameter for any photovoltaic device. Thus, the measurement of the
so-called J-V-response of a solar cell represents a fundamental photovoltaic characterization
technique. In a typical -V measurement the solar cell is biased between a certain voltage
range (V) and the extracted current density of charge carriers (J) is measured. As discussed
above a J-V-curve is characterized by several characteristic points, highlighted in Figure 1.8.
The open-circuit voltage (Voc) represents the maximum chemical potential of e-h pairs under
a fixed illumination, as no charge carriers are extracted from the solar cell and | = 0 mA cm2.
Similarly, the short circuit current density Jsc represents the point where all photogenerated
charge carriers are extracted from the device and the chemical potential is reduced to zero. At
both points on the J-V-curve, no net power is generated as the electrical power is a product
of current and voltage (red curve in Figure 1.8). The maximum power point can be derived

by finding the maximum of the electrical power curve.

d(J(V) x V)

o =0 (1.32)

In addition, the electrical fill factor of a solar cell is defined using the following relationship:

Vinpp Jm
FF = —_PETPR 1.33
Voc Jsc (1.33)

The fill factor is often described as the “squareness” of the |-V curve. Graphically, the FF can
be interpreted as the areal ratio of the green rectangular given by Vinpp X Jmpp to the dashed
orange rectangular given by Voc X Jsc, as illustrated in Figure 1.8. The power conversion
efficiency PCE of the solar cell is then calculated using

Py Vmpp J mpp Voc Jsc FF

PCE = = = , 1.34
P, sun P, sun P AM1.5G ( )

where the electrical power output P is divided by the input power of the solar radiation. By
convention, the solar spectrum is approximated by the AM1.5 global spectrum normalized to

a power of Panmisg = 100mW cm2.

Shockley-Queisser Limit

The fundamental efficiency limit of a solar cell operated at ambient temperature Ty and
without concentration was derived by Shockley and Queisser based on detailed balance
arguments.['%l The SQ limit is based on the following assumptions:

e Concentration of one sun

¢ Sun and cell are blackbodies with Ts=6000 K and T-=300 K
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0 for E < Eg
1 f0rE>Eg

Step function-like absorptance A(E) = {

Each absorbed photon generates exactly one e-h pair

Infinite mobilities i.e. perfect charge collection

The only recombination mechanism is radiative recombination

The paper by Shockley and Queisser uses the fact that in thermal equilibrium and in the
dark, the generation rate of e-h pairs is governed by the absorption of ambient blackbody
radiation with a temperature of 300 K. In the described equilibrium state the generation of e-h
pairs has to be balanced with the rate of radiative recombination. The absorbed and emitted
photon fluxes ®, ,,s and @, emit can be expressed using the generalized Planck equation (cf.
Equation 1.35) and the absorptance A(E).

® 0 E2
D) (E, T, pen, ) = / 3o R dE (1.35)
—__rren _ 1
0 exp < ks T >
” 20 E2
q)'y,abs(E/ T/ Uehs Q) = / A(E) Bc2 E— jien dE (136)
0 eXp (TTE) - 1

The steplike absorptance A(E) can be mathematically described with the Heaviside function,
which simply changes the integral boundaries of Equation 1.36 to |, g: dE. Using Kirchhoff’s
law of thermal radiation to establish a relationship between absorptivity and emissivity

allows an analogous definition of @ emit(E, T, fen, Q).

At thermal equilibrium between the solar cell and its surroundings, the net current flow in

the dark can be calculated using Equation 1.37.

]O(Vehz Eg) =4q <q>'y,abs (Eg/ To, 0, QBB) - q)'y,emit(Egz To, peh, QBB)) (1.37)

Typical semiconductors used for photovoltaic applications have bandgaps between 1-2 eV.
For Eg > 0.5eV the “-1 term” in the denominator of the Planck equation can be neglected.
Using this so-called Boltzmann approximation, and setting pen, = Ef — Ef. = gV allows to
simplify Equation 1.37.

|4
]0 (VI Eg) =9 (q)’)/,abs(Egl TO/ 0/ QBB) - q)'y,emit(Eg/ TO/ 0/ QBB) exp (k[]iTO> ) (138)
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If the solar cell is in thermochemical equilibrium with its surroundings the net current flow
Jo(V, Eg) and the chemical potential yp, are both zero and Equation 1.38 leads to:

q)'y,abs(Eg/ TO/ 0/ QBB) = q)'y,emit(Eg/ TO/ 0/ QBB) (139)

Inserting Equation 1.39 in 1.38 and replacing g with the elementary charge (g = -¢), leads to
the current Jo(V, Eg) of a solar cell device in the dark and in thermal equilibrium with its

surroundings.

Jo(V,Eg) =e (cp'y,abs(Egr To,0, Opg) (exp (733‘7/})) - 1)) (1.40)

Under solar illumination the balance of photon fluxes in Equation 1.37 has to be extended,
taking into account the absorbed photon flux emitted from the sun.

](V/ Eg) - q <CD7,abS(Egr TS/ 0/ qun) + ©'y,abs(Eg/ TO/ 0/ QBB) - q)'y,emit(Eg/ TO/ V/ QBB))

(1.41)

Similarly to Equation 1.40 the total current of a solar cell under illumination is given by:

J(V,Eg) =e <<I>%abs(Eg, To, 0, Qpp) (exp <’g:,;0> - 1> — &, bs(Eg, Ts, 0, qun)> (1.42)
It should be noted that the first term of Equation 1.42 resembles the Shockley-Diode Equation
in the dark, characterized by an exponential dependence on the applied voltage across the
diode. The second term is independent of the voltage and represents the photocurrent caused
by the absorption of sunlight, which shifts the dark J-V curve downward in the 4" quadrant
as depicted in Figure 1.8.

Shockley and Queisser derived their upper-efficiency limit under the assumptions that the
300 K blackbody radiation is originating from a hemisphere above a flat solar cell and that
the solar cell emits back in the same solid angle (= perfectly reflecting back-electrodes) Qg is
equal to 7. In addition, they treated the sun as a blackbody emitter with a temperature of
6000K and Qgun = 6.8 x 107 sr.

20) ® E2
J(V,Eg) =q =55 / aE
hc E; exp (ki) 1
2
g 2T L B (1.43)
h3C2 T E -1
Eg exXp | oy
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As described previously, the electrical energy extracted from the solar cell is given by V' x
J(V, Eg) and the power conversion efficiency can be calculated using:

V x J(V,E _ 20 °° E3
q(Eg,V):XIID(g) with P = =4 / —— < ——dE (1.44)
o “hep(gr) -1

The efficiency with respect to the bandgap of the semiconductor can be numerically evaluated
and is plotted in Figure 1.9. Shockley and Queisser derived a maximum efficiency value
of ~30 % for a bandgap of 1.3 eV.[1% Under maximum concentration (Qsun = Qpg = 77) the
efficiency limit increases to ~44 %.Ml For a solar cell on earth (considering atmospheric
effects) the maximum efficiency can be derived by replacing the blackbody spectrum of the
solar radiation with the conventionally chosen AM1.5G spectrum. Under these conditions,
the red curve in Figure 1.9 exhibits two distinct maxima with an efficiency of 33.4 % and
33.6 % at optimal bandgap energies of 1.13eV and 1.34 eV, respectively.

, .
BB 6000K
45 ] — BB 6000K (max. concentration) |
— AM1.5G

Efficiency (%)

1.34eV

ol il
1 2 3 4
Bandgap (eV)

Figure 1.9: Maximum theoretical efficiency plots calculated using Equation 1.44. Using 6000 K black-
body radiation as illumination source leads to the dark and light blue efficiency curves
for non-concentrated and fully concentrated conditions, respectively. The red curve is
calculated using the AM1.5G spectrum.
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1.3 Development of (Organic) Photovoltaics

Best Research-Cell Efficiencies
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Figure 1.10: Historic research cell efficiency development of selected PV technologies. The data was
taken from the NREL efficiency chart.[1?]

Owing to their great potential for converting solar energy into electricity at ambient tempera-
tures, the development of efficient semiconductor-based PV technologies has been a focal
point of academic and industrial research since the discovery of the photovoltaic effect by
Becquerel in 1839.1131 Consequently, the first photovoltaic device prototypes have already
been demonstrated back in the late 1800s by Fritts.['*] An important milestone in PV history
was the development of a silicon pn-junction solar cell at Bell Laboratories with an efficiency
of around 4%.[1%1 This breakthrough can be considered as the advent of silicon-based pho-
tovoltaics. Over the next 6 decades, fueled by persistent research and development efforts
and incentives during the oil crisis in the 1970s, silicon became the dominating material
for photovoltaic technology. Nowadays, Si-wafer-based PV is dominating the solar market
accounting for more than 95 % of the sold solar modules.!°!

The continuous research on Si-based solar cells has led to a steady increase in device perfor-
mance and an impressive reduction in cost. According to a report by Haegel et al., global
average PV module selling prices have decreased by more than two orders of magnitude in
a 40-year period and have already reached values below 0.25US$ W7l In many parts of
the world PV already is or will soon become cost-competitive with conventional electricity
generation technologies. This milestone is also reflected in the rapid increase of global in-
stalled solar photovoltaic capacity. By the end of 2018, the PV capacity exceeded 500 GW and
is expected to reach TW-level capacity by 2022-23.17]
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The main disadvantage of silicon-based PV technology is the energy-intensive silicon purifi-
cation process, necessary for the fabrication of high-quality wafers. Consequently, Si-based
PV modules are characterized by moderate energy payback times of approximately 1-1.5
years.['8] Moreover, the energy mix in Si-wafer-producing countries being dominated by
fossil fuels combined with the energy-intensive fabrication process harms the CO, balance of
Si-solar cells and equates to non-negligible CO, emissions of 50 g/kWh.[161°]

According to Mazzio et al.12% further drawbacks of Si-based PV technologies are:

* Production limitation due to direct competition for materials with the microelectronics

industry
* High material cost due to absorber layers with thicknesses around 200 pm.
® Vacuum processing required for production

* High installation costs (e weight of solar cells >10 kg m?)

Back in the early 2000s typical energy payback times of Si modules were approximately 4-5
years and the electricity produced by PV was roughly 10 times more expensive than energy
from fossil fuels.?!] Thus, in addition to efforts in increasing the efficiencies and reducing
the costs of Si-based PV, chemists, physicists, and material scientists had focused on the
development of alternative, economically competitive PV technologies. One class of those
emerging PV materials with the potential to drastically reduce the costs of PV-generated
electricity were organic molecules. Following the discovery of (semi-)conducting polymers
by Nobel Prize laureates Heeger, MacDiarmid, and Shirakawa in the 1970s (Nobel Prize
in chemistry in 2000), these materials started to attract research attention and formed the
foundation of the research field of organic electronics.

Organic semiconductors predominantly consist of hydrocarbon molecules or polymers,
which are characterized by a conjugated backbone of alternating C-C single and double
bonds. This distinct configuration results in an sp?-hybridization of the 2s and two of the
three 2p orbitals. The three, in-plane, 2sp? hybrid orbitals of the carbon atom can form strong
o-bonds with hydrogen or neighboring carbons, which are responsible for the stability of the
molecule. The remaining 2p, orbitals are aligned perpendicular to the carbon-hydrogen plane
and form a so-called 7r-conjugated system, which allows a certain degree of delocalization
of the 7t electrons over the entire molecule, similar to electrons in the conduction or valence

bands of crystalline inorganic semiconductors.

The first organic solar cells consisted of organic dye molecules sandwiched between two
metal contacts forming a metal-organic junction. Power conversion efficiencies of these
devices initially were as low as 10 % but could rapidly be increased to around 0.1 %.?21 The
development of hetero-junction organic solar cells by Tang in 1986 can be considered as the

next important milestone of OPV history.[?? These cells comprised of a bilayer of two organic
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materials (donor: copper phthalocyanine, acceptor: perylene tetracarboxylic derivative)
enabling efficiencies of around 1 %. In the following, the successful concept of organic D/A
heterojunction solar cells attracted a lot of research attention and led to the development of
first, co-evaporated and later, solution-processed bulk-heterojunction solar cells (BHJ). The
interpenetrating network of donor and acceptor domains in BH]J solar cells led to a further
increase in device performance due to an increased D/ A surface area compared to bilayer

solar cells.

In 1992, the first organic solar cells based on BHJ polymer:fullerene blends were demon-
strated by laboratories in Santa Barbara and Osaka initiating the era of fullerene-based solar

[24-271 For the next 20 years fullerene-derivatives were the unequivocally dominating ac-

cells.
ceptor materials owing to their excellent electron-accepting and electron transport properties.
As shown in Figure 1.10 the efficiencies of OSCs increased steadily until a plateau of approx-
imately 10-12 % was reached.[?#?°l The ultimately limited performance of fullerene-based
solar cells can be mainly attributed to the weak optical absorption and the wide (indirect)
bandgap of fullerenes. Material design efforts were mainly focused on optimizing the donor
polymers due to their sheer endless synthetic possibilities to fine-tune material properties.
Hence, the lack of synthetic flexibility of fullerene-based acceptors can be identified as an

additional drawback.

To overcome those limitations, considerable efforts were expended in the 2000s to find alterna-
tive acceptor materials. In the early stages of these so-called non-fullerene acceptors (NFAs),
the reported power conversion efficiencies were low (1-3 %) and could not compete with the
established fullerene acceptors. However, learning from these pioneering works and from
the success of fullerene acceptors led to the development of more “3D-like” NFA molecules,
often characterized by a “twist” in the backbone to reduce the excessive stacking behavior
of small molecules acceptors. This design strategy significantly improved NFA efficiencies
up to around 10 %, on par with the best fullerene systems.[*32l In 2015 Lin et al. reported
the fused-ring (indacenodithieno[3,2-b]thiophene core) acceptor-donor-acceptor (A-D-A)
molecule ITIC with strong near-infrared (NIR) absorption and high electron mobility.l*3! The
initially reported power conversion efficiency (PCE) of 6.8 % for ITIC-based solar cells was
still inferior to its fullerene counterparts. However, optimization of the donor polymer soon
enabled efficiencies beyond 11 %, marking the first time where non-fullerene acceptors out-
performed the established fullerene acceptors.!** Due to the continuous development of new
non-fullerene acceptors with improved NIR-light-harvesting properties and readily-tunable
electronic energy levels, the PCEs of NFA-based solar cells have increased substantially
over the last five years up to efficiencies of 15-18 %.13#2] At the beginning of 2020, Liu et
al. reported a record-breaking PCE of 18.2 % (17.6 % certified) for the donor polymer D18
blended with the high-performance NFA Y6.43]
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1.4 Potential Analysis of OPV

This section provides an overview of the main advantages and limitations of OPV technology
and motivates the consistent research interest at present day and in the future.

As discussed in Section 1.3, the main motivation to develop OPV as an alternative to Si-based
PV, was the elaborate and energy-consuming fabrication process of high-quality Si wafers.
As touched upon before, due to significant improvements in the cost-effectiveness of Si solar
cells, the main claim of OPV, as a cheaper alternative for the production of green electricity,
may no longer be valid. However, if the vast increase in OPV efficiencies over the last 3
years can be maintained and if the reported efficiency values of almost 20 % for solar cells in
the lab can be transferred to commercially available products, a long-term establishment of
OPV in the PV market is still within the realm of possibility. A recent estimation suggests
that OSC costs could come down to ~8 US$ m2 assuming a module efficiency of 15 %. This
would make electric energy generated by OPV the cheapest source of electricity beating even
silicon-based PV by a factor of 5 in terms of US$ W-L.[1¢]

The great advantage of OPV with regards to cost-effectiveness is their low temperature
and solution processability. These properties enable the possibility of an efficient roll-to-roll
manufacturing or large area printing of organic solar cells. These large-throughput techniques
theoretically allow to fabricate OPV at a rate many times faster than conventional silicon solar
cells. Organic semiconductors mainly consist of abundant materials like carbon, hydrogen,
oxygen, or nitrogen. Moreover, they typically possess high absorption coefficients, which
allow efficient light absorption even in absorber films with thicknesses as thin as 100 nm.
Thus, for organic solar cells, the amount of absorber material is significantly less than in
silicon devices, where absorber layers are in the range of 200 pm. This economical usage of
absorber material is another aspect that adds up to the overall cost-effectiveness of OPV. It
remains to be seen if the advancement of the OPV technology at some point in the future
will challenge the established wafer-based PV technologies for rooftop and PV power station

applications.

Due to the diverse and unique material properties of organic semiconductors, OPV does not
necessarily have to replace the successful Si-based PV technology. Instead, the field of OPV
should focus on complementing the Si technology in highly specialized applications where
the use of opaque, rigid, heavy, bulky, and fragile Si-based solar cells is disadvantageous.
In fact, organic materials are in general characterized by the exact opposite properties. The
form and shape of solution-processed OSCs using inkjet or screen printing techniques are
highly customizable. Due to the thin absorber layers, the physical properties and appearance
are mainly determined by the employed substrate. The substrate can thus be tailored to
fit the demands of highly specialized applications. Plastic foils (e.g. PET) can be used as
substrates for applications where flexible solar cells are required e.g. wearable energy sources,
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retraceable solar sails, power applications of Internet of Things (IoT), or soft robots. The usage
of ultrathin plastic foils additionally allows the fabrication of extremely lightweight devices,
which are beneficial for applications with weight restrictions e.g. in the electrification of the
automotive or aviation industry or load-capacity-limited rooftop applications. It has been
shown that ultrathin OPV devices (together with ultrathin perovskite devices) generate the
highest power per weight (~ 10 W/g) of all common PV technologies.*l Another appealing
property of OPV is the possibility to fabricate semi-transparent devices. In contrast to most
other PV technologies, the great tunability of the absorption properties of OPV materials
allows to control the intensity and spectral distribution of absorbed and transmitted light.
This makes them ideal candidates in the field of building-integrated PV, where they can
be used to replace common tinted glass windows with so-called “solar windows”. This
technology could be relevant for skyscrapers, where the rooftop area is small and the typically
glass-covered side walls represent a large unexploited area. Another promising application
is the use of semitransparent OPV on top of greenhouses. The absorption of the organic solar
cells could be optimized to allow high transmission of light in the spectral region which is
utilized by plants, while other parts of the solar spectrum are absorbed and converted into
electricity.

/ [Eificiency\ |
ciency

| (kWh/$)

Stability
(hrs)

Figure 1.11: The "golden triangle" highlights the importance of efficiency, cost and stability of any
PV technology

Despite their unique properties and the great variety of fields of application, the commercial
availability of OPV remains limited. According to Meng et al., the “golden triangle” com-
prising the efficiency, stability (or lifetime), and cost of a PV technology (see Figure 1.11) is
commonly considered to gauge its technical feasibility for commercialization.!*>! Considering
all three aspects underlines the dominance of Si PV technology with greater module efficien-
cies (>20 %) and lifetimes (>25 years) compared to OPV. Moreover, the recent cost-reduction
in ¢-Si production additionally narrows the margin of cost-benefit from OPV. Therefore it
should be emphasized that the current extensive research effort in increasing the PCE can
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only be the first step towards commercialization of OPV as from an economic point of view
the device stability and cost are equally important. Recently Moser et al. have discussed
the main challenges to the success of commercial OPV products, where they analyzed the
current limitations of common high-performance D/ A blends.[*®! In addition to shifting the
collective research focus from PCE to device stability, the authors emphasize the need to
reduce the synthetic complexity of current highly efficient materials to increase the industrial

scale-up potential of OPV.

Nevertheless, as with other thin-film technologies, OPV is suffering from the fact that ef-
ficiency is becoming an increasingly important driver to reduce the cost of large-area PV
systems.[*”] According to a recent study module efficiencies of around 20 %, lifetimes of more
than 20 years, and lower production/installation costs than silicon are needed to compete
with crystalline silicon in the mainstream “power” PV market (i.e. outdoor solar parks).[1°l
As stated previously the successful implementation of OPV in niche markets like building-
integrated PV or consumer applications that profit from the flexibility, might reduce those

requirements and pose the most likely scenario for OPV to be commercialized.

Consequently, in addition to efforts in increasing the stability and reducing the costs, further
research aiming to optimize the power conversion efficiencies can be identified as one of the
main challenges for the commercial success of OPV. Thus, in the following, the performance
of a state-of-the-art OPV device is compared to other selected PV technologies on a laboratory
cell level. Despite its limited use compared to silicon, GaAs was chosen as a benchmark
representative of inorganic PV technologies due to its unrivaled performance. In addition,
perovskite-based PV was chosen as a highly efficient representative of another class of
emerging PV technologies. Organic solar cells based on the donor polymer D18 and acceptor
Y6 were selected as a state-of-the-art representative of non-fullerene-based OPV. The optical
bandgap, photovoltaic parameters, and open-circuit voltage losses of these solar cells are
summarized in Table 1.1.

In order to readily compare the performance of solar cells with different bandgaps Eg, the
photovoltaic parameters are additionally presented normalized to their parameters in the
Shockley-Queisser limit. Normalization with respect to the SQ limit eliminates the influence
of different spectral absorption profiles of the solar cells and represents a good figure of
merit to quantify how a solar cell performs with respect to its ultimate efficiency limit.
As presented in Table 1.1, the current record-breaking GaAs solar cell reaches 88 % of its
maximum achievable power conversion efficiency due to impressive values around 95 % for
all three photovoltaic parameters (Voc, Jsc, and FF). Similarly, consistent high values > 90 %
are found for the 25.6 % efficient perovskite solar cell maintaining more than 80 % of its power
conversion efficiency with respect to the SQ limit. In addition, Table 1.1 shows that the Jsc
and FF values in % of SQ for D18:Y6 solar cells are not far off from those of their GaAs and
perovskite counterparts. However, the typically low V¢ of organic solar cells (77 % of SQ
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value) can be identified as the main factor limiting the overall device performance to around
50 % of its detailed balance limit. This trend can also be seen from the open-circuit voltage loss
column in Table 1.1. The total voltage loss of a solar cell is defined as the difference between
the bandgap (Eg) and the measured open-circuit voltage (Voc) under AM1.5G illumination
as given by AV(S%”Z = Eg/q — Voc. The GaAs cell is characterized by a voltage loss increase
of 18 % compared to its minimum value in the SQ limit. On the contrary, the experimentally
observed voltage loss of the D18:Y6 blend is twice as large as compared to its minimum SQ
value.

Table 1.1: Comparison of the bandgaps, photovoltaic parameters, and open-circuit voltage losses of
selected organic, inorganic, and perovskite solar cells. Jsc and FF represent the short-circuit
current density and the fill factor, respectively.

Material E;  Voc Jsc FF  PCE AV  Source
eV) (V) (mAcm=2) (%) (%) (V)

GaAs 143 1.12 29.78 86.7 29.1 0.31 [48, 49]

% of SQ - 96% 94% 97% 88% 118%

Perovskite 1.53 1.19 26.35 81.7 25.6 0.34 [50]
% of SQ - 94% 94% 90% 81%  127%

D18:Y6 1.38 0.86 27.7 76.6 1822  0.52 [51]
% of SQ - 77% 82% 86% 54%  200%

To conclude, the comparison with other highly efficient PV technologies reveals the room
for improvements of current OPV devices. Especially, the large open-circuit voltage loss of
organic solar cells has to be decreased in order to close the performance gap to perovskite or
crystalline inorganic solar cells. In order to understand the origin of the enhanced voltage
losses in OPV, we have to take a closer look at the working principle of organic solar cells.

1.5 OPV Working Principle

The basic requirement of any efficient photovoltaic device is the effective absorption of light.
Clearly, any photon which does not get absorbed (e.g. reflected or transmitted) cannot be
converted into electrical energy and represents a loss process. The capability of a material to
absorb light can be described by the absorption coefficient a. Organic semiconductors exhibit
high absorption coefficients around 10° cm™, which are significantly higher than the one of
silicon (=indirect semiconductor). Thus, an organic thin-film as thin as 100 nm is typically
capable of absorbing the majority of the incident sunlight above its optical bandgap.
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The free charge generation in inorganic semiconductor-based pn-junctions is based on the
formation of weakly bound excitons upon the absorption of photons with energies E = hv >
Eg. At room temperature the low binding energies of these excitons can be easily overcome
by thermal activation. Thus, under typical operation conditions, the weakly bound excitons
essentially dissociate immediately into free charge carriers, which can then be collected at the
anode and the cathode by employing chemical potential and/or electric potential gradients.
In general, the binding energy of the excitions depend on their Coulomb attraction, which
can be described by the potential ¢(r) as shown in Equation 1.45.

2

¢(r) (1.45)

 4meceor

Hereby, e represents the elementary charge, €; and € the relative and vacuum permittivity,
and r the average distance between electron and hole. The reason for the weakly bound
excitons in inorganic semiconductors are the typically high relative permittivity values (e.g.
€:=12 in silicon) and the delocalized nature of the excited state (= increased electron-hole
separation distance r). Organic materials on the other hand have much lower dielectric
constants (e.~2-4). As a consequence, the screening of the Coulomb attraction is significantly
reduced and results in tightly bound electron-hole pairs. The binding energy of these so-
called Frenkel or local excitons (LE) exceeds the available thermal energy at room temperature
and prevents a barrierless dissociation into free charges. If the exciton cannot be separated
into free charges within its lifetime, it will decay back into its ground state. The absorbed
photon energy is thus either dissipated as heat (non-radiative recombination) or emitted
radiatively.

The lack of free charge generation in organic semiconductors helps to understand the low
efficiencies of the first homojunction (=metal-organic-metal) OSCs, discussed in the previous
section. As first demonstrated by Tang, an efficient exciton dissociation in OPVs can be
realized by the presence of a two-compound system, consisting of an electron-donating
material with a large ionization potential and an electron-accepting material with a high
electron affinity.[?*l The ionization potential represents the energy necessary to remove an
electron from the highest occupied molecular orbital (HOMO) to the vacuum. The electron
affinity describes the ability of a material to accept an electron and is often approximated
as the lowest unoccupied molecular orbital (LUMO) energy level of the molecule relative
to vacuum. It is generally agreed that the first step of free charge generation involves an
electron transfer from the donor to the acceptor or vice versa a hole transfer from the acceptor
to the donor. As a first approximation, the energy offsets between HOMOs and LUMOs
of donor and acceptor can be identified as the driving force for hole and electron transfer,
respectively. Therefore, the precise control of the energy levels of donor and acceptor is of

paramount importance for the success of OPV donor:acceptor systems.
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Furthermore, the necessity for a charge transfer between donor and acceptor highlights the
critical role of the D/ A interface in organic solar cells. In OPV blends the diffusion length of
the photogenerated excitons is typically limited to 5-20 nm.? Thus, only excitons generated
in close proximity of a D/A interface have the chance to form a CT-state. Consequently,
the D/ A blend morphology in OSCs has to be carefully optimized to form small enough
domains enabling efficient exciton diffusion to the interface. At the same time, as it will be
discussed below, a morphology consisting of too small and disconnected donor or acceptor
domains can have adverse effects on the electron and hole transport properties of the film.
The large interfacial area and the (theoretical) possibility to fine-tune the morphology of the
blend unveil the main advantages of the BHJ device structure compared to a bilayer device

geometry.

As stated above, the formation of a CT-state is only the first step in the free charge generation
process. Generally, the CT-state can be described as an electron-hole pair, where the hole is
located on the donor and the electron is located on the acceptor. Therefore, the electron and
hole remain in close proximity and form a coulombically tightly bound exciton according to
Equation 1.45. It has been shown that the calculated binding energies of CT excitons are in the
same range as the binding energy for excitons in the pure organic materials proposing equally
limited dissociation efficiencies. These findings fundamentally contradict the experimentally
observed high dissociation efficiencies reported for various D/ A blends. This dilemma has
been a matter of controversial discussion and is still not yet fully understood. A possible
explanation is that the values derived from Equation 1.45 might severely overestimate the
binding energies. Especially the macroscopic treatment of a uniform relative dielectric
constant of the entire film might oversimplify the, assumably more complex, local dielectric
environment at the D/ A interface. Alternative explanation attempts involve the dissociation
via so-called hot CT states or the role of disorder in the CT dissociation process. For a detailed
overview of the CT dissociation theories (and the working principle of OSCs in general), the
interested reader is referred to Chapter 3 of the excellent book of W.Tress.[>!

Alternatively, to the electron-hole pair picture, the CT state can be viewed as the excited
state of the CT-complex, which is formed by the interaction of valence states (7r,7t* orbitals)
of adjacent donor and acceptor molecules. Accordingly, the CT state can be represented in
an excited state diagram shown in Figure 1.12. The formation of the CT complex can be
compared to the well-known formation of dimers or excimers of certain molecules. The
interaction of two identical molecules can lead to additional optical transitions which can
be experimentally observed in the absorption or fluorescence behavior. Thus, if allowed,
radiative transitions between the ground and CT state should be experimentally observable.
Indeed, highly sensitive absorption (e.g. highly sensitive EQEpy or photothermal deflection
spectroscopy measurements) or electroluminescence measurements have confirmed CT
absorption/emission features for numerous D/A blends. The discussed dissociation process
has to occur within the lifetime of the CT state. Otherwise, the CT state will decay into the
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Figure 1.12: Illustration of the CT state in the excited state diagram.

ground state before free charges can be generated. This loss process, related to the strength
of the CT exciton binding energy, is termed geminate recombination. Once the coulombic
attraction of the exciton has been overcome, electron and hole can be described as free charges,
which can be transported within the respective donor or acceptor domains driven by electric
fields and/or diffusion gradients. Due to the interpenetrating domain morphology in BHJ
solar cells, there is a chance that a free hole and a free electron cross paths before they can be
extracted at the contacts. An encounter of two free, oppositely charged carriers can result in a
re-formation of a bound CT exciton. If the exciton does not re-dissociate within its lifetime, the
electron and the hole will recombine (i.e. the CT-state will decay back into the ground state)
giving rise to an additional loss channel known as non-geminate recombination. Once the
separated free charges reach the electrodes they can be extracted. A key criterion for contacts
with a high charge extraction efficiency is to ensure a selective extraction of either electrons
or holes. If the “wrong” charge carrier reaches the contact it will immediately recombine

with charges in the contact material reducing the maximum extractable photocurrent.

To conclude, the energy conversion process in OPV from incident photons to extracted charge
carriers is a sophisticated multistep process. Each of the discussed steps is summarized in
the following:

 Absorption of photons (#,ps)
¢ Exciton diffusion to D/ A interface (7 4it)
e CT state formation (1cr)

¢ CT dissociation into free charge carriers (14iss)
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Figure 1.13: Schematic illustration of the working principle of organic solar cells.

As defined in the brackets and illustrated in Figure 1.13, each process can be assigned a
certain efficiency 1. Combining the efficiencies of all individual processes allows formulating
an overall incident photon to current efficiency (IPCE) commonly (and throughout this thesis)
referred to as photovoltaic external quantum efficiency (EQEpy).

EQEpy = Nabs 1diff CT Ydiss Mtrans Hextr (1.46)
EQEpy = 77aps IQEpy (1.47)

Thus, the EQEpy can be considered as the ratio of incident photons to extracted charge
carriers. As shown in Equation 1.47, the photovoltaic internal quantum efficiency (IQEpy) can
be defined by specifically considering the absorption efficiency 7,,s. Consequently, the IQEpy
represents the ratio of absorbed photons to extracted charge carriers. The EQEpy is typically
measured at short circuit conditions. Hence, it allows to (1) quantify the maximum amount of
charge carriers that can be extracted at Isc conditions and (2) estimate the number of charge
carriers that are lost in the conversion process. To maximize the PCE not only the number
of extracted e-h pairs (i.e. the current |) is relevant. The chemical potential difference per
extracted e-h pair (i.e. the voltage V) is equally important, as the electrical power is defined
as P =] x V.
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As rationalized in Section 1.4, the severe reduction of the chemical potential compared to
its maximum value in the SQ limit can be identified as the main factor limiting the power
conversion efficiency of OPV devices. The reason for the enhanced open-circuit voltage losses
in OSCs and strategies to significantly reduce them will be covered in the next section.

1.6 Optimization of OPV

1.6.1 Charge Transfer Loss

typical fullerne-based OSC typical NFA-based OSC
energy level alignment energy level alignment
LUMO, ALUMO~0.3¢V LUMOp, ALUMO>>03eV

<« acceptor gap—

HOMO,

Figure 1.14: Schematic sketch of the energetic offsets in typical fullerene and high-performance
non-fullerene acceptors.

As discussed in the previous section, the fundamental concept of organic heterojunction solar
cells relies on efficient exciton splitting at the D/A interface. An energetic offset between
the HOMOs or LUMOs of donor and acceptor were postulated as driving forces for an
efficient charge transfer and dissociation process. At the same time, the combination of D/A
molecules and the formation of a CT state reduces the effective bandgap of the D/A blend and
consequently the maximum quasi-Fermi level splitting as shown in Figure 1.14. This inverse
relationship leads to one of the main difficulties in optimizing OPV devices. On the one
hand, large energy offsets are beneficial for efficient charge transfer and high photocurrents.
On the other hand, they reduce the maximum quasi-Fermi level splitting of the device. A
minimum energetic offset in the range of 0.3 eV has been empirically derived as a prerequisite
for efficient dissociation of local excitons into free charges.l®*! Hence, an associated voltage
loss of ~0.3 eV was commonly believed to be a fundamental requirement for efficient OSCs.
Encouragingly, with the recent development of efficient small-bandgap NFAs, novel D/A
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combinations have demonstrated the ability to efficiently generate free charge carriers even
with small or negligible energetic offsets.[>>8] This new class of efficient donor:NFA systems
allows to overcome the driving force vs. voltage loss dilemma and promises a new generation
of organic solar cells with high EQEpy (efficient charge generation) and high Voc (low
energetic offset losses). This superior behavior triggers the critical question of how free charge
generation occurs in these systems. In general, the driving force for charge generation has
remained a disputed topic in the literature. Researchers have suggested the need for energetic
offsets, 92001 hot Charges[61'62], delocalization[®344 low reorganization energies[65], electric
fields, (7] energetic cascades and disorder, %% and entropy,["*7!] as possible driving forces
for charge generation. Recently, the concept of electrostatic potential (ESP) was introduced
to explain the phenomenon of efficient charge generation despite low energetic offsets.[”]
Wang et al. have proposed that intermolecular electrostatic fields, induced by different ESP
values of donor and acceptor molecules facilitate charge separation in NFA-based OPVs.[”!
Karuthedath et al. have shown that the strong quadrupole moment of NFA acceptors near the
interface can cause band bending as shown in Figure 1.14.74 This band bending destabilizes
the interfacial CT state and allows for “barrierless” CT dissociation. On the other hand,
the band bending reduces the energetic offset and thus lessens the driving force for CT
state formation. Considering both of these constraints, Karuthedath et al. found a critical
energy offset of 0.5eV as a requirement for high IQEpy values. It should be noted that this
requirement is contradicting the reports of highly successful D/A systems with close to zero
energetic offsets, most likely caused by the difficulties in reliably accessing the energy levels
of donor and acceptor molecules in the BHJ-blend.

interfacial band
A bending

'LUMO,
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1=%UM reduced ﬁ' 5
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(@)] /! i !
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Figure 1.15: Graphical illustration of the interfacial band bending effect caused by strong local
electrostatic potentials as proposed by Karuthedath et al. [74]. This Figure has been

redrawn from Reference [74].
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1.6.2 Non-radiative Voltage Loss

Reducing the charge transfer driving force does not necessarily lead to a small voltage loss as
it is not the only voltage loss mechanism in OSCs. From Equation 1.31 it is obvious that any
additional mechanism reducing the number of photogenerated electrons and holes (np) in the
device will ultimately lead to a decreased quasi-Fermi level splitting. Hence, any additional
recombination processes besides the inevitable radiative recombination, postulated by the
detailed balance theory, can significantly alter the observed Voc. In fact, the deactivation via
non-radiative pathways i.e. multi-phonon processes in OSCs is typically far more likely than
radiative recombination and accounts for the largest part of the experimentally observed
voltage loss. The voltage loss due to non-radiative recombination is therefore strongly
connected to the ratio of radiative and non-radiative recombination events. According to
Raul”l, the non-radiative voltage loss is directly proportional to the logarithm of the external

radiative efficiency (ERE) of a solar cell as shown in Equation 1.48.
AVZ—Tad o In(ERE) (1.48)

The ERE is defined as the fraction of the total dark current recombination in the device that
results in radiative emission from the device. An in-depth derivation of this relationship will
be presented in Section 2.2.2. The origin of the enhanced non-radiative recombination, or syn-
onymous, the low radiative efficiency in OSCs has been subject to controversial discussions.
Based on a two-state model, exclusively involving transitions between the electronic charge
transfer (CT) and ground state (GS), Benduhn et al. reported a direct correlation between
the height of the CT state energy and the observed non-radiative voltage losses for various
donor:fullerene cells.” The reported decrease of non-radiative voltage losses with increasing
CT state energy is commonly referred to as the energy-gap law and can be explained by a

decrease in vibrational wavefunction overlap between CT and GS state.

Encouragingly, several highly efficient NFA-based solar cells with strong NIR absorption
and low CT state energies have recently been reported, with relatively low AVS" ™4 Josses
of around 0.2 V. The strong deviation from the energy gap law highlights the need for an
improved model to describe the non-radiative recombination in OPV devices. Chen et al. have
reported a unified description of non-radiative voltage losses in OSCs based on a three-state
model, which specifically incorporates the interaction (hybridization) between LE and CT
states.””] In addition, their model accounts for the thermal population of LE and CT states and
can be used to determine the radiative and non-radiative recombination rates of OPV devices.
With the extended three-state model they are able to explain the energy-gap law dependence
found in fullerene-based blends, as well as the deviation from the energy-gap law in state-of-
the-art NFA-based blends. The three-state model highlights the importance of the AEig.cT
offset and the electronic coupling between LE and CT state (tLg.ct). Moreover, they show
that for low AEp g ct offset systems the ERE approaches the ERE of the pristine low bandgap
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component, which is ultimately determining the minimum non-radiative voltage loss for
any D/A blend. This result suggests focusing the synthetic efforts in the design of novel,
highly emissive NFAs with a low energy offset AE; g.ct and strong electronic coupling t g-cT.
Promisingly, organic materials in principle have the potential for high radiative efficiencies,

as frequently displayed in fluorescence dyes or OLED applications.

The increased PCE with increased radiative efficiency of NFA-based solar cells compared to
their fullerene-based counterparts is in good agreement with Equation 1.48, which highlights
the fact that research efforts have to be focused on improving the radiative efficiency of solar
cell devices to reduce non-radiative voltage losses. This leads to the famous requirement
that a good solar cell with low voltage loss has to be a good light-emitting diode (LED).
In fact, the ERE can be identified as a critical parameter in the optimization of any PV
technology. Indeed, focusing on improving the ERE has turned out to be a successful strategy
in improving the power conversion efficiencies of other PV technologies. Figure 1.16 depicts
the chronological increase in PCE of GaAs and perovskite solar cells with respect to their
ERE. Despite, being fundamentally different technologies and being developed in different
time spans the increase in device performance with an increase in radiative efficiency follows
the same trend. In addition, Figure 1.16 includes two organic solar cells, which will be
further analyzed in Chapter 3. D18:PC7;BM and D18:Y6 were chosen as representatives of
state-of-the-art fullerene- and non-fullerene-based organic solar cells. The ERE of D18:Y6 is
considerably improved compared to its fullerene-based counterpart, but it is still more than a
factor of 100 lower compared to the best perovskite and GaAs devices.

Finding a way to increase the ERE of organic solar cells will be of paramount importance to
maximize their efficiencies and close the performance gap to their inorganic counterparts.
As depicted, the development of non-fullerene acceptors was a step in the right direction.
However, gaining a better understanding of the radiative and non-radiative recombination
processes in NFAs, leading to the development of novel D/ A systems with high radiative

efficiencies will be critical to maintain the recent success.
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Figure 1.16: Fundamental relationship between the ERE and the maximum PCE of GaAs and per-
ovskite solar cells. The data has been taken from Reference [78] and [79] In addition,
the ERE values of the in Chapter 3 discussed organic solar cells based on D18:Y6 and
D18:PC71BM are presented.

1.7 Device Structure

Typical solution-processed OSCs are formed by a stack of several layers as depicted in Figure
1.17. A hole transport (HTL) and electron transport (ETL) are commonly used to sandwich the
absorber layer and to realize a so-called p-i-n (“conventional”) or n-i-p (“inverted”) device
structure. Various reports have shown a beneficial effect on the device performance upon the
educated choice of HTL and ETL materials.8%821 A semi-transparent bottom electrode and a

metal top electrode are typically used to collect the photo-generated charge carriers.

As discussed in Section 1.2.2, the requirement of selective contacts to extract the photogen-
erated electrons and holes at different sides of the semiconductor is a key criterion for an
efficient solar cell design. Thus, the insertion of hole and electron transport interlayers be-
tween the absorber layer and the electrodes is of utmost importance for the charge collection
efficiency and can significantly improve the overall device performance. Ideally, the electrode
materials form an ohmic contact with the organic semiconductors and allow a selective,
barrier-less extraction of the photogenerated, free charge carriers. To realize selectivity, the
interlayers should efficiently transport the majority charge carriers (e” for ETL; h* for HTL)
and prevent the minority charge carriers (h* for ETL; e” for HTL) from reaching the electrode

interface. Moreover, the ETL and HTL materials are used to modify the metal or ITO work
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Figure 1.17: Device structure of a typical OSCs.

function. Alignment of the electrode work function with the respective HOMO level of
the donor or LUMO level of the acceptor is crucial to form an ohmic contact between the
electrode and the organic semiconductor. An ohmic contact is necessary to avoid charge

extraction/injection barriers, which can significantly alter the device performance.

As discussed in detail in Section 1.5, the D/A interface plays a critical role in the charge
generation process in OSCs. Consequently, the nanomorphology of D/A domains in the
blend film has a strong influence on the device performance. In typical solution-processed
BHJ OSCs, the donor and acceptor molecules are mixed and dissolved in a common solvent
and deposited in a single processing step. The nanomorphology is affected by various factors
such as D/A crystallinity, solubility, miscibility, as well as the choice of solvent, solvent
additive, substrate, processing temperature, post-annealing, or deposition technique. In the
optimization process of a newly developed OPV blend, all these parameters have to be tuned
to achieve an intimate mixing of D/A domains (i.e. ensuring domain sizes smaller than the
exciton diffusion length), while keeping them large enough to ensure an efficient charge

transport in the pristine donor or acceptor domains to the respective contacts.

The used materials and the fabrication process of the organic solar cells presented in this
thesis will be discussed in Section 2.3. In addition, chapter-specific experimental details are
provided in the experimental notes of Chapters 3 - 6.
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Experimental Section

2.1 Characterization Techniques

2.1.1 Electrochemistry
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Figure 2.1: Left: Schematic sketch of the experimental setup and the electrochemical cell. Right:
Ilustration of the applied bias during CV and EVS measurements.

Electrochemical voltage spectroscopy (EVS) and cyclic voltammetry (CV) measurements were
performed to estimate the HOMO and LUMO energy levels of the investigated organic mate-
rials. Both measurements were performed using the same experimental setup. As depicted
in Figure 2.1, an electrochemical cell with three electrodes was used in combination with a
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Jaissle Potentiostat-Galvanostat IMP 88 PC-100. An Ag/AgCl wire served as a quasi-reference
electrode (RE) and two Pt-plates served as working (WE) and counter electrodes (CE). The
investigated organic materials were deposited onto the working electrode via drop-casting
from chloroform solution under an N; atmosphere. All measurements were performed in a
nitrogen-filled glovebox using 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF;) in

acetonitrile (MeCN) as the electrolyte solution.

During CV measurements the potentiostat controls the potential difference between WE
and RE and measures the current flow between WE and CE. As shown in Figure 2.1, the
applied potential is linearly swept from zero to the minimum set point, from the minimum
to the maximum setpoint and back to zero (or vice versa). At each potential step, the current
between WE and CE is recorded. For all the CV measurements in this thesis, the scan speed
was set to 50mVs.

In contrast to the linear potential sweep in CV, EVS measurements are characterized by a
stepwise increase or decrease of the applied potential as shown in Figure 2.1. The system
is kept at a constant potential for a certain time, long enough to reach quasi-equilibrium
conditions. For all the EVS measurements in this thesis, the voltage was stepwise varied
by 10mV and the potential was kept constant for tmeas=20s. The current at each potential
step is measured every tenth of a second (At = 0.1s, N=200 measurements per voltage step).
The amount of charge (AQ) passing through the system at each voltage step is obtained by
integrating the current I(t) following Equation 2.1.

Fmeas N=200
AQ :/O I(Hdt= Y L(HAt 2.1)
i=1

In the absence of an electrochemical reaction, no net current is observed, leading to a constant
baseline of AQ. The oxidation and reduction onsets of the materials are usually determined
where AQ starts to deviate from the baseline. In general, the observed currents in EVS
are much lower compared to CV measurements and allow evaluating the reduction or
oxidation onsets with higher sensitivity. Moreover, typical dynamic influences of standard
CV measurements (e.g. scan speed) are reduced due to the slow, incremental variation of the
applied potential. Therefore, in this thesis primarily the EVS measurements were used to
determine the energy levels of the investigated materials. However, for the sake of reliability,
every OPV material was characterized using both measurement techniques following the
presented.

Measurement procedure

¢ Step I: Clean electrodes (Ag/AgCl: rinse with acetone + blow with Ny, Pt: flame-
annealing)
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Step II: Drop cast organic thin film on WE under N, atmosphere

Step III: Assemble EC cell and add MeCN+TBAPFg electrolyte

Step IV: Measure EVS in the reductive regime (negative applied bias)

Step V: Measure CV (start towards negative applied bias)

Step VI: Add ferrocene and measure CV (-500mV to 1000mV vs. Ag/AgCl 2x)

Step VII: Repeat Steps I-VI for the oxidative regime

Sample vs. NHE = 7?7

: Fc/Fc™ vs, NHE = 400mV 3 Sample vs. Fc/Fc"
vacuum ' L v (mV)
| )] | | | |
NHE Ag/AgCl Fc/Fct Sample
—] B (literature) - (oxidation onset)
NHE vs. vacuum

: : Fc/Fc* vs. Ag/AgCl
p s B (measured) : S
. i B (calculated) Sample vs. Ag/AgCl

Sample vs. NHE (mV) = (Sample — Fc/Fc™),. ag/ager +400mV
HOMO/LUMO (eV) = —(4750 + Sample vs. NHE (mV)) /1000

Figure 2.2: Exemplary calculation of the HOMO energy levels from the electrochemical oxidation
onset of the sample. The measured potentials of the sample and the Fc/Fc* redox couple
vs. Ag/AgCl reference electrode (depicted in blue) can be used to calculate the sample
potential vs. Fc/Fct . The HOMO level can then be calculated using the literature values
for Fc/Fc* vs. NHE (400 mV) and NHE vs. vacuum (4750 mV).

As stated in the measurement procedure, the reduction and oxidation behavior of the organic
materials were investigated subsequently and on freshly prepared WEs to avoid hysteresis
effects caused by incomplete re-reduction or re-oxidation. Similarly, only the CV data where
the material is reduced or oxidized for the first time is used to determine the energy levels.
As emphasized in Step V, the CV potential is initially swept towards negative values to
determine the LUMO level from the first reduction peak. Vice versa, the HOMO level is
always determined from CV measurements where the potential is initially swept towards
positive values. As stated in Step VI of the measurement procedure, every measurement
was externally calibrated by dissolving ferrocene in the electrolyte solution and measuring
the half-wave potential of the ferrocene/ferrocenium (Fc/Fc*) redox couple. The measured
Fc/Fc* half-wave potential was used to plot the measured data (sample vs. Ag/AgCl) in
reference to the normal hydrogen electrode (NHE). An oxidation potential for Fc/Fc* vs.
NHE of 400 mV was used and the Fermi level of NHE vs. vacuum was taken as -4.75 eV.183/84]
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The performed conversion of the measured potentials into potentials vs. NHE and the

subsequent determination of the energy levels are summarized in Figure 2.2.

Evaluation procedure

In order to derive the HOMO and LUMO energy levels of the investigated materials, an exact
determination of the oxidation and reduction onsets from electrochemical measurements is
required. Contradicting reports for HOMO and LUMO levels of organic materials suggest that
commonly used electrochemical techniques suffer from large measurement and evaluation
errors.1858 Depending on the used method, HOMO and LUMO levels may vary significantly,
often leading to deviations in the magnitude of several tenths of eV. The difficulty in defining
the reduction and oxidation onsets is considered the main source for the evaluation error
in electrochemical measurements. For CV analysis a so-called tangent evaluation method
is commonly used, where a tangent is fitted to the slope of the CV peak and the baseline,
respectively. The intersection point is considered as the onset of the electrochemical reaction.
Another possibility often used to evaluate EVS data, is to define the first deviation from
the baseline as the reduction/oxidation onset. Throughout this thesis, the oxidation and
reduction onsets of the organic materials were determined using both evaluation methods.
The baseline deviation is considered as a lower limit and the crossing point of the two
tangents is considered as an upper limit of the evaluation error which is still justified by the
measured data.

Figure 2.3a shows the exemplary evaluation of a typical EVS measurement (D18). The results
of the two evaluation techniques are highlighted by the orange triangle (1% deviation method)
and diamond symbols (tangent method). In addition, the construction of a typical energy
level box plot from the determined reaction onsets is illustrated, where the “18t deviation
method” values were used to plot the box diagram and the “tangent evaluation” values
are represented by the whiskers. As a general trend, it was observed that regardless of
the measurement technique or evaluation method the HOMO level of donor and acceptor
materials can be determined with good accuracy. The determination of the LUMO levels
on the other hand shows a strong variation between the measurement techniques and the
evaluation methods. Especially the LUMO of the donor polymers were hard to identify,
which is further discussed in Note S5.2. Due to reliable measurements of the HOMO energy
levels and the optical bandgap (Eopt) throughout this thesis, the LUMO levels were estimated
by adding Ept to the HOMO level evaluated from EVS via the "first deviation method" as
illustrated in Figure 2.3b and Equation 2.2.

LUMOopt = HOMOEVS,lstdeV. + Eopt (22)
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Figure 2.3: Exemplary evaluation of a typical EVS measurement. a) EVS (dark blue) and CV (light
blue) measurements of D18. The orange triangles and diamonds represent the determined
reaction onset from the 1% deviation and tangent method, respectively. As illustrated the
determined onsets are used to calculate the typical boxplots for HOMO and LUMO levels.
b) Comparison of the energy levels determined from EVS and CV measurements. The
LUMO,pt level is highlighted in yellow.

2.1.2 Optical Spectroscopy
UV-vis-NIR Absorbance & Transmission

A Lambda 1050 double-beam UV-vis-NIR spectrometer from PerkinElmer was used to
determine the optical transmission T and absorbance A of the organic thin films on glass.
The setup is schematically depicted in Figure 2.4. A combination of a tungsten-halogen
and a deuterium lamp is used to cover a broad range of excitation wavelengths. Two
holographic grating monochromators are used to precisely control the excitation wavelength.
The common beam is split up in a sample and reference beam to correct for e.g. substrate
absorption. The spectrometer is furthermore equipped with a photomultiplier tube (UV-Vis
regime <850nm), an InGaAs, and a PbS detector (NIR and IR, respectively). The optical
absorbance (A) was calculated using the negative decadic logarithm of the transmission:

A = —log,o(T) (2.3)

A specular reflectance module as shown in Figure 2.4 was used to measure the reflectance R
under an incidence angle of 6°. The measurements were performed relative to an aluminum
mirror which, in a first approximation, acts as an ideal reference with a reflectance value of

R =1. A Si wafer with known reflectance was used to calibrate the setup to account for the
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non-ideal reflectance behavior of the Al mirror. Typically, the corrected reflectance values
were used to calculate the absorption coefficient using

a= %ln <$) , (2.4)

where d is the film thickness measured with a DekTakXT stylus profilometer (Bruker).
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Figure 2.4: Sketch of the UV-vis-NIR spectrometer and the accessories to measure solutions, thin
films and the reflectance of thin film.
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Excitation & Emission spectra

Excitation and emission spectra of donor and acceptor thin films were measured with a
PTI QuantaMaster 40 fluorescence spectrometer. As shown in Figure 2.5, a xenon arc lamp
is used as an excitation light source. Two Czerny-Turner monochromators are used to
ensure monochromatic excitation of the sample. Furthermore, the use of an additive dou-
ble monochromator setup significantly enhances the stray light rejection. Similarly, two
monochromators in combination with a photomultiplier tube are used to analyze the emis-
sion signal. As depicted, a beam splitter is used to direct a small part of the excitation light
onto the calibrated reference diode detector. The reference photodiode allows to correct the
excitation light for the spectral emission shape and any temporal fluctuations of the xenon
arc lamp. The detected emission signal has to be corrected for the spectral response of optics,
gratings, and the detector. Thus, the measured signal was corrected using a factory calibration
file based on measurements with a known light source (e.g. NIST-traceable standard).

xenon arc lamp

Czerny-Turner
monochromator

| R

exclication

//iu g
reference =) | |
diode ® o = -
/

detection

Figure 2.5: Sketch of the PTI QuantaMaster 40 fluorescence spectrometer used to record excitation
and emission scans.

42 /174



JXU

Chapter 2 2.1. CHARACTERIZATION TECHNIQUES UNIVERSITY LINZ

Photo- & Electroluminescence

Andor iDus Si-CCD

(420-0E)
mirror
&
T Andor Shamrock Andor InGaAs
SR-303i detector array
ete i LP- | monochromator (DU4Z0A)
:PL thin film i filter
: \
: = > : A
1
]
I
; ixyz-stagc : parabolic
: ! mirror
1
N i e i e
LASER & EL & Bias PL a Solarce-ll

488nm LY 150mW ' 1asa8ss e a,

I
I
1
s !
Coherent OBIS : :
I
I
1
I
' Xyz-stage

Keithley 2401
Source Meter Unit

Figure 2.6: Sketch of the experimental setup used to record EL, PL and bias-PL spectra.

The setup depicted in Figure 2.6 was used to measure: (1) (bias dependent) PL and EL
spectra of organic solar cells and (2) PL spectra of organic thin films on glass. The setup
is built within a light-tight box to reduce stray light. The samples were mounted onto an
XYZ-translation stage, which allows positioning the active area of the solar cell in the center
of the first parabolic mirror. In combination with a second parabolic mirror, the emission of
the solar cell or thin-film is focused onto the entrance slit of the Andor Shamrock SR-303i
monochromator. The monochromator is equipped with two Peltier-cooled detectors: (1)
Andor iDus Si CCD (420-OE) and (2) Andor InGaAs detector array (DU420A). In order to
minimize the dark counts, the two detectors were operated at a temperature of -60°C. A
long-pass filter in front of the entrance slit of the monochromator was used to block excitation
stray light from the laser and emission contributions from second-order diffraction. As
indicated by the dashed boxes in Figure 2.6, a Coherent OBIS 488 nm LX 150mW laser was
used as an excitation source during PL experiments, while a Keithley 2401 SMU was used
to bias the OSC during EL and bias-dependent PL measurements. A calibrated tungsten
halogen source (Ocean Optics HL-2000) was used to determine the overall spectral response
of the monochromator/detector system.
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Figure 2.7: Experimental arrangement to measure the ELQY of organic solar cells.

Measurements to estimate the ELQY were performed using a calibrated, large area Si photo-
diode (Hamamatsu S2281). The organic solar cell (0.173 cm?) was positioned in the center and
directly in front of the large area Si photodiode (1.cm?) as depicted in Figure 2.7. A Keithley
2401 SMU was used to operate the solar cell as a LED, while another Keithley 2401 SMU
was used to measure the photocurrent of the Si photodiode (IS;). Using I}f}l and the spectral
responsivity of the calibrated Si photodiode (RS [AW']) allows determining the incident
light power (Py) on the Si device following Equation 2.5.

18t
Py[W] = &

= X5 (2.5)

When operated in a dark environment, the only significant contribution to IFS,L stems from
the photons, emitted from the OSC during EL. Moreover, it is assumed that all the light
emitted from the solar cell is collected by the large area Si diode. Under these assumptions,
integration of the spectral photon flux of the solar cell (®sc(A) [#photons s! nm]) times the
energy per photon (Ej, = hc/A) allows calculating Py as depicted Equation 2.6
hc

RW] = [ Fsc(A)dr (2.6)
where £ is the Planck constant, c is the speed of light, and A is the wavelength. From standard
EL measurements (see Section 2.1.2) the spectral shape of the EL emission from OSCs is

known in counts per nm. The relative spectral photon flux (®!(1)) [a.u. nm™']) can be
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derived by normalizing the measured EL spectrum. As shown in Equation 2.7, the absolute
spectral photon flux ®sc(A) can be expressed as P (1)) times a scaling factor &:

D (A) = PE(A) x & (2.7)

Combining Equations 2.6 and 2.7 leads to Equation 2.8:

Po[W] = & / };\chgg()\) A 2.8)

It should be noted that the scaling factor ¢ is independent of the wavelength and can be
placed in front of the integral. Inserting Equation 2.5 in Equation 2.8 leads to Equation 2.9,
which can be used to determine the appropriate scaling factor ¢, necessary to match the total
absorbed light power Py at the Si photodiode.

ISL he -1
&= RLS X ( xcpgegm) d)L) (2.9)

This allows the determination of the spectral photon flux ®sc(A) from the measured Si
photocurrent and the normalized EL spectrum of the OSC. The total number of emitted
photons/s can be easily obtained by the integration of ®sc(A) over all wavelengths, while
the number of injected electrons/s is given by dividing the measured injection current (Iin; by
the elementary charge g. Thus, the ELQY can be calculated using Equation 2.10

J ®sc(A)dA [#photons/s]

ELQY = = 2.1
Q % Iing [#electrons/s] (210)

ELQY Corrections:

The described procedure only considers photons that can escape the device and are detected
at the Si photodiode. The layered device geometry of OSCs consisting of a stack of materials
with different refractive indices prevents a significant part of the emitted photons to exit the
device due to internal total reflection and light-guiding effects. If the light is emitted from
a point-like source in the organic absorber layer, only a fraction of the emitted light with
an incidence angle below the critical angle of total reflection can escape the device (escape
cone). The critical angle (¢.) can be determined from Snell’s law at an interface between
two media with refractive index n1 and 1, (¢. = sin"!(n2/n1)). Throughout this thesis, the
ELQY was corrected for the main outcoupling loss, which is caused by total reflection at the
glass-air interface where the change of the refractive index is well defined. Here, the total
reflection at the ITO, ETL, or organic absorber layers is not included in the corrections. A
graphical illustration on how to calculate the infinitesimal surface area of the escape cone
(dA) is shown in Figure 2.8a. Integration of dA allows calculating the callote-shaped surface

area (shaded in green) as presented in Equation 2.11. The ratio of the callote-shaped surface
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area to the surface area of a hemisphere (2717%) allows estimating the fraction of the light

which can escape the solar cell as shown in Equation 2.12.

21 Pc
A :/ d9/ 1 sin(@) de
0 0

A =271 (1 — cos(¢.)) (2.11)

Pescape = Psource X [1 — Cos <sin_1 <ZZ>> ] (2.12)
1

Calculating the escape cone based on the refractive indices of air (n; = 1.00) and glass (1, =
1.51) and assuming a fully reflective back surface (metal electrode) leads to a correction factor
of 4.0058. Thus, all the presented ELQY measurements were obtained by multiplying the
experimentally derived ELQY values by a factor of 4.

d8  |dA = rsin(g)rde do '
Lq L 14 : o
: 'E g Si-diode
0.8-
]
_ [
3 |
3 08 :
3 |
w p4 |
- ~10%
! A = 2nr? 0.2 A
Psuurt‘&' :
i 0 L
i mirror 800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)

Figure 2.8: Left: Sketch of the escape cone calculation. Right: Exemplary emission spectrum with a
significant contribution beyond 1100 nm.

A second correction was applied to all the devices with significant NIR emission beyond
1100 nm. As depicted in Figure 2.8, roughly 10 % of the EL of Y6-based devices extends be-
yond 1100 nm. In the spectral region below the Si bandgap, the radiation does not contribute
to the measured photocurrent. Thus, the bandgap of silicon was set as an upper boundary

for the integration in Equation 2.9.

Photoluminescence Quantum Yield

The absolute photoluminescence quantum yield was measured using a Hamamatsu C9920-03
Absolute PLQY Spectrometer equipped with an integrating sphere. A sketch of the setup is
presented in Figure 2.9. The excitation wavelength is selected from the output of a xenon
lamp (C9920) by a monochromator (A10080-01). The excitation light is coupled into the
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Xenon
light source

monochromator

integrating sphere

Figure 2.9: Sketch of the integrating sphere setup used for measuring the PLQY of organic materials.

integrating sphere via a light guide (A10079-01). The emission is coupled into a photonic
multichannel analyzer (PMA-12) via a fiber probe. The PLQYs of the organic thin films were
determined from a two-measurement procedure (2MM method) as described in Reference
[87]. First, a reference measurement with an empty integrating sphere is performed. In the
empty sphere measurement, the detected signal is exclusively caused by scattered excitation
light. As a next step, the sample of interest is placed in the integrating sphere and the
measurement is repeated with the same parameters. If the sample is inserted into the sphere,
the detected excitation peak is reduced due to absorption of the sample. Moreover, if the
sample is fluorescent, additional peaks corresponding to the emission spectrum of the sample

are visible in the second measurement as shown schematically in Figure 2.9 (orange curve).
Calculation of the PLQY:

The measured spectra are multiplied by the current wavelength value at each wavelength step
to obtain a quantity proportional to the photon flux. Integration of the modified spectra allows
to quantify the relative number of photons in the excitation peak S and photoluminescence
peak P. In the following, subscript 1 is used for the empty sphere measurement and subscript
2 represents the measurement with the sample mounted inside of the sphere.

The empty sphere measurement acts as a baseline and the determined peak area S; is used to
quantify the number of detected photons if no sample is present inside of the sphere. In the
second measurement (with the sample), an incoming photon has only a limited amount of
possible pathways once it enters the integrating sphere, as schematically depicted in Figure
2.10b. The variable f describes the probability that the incident photon directly hits the

sample. The variable A can be interpreted as the absorptance (probability of absorption) of
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the sample and y represents the probability that the photon is absorbed after one or more
scattering events in the sphere (not directly). Considering all the possible photon pathways
depicted in Figure 2.10b allows formulating the following set of equations:®”]

S1=5 (2.13)
S=[fa-A0-m+a-H-wls (214
P =0 (2.15)

= [fAJr(l—f)VJrf(l—A)V]ﬂPLSl (2.16)

S is obtained by integrating the excitation light peak in the empty sphere measurement and
P; is assumed to be zero (no PL emission if the sphere is empty). The three terms in the
square brackets of Equation 2.16 represent all the cases where a photon is absorbed (Figure
2.10b orange boxes). For every absorbed photon (independent of the path) the sample emits
a photon with an efficiency #p;, corresponding to its PLQY. Similarly, Equation 2.14 sums up
all the pathways where the excitation light is not absorbed and can reach the detector (Figure
2.9b green boxes).

1 directly hit L o
| Iuarl'||1]t_ ) e re
! (1-A nct
h hed
S 1 atei not absorbed before
m reaching the detector
photons
(1) R

I(a.u.)

do not hit
the samp!e

)\ (n m) read'lirlg the detector

Figure 2.10: Graphical illustration how to derive the individual terms of Equations 2.14 and 2.16.

According to Reference [87] an additional measurement with the sample inside of the sphere
but with no direct excitation of the sample is necessary to determine the absolute PLQY from
Equations 2.13-2.16 (3MM method). Alternatively, it is possible to determine the PLQY from
only two measurements (as discussed above), if the term f(1 — A)(1 — p) in Equation 2.14 is
reduced to f(1 — A) and the term f(1 — A)yu in Equation 2.16 is neglected. This approximation
assumes that photons which directly hit the sample are either absorbed or not absorbed and
neglects the possibility of absorption at a later stage after one or multiple scattering events
(see bracket with label 3MM in Figure 2.10b). Faulkner et al. demonstrated that despite the
theoretical and practical difference between the two methods, the derived values tend to
be in excellent agreement.[®”] Thus, in this thesis the 2MM method was exclusively used to
determine the PLQYs.
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The PLQY for the 2MM method can be calculated by reformulating Equation 2.16 and
neglecting the f(1 — A)u term:

1oL = [ b 2.17)

fA+(1=f)n]s

The denominator in Equation 2.17 represents all the absorbed photons and is thus identical
to the term S; — S, (# of initial excitation photons — # of detected excitation photons = # of
absorbed photons). This allows the calculation of the PLQY using the measured peak areas
51, S2, and P, according to:

(2.18)

Time Correlated Single Photon Counting

A

@ bS.mEn <t = b3,max

Figure 2.11: TCSPC measurement principle.

The PL decay behavior following an excitation event can be studied to gain information about
excited state properties of the sample (e.g. quenching, electron/hole transfer, energy transfer,
...)- An established tool to study the average exciton lifetime is the highly sensitive technique
called time-correlated single-photon counting (TCSPC). During TCSPC measurements the
time delays of single emission events with respect to an excitation pulse are monitored. As
shown in Figure 2.11, the emission of an excitation laser pulse starts the time measurement
and as soon as a photon is recorded by the detector, the time measurement is stopped. The
measured time difference between the start and stop signal corresponds to the lifetime of this
single emission event t;. Reiteration of this process allows storing the measured lifetimes
in a histogram with the delay time as x-axis as shown in Figure 2.11. In principle, a laser
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pulse repetition rate in the MHz regime repeats the measurement more than a million times
per second. The high number of individual lifetime measurements justifies the statistical
determination of the PL decay behavior. Typically, the TCSPC data is presented in PL decay
curves, which correspond to the envelope function of the recorded histogram. Throughout
this thesis, the delay time, where the intensity of the decay curve is reduced to 1/¢ of its
initial value, was used to estimate the PL lifetime.
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Figure 2.12: Sketch of the TCSPC experimental setup.

The TCSPC setup is depicted in Figure 2.12. As shown, the sample is mounted inside a
closed-cycle helium cryostat (Oxford OptistatDry). A supercontinuum laser (NKT Photonics
SuperK FIANIUM FIU-15) equipped with a pulse picker and a wavelength selection unit
(Photonetc LLTF CONTRAST VIS) was used to excite the sample. The pulse duration of the
supercontinuum laser is ~5 ps and the measurements were typically performed with a pulse
repetition rate of 4.88 MHz. The setup for time-correlated single-photon counting detection is
built inside a box to reduce stray light and consists of a DeltaNu DNS-300 monochromator, a
Becker&Hickl, SPC 150, PMC-100-1 cooled photomultiplier.

As presented in Figure 2.12, an additional PL setup allows measuring steady-state PL spectra
without repositioning of the sample. A Coherent OBIS 405nm laser was used to excite the
sample from the backside window of the cryostat. A combination of collimators, lenses, and
an optical fiber was used to guide the emitted light to the input slit of a Andor Shamrock
monochromator equipped with an Andor iStar iCCD detector. Furthermore, the closed-cycle
helium cryostat allows controlling the temperature during steady-state or time-dependent

PL measurements in a temperature range of 4K - RT.
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2.1.3 Photovoltaic Characterization
Current-Voltage Response

Current density voltage (J-V) measurements of the solar cell devices were performed using
a LOT-QD solar simulator (LS0821) and a Keithley 2401 SMU. The setup is schematically
shown in Figure 2.13. The light intensity was calibrated using a reference Si diode and set to
100 mW ecm? (AM1.5G). The | -V-response of the solar cell under AM1.5G illumination and in

the dark was recorded using a custom-built LabVIEW software.

glove box

. |
shutter Keithley 2401

LOT'QD Source Meter Unit
solar simulator

Figure 2.13: Schematic sketch of the -V measurement setup.

Photovoltaic External Quantum Efficiency

The photovoltaic external quantum efficiencies (EQEpy) of the organic solar cells were mea-
sured with two custom-built experimental setups. Depending on the wavelength regime of
interest the appropriate setup was chosen. The first setup is optimized for EQEpy measure-
ments at wavelengths <1000 nm (EQEs1) while the second setup allows for highly-sensitive
EQEpy measurements up to wavelengths of 1800 nm (EQEs2). As shown in Figure 2.14,
the first EQEpy setup consists of a xenon lamp, a monochromator (Oriel Cornerstone), a
Jaissle 1002 potentiostat, and a lock-in amplifier (SR830, Stanford Research Systems). The
light from the xenon lamp was modulated by a mechanical chopper and coupled into the
monochromator. A mechanical filter wheel equipped with long pass (LP) filters was used to
avoid higher-order contributions and guarantees monochromatic illumination of the device.
The potentiostat was used in a two-electrode configuration and acts as a current to voltage
converter with variable gain ranging from 10 to 10® VAl. The combination of phase-sensitive
lock-in detection (chopping frequency = 173 Hz) and variable preamplification enables highly
sensitive EQEpy measurements over several orders of magnitude. A calibrated silicon diode

(Hamamatsu 52281) was used as a reference to correct for the xenon lamp spectrum.
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Figure 2.14: Graphical illustration of the two different EQEpy setups.

To extend the measurement range up to 1800 nm, a similar setup (see Figure 2.14) but
equipped with a different light source was used (Tungsten-Halogen light source TS-428S,
Princeton Instruments). In this setup, a SpectraPro-300i monochromator from ARC was
used. Furthermore, a DLPCA-200 Variable Gain Low Noise Current Amplifier from Femto
was used as a preamplifier instead of the potentiostat. The rest of the setup is similar to the
previously described EQE setup (EQEs1), featuring an optical chopper (chopping frequency
= 137 Hz), a mechanical filter wheel, and an SR830 lock-in amplifier. In addition to the
calibrated silicon diode (Hamamatsu S2281), a calibrated InGaAs diode (Hamamatsu (G12180)

was used as a reference in the spectral region above 1100 nm.
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It should be noted that despite its name, the EQEpy setup does not measure the EQEpy
directly. Instead, the spectral photocurrent (Isc(A)) of the OSCs is measured, which allows
a straightforward calculation of the EQEpy. At each wavelength step (monochromatic
illumination), the photocurrent of the solar cell is given by

ISC(/\) = qEQEPV()‘)CDIamp(/\) (2.19)

Thus, if the photon flux per wavelength from the light source ®j,mp(A) is known, the spectral
EQEpy(A) of the solar cell can be calculated by rearranging Equation 2.19. @y () can be
derived from a reference measurement with a calibrated photodiode where the EQEpy(A) is
known.

I8 (M) = gEQERY (A) Plamp (1) (2.20)
This allows calculating the EQEpy at a specific wavelength according to

EQEpY (1)

EQEpy(A) = Isc(A) IR (1) (2.21)
sC

where Isc(A) and IXf()) are the spectral photocurrent measurements of the OSC and refer-
ence photodiode, respectively. EQEIE%f(/\) is the known EQEpy spectrum of the calibrated

reference photodiode.

Measurement procedure:

Step I: Wait until the light source has reached a constant output (~15-30 min)

Step II: Measurement of Si reference diode

Step III: Measurement of OSC

Step IV: Measurement of OSC below the bandgap

— Set excitation wavelength far below the bandgap
— Increase the preamplification (x10?)

— Continuously increase wavelength until the signal is close to overload (= starting
wavelength)

- Add additional LP filter below starting wavelength to reduce stray light

¢ Step V: Measurement of Si reference diode
* Step VI: Measurement of Si reference diode + LP filter with standard preamplification

¢ Step VII: Use the measured data to calculate EQEs
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The standard EQEpy and the EQEpy spectrum with higher preamplification are then joined
to form a combined EQEpy spectrum with an increased sensitivity range, as shown in Figure
2.15a. For materials with strong NIR absorption, where the sub-bandgap behavior extends
beyond 1000 nm, additional measurements with the EQEs2 setup were performed. The
measurement procedure was similar as previously described. However, the EQEs2 setup
typically allowed a higher preamplification. Therefore, StepIV was repeated with an increased
preamplification by a factor of 103. Overall, a total of 4 EQE spectra were combined to achieve

highly sensitive EQE measurements as shown in Figure 2.15b.
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Figure 2.15: Example how full EQEpy spectra are obtained from individual measurements.

Photovoltaic Internal Quantum Efficiency

The internal quantum efficiency (IQEpy) describes the ratio of extracted electrons per absorbed
photons and is thus closely related to the previously discussed EQEpy (= extracted electrons
per incident photons). The exact number of photons that are absorbed in the solar cell is
difficult to determine experimentally. In this thesis, a lower estimate of the IQEpy was derived
from EQEpy measurement with a slightly off-axis illumination alignment as shown in Figure
2.16. As depicted, the solar cell is tilted by an angle of 13°, which allows measuring the
reflected light intensity. A calibrated Si photodiode was used to calculate the reflected photon
flux (P,) using Equation 2.20. In a second measurement, the spectral photocurrent of the
OSC is measured. Finally, the initial photon flux @y, is determined using a calibrated Si
photodiode. This leads to the reflection corrected version of Equation 2.19:

Isc(A) = 91QEpy (4) | Bramp(A) — r(2)] 222)

From this point, the IQEpy is calculated analogously to the described determination of the
EQEpy as discussed in the previous section.
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It should be emphasized that in this simple model the incident photons are assumed to be
either absorbed in the active layer of the solar cell or reflected towards (and detected by) the
large area Si photodiode. Moreover, the metal top electrode is assumed to be a perfect mirror
with a reflectance of 1.

Therefore the following processes are not considered by the simple model:

e Non-ideal reflection at the metal electrode

Parasitic absorption in glass, ITO, ETL, HTL, metal electrode

Scattering

Light-guiding effects
¢ PL emission of the solar cell

For an optimized OSC device, the error caused by the listed processes is assumed to be
relatively small, and the derived IQEpy values can be used as lower estimates of the actual

IQEpy spectra.
EQE Setup I
detection EQE Setup I
illumination
. EQE Setup I |
! detection :
: calibrated :

Si photodiode

Figure 2.16: Experimental arrangement to measure the IQEpy of organic solar cells using the EQEpy
setup described previously.
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2.2 Methods

2.2.1 Determination of the Optical Bandgap & CT-State Energy
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Figure 2.17: Optical transistions in a two level system. a) idealized b) with high-frequency vibrations
c) with low-frequency vibrations.

As highlighted in Section 1.4 the high open-circuit voltage loss of organic solar cells can
be identified as one of the main factors responsible for the lower power conversion effi-
ciencies compared to inorganic or perovskite PV devices. The total open circuit voltage
loss is commonly defined as the difference between the bandgap E; /q and the Voc of
the device. Throughout this manuscript, the bandgap E; is estimated using the optically
determined bandgap value E,pt. Therefore, a precise determination of the optical bandgap
is of paramount importance for a reproducible and comparable voltage loss analysis of the
organic solar cells.

A common method to determine E,pt of organic materials is by fitting a linear curve to the
exponential decay of the absorption spectrum plotted on a logarithmic scale. The intersection
with the abscissa axis or with the tangent of the absorption tail is then identified as the optical
bandgap. Relying on this method is subjective and irreproducible.®¥! Moreover, this method
is prone to errors caused by light scattering (often present in spin-coated thin films) and often
severely underestimates the optical bandgap compared to other determination methods.
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A variety of alternative methods to determine the optical bandgap more accurately were

summarized by Wang and co-workers. 58!

In this thesis, a method developed by Vandewal et al. was used to determine the optical
bandgaps of the presented OPV materials.l®! In referencel®], the authors first discuss an
idealized case for a solar cell with steplike absorption. In this trivial case, Eqpt can be
straightforwardly derived from the absorption spectrum, indicated by the lowest absorbed
photon energy (see Figure 2.17a). The absorption spectrum of a solar cell based on real organic
materials typically deviates strongly from this ideal behavior due to static and dynamic
disorder, CT, and defect states. Absorption and emission spectra of organic materials are
characterized by broad absorption and emission peaks. The spectral broadening can be
caused by strong electron-phonon coupling and molecular vibrations. These molecular
vibrations can be categorized into high- and low-frequency vibrations. As depicted in Figure
2.17b, high-frequency vibrations (e.g. ring breathing modes) lead to discrete absorption and
emission peaks and represent optical transitions from discrete vibrational energy levels of
ground and excited state. The spacing of these high-frequency modes is much larger than the
available thermal energy at room temperature. Therefore, electrons only can populate the
lowest energy vibrational level v=0. Absorption events can promote an electron into one of
the vibrational energy levels v’ of the excited state. Due to rapid thermalization (non-radiative
relaxation processes), emission only occurs from the lowest vibrational energy level v'=0 into
one of the vibrational energy levels v of the ground state. Thus, the E. transition energy
between the relaxed ground and excited state represents the lowest absorption and highest
emission energy. Taking into account low-frequency vibrations, with an energy spacing less
than the thermal energy, leads to non-discrete and broad absorption and emission spectra,
as shown in Figure 2.17c. The thermal population of vibronic energy levels in the ground
and excited-state lead to optical transitions with absorption energies lower and emission
energies higher than Eo. According to Vandewal et al., these low-frequency vibrations can be
treated as harmonic oscillators resulting in mirror image Gaussian absorption and emission

line-shapes:®’]

1 (E— Egg— A)?2

EA(E) o« exp ( kT ) (2.23)
1 (E—Eg—0+ /\)2
ﬁN(E) o exp ( IksT > (2.24)

Hereby, E represents the energy, kg is the Boltzmann constant, T is the temperature and A is
the reorganization energy. It has been shown that the absorption A(E) and EQEpy spectrum
for organic solar cells are interchangeable due to rather constant internal quantum efficiencies
(IQEpy) in the low-energy region.”’l Similarly, the emission N(E) can be identified with EL or
PL spectra of the organic materials. Thus, the reduced absorption and emission spectra can
be obtained from readily accessible EQEpy and EL data. As depicted in Equations 2.23 and
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2.24 the reduced absorption and emission spectra can be calculated by dividing the measured
EQEpy and EL spectra by E and E?, respectively. It should be noted that even the comparably
low EQEpy values of devices based on either pristine donor or acceptor materials allowed
to perform the discussed analysis. As an example, the reduced EQEpy and EL spectra of
a pristine D18 device are shown in Figure 2.18a. In the absence of an acceptor, absorption
and emission are exclusively stemming from the D18 local exciton (LE) state. Equations 2.23
and 2.24 were used to fit the low energy absorption and high energy emission peaks and
are depicted as grey dotted parabolas. The used fit parameters are presented in the boxes in
the bottom right corner of the graphs. In this case, the derived fitting parameter E.o can be
identified as the optical bandgap of the pristine material.

For solar cells with a prominent CT state absorption and emission, the equations above can
be used to fit the low energy CT absorption and high energy CT emission behavior as shown
for D18:PC7BM in Figure 2.18b. In this case, the crossing point Ep. can be identified as
the CT state energy Ect. Thus, the discussed method has been widely used in the field of
OPV to determine the Ect of D/A blends. However, with the development of non-fullerene
acceptors, the method often cannot provide exact CT state energy values due to the typically
weakly pronounced CT absorption and emission features of D/NFA blends. A more detailed

discussion is presented in Chapter 5.
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Figure 2.18: Experimental determination of a) Eqpt and b) Ect using the method by Vandewal.

For the sake of completeness, it should be mentioned that the method discussed by Vandewal
et al. was only used to derive the optical bandgap of the materials used in the OSCs presented
in Chapters 3 and 5. For the material screening (see Chapter 4) a much simpler and less
time-intensive method was used. As described in Reference [88] the crossing point of
normalized absorption and emission spectra can be used as a first estimate of Eopt- Due to
the excellent emission properties of the investigated materials, the normalized excitation and
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emission spectra were used to estimate Eqpt of the organic thin films. The use of the excitation
rather than the absorbance spectrum eliminates errors caused by light scattering and is thus
recommended if highly emissive samples are investigated. The Ept values derived from
this method were used to calculate the LUMO,p: level of the organic donor and acceptor

materials presented in Chapter 4.

2.2.2 Voltage Loss Analysis
Theory

As proposed by Hirst and Ekins-Daukes the open-circuit voltage reduction of an ideal solar
cell can be attributed to three contributions.l”!} Similar to the assumptions by Shockley and
Queisser, “ideal” refers to a solar cell featuring a step like EQEpy spectrum and radiative
recombination as the only deactivation mechanism. Once again the derivation assumes a
balance of incoming and outgoing photon fluxes as discussed for the derivation of the SQ
limit. Under solar illumination the absorption contribution from the T7=300K blackbody
radiation @, .ps(Eg, To, 0, (pp) can be neglected for of typical PV materials with bandgaps E,
in the range between 1-2 eV. This leads to a simplified version of Equation 1.42:

v
J(V,E ) q)'y abs(Eg/ To, 0, QBB) exp <kq T > - cID'y,abs(Egr Ts,0, Qsun) (2.25)

Per definition J(V, E;) = 0 at open-circuit voltage conditions. Hence, Equation 2.25 can be

used to express V¢ as:

(2.26)

q)'y,abs(Eg/ TS, 0/ qun) )

Voc = kgTyIn
¢ B0 <q)’)/,abS(Eg/ TO/ 0/ QBB)

Since Equation 2.26 describes the open-circuit voltage of an ideal solar cell in the SQ limit,

the determined V¢ value can be interpreted as an upper limit for any real device and is

S5Q
denoted as V.

o L Eor ()
et f E? exp( )d

— ksTplIn Qaps | 7 1Ep To)e p( ) (2.28)
Qemit v (Eg, To) exp ( ) dE

V52 = kpTyIn (2.27)

2kgT
h3c

with «y(Eg, T) = —(E* + 2kpTE + 2k3T?)
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The first term of Equation 2.29 resembles the efficiency formula of a Carnot engine and
thus describes the open-circuit voltage loss reduction caused by the temperature difference
of the sun (T's) and the solar cell (Ty). According to Hirst and Ekins-Daukes, the second
term is referred to as Boltzmann term, as it resembles Boltzmann’s equation representing
entropy generation with increased occupancy of available states AS = kgIn (%QT‘ZL‘) The
energy flow associated with that entropy generation is given by TAS similar to the second
term in Equation 2.29. The third term increases the Vc due to the thermalization process of
photons with hv > E,, where heat is transferred from the carrier distribution to the lattice.
This process reduces the internal energy U of the charge carrier distribution. At the same
time, this cooling reduces the entropy of the carrier distribution and partly compensates for
the reduction of U leading to a slightly higher free energy per e-h pair. The total entropy of
the system (carrier distribution + phonons) still increases in accordance with the second law

of thermodynamics.

It should be noted that in the initial assumptions of Shockley and Queisser, cited in Section
1.2.2, the three conditions of a steplike absorption profile, each photon generating one e-h pair
and a perfect charge collection can be unified with the assumption of an ideal steplike EQEpy.
Therefore, it is possible to replace the absorptance A(E) with the EQEpy spectrum of the
solar cell in the definition of ®, ,,; (see Equation 1.36). In accordance with Equation 2.26, the
Voc of a solar cell with an arbitrary EQEpy spectrum can be expressed using Equation 2.30.
It should be noted that radiative recombination is still the only recombination mechanism.
Therefore, the determined V¢ is considered as the radiative limit value of the solar cell
vz,

o0

EQEPV(E) q)'y,abs (Eg/ TS, 0/ qun) dE

VEd = kpTyIn (2.30)

_[ EQEpy (E) @ abs(Eg, To, 0, Qpp) dE

In Equation 2.30 EQEpy (E) denotes the angularly weighted value of the EQEpy.

Finally, additional non-radiative recombination processes have to be considered in order to
describe the experimentally observed V¢ values of non-ideal solar cells. The so-called exter-
nal radiative efficiency (ERE) is defined as the fraction of the total dark current recombination
in the device that results in radiative emission from the device. The denominator of Equation
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2.30 represents the emission flux of the solar cell and is consequently reduced by the ERE

since only a fraction of all the recombination events results in the emission of a photon.

I EQEPV(E) q>’y,abs(Egr TS/ 0, qun) dE
VOC = kBTO In o (231)
I ERE x EQEPV(E) q)'y,abs(Eg/ TO/ 0/ QBB) dE
I EQEPV(E) CI)’y,abs(Eg/ TS/ 0, qun) dE
= kB To In = — kBTo ln(ERE) (232)
I EQEpy (E) @, abs(Eg, To, 0, pp) dE

The derived quantities Vg% and VZ allow us to analyze the individual loss contributions to

the total voltage loss AV as it will be discussed in the next section.

Practical Use

In the previous section, we have discussed the theoretical foundation of the voltage loss
analysis. Here the focus is set on its application to analyze the voltage loss of the organic
solar cells presented in this thesis. To do so, a few assumptions and approximations have to
be made.

First, it should be noted that the absorption of the earth’s atmosphere was neglected in
the derivation of the incoming solar radiation by Shockley and Queisser. The atmospheric
effect can be easily considered by replacing the solar blackbody spectrum with the conven-
tionally chosen AM1.5G spectrum. Moreover, the ERE is replaced by the closely related
and experimentally easier accessible ELQY. EQEpy/(E) spectra are typically measured for
near perpendicular illumination, which mimics the absorption of solar radiation. This is
not necessarily the case for the absorbed blackbody radiation from the environment or the
emitted radiation of the solar cell. Thus, EQEpy (E) represents the appropriately weighted
EQEpy value over all angles of incident light. For high-quality cells, this will not differ
greatly from the near-perpendicular value and is replaced by the measured EQEpy spectrum
throughout this thesis. As described in Section 2.2.1, the optically measured bandgap Eqpt
was used to estimate the bandgap Eg of the solar cell. A comparison of the theoretical and
experimentally used values is presented in Table 2.1. In addition, the abbreviated expression
CD?VB”OK(E) is used from now on to represent the blackbody radiation with temperature Ty =
300K, chemical potential y,=0 and solid angle Qg = 7.
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Table 2.1: Comparison of the physical variables used in the theoretical description of the voltage loss
analysis (cf. Section 2.2.2) to the experimentally determined or practically used variables.

Theory variable = Practically used variable

Bandgap E, Eopt”
Solar radiation P, (E, Ts, 0, Qsun) <I>$M1'5G(E )
Blackbody radiation P, (E, T, 0, Opp) BB ()P
Fraction of radiative recombination ERE ELQY
Angularly weighted EQEpy EQEpy (E) EQEpy (E)

?Optical bandgap deterimned following the method described in Section 2.2.1
bwith Ty = 300K, pten = 0, Qpp = 7

The assumptions in Table 2.1, in combination with Equation 2.31 lead to the following formula

initially suggested by Rau:[7!

o kBT 1 ]ph
with Jon = g / EQEpy (E) ®AMLSC(E) dE (2.34)
and Jo=gq / EQEpy (E) ®5PK(E) dE (2.35)

In Equations 2.34 and 2.35, ],;, denotes the photocurrent and o the dark saturation current.
Analogous to the analysis in Section 2.2.2, VS%, V&4 and Voc can be calculated using the
respective assumptions for EQEpy and ELQY, illustrated in Figure 2.19. From an experimental
point of view, special emphasis has to be put on the integrand of Equation 2.35, which is used
to determine Jy. Due to the exponential increase of the blackbody spectrum (CIDEB”OK) towards
lower energies, | is dominated by the low-energy tail of the EQEpy spectrum (cf. right
panel in Figure 2.19). Therefore, high-sensitivity EQEpy measurements over several orders of

magnitudes are necessary to perform a reliable estimation of the Vo in the radiative limit.

Considering the derived quantities Vcs)g and VZ¢ allow us to analyze the total voltage losses

in organic solar cells. As illustrated in Figure 2.19, AV%! can be expressed in terms of three

voltage loss contributions. The individual losses are defined in Equation 2.36:1%!
AVEE = Fopt _ Voc
E
= (P v+ (vaR - v ) + (v - vee
= AVEASQ o AVRIPE L pApponorad (2.36)
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Figure 2.19: Right: Graphical illustration of the derived/measured voltages and the associated
voltage loss terms. Left: Difference between an ideal (step-like) EQEpy and a typical
measured EQEpy spectrum of an OSC. The inset on the top depicts the exponential
increase of the 300 K blackbody spectrum toward lower energies and emphasizes the
importance of the below bandgap EQEpy contributions of OSCs (shaded in green).

As discussed in Section 2.2.2, the first loss term (AVéaCd’SQ) is a direct consequence of the
detailed balance principle described by Shockley and Queisser.'%l Therefore, any solar cell
with a distinct bandgap will exhibit an unavoidable voltage loss due to the radiative recombi-
nation of charge carriers. Hirst and Ekins-Daukes showed that the loss is solely defined by
Egap of the absorber, the temperature difference between sun and earth and the solid angle
of absorbed and emitted radiation (see Equation 2.29). AV&?’SQ is typically in the range of
0.25-0.3 V.73l The loss could be further reduced by changing the operating temperature of
the cell Ty or by manipulating Q,ps and Qemit by improving the light management in the
device or by using concentrators.”!l The definition of Vcs)g and V5 illustrates that the second
loss term (AVng’b'g') is a consequence of the difference between an ideal step-like EQE%% and
the experimentally observed EQEpy. For OPV devices, the measured EQEpy often differs
substantially from the steep absorption edges found in inorganic direct semiconductors or
perovskite solar cells, due to CT-state absorptions or trap states caused by impurities or
molecular aggregates. AVg?’b'g' can thus be identified as a combination of the radiative
recombination losses below the optical bandgap and the difference between ]gCQ and the
experimentally observed Jsc of the device. The contribution of the latter is rather small and
will be neglected in the following.®®! The third term (AVA2 ™) takes into account that not
every electron-hole pair recombines radiatively (as assumed by VZ) and thus accounts for
the open-circuit voltage loss due to non-radiative recombination. Experiments on solar cell
devices suggest that non-radiative recombination is far more likely than radiative recombina-
tion and accounts for the largest part of the observed voltage loss. With Equation 2.33 the
non-radiative voltage loss can be related to the ELQY and be expressed as

—Tra k T
Avgan-rad — _BT In(ELQY) (2.37)
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Therefore, improving the ELQY of a solar cell directly results in a reduction of the non-
radiative voltage loss. A tenfold increase of the ELQY is equivalent to a voltage loss reduction
of approximately 0.06 V.

Limitations

The presented voltage loss analysis strongly relies on the optoelectronic reciprocity relations
between light-emitting and photovoltaic properties of a solar cell, which link the excess
emission flux d®ey, of a solar cell in forward bias to its photovoltaic quantum efficiency
EQEpy (E) as shown in Equation 2.38. Building on Equation 2.38 a second reciprocity relation
connecting the Voc of a solar cell with its ELQY can be derived as shown in Equation 2.33:

6®em = EQEpy (E) ®PPOK(E) [exp (Z;;) - 1} (2.38)
The expression in Equation 2.38 is closely related to the dark current of a solar cell (cf. Equation
1.40). This relationship was used in Equation 2.25 to balance the emitted and absorbed
photon fluxes of a solar cell. In Equation 2.25 we implicitly assumed the applicability of
the superposition principle, which allows treating the total current in a solar cell as the
superposition of the J-V characteristics of the solar cell in the dark, shifted by the short
circuit current density under illumination. In the presented voltage loss analysis the detailed
balance approach for thermal equilibrium conditions is extrapolated to non-equilibrium
conditions (semiconductor exposed to solar radiation or charge extraction/injection) and
is only valid if the superposition principle is fulfilled. Lindholm et al. have shown that the
superposition principle is applicable if the continuity equations for electrons and holes are
both linear in the respective minority charge carrier concentration.’?! Additionally, they
have shown that for Si solar cells these requirements are only fulfilled in the quasi-neutral
regions of the pn-junction. In the space charge region, the electric field (dependent on the
hole and electron concentrations) introduces nonlinearity into the current density expressions.
Furthermore, recombination in the space charge region requires a hole and an electron to meet
and is therefore dependent on the product of excess electron and hole concentrations. Thus,
the continuity equations for holes and electrons are both nonlinear and superposition does
not apply to the junction space charge region. Hence, in systems where the superposition
principle breaks down the exploited reciprocity relations in Equations 2.37 and 2.38 will not
be strictly valid anymore.

In addition, as discussed by Kirchartz et al., the two reciprocity relations rely on the validity of
the Donolato theorem.[”! The theorem is valid if the electrical injection from a junction into a
semiconductor can be quantitively related to the charge carrier extraction from the illuminated
semiconductor to the junction.l! In other words, the Donolato theorem specifies that the

spatial profile of injected minority carriers is identical to the spatial collection probability
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of photogenerated minority carriers in the semiconductor. Similar to the superposition
principle, the Donolato theorem can be only derived for the field-free region of a Si pn-
junction (e.g. p-base) where the recombination is linearly dependent on the minority carrier
concentration. OSCs and thin-film solar cells in general are typically characterized by a large
space charge region extending over the entire absorber. As discussed above, in such systems,
the applicability of the reciprocity relations will not be strictly valid anymore due to the
violation of the superposition principle and the Donolato theorem. Kirchartz et al. studied
the effect of nonlinear recombination, space charge, and low mobilities on the validity of the
Donolato theorem and the two discussed optoelectronic reciprocity relations in organic solar
cells.[®! By simulating the spatially averaged collection and injection efficiencies they found
that the reciprocity relation shown in Equation 2.37 is affected considerably only at relatively
low mobilities and FFs. Thus, the authors suggest the applicability of Equation 2.37 for
high-performance organic solar cells. In addition, they state that if nonlinear recombination
is combined with space-charge effects, i.e., due to asymmetric mobilities, then the shape of
the EL spectrum is no longer directly related to the shape of the solar cell quantum efficiency.
However, space-charge effects can be minimized by reducing cell thickness and they find
that in particular for typical active layer thicknesses around 100 nm the method should be
hardly affected by violations of the Donolato theorem.

Accordingly, various reports have demonstrated the excellent conformity of measured and
calculated ELQYs for different OSCs.[P12097-991 However, it should be emphasized that the
voltage loss analysis and the reciprocity relations are derived for conditions that are not strictly
valid for typical OSCs due to violations of the superposition principle and the Donolato
theorem. Thus, the derived values should be considered as estimations of the actual voltage
losses, which can lead to significant errors, depending on the impact of the violation. It has
been shown that the reciprocity relations hold for devices with high and balanced mobilities
and/or thin absorber layers (<100 nm). In practice, ]-V measurements in the dark and under
illumination allow us to estimate the violation of the superposition principle by determining
their crossing point.!'%! For an ideal device where the superposition principle is fulfilled both
curves approach asymptotically but do not cross. The closer the crossing point is to the Voc
of the solar cell the more severe is the violation of the superposition principle. Moreover,
the applicability of the reciprocity relations can be checked if the experimentally observed
spectrum (e.g. EQEpy) can be reproduced using the reciprocity relation (e.g. EL/®gp).

2.3 Materials & Device Fabrication

As discussed in Section 1.7, typical device geometries of OSCs consist of a stack of several
layers. This section gives a general overview of the electrode, ETL, HTL, and absorber
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materials used in this thesis. All used materials are summarized in Table 2.2 at the end of this

section.

2.3.1 Electrodes

As the name implies, optoelectronic devices such as solar cells or LEDs rely on the interaction
(absorption/emission) with light. Thus, transparent conductive materials are indispensable
in allowing light to enter or exit the device. Transparent conductive oxides (TCOs) like
indium tin oxide (ITO), fluorine-doped tin oxide (FTO), or aluminum-doped zinc oxide
(AZO) are commonly deployed in optoelectronic applications. Organic materials such as
graphene, carbon nanotube networks, or transparent conducting polymers (e.g. PEDOT:PSS)
provide an alternative to TCOs. Moreover, metal grids or ultrathin metal films are often used
to obtain transparent electrodes for semi-transparent devices. In this thesis, the presented
organic solar cells were exclusively fabricated on glass substrates with a 100 nm thick ITO
film as the bottom electrode and with a 100 nm thick metal film as the top electrode. The
metal electrodes were thermally evaporated on top of the absorber layer/HTL/ETL of the
cells using a shadow mask. For the OSCs in this thesis aluminum (Al) and silver (Ag) were

used as metal top contacts.

2.3.2 Hole & Electron Transport Layers

In this thesis, several electron and hole transport layers were used. The precursor preparation
and typical fabrication conditions are discussed in the next section. As touched upon previ-
ously, the choice of the appropriate hole and electron transport layers between the absorber
layer and the electrodes is essential to achieve optimal device performance.

Electron Transport Layers

A common strategy to achieve an ohmic contact between the metal top electrode and the
LUMO of most fullerene, as well as non-fullerene acceptors, is to insert a thin, low-work
function metal layer to decrease the high work function (WF) values of commonly used
electrode materials (e.g. Al or Ag). Unless otherwise stated, a roughly 10-20nm thick,
thermally evaporated calcium layer with a low work function of 2.9 eV was used as
ETL in this thesis to form selective electron extracting contacts. The thin calcium layer was
exclusively used in combination with evaporated Al electrodes. The evaporation of the

ETL and the electrode were performed consecutively and without breaking the vacuum
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(< 5 x 107> mbar). Alternatively, conductive conjugated polymers, metal oxides, or non-
conjugated polymers are widely used as ETLs in OSCs.!®] The alternative ETL materials used

in this thesis are discussed in the following.

The typically large structural differences between fullerene and non-fullerene acceptors (e.g.
shape, size, anisotropy) can affect the working mechanism and effectiveness of established
ETLs developed for fullerene-based solar cells. Thus, the advent of non-fullerene acceptors
has promoted an increased development of novel ETL materials.®’] N-type perylene diimide-
based ETLs (e.g. PDIN, PDINO) have shown excellent compatibility with state-of-the-
art non-fullerene acceptors based on the Y-series. The chemical structure of N,N’-Bis[3-
(dimethylamino)propyl]perylene-3,4,9,10-tetracarboxylic diimide (PDIN) is presented in
Figure 2.20. PDIN was purchased from 1-material Inc. and was dissolved in a mix of
methanol and glacial acetic acid with a volume ratio of 1000:3 to obtain a solution with a
concentration of 2mg/mL. The addition of acetic acid significantly increases the solubility of
PDIN in methanol due to the protonation of the side-chain amino groups. The solution was
spincoated on top of the active layer using a spin speed of 5000 rpm for 30s. The optimized
film thickness was too thin to perform reliable measurements with the profilometer. The

estimated thickness is below 10 nm.

An alternative, widely used solution-processed ETL material is the polyfluorene deriva-
tive PEN-Br. The chemical structure of poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-
propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide is depicted in Figure 2.20. PFN-Br
was purchased from 1-material Inc. and was used as received. It was dissolved in methanol
with a concentration of 0.5 mg/mL. After continuous stirring at RT for ~12h, PFN-Br was
fully dissolved and a clear solution was obtained. Spincoating at 2000 rpm for 30s led to a

optimized thickness of ~10nm.

A non-conjugated polymer, which has been successfully used to decrease the work func-
tion of electrode materials is polyethyleneimine (PEI). In this thesis, the PEI derivative
polyethyleneimine-ethoxylated (80 %) (PEIE) was used. The material is dissolved in water
with a concentration of 37 %w/w. Methanol was used as a solvent to prepare a 5mg/mL

PEIE master solution in MeOH with small residues of water (~0.83 %v/v).

Widely used solution-processed ETLs for OSCs in the inverted device geometry are zinc oxide
(ZnO) thin films, which among other techniques can be obtained from a low-temperature
sol-gel method.[192103] A ZnO precursor solution was prepared by dissolving 0.5 g zinc acetate
dihydrate in 5 mL 2-methoxyethanol and 148 pL ethanolamine. The precursor was vigorously
stirred at room temperature for at least 12h to form a clear and homogenous solution.
Moreover, the solution was stirred in air to promote the hydrolysis reaction described in
Reference [104]. Before spin-coating, the precursor solution was filtered with a PVDF syringe
filter with a pore size of 0.45 yum. The spincoating recipe comprised of a ramp up periode
with 1500 rpm for 2 s followed by the main 4000 rpm, 20 s step.
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Hole Transport Layers

In contrast to ETLs, HTLs were mainly unaffected by the development of non-fullerene
acceptors, since the same or similar donor polymers have been used in combination with
both acceptor families. Thus, two established HTL materials were used throughout this
thesis depending on the desired device geometry (conventional or inverted). The transparent
conductive polymer poly(3,4—ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS)
is widely used in organic optoelectronic or flexible electronic applications. Its chemical
structure is presented in Figure 2.20. For this thesis, the aqueous PEDOT:PSS dispersion
Clevios™ P VP Al 4083 from Heraeus was used as a hole transport layer on top of ITO
coated glass substrates for solar cell devices in the conventional geometry. The dispersion
was filtered with a 0.45 pm PES filter before use. PEDOT:PSS was spin-coated at ambient
conditions and room temperature for 45s/3000 rpm /1500 rpms™. After the spin-coating
process, the PEDOT:PSS films were annealed at 150 °C for 10 minutes to evaporate residual
water in the PEDOT:PSS film. The optimal film thickness of PEDOT:PSS lies between 30 and
50nm. For solar cells in the inverted device geometry a thin (~10nm), thermally evaporated
molybdenum oxide (M0O3.x) film was used as HTL. The high work function transition metal
oxide MoOs.x forms a good electrical contact with the HOMO energy levels of common
donor polymers. In this thesis, MoOs.x was exclusively used in combination with a silver top
electrode. Both materials were sequentially evaporated in a one-step evaporation process
using a shadow mask. The evaporation was performed at pressures below 5 x 10~°> mbar

and without breaking the vacuum.
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Figure 2.20: Chemical structure of the polymer or small molecule HTLs and ETLs used throughout
this thesis.

2.3.3 Absorber Materials

This section gives an overview of all the commercially available donor and acceptor materials
that were used in this thesis. As listed in Table 2.2 all the OPV materials were purchased from
1-material Inc. except for PC71BM, which was obtained from Solenne BV. All materials were
used as received and without further purification. The non-commercial, novel NFA materials

of Prof. Trimmel’s group will be discussed separately in Chapter 4. It should be emphasized
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that solar cells based on the donor polymer D18 and the acceptors Y6 and PC7BM were the

main focal point of Chapter 3 and are therefore discussed in greater detail.

D18

The wide bandgap donor polymer D18 was first reported by Liu et al. and is character-

s.14243] As presented

ized by an extremely deep HOMO level and excellent hole mobilitie
in Figure 2.21, D18 is a D-A copolymer based on an electron-donating BDT monomer (4,8-
bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene) and an electron-
withdrawing DTBT monomer (dithieno[3’,2":3,4;2”,3":5,6]benzo[1,2-c][1,2,5]thiadiazole)
linked with 2-(2-butyloctyl)thiophene 7r-bridges in the backbone. At the beginning of 2020,
the combination of D18 and Y6 marked the first time OSCs exceeded the 18 % efficiency

mark.

Y6

Y6 and its derivatives represent the emerging class of A-DA’D-A type fused-ring electron
acceptors characterized by strong NIR absorption, high electron affinity, and excellent tun-
ability of their optoelectronic properties. The rise of these high-performance acceptors has
accelerated OPV development and has repeatedly enabled efficiencies beyond 18 %. The
narrow bandgap, poster molecule Y6 employs a ladder-type multi-fused ring with an electron-
deficient core as a central unit and was first reported by Yuan and co-workers.*!] As shown
in Figure 2.21, its highly symmetrical core can be considered as an electron-deficient benzoth-
iadiazole center, fused with two identical electron-rich thienothienopyrrole units (BTP). The
fused-ring core of Y6 is capped with two identical electron-withdrawing end groups based
on 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN).

PC;1BM

Before the development of efficient NFAs, fullerene derivatives were the unrivaled acceptor
materials for organic solar cells due to their strong electron affinity and excellent electron
transport properties. The soluble C¢ derivative, [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCs1BM)[1%] developed into one of the most popular acceptor materials and was used
in combination with various donor polymers.['%! In addition to the beneficial electrical
properties of PC41BM, its unsymmetrical counterpart PC7;BM shows an enhanced absorption
in the visible region and is therefore the most desirable choice for highly efficient fullerene-
based OSCs.'"] Hence, throughout this thesis, solar cells based on the acceptor material
PC71BM were chosen as representatives for the class of fullerene-based organic solar cells.
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Alternative Donors and Acceptors

The other commercial donors and acceptors shown in Figure 2.21 appear sparingly through-

out this thesis and are therefore only shown for the sake of completeness. For more informa-

tion on these materials, the reader is referred to references[>>108-112],

:{D-Tr-;ﬂt-q'n]-r .

PTB7 PTB7-Th

donor polymers

PBDB-T PBDB-T-2F PTQ11

small molecule
acceptors

EH-IDTBR

Figure 2.21: Chemical structure of investigated OPV materials.
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2.3.4 List of Used Materials

Table 2.2: Summary of all the commercial materials and solvents used in this thesis.

PV Materials Formula CAS Vendor Grade
D18 see Fig. 2.21 2433725-54-1 1-material -
PTB7 see Fig. 2.21 1266549-31-8 1-material -
PTB7-Th see Fig. 2.21 1469791-66-9 1-material -
PBDB-T see Fig. 2.21 1802013-83-7 1-material -
PBDBT-2F see Fig. 2.21 1802013-84-8 1-material -
PTQ11 see Fig. 2.21 - 1-material -
Y6 see Fig. 2.21 2304444-49-1 1-material >99%
EH-IDTBR see Fig. 2.21 2102510-60-9  1-material -
PC71BM see Fig. 2.21 609771-63-3  Solenne BV -
Solvents Formula CAS Vendor Grade
Chloroform CHCl, 67-66-3 Sigma Aldrich  >99%
Chlorobenzene CeHeCl 108-90-7 Sigma Aldrich  99.8%
Methanol CH;0OH 67-56-1 VWR -
Acetic Acid C,H,0, 64-19-7 Merck -
2-Methoxyethanol C3HgO, 109-86-4 Sigma Aldrich  99.8%
Ethanolamine C,H;NO 141-43-5 Sigma Aldrich  99.5%
Interlayer materials Formula CAS Vendor Grade
PEIE, 80% ethoxylated seeFig. 220 26658468  Sigma Aldrich -
(37 wt.% solution in H,O)
PFN-Br see Fig. 2.20 889672-99-5  1-material -
PDIN see Fig. 2.20 117901-97-0  1-material >99%
Zinc acetate dihydrate ZnC,HgO4-H,O  5970-45-6 Fluka >99%
Calcium Ca 7440-70-2 Sigma Aldrich  99.99%
Molybdenum oxide MoO; 1313-27-5 Alfa Aesar 99.9995%
PEDOT:PSS
. see Fig. 2.20 155090-83-8  Heraeus -

(Clevios = P VP Al4083)
Electrode materials Formula CAS Vendor Grade
Silver pellets Ag 7440-22-4 - -
Aluminum wire Al 7429-90-5 Chempur 99.999%
Electrochemistry Formula CAS Vendor Grade
Acetonitrile CH3;CN 75-05-8 VWR >99.9%
Tetrabutyl ium hexa-

CUrabulylammonium Mexa- oy FNP 3109635  Sigma Aldrich 99.0%
fluorophosphate (TBAFPg)
Ferrocene (Fc) CyoHyoFe 102-54-5 Sigma Aldrich  98%
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3.1 Abstract

Despite the rapid increase in power conversion efficiency (PCE) of non-fullerene acceptor
(NFA) based solar cells in recent years, organic photovoltaic (OPV) devices exhibit consider-
ably larger voltage losses compared to their highly-efficient inorganic counterparts (e.g. Si
or GaAs). Further material optimizations and strategies to reduce the voltage losses in OPV
systems are required to close the gap to inorganic PV technologies and allow for efficiencies
surpassing 20 %. The main focus of this study is on understanding the voltage losses in
high-performance NFA-based solar cells, as furthering the knowledge in this area is critical
in promoting their recent success. In this article, the open-circuit voltage losses observed in
high-performance D18:Y6 organic solar cells with a PCE of 16 % are investigated in detail.
The voltage losses of D18:Y6 devices are compared to fullerene devices consisting of D18 and
PC71BM in order to highlight the differences between non-fullerene and fullerene acceptors.
A low open-circuit voltage loss of 0.51 V has been found for Y6-based devices suggesting a
0.29V lower voltage loss compared to PC7BM-based devices (0.8 V). The observed differ-
ences can be explained by the high-lying charge-transfer state energy in Y6-based solar cells
and the strong emissivity of the pristine acceptor. Both properties seem to be prerequisites for
efficient OPV systems with low voltage losses. Based on the experimental results, we suggest

two design strategies to further improve the performance of OPV systems.

3.2 Introduction

As discussed in Chapter 1, the efficiencies of photovoltaic devices based on organic
semiconductors!'3115] typically consisting of a conjugated polymer (donor) blended with
a solution-processable fullerene derivative (acceptor), increased steadily until a plateau of
approximately 12 % was reached.[?®?° The limited performance can be mainly attributed
to the weak optical absorption and the wide (indirect) bandgap of fullerenes. The recent
development of efficient non-fullerene acceptors (NFAs) featuring strong optical absorp-
tion marked the beginning of a new OPV era.[*l In 2015 Lin et al. reported the fused-ring
(indacenodithieno[3,2-b]thiophene core) acceptor-donor-acceptor (A-D-A) molecule ITIC
with strong near-infrared (NIR) absorption and high electron mobility.[*! The reported power
conversion efficiency (PCE) of 6.8 % for the ITIC-based solar cell was still inferior to its
fullerene counterparts. Due to the development of new non-fullerene acceptors with im-
proved NIR-light-harvesting properties and readily-tunable electronic energy levels, the
PCEs of NFA-based solar cells have increased substantially over the last five years up to effi-
ciencies of 15-18 %.3542] At the beginning of 2020, Liu et al. reported a record-breaking PCE
of 18.2 % (17.6 % certified) for the donor polymer D18 blended with the high-performance
NFA Y6.143]
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As a consequence of the rapid success of NFA-based solar cells, the fundamental under-
standing of these new acceptors is lagging behind. For the design of new NFAs, it is crucial
to identify the relevant mechanisms and properties, which enable the high performance
of current NFA-based solar cells. The described voltage analysis (see Section 2.2.2), based
on the readily accessible EQEpy spectrum of the solar cell, provides a reliable tool to gain
insights into the loss processes, which are an important aspect that separates NFA-based
from fullerene-based devices. Herein, we aim to thoroughly investigate the photovoltaic per-
formance and optical properties of the current record-breaking polymer:NFA system D18:Y6
reported by Liu et al.*3l. The study by Liu et al. is mainly focused on device optimization
and gives a detailed analysis of the influence of processing conditions on the photovoltaic
parameters of D18:Y6 solar cells. To the best of our knowledge, a thorough analysis of the
observed voltage losses for a better understanding of the material combination D18:Y6 has

not been reported yet and is the motivation for this work.

In order to investigate the properties that elevate D18:Y6 devices from other systems, high-
performance D18:Y6 solar cells were fabricated and compared to their fullerene counterparts
based on D18:PC7BM. For both systems, current density - voltage (J-V) curves and the
corresponding photovoltaic parameters under AM1.5G illumination and in the dark are
shown in this work. Moreover, highly-sensitive EQEpy measurements, as well as photo- and
electroluminescence measurements of blend and pristine devices are presented. Based on
these results, the described Vo loss analysis was performed to quantify the differences in
radiative and non-radiative recombination for D18:Y6 and D18:PC7BM solar cells. The non-
radiative losses were validated with ELQY measurements, and the solar cell performance of
both devices was evaluated by comparison to their maximal achievable performance defined
by the SQ limit. Based on the results, two design strategies are formulated to further improve
the Voc of NFA-based solar cells, aiming towards efficiencies surpassing the 20 % mark.

3.3 Experimental Note

This section provides additional experimental details relevant for this chapter, which have

not been discussed in the general experimental section in Chapter 2.

Addendum Materials & device preparation

The materials used for D18:Y6 solar cell preparation (D18, Y6, and PDIN) were purchased
from 1-materials, while the PC7BM was purchased from Solenne BV. Pre-patterned ITO glass
was thoroughly cleaned by wiping it with toluene followed by subsequent ultrasonication in
Hellmanex (2 %v /v solution in deionized water, approx. 50 °C), 2x Milli-Q water, acetone,
and isopropanol for 15 min each. After blow-drying with N, the cleaned substrates were
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plasma treated for 5 min (O,, 100 W). Next, 0.45 um filtered PEDOT:PSS (Clevios Al4083) was
spin-coated onto the substrates for 45 s with 3000 rpm in ambient conditions resulting in films
with a thickness of 30-40 nm. The thickness was determined with a DekTak profilometer.
The active layer solutions D18:Y6 and D18:PC7;BM were prepared in chloroform with a
D/ A ratio of 1:1.6. The concentration of D18:Y6 was 7-11 mg/mL while the concentration
of D18:PC7BM was 9 mg/mL. The active layer was spin-coated in a glovebox under a dry
nitrogen atmosphere using various spin speeds ranging from 1000-5000 rpm resulting in
active layer film thicknesses from 55 nm to 190 nm. As a next step, a thin (<10 nm) PDIN layer
was spin-coated on top of the active layer with 5000 rpm for 30s. The PDIN solution was
dissolved in a mix of methanol and acetic acid (100 %) with a volume ratio of 1000:3 and a
concentration of 2mg/mL. As the last step, 100nm Ag electrodes were thermally evaporated
at a pressure < 10® mbar. A homemade shadow mask was used to define the evaporated
electrodes resulting in an active device area of 0.173 cm?. All cells were encapsulated in the
glovebox using a UV-curable epoxy sealant. The UV-exposure time was approximately 5
minutes.

Addendum: EQEpy

All the EQEpy spectra presented in this study are superpositions of several EQEpy mea-
surements using the two experimental setups described in Section 2.1.3. The presented,
highly sensitive EQEpy spectra typically consists of 4 individual measurements with different
amplification factors and overlapping spectral measurement regions: (1) 350-1000 nm (x 10%),
(2) 600-1000 nm (x10%), (3) 900-1200 nm (x 10°) and (4) 1010-1400 nm (x 10”). During mea-
surements with high amplification (10° - 10°) either an 800 nm LP or a combination of 800 nm
LP and 1000 nm LP-filter were used to reduce stray light and improve the signal /noise ratio
of the setup. As shown in Figure S3.5b the individual EQEpy measurements coincide well

and their large spectral overlaps allow to reliably combine the individual measurements.

Addendum: Photoluminescence & Electroluminescence

Photoluminescence and electroluminescence measurements of all the devices were acquired
using the setup described in Section 2.1.2. For the PL measurements, the devices were excited
using an OBIS 488 nm LX150mW solid-state laser with a wavelength of 488 nm. The optical
output power was set to 1 mW. A 550 nm LP-filter was used for luminescence spectra recorded
with the Si-CCD and a 795 nm LP-filter was used for measurements with the InGaAs detector
array. The LP filters in front of the monochromator successfully suppressed the 488 nm laser
light and allowed the acquisition of a PL spectrum without the influence of the excitation
light or emission contributions from second-order diffraction. Thus, a spectral measurement
window from 550-1050 nm and 800-1500 nm was realized for the Si-CCD and the InGaAs
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detector array, respectively. Due to the strong NIR emission of Y6, the presented emission
spectra are a superposition of the Si-CCD and InGaAs detector array measurements. For
EL measurements the injection currents were kept low and typically did not, or just barely
exceed the observed photocurrents under AM1.5G illumination.

3.4 Results & Discussion
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Figure 3.1: Chemical structure, optical and electrochemical characterizations. a) Molecular structure
of the used OPV materials. b) UV-vis-NIR absorbance spectra of D18, Y6, and PC,;BM
thin films on glass. c) Electrochemical estimations of HOMO and LUMO levels of the
used OPV materials.

The chemical structures of the investigated OPV materials are presented in Figure 3.1a. The
D-A copolymer D18 is a wide bandgap donor with strong absorption in the visible light
spectrum, whereas the Y6 non-fullerene acceptor has a complementary narrow bandgap,
enabling light gathering in the NIR-region as shown in the absorbance spectra in Figure 3.1b.
In contrast, PC7BM (red curve in Figure 3.1b) shows high absorption only in the UV and blue
region of the visible light spectrum and exhibits only weak absorption in the range between
600-700 nm, which can be attributed to partly forbidden optical transitions near the band
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edge observed in fullerene molecules.!''®17] In addition to the optical absorbance, HOMO
and LUMO levels of the molecules were measured electrochemically using electrochemical
voltage spectroscopy (EVS). The slow, stepwise variation of the applied potential in EVS
measurements allows the system to be close to thermodynamic equilibrium, which reduces
dynamic influences such as the scan speed in standard CV measurements. The EVS mea-
surements of the investigated materials are shown in Figure S3.1. HOMO levels of -5.62 eV,
-5.90eV, and -6.15 eV and LUMO levels of -3.58 €V, -4.52 eV, and -4.37 eV have been found for
D18, Y6, and PC71BM respectively and are presented in Figure 3.1c. Considering a typical
error margin of +0.1 eV for electrochemical measurements!®®, the electrochemical bandgaps

are in good agreement with the optical absorption onsets.

To evaluate the photovoltaic performance of D18:Y6, solar cell devices with the structure of
ITO/PEDOT:PSS/D18:Y6/PDIN/ Ag were fabricated. The device geometry and chemical
structures of PEDOT:PSS and PDIN are presented in Figure S3.2. Different concentrations
of the active layer solution and different spin speeds were used to fabricate devices with
various thicknesses (see Figure S3.3 & S3.4. In Table S3.1 the photovoltaic parameters of
D18:Y6 devices with various thicknesses are presented. PCEs typically varied between
14-16 %. Hence, a cell with an efficiency close to 15.2 % (see Table 3.1) was chosen as a
typical representative of the fabricated D18:Y6 solar cells, which has been investigated
and characterized in detail. Based on earlier results, an optimized D/ A ratio of 1:1.6 was
used.[*®l To keep processing as simple as possible, no additives, post-annealing, or solvent
annealing steps were performed. The best device showed a good photovoltaic efficiency
of approximately 16 % with a high open-circuit voltage of 0.87V, a short-circuit current of
252mA/cm? and an electrical fill factor of 73.6%. Table 3.1 shows that our results are
in good agreement with the National Institute of Metrology (NIM) certified photovoltaic
parameters reported earlier.*3! The difference in PCE is mainly caused by the reduced FF,
which might be related to minor differences in the fabrication process and solar cell geometry.
Interestingly, for some devices a, Voc as high as 0.88 V was measured, suggesting that the
full PCE potential of the D18:Y6 system might not have been reached yet.

Table 3.1: Measured and earlier reported photovoltaic parameters of D18:Y6 and D18:PC7;BM solar
cells. Equation 2.34 was used to calculate the short circuit current density (Jsc gor) from the
measured EQEpy spectrum. The values of Jsc gqE are presented in parentheses. Average
values and standard deviations were calculated from at least 10 cells.

Material Voc Jsc JscEQE FF PCE Source
(V) (mAcm™2) (mAcm™?) (%) (%)
D18:Y6 (lit.) 0.84 26.67 - 78.4 17.6 [43]
D18:Y6 (best) 0.87 25.24 24.70 73.6 16.1 This work

D18:Y6 (ave.) 0.87£0.01 24.46+0.92 23.48 70.5£0.63 15.24+0.51 This work
D18:PC;BM (ave.) 0.98+0.01 11.26+0.49 11.15 71.4£152 8.0+£0.49 This work
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Figure 3.2: Photovoltaic characterization. a) Current density - voltage (J-V) curves of typical D18:Y6
and D18:PC7;BM solar cells in the dark and under AM1.5G illumination (100 mW cm™2). b)
High-sensitivity EQEpy spectra of typical D18:Y6 and D18:PCy;BM solar cells on a linear
scale. The black circle highlights the EQE contribution of the low absorption of PC71BM. c)
High-sensitivity EQEpy spectra of typical D18:Y6, and D18:PC7BM solar cells presented
on a semi-logarithmic plot (left axis). The dotted curves represent the (linearly extended)
EQEpy spectra of pristine D18, Y6, and PCy;BM devices in arbitrary units (right axis).
The small black triangles indicate the band edge of pristine D18 and PC7;BM. The grey
area under the D18:PCy; BM curve (solid red line) illustrates the additional CT-absorption
observed in fullerene-based devices.

Following the successful fabrication of high-performance, state-of-the-art solar cells with
PCE >15 %, the devices were compared to fullerene-based solar cells with the same device
structure (ITO/PEDOT:PSS/D18:PC7BM/PDIN/Ag) and D/A ratio (1:1.6). Throughout
this report, the results measured for two representative solar cells, one for the Y6-based and
one for the PC7BM-based devices, are presented and compared in detail. J-V-curves were
recorded under AM1.5G illumination and in the dark for both devices and are presented in
Figure 3.2a, while the corresponding photovoltaic parameters are highlighted in Table 3.1.
The fullerene device shows a superior Voc, but at the same time, its Jsc is approximately
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50 % lower compared to the Y6 device. Both solar cells exhibit a high FF of more than 70 %,

indicating efficient charge transport through the device.

High-sensitivity EQEpy measurements were performed for both solar cells and are shown
in Figure 3.2b&c on a linear and logarithmic scale, respectively. The EQEpy comparison
on the linear scale indicates an almost identical behavior of fullerene and non-fullerene
devices in the region of strong light absorption of the donor polymer D18 between 425-
600nm. EQEpy values > 75 % suggest good charge generation and high collection efficiency
for both acceptors. Due to the strong absorption of PC7BM below 425 nm, the EQEpy of
the fullerene device is larger in comparison to the NFA device in this region. Similarly, the
shoulder in the D18:PC7BM EQEpy spectrum at 675 nm can be attributed to the pristine
PC7BM absorption (see Figure 3.1b). Furthermore, the EQEpy spectra clearly illustrate the
big advantage of the Y6 acceptor, namely its strong absorption in the NIR region, enabling
efficient light-harvesting until approximately 920 nm. The semi-logarithmic plot of the high-
sensitivity EQEpy measurements reveals the sub-bandgap EQEpy behavior over several
orders of magnitude, which plays a critical role in determining the photovoltaic performance
of the solar cells. As described in the methods, combining a monochromator, additional
long-pass filters, and an external preamplifier with a phase-sensitive lock-in measurement
technique allows us to reliably determine the EQEpy of the solar cells over a range of 6-7
orders of magnitude. For both solar cells, the EQEpy values >1000nm for the fullerene
device and >1200 nm for the NFA device are considered as limited by the sensitivity of the
measurement. To calculate the dark saturation current ]y using Equation 2.35, a linear function
was fitted to the tail of the EQEpy spectrum (dashed lines in Figure 3.2¢) to avoid distortion
of the determined ]y values by measurement noise. For this method, we assume that the
main physical behavior of the system is already described by the measured EQEpy, and no
physically relevant contributions are hidden below the sensitivity limit of the experimental
setup. In addition to the EQEpy spectra of the investigated organic solar cells, Figure 3.2¢
shows the EQEpy of the pristine materials (dotted curves). An active layer of pure D18,
PC7BM, or Y6 was used for the pristine devices, while the contacts and interlayers were
identical to the ones from fullerene and non-fullerene solar cell devices ITO/PEDOT:PSS
and PDIN/Ag). The EQEpy spectra of the neat materials are presented in arbitrary units and
scaled to fit the EQEpy spectra of the blend devices. For the sake of visibility, the linearly
extended EQEpy of the pristine devices is depicted in Figure 3.2c. A comparison of the
measured and linear extended EQEpy of the pristine devices is presented in Figure S3.5a. The
EQEpy spectrum of the D18:PC71BM solar cell exhibits two distinct kinks at approximately
600 and 700 nm highlighted by small black triangles, which correspond to the absorption
edges of the pristine materials. Figure 3.2c shows a pronounced deviation of the sub-bandgap
EQEpy behavior (> 800 nm) of D18:PC7BM from the EQEpy of the pristine PC71BM device
(red dotted curve). The deviation is highlighted by the grey area under the EQEpy spectrum
of D18:PC7BM. This additional absorption below the bandgap of the pristine materials
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is typical for polymer:fullerene solar cells and can be attributed to CT-state absorption. In
contrast, no such additional absorption is found for D18:Y6 solar cells, suggesting a high-lying

CT state close to the energy levels of the pure Y6 acceptor.

Complementary to the EQEpy measurements, electroluminescence (EL) and photolumines-
cence (PL) spectra of the pristine and blend devices were recorded and are presented in
Figure 3.3a&b. For the non-fullerene devices (Figure 3.3a), there is no observable difference
between EL and PL spectra, suggesting that the recombination process upon charge injection
or light stimulation involves the same energetic states. Moreover, the close resemblance of
the luminescence spectra of the D18:Y6 device and the pristine Y6 device indicates that in
highly-efficient D18:Y6 solar cells, the radiative recombination process is dominated by the
energy levels of the pure Y6 acceptor. In addition to EL and PL spectra, the emissivity of the
solar cell (EMgqg) is shown (yellow line in Figure 3.3a&b). The EMgqg can be calculated as
the product of the measured EQEpy spectrum and the black body spectrum at 300 K. Excellent
agreement of the calculated EMgqg with the measured EL and PL spectra is found for both
Y6-based devices. The PL spectra (light red curves) of both fullerene-containing devices
(pristine PC7;BM and D18:PCy7;BM) in Figure 3.3b are similar in shape, with the exception
of an additional peak at 625 nm for the D18:PC7BM device. During PL. measurements the
high-energy laser light, which is used to excite the sample (1=488 nm), predominantly leads
to localized excitons on the pure donor or acceptor molecules. Thus, the PL spectrum of
the D18:PC71BM blend device resembles the PL emission peaks of pure D18 (625nm) and
PC7BM (715 and 780 nm). The emission spectra of the pristine D18 device are presented in
Figure S3.6. In contrast, the EL spectra (red curves) of both fullerene-containing devices vary
clearly in position and shape. Direct comparison of the EL maxima of the pure and blend
device indicates a significant redshift from 828 nm to 966 nm. In polymer:fullerene solar cells,
this behavior can be assigned to the formation of a pronounced CT-state, which is in good
agreement with the previously presented EQEpy data. In the top graph in Figure 3.3b, the
EMEqE of the pristine PC71BM device resembles the observed PL spectrum. The EL spectrum
exhibits peaks at the same spectral positions, but with different relative intensities. PL and
EL measurements are used to analyze the light emitted due to radiative recombination of
either electrically injected (EL) or optically excited (PL) charge carriers. Optically excited
charge carriers usually recombine within the typical exciton diffusion length of the organic
materials, while electrically injected charge carriers can recombine anywhere within the
organic thin film, depending on the injection properties of the electrodes and the hole and
electron mobilities of the materials. Thus, the observed differences in intensity of EL and PL
measurements could be caused by interference effects, resulting from different recombination
positions within the film. In the bottom graph in Figure 3.3b, the EMgqE of the D18:PC7BM
blend resembles the measured EL spectrum of the CT-state, which can be attributed to
light emission from the CT state and suggests that the electrically injected charge carriers

recombine predominantly via the CT state.
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Figure 3.3: Photo- and electroluminescence characterizations. a) EL (blue) and PL (light blue) spectra
of non-fullerene-based devices (pristine Y6 and D18:Y6). b) EL (red) and PL (light red)
spectra of fullerene-based devices (pristine PC7;BM and D18:PC7;BM). Additionally, the
EMEQE spectra (calculated from the EQEpy) for all devices is presented (yellow curves)
and compared to the measured EL and PL spectra.

3.4.1 CT-state & Voltage Loss Analysis

As discussed in Section 2.2.1, the measured EQEpy and EL spectra of the pure donor and
acceptor materials can be used to identify their optical bandgaps following the procedure
developed by Vandewal and co-workers.[] The reduced high-energy EL and low-energy
EQEpy peaks were fitted with Equations 2.23 and 2.24, and the determined fitting parameter
Eo.o was used to estimate the optical bandgaps. As presented in Figure S3.7, the bandgap
energies of D18, Y6, and PC7BM are 2.02, 1.38, and 1.78 eV, respectively.

The presented EL and EQEpy measurement data suggest a strong influence of the CT-state
in the fullerene-based device. Thus, the method by Vandewal et al. based on the reduced
emission and reduced absorption spectrum was performed to determine the CT-state energy
of the D/A blends as described in Section 2.2.1. The reduced EL and reduced EQEpy
spectra of the D18:Y6 and D18:PCy;BM solar cells are presented in Figure 3.4. According to
Equation 2.24, values for Egg and A were determined for the two blends by performing a
two-parameter fit in the high-energy region of the reduced EL spectrum using a Levenberg-
Marquardt iteration algorithm. The fitting interval is set to match the high-energy tail of
the relevant electronic state with the lowest energy. Therefore, the high-energy tail of the
CT-state emission of the D18:PC7;BM device has to be considered for the fit, as shown in
Figure 3.4b. The absence of a pronounced CT-emission of the D18:Y6 device suggests to fit
the Gaussian curves to the high-energy tail of the emission spectrum, as presented in Figure
3.4a. The corresponding fit results are shown in the insets in Figure 3.4 and were used to
calculate the Gaussian curves (dashed parabolas) using Equations 2.23 and 2.24. The EQEpy
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spectra were scaled to fit the calculated Gaussian curves for the reduced absorption. The
Ecrt analysis quantitatively confirms the previously described assumption of a high-lying CT
state for the D18:Y6 solar cell, since the derived Ect value of 1.38 eV is essentially identical
to the observed optical bandgap of the neat Y6 absorber. Furthermore, the analysis of the
fullerene-based solar cell suggests an Ect value of 1.56 eV, which is lower than the optical
gap of PC71BM (Eg,p = 1.78eV) and is expected to significantly influence the observed optical
and photovoltaic parameters of the solar cell.
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Figure 3.4: Analysis of the CT-state energy. a) Reduced EL and reduced EQEpy spectra of the D18:Y6
device. b) Reduced EL and reduced EQEpy spectra of the D18:PC71 BM. Equation 2.24 was
used to fit the reduced EL spectrum. The fitted parameters for Ect and A are presented in
the small insets. The dashed parabolas were calculated via Equations 2.23 and 2.24 using
the derived fit parameters.

A substantial drawback of organic solar cells compared to other photovoltaic technologies
is the high voltage loss (AV!)), resulting in moderate Ve values. The total voltage loss is
defined as the difference between the optical bandgap (Egap /q) and the measured Voc of
the photovoltaic device. In this study, the optical bandgap of the small bandgap absorber is
defined as the resulting optical gap of the D/A blend. The measured V¢ values presented
in Table 3.1 and the obtained optical gaps of pristine Y6 and PC7BM from Figure S3.7 allow
us to calculate a total voltage loss of 0.51 and 0.80V for the Y6-based and fullerene-based
device, respectively.

In the following, we will perform a detailed analysis (see Section 2.2.2) to quantify the
contributions of the individual loss terms (as shown in Equation 2.36) to the observed total
voltage losses and to emphasize the differences between D18:Y6 and D18:PC7;BM devices.
The highly-sensitive EQEpy measurements presented in Figure 3.2c were used to calculate
V&4 by substituting Equations 2.34 and 2.35 into Equation 2.33 and assuming ELQY=1. The
VS% was determined using the same set of equations but replacing the measured EQEpy with
an ideal step-function EQE, solely defined by the optical gaps of pure Y6 (Eg.p=1.38 V) and
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PC71BM (Egap=1.78 V). The results of the voltage loss analysis based on Equation 2.36 are
summarized in Table 3.2 and presented graphically in Figure 3.5a. The data shows that the
increased total voltage loss in the fullerene-based device results from an increased AV(r)a((:i’b'g'
(0.17V), as well as an increased AVSgn’md (0.33 V) compared to the Y6-based device (0.04
and 0.20 V). The comparatively high voltage loss due to radiative recombination below the
bandgap in D18:PC71BM solar cells is a result of the pronounced CT-state absorption below
the PC7BM bandgap as highlighted in Figure 3.2c (grey area). On the contrary, the absence
of a clear CT-state absorption feature in the EQEpy and a steep absorption edge (resembling
the one of pure Y6) of the D18:Y6 solar cell translates to a small AVéaéi’b'g' of 0.04 V. It should
be emphasized that this result is comparable to the values reported for solar cells based
on inorganic semiconductors like c-Si (0.01 V)18 or GaAs (0.008 V)71, The enhanced non-
radiative recombination loss in the D18:PC7;BM device can be related to the formation of
a prominent CT-state. As seen from the EL measurements (Figure 3.3b), the weak CT-state
emission dominates the luminescence spectrum, whereas the emission of the D18:Y6 device
is almost identical to the EL of the pure Y6 acceptor device. To the best of our knowledge, a
AV value of 0.20 V for the D18:Y6 device is one of the lowest ever reported for organic

solar cells, closing the gap to c-Si solar cells (AVS%“’md =0.18V).[118]

Table 3.2: Comparison of the voltage losses of D18:Y6 and D18:PC7BM solar cells.

Material ~ Eope/q AVESSQ VS AVESPE  ymd  pAygonrad v Ayl
V) V) V) V) V) V) V) (V)
D18:Y6 138 027 111 004 107 020 087 051
DI8PC;BM 178 030 148 017 131 033 098 0.0
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Figure 3.5: Voltage loss diagram and ELQY measurements: a) Illustration of the voltage losses
derived for D18:Y6 and D18:PCy;BM solar cells. The data is presented in Table 3.2. b)
ELQY measurements of D18:PCBM, D18:Y6, and pristine Y6 devices. The dashed lines
represent the ELQY values calculated via Equation 2.37, assuming a non-radiative voltage
loss of 0.20 V and 0.33V, respectively.
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In order to validate the voltage loss analysis, ELQY measurements of D18:Y6, D18:PC7;BM,
and pristine Y6 were performed. The ELQY values measured at different applied voltages
are presented in Figure 3.5b. The non-radiative voltage losses for D18:Y6 and D18:PCy;BM
were used to calculate the respective ELQY values using Equation 2.37. The calculated ELQY
values are indicated by the dashed lines in Figure 3.5b. The good agreement of measured
and calculated ELQY data indicates the validity of the performed analysis.

a) b)

:
K CTpaa:pe,am
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| /
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Reaction coordinate Reaction coordinate
D18:Y6 D18:PC,,BM

Figure 3.6: Schematic sketch of the three-state model for D18:Y6 and D18:PC71BM solar cells. a) The
relevant electronic states of D18:Y6 solar cells according to the three-state model. The high-
lying CT state leads to an increased hybridization with the LE-state of the Y6 molecule.
Due to the contribution of the high-emissive local exciton (LE) state of Y6 the radiative
recombination rate (k;,q) is increased. b) The pronounced CT-state in D18:PC,;BM solar
cells leads to a larger AE[ g c1 offset and reduces the hybridization. Due to the weakly-
emissive LE-state of PC7BM and the reduced hybridization, an increased non-radiative
voltage loss is observed.

In addition, the presented results are in excellent agreement with the findings reported by
Qian et al. 1%, which highlight the importance of a high-lying CT state for low non-radiative
voltage losses. As a consequence of the high-lying CT state, the widely used two-state
Mulliken-Hush model has to be adapted to a three-state model, including the influence of the
strongly absorbing local-exciton (LE) state.[””] A sketch of the three-state model for D18:Y6
and D18:PC7;BM solar cells is presented in Figure 3.6. According to the three-state model,
small energy offsets between the lowest energy LE and CT states (AEpg-cT) can result in
hybridization between LE and CT states. For small AE;g.cT systems, transitions from the
CT state back to the LE state are allowed and provide an additional radiative recombination
pathway. Due to the typically high-emissive nature of the LE state an increased radiative,
and a decreased non-radiative recombination rate are expected, resulting in a relatively large
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ELQY (reduced AVSgn_rad). In the fullerene-based device, the hybridization is reduced due
to an increased AEyg.ct offset of 0.22eV. The lowest energy LE state in the D18:PC7;BM
device is defined by the LE state of the fullerene. The resulting CT-state shows very moderate
emissivity due to the low oscillator strength of the partly forbidden optical transitions in
fullerene molecules. Therefore, the ELQY is expected to be severely reduced in comparison
to the Y6-based solar cell, which is confirmed by the increased non-radiative voltage loss
shown in Table 3.2 and the significantly lower ELQY values presented in Figure 3.5.

3.4.2 Efficiency Limit & Optimization Potential
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Figure 3.7: Relative photovoltaic performance with respect to the SQ limit. The relative photovoltaic
parameters of D18:Y6 and D18:PC7;BM in % of their respective values in the SQ limit.

In the following, we try to estimate upper-efficiency limits for D18:Y6 solar cells and discuss
potential optimization strategies to further improve the performance of this material com-
bination. The fundamental limit for any solar cell with a defined bandgap is the Shockley
Queisser limit."% Knowledge of the optical bandgaps of D18:Y6 and D18:PC7;BM blends
allows the determination of power conversion efficiencies in the SQ limit PCESQ of 33.1 %
and 27.2 %, respectively. To compare the performance of the solar cells regarding their fun-
damental limit, the measured photovoltaic parameters were normalized by the respective
photovoltaic parameters in the SQ limit (see Table S3.2). Figure 3.7 presents the measured
photovoltaic parameters (Voc, Jsc, FE, PCE) in % of the SQ limit. The reduced voltage loss in
Y6-based devices leads to an impressive value of 80 % of its V(S)g, while the fullerene-based
device barely reaches 65 %. Moreover, Figure 3.7 shows that the Jsc is comparatively higher
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for D18:Y6. The low Jsc for D18:PC7BM is a result of the limited optical absorption of the
fullerene, which severely limits the EQEpy beyond the absorption of D18. Both devices reach
approximately 80 % of their FF5Q. For D18:Y6 solar cells, this leads to a relative PCE of almost
50 % of its SQ limit. The fullerene-containing device is limited to approximately 30 % of its
PCESQ.

While Jsc and FF of D18:Y6 solar cells can be improved by optimizing the fabrication process
to improve parameters such as film thickness, morphology, domain sizes, light management,
etc., the Voc is mainly limited by the previously discussed voltage losses, which are a result of
fundamental properties of the investigated materials. Reducing the total voltage loss in OPV
will be critical to push organic solar cell efficiencies beyond 20 %. To achieve higher Vcs,
further improvements in the synthesis of high-performance donor and acceptor materials are
needed. Based on the presented results, two strategies to improve the V¢ of D18:Y6 solar

cells are suggested in the following.

Several reports have shown high-efficiency OPV material combinations where the measured
HOMOp - HOMO4, offset (Apomo) between donor and acceptor is almost zero.[%>58] Con-
sidering the presented HOMO levels for D18 and Y6 suggests a Apomo offset of 0.28 eV.
Carefully reducing the Agomo offset (without affecting the bandgaps) results in a larger
HOMOp-LUMO4, difference, which could potentially result in a higher Voc. Minor chemical
modifications to either reduce the HOMO level of D18 or to increase the LUMO level of Y6
(without changing Egap) could help to increase the Voc of solar cells based on D18 and Y6
derivatives. An optimum balance has to be found since the Aponmo offset is considered as
the driving force for charge separation. A too low offset could result in a reduced IQEpy. A
recent study by Karuthedath et al. on several OPV materials showed a strong correlation
between the Agomo offset and the observed IQEpy.[”4 Their results suggest high IQEpy’s
of almost 100 % for D/ A blends with a Agomo offset >0.5 eV. Below this value, the IQEpy is
reduced rapidly to values lower than 50 %. A minimal Axomo offset of 0.5eV is contradict-
ing the high-performance systems reported earlier with a Apopmo offset close to 0eV.[5558]
It should be noted that the HOMO levels reported by Karuthedath et al. were measured
with ultraviolet photoelectron spectroscopy (UPS), while for the reports with Agomo ~ 0eV,
the energy levels were determined using cyclic voltammetry (CV). Various reports point
out large discrepancies between HOMO levels derived by UPS and CVI74120] yhile others
claim excellent conformity[>>658]. The correct determination of HOMO and LUMO levels
remains controversial but the contradicting reports suggest that both methods are prone
to measurement, and most notably, evaluation errors of several tenths of eV. Despite the
difficulties accompanied when comparing different methods, the statement that the IQEpy is
reduced significantly below a critical Agomo offset holds true. Minor chemical modifications,
such as incorporating different heteroatoms or blending of similar components with slightly
different energy levels, to gradually shift the energy levels of the acceptor (or donor) would
be necessary to find the lowest Agomo offset without reducing the IQEpy of the solar cell.
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A second possible strategy to improve the Voc of D18:Y6 solar cells is to further reduce the
non-radiative voltage losses. The high-lying CT state in D18:Y6 solar cells and the associated
hybridization of the LE and CT state, as discussed above [119] underlines the importance of
the LE state of the small bandgap component. As seen from Figure 3.5, the measured ELQY
of D18:Y6 is almost identical to the one of Y6. This result raises the question of whether the
observed ELQY in the blend is limited by the ELQY of the pure Y6. Thus, modifying the
chemical structure of Y6 to increase its ELQY might lead to a higher Voc of D18:Y6 solar cells.
Based on the NIM-certified Jsc and FF values from Table 3.1, a tenfold increase of the ELQY
would boost the PCE of D18:Y6 to 19.3 % (Voc=0.93 V), while a hundredfold increase would
break the 20 % efficiency mark by delivering a PCE of 20.5 % (Voc=0.99 V).

3.5 Summary & Conclusion

In summary, optical and electrochemical measurements on the high-performance OPV ma-
terials D18, Y6, and PC7;BM have been shown. Furthermore, we report the fabrication
of high-performance D18:Y6 solar cells with a PCE of 16 % and fullerene-based solar cells
(D18:PC7;BM) with a PCE of 8 %. Two representative devices of the fabricated fullerene- and
non-fullerene-based solar cells were analyzed and compared in detail. High-sensitivity EQEpy
and luminescence (EL, PL) measurements strongly suggest the formation of a pronounced
charge transfer (CT) state in the fullerene-based device. In contrast to this observation, the
EQEpy and luminescence spectra of the D18:Y6 device essentially coincide with the spectra
of pristine Y6, suggesting a high-lying CT state, which cannot be distinguished from the
local exciton (LE) state of pristine Y6. CT-state energy levels of 1.38 eV and 1.56 eV have been
found for D18:Y6 and D18:PC7;BM devices, respectively. The results from EQEpy and electro-
luminescence measurements were used to quantify the observed Voc losses of D18:Y6 and
D18:PC7BM solar cell devices. The non-fullerene device exhibits a decreased radiative and
decreased non-radiative voltage loss compared to the fullerene device. A AVéacd’b'g' of 0.04V
and a AVS 4 of 0.20 V for the D18:Y6 device are among the lowest values ever reported
for OPV devices. The CT-absorption below the PC7;BM bandgap of the D18:PC7;BM device
leads to a substantially higher AV(r)aCd’b'g' of 0.17 V. The weak PC7;BM oscillator strength leads
to a low emissivity of the formed CT-state, which can be attributed to the high AVS%n’rad of
0.33 V. For both devices, the measured non-radiative voltage losses are in good agreement
with the calculated AVSgn’rad values from ELQY measurements. The three-state model was
used to describe the observed experimental results successfully.

To conclude, a high-lying CT-state appears to be a prerequisite to achieving low voltage losses.
Furthermore, the three-state model and the experimental results highlight the importance of
a strongly emissive LE-state of the small bandgap component, which seems to significantly
reduce the non-radiative voltage loss in low AEjg.ct systems. Based on the experimental
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results two possible strategies to improve the Voc of D18:Y6 solar cells are proposed. The
EVS measurements of D18 and Y6 (Apomo=0.28 eV) support the idea to reduce the Apomo
offset between donor and acceptor without affecting the IQEpy of the solar cell. As a result,
the increased energetic difference between HOMOp and LUMO, could potentially lead
to a higher Vpoc. Another approach to improve the Ve is to reduce the non-radiative
voltage losses of D18:Y6 solar cells by enhancing the ELQY. As suggested by the experimental
results, this may be achieved by improving the luminescence properties of Y6. The proposed
optimization strategies might be of paramount importance to further reduce the observed
voltage losses and allow for OPV efficiencies to exceed the 20 % mark.
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3.7 Supplementary Information

Electrochemistry
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Figure S3.1: Electrochemical characterization. EVS measurements of the used OPV Materials D18,
Y6, and PCy;BM. The arrows indicate the respective onset of reduction or oxidation.
The dashed arrow indicates an estimation of the LUMOgpt level of D18 calculating
HOMOp;3 + optical gap.
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EVSis a good tool to estimate the HOMO and LUMO levels of OPV materials. The measure-
ment is performed close to equilibrium conditions (see Section 2.1.1) and allows to determine
the onset of oxidation or reduction more precisely than in cyclic voltammetry measurements.
Typical CV measurements are analyzed by fitting tangents to the baseline and the oxidation
or reduction peak. This type of analysis is prone to substantial evaluation errors and can
be avoided using EVS. Here the onset of the reaction is defined as the first deviation from
the baseline. As shown in Figure S3.1 the oxidation onset can be evaluated precisely for all
4 investigated materials. The reduction onset of the acceptors can be identified clearly. It
should be emphasized that the indirect nature of the fullerene molecule can also be identified
in the EVS spectrum. It seems like a limited reaction starts already at -600 mV vs. NHE, while
a strong reduction is observed at approximately -900 mV vs. NHE. The reduction onset for
the D18 polymer is hard to define as indicated by the black ellipse. Thus, the presented
LUMO levels of the polymers could exhibit significant errors. Fortunately, the investigated
systems consist of large bandgap polymers and low bandgap acceptors with moderate or low
Anowmo offsets. In any case, the LUMO level of the polymer is expected to be significantly
higher than the LUMO of the acceptor. Thus, a precise measurement of the LUMO level of
the polymer is not required.
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Figure S3.2: Device geometry and chemical structures of PEDOT:PSS and PDIN.
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Table S3.1: Photovoltaic parameters of D18:Y6 (1:1.6) solar cells with different thicknesses of the
active layer. The presented values are averages over at least 8 cells.

Thickness V¢ Jsc FF PCE
(nm) (V) (mMAcm=2) (%) (%)

60 0.87 -18.20 73.8 117
68 0.87 -18.78 743 121
79 0.87 -24.75 745 16.0
85 0.87 -23.05 739 1438
87 0.87 -22.19 747 144
89 0.86 -25.24 73.6 16.0
96 0.86 -23.39 73 147
97 0.87 -22.88 73 145
100 0.87 -25.12 72.8 159
102 0.86 -24.85 72.8 15.6
117 0.86 -25.57 70.8 15.6
119 0.86 -22.46 714 138
123 0.85 -24.04 67.5 13.8
140 0.86 -22.56 69.4 13.5
192 0.84 -24.19 66.8 13.6

Thickness variation of D18:Y6 solar cells

The various active layer thicknesses of D18:Y6 (1:1.6) solar cells were achieved by different
concentrations of the active layer solution (7mg/mL, 9mg/mL, 11 mg/mL in chloroform)
and spin speeds ranging from 1000-5000 rpm. It should be mentioned that solar cells with
almost 200 nm thick active layers showed a high PCE of 13.6 %. Furthermore, the highest FF
values were found for the thinnest devices. Figure S3.3 clearly shows that the Jsc of devices
with 60 nm and 68 nm is slightly reduced. For the thin devices, the active layer was not thick
enough to absorb all the incoming photons which leads to a reduced Jsc. The result suggests
that an active layer thickness of at least 80 nm is required to reach high Jsc values. For a better
visibility, the EQEpy spectra are presented in arbitrary units. Increasing the thickness strongly
affects the shape of the EQEpy. Thin devices exhibit two pronounced peaks which can be
identified as the pristine absorption peaks of D18 and Y6. Upon increasing the thickness, the
gap between the peaks is reduced until a plateau of an almost constant EQEpy is formed. The
observed behavior is assumed to be caused by interference effects resulting from the different
layer thicknesses of the solar cells. EL measurements show a similarly strong influence
on the active layer thickness. Increasing the active layer thickness gradually increases the

shoulder around 1100 nm. Furthermore, the maximum of the EL peaks shifts towards lower
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wavelengths for thinner devices. Again, this behavior is assumed to be caused by interference

effects.
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Figure S3.3: J-V-curves of D18:Y6 (1:1.6) solar cells with different thicknesses. The presented curves
are averages over at least 8 cells. The respective photovoltaic parameters are summarized

in Table S3.1
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Figure S3.4: EQEpy and EL spectra of D18:Y6 solar cells with various active layer thicknesses.
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Additional EQEpy Measurements
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Figure S3.5: EQEpy measurements. a) Measured EQEpy spectra of pristine devices (solid curves)

and their respective linearly extended EQEpy spectra (dashed curves). b) Individual

EQEpy measurements of a typical D18:Y6 solar cell. The spectra were measured with

different setups, spectral regions, and amplification. An excellent overlap of the EQEpy

spectra from the individual measurements can be observed.
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Figure S3.6: Photo- and electroluminescence characterizations. Comparison of PL. / EL / EMgqg

spectra of pristine D18 and D18:PC7;BM devices.
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Figure S3.7: EQEpy and EL spectra of D18, Y6, and PC7;BM. The high-energy EL and low-energy
EQEpy peaks were normalized to 1. The crossing point between EQEpy and EL spectra
of the pristine materials was used to determine their optical gaps.

Photovoltaic Parameter in the SQ Limit

Table S3.2: Measured photovoltaic parameters of D18:Y6 and D18:PCy; BM solar cells in comparison
with their respective parameters in the SQ limit.

Voc Jsc FF PCE

(V)  (mAcm=2) (%) (%)

measured 0.87 24.46 70.5 15.2

D18:Y6 SQ limit 1.09 33.98 89.0 33.2
% of SQ limit  79.8% 72.0% 79.2% 45.6%

measured 0.98 11.26 71.4 8.0

D18:PC;;BM SQ limit 1.48 20.07 913 27.1
% of SQ limit  66.1% 56.1% 78.2% 29.3%
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Chapter 4

Material Screening

This chapter gives an overview of the novel acceptor materials investigated within the scope
of the “ALTAFOS” FFG project and rationalizes the selection and in-depth investigation of the
PMI-FF-PMI acceptor discussed in Chapter 5. The main goal of the project “ALTAFOS” was
to explore the basic properties and the working principles of the new family of non-fullerene
acceptor materials and to give an estimation of the efficiency potential of this new generation
of organic solar cells. For this purpose, a variety of perylene-based acceptor materials were
synthesized by the group of Prof. Trimmel from the Technical University of Graz. In the
following, optical and electrochemical measurements were used as screening methods to
identify the most promising candidates suited for the application in OSCs.

4.1 ALTAFOS Materials

Perylenediimide (PDI) derivatives are widely used as pigments or vat dyes in the traditional
dye industry due to their strong light absorption and emission properties, low synthesis
cost, and remarkable thermal and (photo-)chemical stability.[lzl] Moreover, PDI-based ma-
terials typically exhibit high electron affinities and have shown excellent electron transport
properties. The combination of their superior optical and electrical properties make them
prime candidates for usage in organic (opto-)electronic applications e.g. solar cells, OLEDs,
or OFETs.[122-126] The application of perylenes in organic solar cells goes back to 1986 when
Tang reported the first heterojunction OSCs with an efficiency of 1 % using a perylene tetracar-
boxylic derivative and copper phthalocyanine.?3! Since then PDIs have been considered
promising candidates for fullerene-free organic solar cells, which led to the development of a
wide variety of perylene-based acceptor materials.l'?-13%1 Owing to their rigid and planar
conjugated backbones PDIs tend to form large micrometer-sized aggregates in blend films
which impedes the desired nanoscale morphology in BHJ blends. Thus, PDI-based acceptor

design has been focused on limiting the aggregation effects aiming for sufficiently small PDI
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domains, while keeping them large enough to ensure percolating networks for high charge
carrier mobilities. The key to reducing the 7t-stacking of PDIs is to reduce their planarity. In
addition to general approaches like side-chain engineering, it has been shown beneficial to
link two or several PDI units forming dimeric, trimeric, or tetrameric structures. These linked
structures typically lead to twisted subunits, which have been shown to greatly impede the
excessive aggregation behavior. For a detailed discussion of PDI design strategies and a
compilation of the most successful developed PDI based acceptors the reader is referred to
the excellent reviews of Wadsworth et al.'28] Hou et al.['?°]) Fujimoto et al.[130] o Zhang et

al,[133]

The developed materials within the scope of the “ALTAFOS” project can be categorized into
two main groups. (1) Materials based on the PDI monomers and (2) materials based on a
perylene monoimide (PMI) triad structure in the form of PMI-linker-PMI. An illustration of
the perylene core and the two main building blocks for the presented acceptors (PDI and
PMI) are shown in Figure 4.1. Functional group substitution at the imide nitrogen position
offers a great possibility to tune the self-assembly properties due to side-chain engineering as
discussed above. It is well known that the imide nitrogen is not conjugated to the aromatic
system and thus allows for a modulation of the morphological properties without significantly
affecting the frontier molecular orbitals and optoelectronic properties.l'?! For all the perylene-
based acceptors in this thesis, a bulky 2,6-diisopropylphenyl group attached at the imide
nitrogen position was used to reduce the 7r-stacking and improve the solubility in common
chlorinated solvents (see Figure 4.1).

2,6-diisopropyl
peri perylene core lmlde phenyl

N |

3 4 nrtlw
2 5

1 6
12 O O E
10 9 PDI

Figure 4.1: Left: Chemical structure of a perylene core. Right: Chemical structure of PMI and PDI
units, which served as building blocks for the presented acceptor materials.
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4.1.1 PDI Acceptors

A not yet discussed, attractive property of PDI-based acceptors is the great possibility to
influence their optoelectronic properties by simple substitution at ortho or bay-position.
Compound 1 in Figure 4.2 shows the unsubstituted PDI molecule, which acts as reference
material for its bay-substituted analogs (compound 2-4). Compounds 2 and 3 represent
halogenated versions of compound 1 (Brp-PDI and Cls-PDI), while compound 4 incorporates
diethylsilane at the bay position of the perylene backbone (Et,Si-PDI).

3y (0 3 (0
00 KD CE agel)

1PDI 2 Br,-PDI

e

ae¥ 4
age KD CE -0

3 Cl,-PDI 4 Et,Si-PDI

Figure 4.2: Chemical structures of the investigated PDI-based acceptor materials.

4.1.2 PMI-linker-PMI Acceptors

In contrast to the great variety of reported acceptors based on the PDI-monomer, its close
structural relative, perylene monoimide (PMI), has attracted significantly less research at-
tention despite possessing comparable optical and electronic properties.'3# As a building
block for organic solar cell materials, PMIs offer similar traits as PDIs such as strong absorp-
tion, high stability, low synthesis cost, and high electron affinity. Moreover, the asymmetric
structure of PMI unlocks additional molecular design concepts based on modifications at
the peri position. One possible example is the coupling of two PMI units via a 7r-conjugated
linker molecule resulting in a PMI-linker-PMI structure as presented in this thesis. This triad
structure can be interpreted as an acceptor-donor-acceptor (A-D-A) like motif, which has been
used in a large number of high-performing NFAs.[135] Ag shown in Figure 4.3, phenylene-,
thiophene-, and fluorene-bridged PMI-linker-PMI structures have been realized.
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Figure 4.3: Chemical structures of the investigated PMI-linker-PMI-based acceptor materials.

4.1.3 Screening Process

As discussed above, electrochemical and optical measurements have been performed to
screen the large number of synthesized materials for the most promising candidates for
OSC applications. Figure 4.4 gives an estimation of the HOMO and LUMO energy levels
of all investigated materials. Donor polymers are depicted in green, PDI-based acceptors
in purple and PMI-linker-PMI acceptors in red (phenylene), yellow (thiophene) and blue
(fluorene) depending on the bridging molecule. As described in Section 2.1.1, the “first
deviation” and “tangent” methods were used to evaluate the reduction and oxidation onsets
from EVS measurements. In Figure 4.4 the results from the “first deviation” method are
represented by the box plot, while the onset values determined from the “tangent” method
are represented by the whiskers. Barring a few exceptions (Compound 5c¢ and 14) the HOMO
level could be identified with good accuracy and a small evaluation dependency. Thus, the
optical bandgaps Ept were used to calculate the LUMO,pt levels (yellow bars) according to
Equation 2.2. Due to the large uncertainty of the electrochemically derived LUMO levels,
only the LUMOopt levels were considered in the following discussion. For the sake of clarity,

97 / 174



JXU

Chapter 4 4.1. ALTAFOS MATERIALS UNIVERSITY LINZ

the interpretation of Figure 4.4 is segmented by the three material classes shown in the tabs

above the top axis.

donors \  PDIs \ PMI-linker-PMI
(Phenyl)  (Thiophen)  (Fluorene)

—
1 1

15
9 0 1 12 13 4 _

ool

Figure 4.4: Summary of the derived HOMO and LUMO energy levels of all presented materials.

Donor polymers

In general, all EVS measurements of the presented, commercially available donor polymers
follow the same characteristics. As shown in Figure 4.4, the oxidation onsets (HOMO levels)
could be determined with great accuracy. On the other hand, the reduction onset was difficult
to determine due to a non-ideal baseline behavior as depicted in the EVS measurement in
Figure 2.3. Ideally, the baseline is constant until the reduction/oxidation onset is reached. At
this point the transported charge AQ should start to deviate from the baseline, followed by a
sharp exponential-like decrease/increase. However, all the reductive EVS measurements of
the investigated polymers displayed an additional segment characterized by a slight, linear
slope before showing the typical exponential-like decrease. Within this thesis, this behavior is
referred to as “delayed reduction” and is the reason for the large deviations between the two
evaluation methods shown in Figure 4.4. The measured optical gaps of the donor polymers

tend to be in good agreement with the LUMO levels determined from the first deviation
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method. Moreover, it should be noted that the subtle effect of the “delayed reduction”
is not visible in standard CV measurements (see Figure 2.3), which leads to a significant
overestimation of the LUMO of typical donor polymers. As a consequence, their optical and

electrochemical gaps reported in literature often deviate by more than 0.5 eV.4355571

From the five investigated donors, polymer D1 has the lowest LUMO and highest HOMO
level which is in good agreement with its significantly lower optical bandgap. Compounds
D3-D5 exhibit deep HOMO levels around -5.6 eV. Interestingly, the studied donors are
characterized by similar LUMO levels of either ~ -3.55eV for D2, D4, and D5 or ~ -3.75eV
for D1 and D3.

PDis

First and foremost, it should be noted that the HOMO/LUMO levels of compounds 1-4, as
presented in Figure 4.4, were not derived from EVS measurements. Due to the pronounced
stacking properties of PDIs, the drop-casting onto the Pt plate resulted in large crystallites
instead of a continuous film. The adhesion of the crystallites on the Pt plate was very weak
and once the acetonitrile was added into the cell they got washed away from the surface. In
general, acetonitrile is a bad solvent for the PDIs but the solubility was just good enough
to perform homogeneous CV measurements, where the material of interest is dissolved in
the electrolyte solution. Due to the limited solubility, the reduction and oxidation currents
were rather weak and for the most part, the first deviation and tangent method led to
similar reduction and oxidation onsets. Figure 4.4 shows that the LUMO levels of PDI-
based acceptors are on average around 0.5eV lower than those of PMI-linker-PMI acceptors.
Although it is precarious to compare different electrochemical techniques, the large difference
suggests significantly lower LUMO levels of the PDI-based acceptors. The low LUMO levels
of the acceptors reduce the maximum achievable Vo, which can be approximated by the
difference between the HOMO of the donor and the LUMO of the acceptor. Consequently,
first trials using PBDB-T as a donor in combination with the PDI acceptors led to solar cells
with low open-circuit voltages between 0.6 - 0.8 V. In addition, the limited solubility and bad
film formation properties inhibited the further use of PDI-based acceptors in OSC devices. A
non-ideal nano-morphology caused by the strong 7r-stacking is thought to be responsible for
the low Jsc values between 3 and 4 mA cm™. It should be noted that within the PDI family the
Si substituted PDI (compound 4) showed the most promising photovoltaic parameters with
Jsc values around 6 mA cm™?. However, the moderate current densities in combination with
the low maximum achievable Voc values of only 0.8 V minimizes the optimization potential
of Et;Si-PDI and its analogs. A new class of donor materials with significantly lower HOMO
and LUMO levels would be necessary to reduce the large voltage loss of solar cells based
on compounds 1-4. An alternative area of application for those new low-LUMO acceptors
could be the use as interlayers in organic or perovskite solar cells. Corresponding studies
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were not the focal point of this thesis and further research would be necessary to evaluate

their performance as interlayer materials.

PMI-linker-PMI

In contrast to the excellent agreement of optical and electrochemical gap for the presented
donor polymers, the electrochemical measurements of the LUMO of the PMI acceptors tend
to be significantly lower than the derived LUMO,y; levels. Additionally, the measurements of
compounds 5c and 14 should be considered with special care due to the comparatively large
uncertainty in the HOMO evaluation. In general, the LUMO levels of the PMI-linker-PMI
acceptors are significantly higher compared to the LUMO levels of the presented PDIs. In
fact, some acceptors (compounds 5b, 6, 9) exhibit similar LUMO energy levels to those of
donors D1-D5. Therefore, the driving force for charge transfer could be seriously reduced
in some of the D/A blends. As a consequence, blends with low LUMO donors D1 and D3
failed to reach Jsc values greater than 1.5mA cm2. Thus, D/ A blends with donors D2, D4
and D5 were mainly investigated in this thesis.

Based on the first trials of fabricating OSC devices, fluorene-derivative-linked PMI acceptors
seemed to outperform their phenylene and thiophene-linked counterparts. Especially com-
pounds 10-13 stand out due to their excellent film formation properties and good solubility
in common chlorinated solvents. Additional alkyl side chains on the fluorene-derivative
linker molecules are thought to be responsible for the enhanced solubility. Moreover, their
LUMO,yt levels are slightly lower than those of most phenyl and thiophene-linked analogs,

which could be beneficial for photocurrent generation.

Despite their slightly worse performance, the phenylene-linked PMI acceptors lend them-
selves as an ideal model system to thoroughly analyze the structure-properties relationship of
acceptors based on the PMI-linker-PMI structure. Benzene, the simplest aromatic linker, gives
the possibility to study the effect of different attachment positions and investigate the influ-
ence of different side chains on the solubility or film formation properties. A corresponding
study has recently been published.[!*]

Due to their superior photovoltaic performance, here, the fluorene-linked PMI acceptors
were chosen as the most promising candidates to fabricate efficient OSCs. Optimized organic
solar cells based on blends of PBDB-T (donor D2) with acceptors 10, 11, and 12 led to
efficiencies beyond 5 %. The solar cells were characterized by high Vocs > 1V, Jscs between
8-10mA cm and FFs between 44-53 %. For a detailed analysis and characterization of
these OSCs, the reader is referred to our recent publication, which investigates the effects
of fluorene, silafluorene, and carbazole linkers on the photovoltaic performance of PMI-
linker-PMI based acceptors.'¥] Based on the presented screening results, the tetraoctyl-
indeno[1,2-b]fluorene-linked acceptor PMI-FF-PMI (compound 13) was chosen as the most
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promising material from all the presented novel perylene-based acceptors. In comparison to
its close relative PMI-F-PMI, compound 13 is characterized by a larger rr-conjugated linker
molecule and two additional octyl side chains for enhanced solubility. Within the accuracy of
the electrochemical measurements, these structural changes did not significantly alter the
HOMO and LUMO energy levels with respect to compound 10. In a direct comparison of
photovoltaic parameters of PMI-F-PMI and PMI-FF-PMI based solar cells (with PBDB-T as
donor polymer), the indenofluorene-linked acceptor showed slightly higher Voc and FF
values, which was the main motivation to conduct an extensive study on the PMI-FF-PMI
acceptor and its use in OSC applications. The corresponding study is discussed in Chapter
5.

For the sake of completeness, it should be mentioned that this section covers only the
materials, which were reasonably stable and were delivered in large enough quantities to
perform the discussed screening measurements. A full list of all the synthesized acceptors
can be found in the soon-to-be-published final report of the “ALTAFOS” project. In addition,
it should be mentioned that the effect of diethylene glycol side chains on the photovoltaic
performance of fluorene-linked PMI acceptors (compounds 14 and 15) is currently being

investigated and a corresponding manuscript is in preparation.
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Wide-bandgap organic solar cells with
a novel perylene-based non-fullerene

acceptor enabling open-circuit voltages
beyond 1.4 V.

J. Hofinger, S. Weber, F. Mayr, A. Jodlbauer, M. Reinfelds, T. Rath, G.
Trimmel and M. C. Scharber

The results of this chapter have been published in: ~
Journal of Materials Chemistry A, 2022, 10, 2888-2906 %?YCA}{]ES%%I'%E\\;
DOL https://doi.org/10.1039/D1TA09752K -
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5.1 Abstract

A perylene-based acceptor (PMI-FF-PMI), consisting of two perylene monoimide (PMI)
units bridged with a dihydroindeno[1,2 b]fluorene molecule was developed as a potential
non-fullerene acceptor (NFA) for organic solar cells (OSCs). The synthesized NFA was
combined with the high-performance donor polymer D18 to fabricate efficient OSCs. With
an effective bandgap of 2.02 eV, the D18:PMI-FF-PMI blend can be categorized as a wide-
bandgap OSC and is an attractive candidate for application as a wide-bandgap sub-cell in
all-organic triple-junction solar cell devices. Owing to their large effective bandgap, D18:PMI-
FE-PMI solar cells are characterized by an extremely high Voc of 1.41V, which to the best
of our knowledge is the highest reported value for solution-processed OSCs so far. Despite
the exceptionally high V¢ of this blend, a comparatively large non-radiative voltage loss
(AVETd) of 0.25V was derived from a detailed voltage loss analysis. Measurements of
the electroluminescence quantum yield (ELQY) of the solar cell reveal high ELQY values
of ~ 0.1 %, which is contradicting the ELQY values derived from the non-radiative voltage
loss (AVS%“_rad =0.25V, ELQY = 0.0063 %). This work should help to raise awareness that
(especially for BHJ blends with small Agomo or ALumo offsets) the measured ELQY cannot
be straightforwardly used to calculate the AVE ™4, To avoid any misinterpretation of the
non-radiative voltage losses, the presented ELQY discrepancies for the D18:PMI-FF-PMI
system should encourage OPV researchers to primarily rely on the AVSgn_rad values derived

from the presented voltage loss analysis based on EQEpy and |-V measurements.

5.2 Introduction

During the last decade, the research field of organic photovoltaics (OPV) has witnessed the
rise and prevalence of a new class of acceptor materials. The development of non-fullerene
acceptors (NFAs) with superior light-harvesting properties and readily adjustable electronic
energy levels compared to typical fullerene acceptors has led to a dramatic increase in power
conversion efficiencies (PCEs) of bulk heterojunction (BH]J) organics solar cells (OSCs).[135,138]
In the last 5 years, PCEs of NFA-based solar cells have almost doubled and efficiencies of
over 18 % have been reported.[*3139140] Degpite these rapid improvements, organic solar cell
efficiencies still fall short compared to state-of-the-art inorganic or perovskite solar cells. As
summarized in Table 5.1, the larger open-circuit voltage loss (AV!) of OPV devices can be
identified as one of the main factors limiting the overall performance of organic solar cells.
The total voltage loss of a solar cell is defined as the difference between the optical gap of
the absorber (Eqpt) and the measured open-circuit voltage (Voc) under AM1.5G illumination
as given by AVE®R! = (1/4) x Eqpt — Voc. In Chapter 3 the individual loss contributions
of high-performance fullerene (D18:PC7;BM) and non-fullerene (D18:Y6) solar cells were

compared following the voltage loss analysis described in Section 2.2.2. The results of the
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voltage loss analysis for the two organic solar cells are summarized in Table 5.1, revealing
that the high-performance NFA-based solar cell exhibits significantly lower non-radiative
voltage losses (~ 0.2 V) compared to its fullerene-based counterpart (~ 0.3 V). Nevertheless,
the typically observed non-radiative voltage losses of high-performance NFA-based solar
cells around 0.2V are considerably larger than the 0.03V or 0.06 V observed for top-end
GaAs and perovskite solar cells, respectively. The formation of an interfacial CT state at the
donor:acceptor (D/A) interface is thought to be responsible for the increased non-radiative
voltage losses in OPV devices compared to their inorganic counterparts. Due to the low-
dielectric constants of organic semiconductors and the resulting high exciton binding energies,
a charge transfer (CT) state is required for the efficient dissociation of photogenerated excitons.
Simultaneously, most of the recombination processes in OPV devices proceed via the CT
state, underlining its importance for the performance of organic solar cells.

Table 5.1: Comparison of the bandgaps, photovoltaic parameters, and open-circuit voltage losses of
selected organic, inorganic, and perovskite solar cells. Jsc and FF represent the short-circuit
current density and the fill factor, respectively

Material ~ Eqpt  Voc Jsc FF PCE AVgtl Avgenmad  ELQY  Source
€V) (V) (mAem™®) (%) (%) (V) V) (%)

GaAs 143 112 2978 867 291 031 0.03 35.7  [48,49]

Perovskite 153 1.19 26.35 81.7 256 0.34 0.06 10.1 [50]

D18:Y6 138 087 2524 736 161 051 0.20 004  [51]

D18:PC;xBM 178 098 1126 714 80  0.80 033  0.0003 [51]

Recently, An et al. have reported an OPV device with an impressively low AV(I)‘gn_rad of
0.16 V and an excellent electroluminescence quantum yield (ELQY) as high as 0.19 %.["*1 The
small voltage loss was ascribed to a high-lying CT state energy and a low offset (AEyg_cr)
between the local exciton (LE) and CT state. It should be noted that for blends of a wide
bandgap donor and small bandgap acceptor, the offset between the HOMO levels of donor
and acceptor is usually taken as an estimate for the driving force to form a CT state and
can be considered as a first approximation of the AEjg_ct offset.[1¥2] Thus, the moderate
observed EQEpy values of around 40 % reported by An and co-workers can be explained
by the reduced driving force for CT state formation due to the small AE;g_cr offset in this
D/A blend. Amongst others,748¢] the work by An et al. highlights the inverse relationship
between CT efficiency and non-radiative voltage loss in organic solar cells. Encouragingly,
highly efficient polymer:NFA blends have recently been reported with a minimal energetic
offset between the HOMOs of donor and acceptor.[56-%8] A better understanding of the high
CT efficiencies despite the small energetic offsets in those OPV blends is required to develop
new highly efficient D/A blends with minimal non-radiative voltage losses, closing the
performance gap to efficient inorganic and perovskite solar cells.
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Figure 5.1: History of OSC efficiencies and triple-junction efficiency map. a) Research cell efficiency
chart for organic single-junction and tandem cells. Additionally, current record efficiencies
for GaAs and perovskite solar cells are presented. The data was taken from the NREL
efficiency chart.!'? In addition, the 19.6 % efficient tandem cell reported by Wang et al.
is added to the NREL data and is depicted as a dashed star symbol.['40] b) 2D-efficiency
map for a triple-junction device. The efficiencies were calculated in the SQ limit for a
fixed small bandgap absorber of 1.13 eV. The white dotted line represents the effective
bandgap of the D18:PMI-FF-PMI blend.

A complementary approach to overcome the performance deficit caused by the large open-
circuit voltage losses of OSC devices is to take advantage of the great variety and possibility
to readily adjust the optical bandgaps of organic semiconductors. In addition, their solution
processability allows easy fabrication of multi-junction devices consisting of stacked OPV
blends with different optical bandgaps. According to the SQ theory, only photons with energy
larger than the bandgap get absorbed in an ideal single-junction solar cell. At short circuit
current (Isc) conditions, the absorption is followed by a rapid thermalization to the bottom of
the conduction band, where the exciton is separated into free charges. Photons with energy
Eny > Eqpt lose the energy difference AE= Ey,, — Eopt in form of heat during the thermalization
process. In principle, a multi-junction device allows to significantly reduce thermalization
losses due to a more efficient photon to energy conversion, enabling efficiencies well beyond
the SQ limit for single-junction devices of approximately 33 %. However, efficiencies of
tandem or triple-junction OPV devices based on fullerene acceptors seldomly exceeded
those of single-junction devices as shown in Figure 5.1a. In the past, the benefit of reduced
thermalization losses in tandem devices was partly negated by the limited NIR absorption
properties and the combined open circuit voltage losses of two fullerene-based sub-cells. As
argued above state-of-the-art non-fullerene acceptors are primed to overcome both of these
shortcomings. According to the NREL efficiency chart, the current record-breaking organic
tandem device (PCE=14.2 %) still consists of a wide-bandgap, fullerene-based sub-cell.[1>143]
The development of wide-bandgap NFAs for applications in all-NFA-based tandem devices
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could reduce the overall voltage losses and significantly boost power conversion efficiencies,
eventually fulfilling their promise in surpassing the efficiencies of single-junction devices.
This statement has been confirmed by recent studies (not included in the current NREL
efficiency chart!1?l), claiming PCEs of almost 20 % for OPV tandem cells with NFA-based wide-
bandgap sub-cells.*>1401 A study by Eperon et al. showed that the theoretical efficiency limit
of triple junction devices is exceeding the efficiency limit of tandem devices only if spectral
absorption around 1100 nm can be realized.*¥] The analysis is based on a simple SQ model
assuming a step-like EQEpy. For perovskite triple-junction cells the optimal bandgaps for
wide, middle, and small-gap components derived from the simple SQ model were confirmed
(only minor shifts in optimal E,pt values) by a more realistic model based on a transfer matrix
and device modeling approach. The good agreement between the two models highlights
the validity of the simple approach in the framework of SQ theory. Recently, an efficient
organic solar cell based on a novel non-fullerene acceptor with strong infrared absorption
up to 1100 nm (PTB7-Th:COTIC-4F) has been reported by Lee et al.1#1. As discussed above,
optical absorption up to 1100 nm unlocks the regime, where the theoretical efficiency limit
of triple junction devices is significantly increased compared to tandem devices. Moreover,
other narrow-bandgap NFAs with absorption beyond 1000 nm have recently been reported
such as SIOTIC-4F, CO1-4F, and CO1-4CL.1145-147] Thus, the recent progress of low bandgap,
non-fullerene acceptors strongly suggests developing specialized NFA-based organic solar
cells optimized for usage in all-organic triple junction devices. A simple SQ model, as
discussed in Reference [144], was developed to identify the optimal bandgaps for an all-
organic triple-junction device. Figure 5.1b shows the maximum efficiency map in the detailed
balance limit assuming a small bandgap absorber with a fixed bandgap of 1.13 eV (=1100 nm)
while varying the bandgaps of medium and wide bandgap absorbers between 1.2 and
2.8 eV. A maximum theoretical efficiency of 48.6 % was derived for a triple-junction device.
Furthermore, Figure 5.1b shows that wide and medium bandgap sub-cells with bandgaps in
the range of 1.95-2.05eV and 1.45-1.55 eV are required for optimal performance. A variety
of high-efficient OSCs with an optical bandgap between 1.45 and 1.55 eV have already been
reported.#81521 A well-established example is the D/A combination of PBDBT-2F (a.k.a.
PM®6) and IT-4F with a PCE and EQEpy beyond 13 % and 80 %, respectively.[152] On the
contrary, high efficient OPV devices with an extremely low bandgap in the range of 1.1 eV are
scarce. The development of novel NFAs like COTIC-4F is a promising start, but the currently
only moderate EQEpy values of around 50 % obtained for ultra-small-bandgap OSCs suggest
that further optimization is necessary to increase their performance.143! Similarly, due to the
strong research effort of maximizing the absorption range of single-junction OPV blends,
highly specialized wide-bandgap solar cells with effective bandgaps around 2 eV, required
for triple-junction solar cell applications, are rare.

Herein, we report the synthesis, electrochemical and optical characterization of a wide-
bandgap, perylene-based non-fullerene acceptor (PMI-FF-PMI). In combination with the
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commercially available, high-performance donor polymer D18, the newly developed acceptor
is used to fabricate efficient, wide-bandgap, BH]J solar cells with extremely high Vo values
beyond 1.4V. The photovoltaic parameters of the solar cells were investigated with J-V-
response and EQEpy measurements. Moreover, a detailed characterization of the electro- (EL)
and photoluminescence (PL) properties of the D18:PMI-FF-PMI solar cells was performed. PL
quenching experiments and time-correlated single-photon counting measurements (TCSPC)
were conducted to analyze the driving force for CT state formation in this D/A blend.
As discussed above, the high Voc loss is one of the main limiting factors of OPV device
efficiencies and furthering the understanding in this area is one of the main focal points
of contemporary OPV research. Therefore, a D/A blend with a record-breaking high Voc
beyond 1.4V is an interesting candidate to thoroughly investigate the individual open
circuit voltage loss contributions using the presented voltage loss analysis. To evaluate
the performance of the newly synthesized acceptor, the photovoltaic parameters and the
determined voltage losses of D18:PMI-FE-PMI cells were compared to those of state-of-the-art
fullerene (D18:PC7;BM) and non-fullerene (D18:Y6) solar cells.>!]

5.3 Experimental Notes

This section provides additional experimental details relevant for this chapter, which have
not been discussed in the general experimental section in Chapter 2.

Addendum: Materials and Device Preparation

D18 and Y6 were purchased from 1-materials, while PC7;BM was purchased from Solenne
BV. Before the solar cell fabrication, pre-patterned ITO glass was first wiped with toluene,
followed by subsequent ultrasonication in Hellmanex (2 %v /v solution in deionized water,
50 °C), 2x in deionized water, acetone and isopropanol. Each sonication step was performed
for 15 min. Following the cleaning process, the substrates were blow-dried with N, followed
by an O, plasma treatment for 5min at 100 W. Solar cells in the standard configuration
(ITO/PEDOT:PSS/absorber layer/Ca/Al) were prepared spin coating a 0.45 pm filtered
PEDOT:PSS solution (Clevios Al4083) onto the clean substrates. A recipe with 3000 rpm
for 45s was used to obtain films thicknesses of 30-40 nm. The PEDOT:PSS films were an-
nealed at 150 °C for 10 min to remove residual water and were then transported into a
nitrogen-filled glove box where the active layer was spin-coated. The active layer solution of
D18:PMI-FF-PMI was prepared in chlorobenzene with a D/ A weight ratio of 1:1 and a total
concentration of 13.3 mg/mL. The active layer solution was prepared from master solutions
of D18 (10 mg/mL in chlorobenzene) and PMI-FF-PMI (15 mg/mL in chlorobenzene). Before
use, the D18 and D18:PMI-FF-PMI solutions were stirred at 90 °C for 30 min in order to fully
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dissolve the polymer. The active layer was spin-coated at 60 °C with a two-step recipe of
1500 rpm for 2 s and 4000 rpm for 20's. The spin-coating recipe resulted in film thicknesses
between 70-90nm. The substrates were transferred to a thermal evaporator under a dry
nitrogen atmosphere, where a 10nm Ca and a 100 nm Al layer were deposited at a pressure
< 10~®mbar using a shadow mask. The active area of the cells was around 0.1cm?. The
exact area of each solar cell was determined with an optical microscope. All cells were
encapsulated in the glovebox using a two-component epoxy sealant. The device preparation
of D18:PMI-FF-PMI cells in the inverted device structure is summarized in Note S5.7, ESI. The
detailed fabrication of the D18:Y6 and D18:PC7;BM solar cells is reported elsewhere.!!

Addendum: EQEpy

Due to their limited NIR absorption, the EQEpy spectra of D18:PMI-FF-PMI solar cells were
measured using the EQE setup optimized for measurements between 350 and 1000 nm (EQEs1
setup) as described in Section 2.1.3. The EQEpy measurements presented in this chapter
consist of two separate measurements. In addition to the standard EQEpy measurement, a
second measurement with a 610 nm long-pass filter and increased preamplification in the

range from 630-800 nm is performed to analyze the behavior below the band edge.

Addendum: Electro- and Photoluminescence

For PL measurements the devices were excited with a solid-state laser (Coherent OBIS 488 nm
LX150mW) with a wavelength of 488 nm. The optical output power of the laser was adjusted
to obtain similar currents as measured under AM1.5G illumination. A 550 nm long-pass
filter in front of the monochromator was used to successfully suppress the 488 nm laser
light and allowed the acquisition of a PL spectrum without the influence of the excitation
light. For EL measurements a Keithley 2401 Source Meter Unit (SMU) was used to apply
different potentials to the solar cells. The injection currents were set to match the observed

photocurrents under AM1.5G illumination.

5.4 Results

In Figure 5.2a, the chemical structures of the investigated OPV materials are presented. PMI-
FF-PMI was synthesized via Suzuki coupling using a perylene pinacol ester and the linker
dihydroindeno[1,2 b]fluorene dibromide. The detailed synthesis procedure is presented
in Note S5.1 and Figure S5.1, ESL. The structure was verified by 'H and *C APT NMR
spectroscopy as well as MALDI-TOF mass spectrometry (see Figure S5.2-55.4, ESI). The
linker exhibits a larger conjugated 7r-system in the donor subunit compared to the recently
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Figure 5.2: Chemical structure, optical and electrochemical characterizations. a) Chemical structure
of the D18 polymer and the PMI-FF-PMI small-molecule acceptor. b) Measurements of the
excitation and emission spectra of pristine D18 and PMI-FF-PMI. ¢) HOMO and LUMO
level estimations for the donor and acceptor materials obtained from electrochemical
voltage spectroscopy measurements. The yellow line represents the theoretical LUMOpt
level calculated by adding Eopt to the HOMO level. The whiskers represent the maximum
evaluation uncertainty of EVS measurements, as discussed in Note S5.2, ESIL.

investigated fluorene analog PMI-F-PML!'%] The newly synthesized acceptor PMI-FF-PMI
shows strong optical absorption, good solubility in common chlorinated solvents, and excel-
lent processability and film formation properties, which makes this molecule an interesting
candidate to be tested in photovoltaic applications. Here, we investigated the performance of
the perylene-based acceptor in combination with the commercially available donor polymer
D18. A detailed optical characterization of D18 and PMI-FF-PMI in chlorobenzene solution
is presented in Figure S5.5, ESI. The excitation and emission spectra of donor and acceptor
thin films on glass are presented in Figure 5.2b. The spectra are normalized to the low energy
absorption and high energy emission peak, respectively. The PMI-FF-PMI absorption consists
of two prominent peaks at 350 nm and 520nm. The peak at 520 nm can be ascribed to the
absorption of the PMI moieties, while the peak at 350 nm can be identified as the absorption
of the dihydroindenol[1,2-b]fluorene linker. Furthermore, Figure 5.2b displays a strong optical
overlap of the excitation spectra of donor and acceptor. The crossing point of the excitation
and emission spectra was used to estimate the optical bandgap.®”! Both materials exhibit very
similar wide optical bandgaps of 2.04 eV and 2.06 eV for D18 and PMI-FF-PMI, respectively.
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In addition, the absorption coefficients of D18, PMI-FF-PMI, and D18:PMI-FE-PMI (1:1) thin
films are presented in Figure S5.6, ESI. Peak absorption coefficient values beyond 10° cm™
highlight the strong absorption properties of both materials. In addition to the optical mea-
surements, the OPV materials were electrochemically characterized using electrochemical
voltage spectroscopy (EVS) and cyclic voltammetry (CV). During EVS measurements the
system is kept close to its thermodynamic equilibrium. Thus, typical dynamic influences
of standard CV measurements (e.g. scan speed) are reduced due to the slow, incremental
variation of the applied potential. The HOMO and LUMO energy levels of the molecules
presented in Figure 5.2c were derived from EVS measurements of D18 and PMI-FE-PMI drop-
casted thin films (see Figure S5.7a, ESI). A comparison between EVS and CV measurements
is shown in Figure S5.7b, ESI. Following the evaluation procedure described in Note S5.2,
ESI results in HOMO energy levels of 5.62eV and 5.80 eV and LUMO,; (= HOMO + Eqpt)
energy levels of 3.58 eV and 3.74 eV for D18 and PMI-FF-PM], respectively. The EVS mea-
surements indicate two large bandgap materials with similar energy levels. The system can
be considered a small HOMOp—HOMO, (Agomo) and small LUMOp—LUMO, (Arymo)
offset system with nominal offsets of 0.18 eV and 0.16 eV, respectively. As discussed in Note
§5.2, ESI, the presented values should be considered as rough estimates due to the large error
margins of electrochemical measurements.!8%! However, the measurements were evaluated
uniformly and the relative differences between the materials should thus provide a reliable
insight into the relevant energy offsets of this D/A combination.

Table 5.2: Summary of the photovoltaic parameters. Equation 2.34 was used to calculate the short
circuit current density (Jsc gqr) from the measured EQEpy spectrum. Average values and
standard deviations were calculated from 14 cells.

Material Voc Jsc JscEQE FF PCE
(V) (mMAcm~—2) (mAcm?) (%) (%)

D18:PMI-FF-PMI (ave.) 1.40+0.01 6.11 +0.25 - 593 +£1.0 5.1240.20
D18:PMI-FF-PMI (best) 141 6.09 6.04 60.9 5.34

In the next step, the PMI FF PMI acceptor was used in combination with the donor polymer
D18 to fabricate BH]J organic solar cells in a standard (ITO/PEDOT:PSS/active layer/Ca/Al),
as well as in an inverted (ITO/ZnO/active layer/MoO;/Ag) device architecture. In the main
text, we would like to focus on the devices fabricated in the standard configuration, while
the results of the devices fabricated in the inverted configuration can be found in Figure
S5.8 and Table S5.1, ESI. A detailed description of the device fabrication process is provided
in the Methods section. Figure 5.3a shows the characteristic J-V-response of a D18:PMI FF
PMI solar cell. The presented measurements were performed under AM1.5G (100 mW cm~2)
illumination (dark blue curve) and in the dark (light blue curve) on a solar cell witha D/A
ratio of 1:1. The derived photovoltaic parameters (Voc, Isc, FF, and PCE) of the J-V-curve are
summarized in Figure 5.3a and Table 5.2. Additionally, the averages and standard deviations
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of 14 equivalent cells are presented in Table 5.2. As shown, D18:PMI-FF-PMI solar cells
consistently exhibit extraordinary high Voc values beyond 1.4 V. With Jsc values beyond

6 mA cm 2 and FFs of around 60 %, the material combination allows for efficiencies over

5%.
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Figure 5.3: Photovoltaic characterization. a) Current density-voltage curves in the dark (light blue)
and under AM1.5G illumination (dark blue) of a D18:PMI FF PMI solar cell witha D/A
ratio of 1:1. b) Plot of the photogenerated current density (/) vs. the effective voltage
(Vege). ©) High-sensitivity EQEpy spectrum of a D18:PMI FF PMI solar cell on a linear
scale (dark blue, solid line). Additionally, the reflectance (yellow, dash-dotted line) and
the IQEpy of the solar cell (grey, dashed line) are presented. d) High-sensitivity EQEpy
spectra of a D18:PMI FF PMI solar cell (dark blue), a pristine D18 (black), and PMI FF PMI
(red) diode on a semi-logarithmic scale (left axis). The dashed, dark blue line represents

a “linear” fit of the EQEpy in the region below the bandgap in the semi-log plot. The

grey and red dotted lines illustrate the EQEpy spectra of the pristine devices, which were
scaled to match the EQEpy of the D18:PMI FF PMI solar cell (right axis).

To the best of our knowledge, this D/A pair is the first system, based on organic semi-

conductors, to enable a Voc beyond 1.4V in combination with a PCE greater than 5%. In
Figure 5.3b the photogenerated current density (J,n) of the D18:PMI-FF-PMI solar cell is
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plotted versus the effective voltage (Vefr). Jpn is defined as the difference between the current
densities under AM1.5G illumination and in the dark (Jiight~ Jdark) and Vg can be calculated
by subtracting the series resistance corrected applied bias voltage (Veorr = Vapp — | X Rs) from
the voltage under J,, = 0 conditions. From the ratio of ], at short circuit conditions and
Jph at Vege = 2V (= saturation current density Jsat), the exciton dissociation efficiency (1giss)
can be estimated. Similarly, the ratio of the current density at the maximum power point
and the saturation current is used to estimate the charge collection efficiency (17CC).“53'154]
The derived values are presented in Figure 5.3b. An exciton dissociation efficiency of 96 %
suggests that once a CT state is formed, the dissociation process into free charge carriers
is highly efficient. Furthermore, a charge collection efficiency of 75 % was derived. Light
intensity-dependent measurements of the J-V-response of the D18:PMI-FF-PMI solar cells
are presented in Figure S5.9, ESI. The light-intensity dependence of the Jsc data is fitted
to the power-law Jsc o Plight"‘, where Pjgp,; is the average incident light intensity. An «
value of 1 indicates negligible bimolecular recombination at Jsc conditions. Moreover, the
ideality factor n was extracted from the light-intensity-dependent Voc measurements using
Voc « ”kq—BT x In (Phght), where kg is the Boltzmann constant, T is the temperature and g is
the elementary charge.!%! An ideality factor of 1.6 was derived for the D18:PMI-FF-PMI
system, which is indicative of Shockley-Read-Hall recombination. Moreover, in order to
investigate the electronic transport properties of the novel PMI-FF-PMI acceptor, the electron
mobility was determined from transfer characteristic measurements of organic field-effect
transistors (OFETs) in a bottom gate, top contact geometry as discussed in Note S5.3, ESI.
The measured transfer curves and the derived mobilities (u53' = 1.3 x 10~*ecm?V~1s7!) are
presented in Figure S5.10a&b, ESI. The reported hole mobility values of D18 range from
1.2 x 1073 em?V~1s71 t0 1.6 x 1073 ecm?V~1s7!, and suggest a slightly better hole than elec-
tron transport in D18:PMI-FF-PMI solar cells.[*>1%°] However, the determined exponent a=1
from light-intensity-dependent measurements suggests no severe imbalance of electron and
hole mobilities in the optimized D18:PMI-FF-PMI device.!'’]

In Figure 5.3c the EQEpy of a D18:PMI FF PMI solar cell is depicted. The EQEpy curve
exhibits spectral features of both donor and acceptor absorption and reaches its maximum
value of 52 % at 505 nm. As described in the methods section, changing the angle of incidence
of the monochromatic radiation in the EQEpy experiment slightly (from 0° to 13°) allows
measuring the reflected light intensity using a Si photodiode. From this measurement, the
spectral reflectance of the solar cell can be calculated, as shown in Figure 5.3c (yellow, dash-
dotted line). At maximum EQEpy (505 nm), the reflectance reaches its minimum value of
4.7%, which mainly corresponds to the reflection at the glass substrate/air interface. Beyond
600 nm, the optical absorption of the active layer is severely reduced and the sharp increase
of the reflectance can be related to the reflection at the highly reflective Ca/Al top electrode.
Under the assumption that the Ca/Al electrode is a perfect mirror, and that all the non-
reflected light gets absorbed by the active layer, it is possible to calculate the IQEpy of the
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solar cell. The presented IQEpy curve in Figure 5.3c should be interpreted as a lower estimate
of the actual IQEpy spectrum since the underlying assumption neglects scattering, non-ideal
reflection at the Ca/Al electrode, or parasitic absorption in the ITO or hole transport layer. In
Figure 5.3d the high-sensitivity EQEpy spectrum, presented in Figure 5.3c, is plotted on a
semi-logarithmic scale. As depicted, the EQEpy of the solar cell (dark blue curve) is recorded
over a range of 6 orders of magnitude. EQEpy values >700 nm are considered limited by the
sensitivity of the measurement. As discussed in the introduction, the EQEpy spectrum can be
used to calculate the dark saturation current Jy using Equation 2.35. To avoid distortion of the
determined Jy values by the measurement noise, a “linear” function (linear in the semi-log
plot) was fitted to the tail of the EQEpy (dark blue, dashed line), assuming that no physically
relevant contributions to the EQEpy spectrum are hidden below the sensitivity limit of the
experimental setup. In addition, the EQEpy spectra of the pristine D18 (black, solid line) and
PMI FF PMI (red, solid line) devices are shown in Figure 5.3d. The black and red dotted
curves represent the EQEpy spectra of the two pristine devices, each scaled with a constant
factor to match the EQEpy spectrum of the D18:PMI FF PMI solar cell. Comparing the scaled
EQEpy curves with the EQEpy of the solar cell indicates that the sub-bandgap behavior of the
solar cell is identical to the one of the pristine D18 device. This observation confirms that in
this material blend the D18 donor polymer is the low-bandgap component and thus dictates
the sub-bandgap behavior. Furthermore, the sub-bandgap behavior of the solar cell does not
show any additional CT state absorption features, as often reported for fullerene-based solar

cells.[51.98]

In addition to the photovoltaic characterization, the luminescence properties of the D/A
blend and the pristine devices were investigated. The recorded photoluminescence (PL) and
electroluminescence (EL) spectra are presented in Figure 5.4a. A solid-state laser with an
emission wavelength of 488 nm was used for photoexcitation. As discussed in the Methods
section, the injection current during EL and the photocurrent during PL measurements were
set to match the recorded Isc under AM1.5G illumination. In the three panels of Figure 5.4a,
the normalized EL and PL spectra of the D18, PMI-FF-PMI, and D18:PMI-FE-PMI (1:1) devices
are compared. The individual EL and PL spectra of all three devices exhibit similar emission
features, which makes it difficult to analyze the spectrum of the D18:PMI-FF-PMI solar cell
device. At first glance, the solar cell emission closely resembles the spectrum of the pristine
D18 device. However, due to the strong spectral overlap of donor and acceptor emission, EL
and PL measurements do not allow to exclude any emission contribution from the acceptor.
Moreover, it should be emphasized that the low energy region of the EL spectrum of the
D18:PMI-FE-PMI device does not show any sign of an additional CT state emission and
closely resembles the EL spectrum of the pristine D18 device.
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Figure 5.4: Photo- and electroluminescence measurements. a) Normalized PL (excitation at 488 nm)
and EL spectra of D18, PMI FF PMI, and the D18:PMI FF PMI blend with a D/A ratio
of 1:1. b) Bias-dependent PL spectra of the D18:PMI FF PMI solar cell at Voc, Isc, -1 V.
The inset shows an enlarged view of the PL maximum at 643 nm. c) Integrating sphere
PL measurements of D18, PMIFFPMI, and D18:PMI-FF-PMI thin films on glass with
varying D/ A ratios. The black curve represents a blank measurement without a sample
inserted into the integrating sphere. An excitation wavelength Acx of 407 nm was used. d)
Absolute PLQY values as a function of acceptor concentration in the blend. The PLQY
values were determined from the integrating sphere measurements presented in c).

In Figure 5.4b bias-dependent photoluminescence measurements of a D18:PMI-FF-PMI solar
cell are presented. In addition to the standard PL measurements at open-circuit conditions,
the PL intensity was recorded under short-circuit (Isc) and reverse bias conditions (1 V). The
D18:PMI-FE-PMI solar cell does not show any signal reduction upon bias variation from
Voc to Isc. Even at an applied potential of 1V, the PL signal intensity does not change. The
bias-insensitivity of the PL signal suggests that the emission is mainly caused by radiative
recombination of excitons, which are not involved in the charge generation and recombination
processes in the solar cell and do not contribute to the photocurrent. In order to investigate
the quenching efficiency in D18:PMI-FF-PMI blends, the absolute PLQY of D18:PMI-FF-PMI
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thin films on glass substrates with D/ A ratios of 1:0,99:1, 9:1, 3:1, 1:1, 1:3, 1:9, and 0:1 were
measured with an integrating sphere setup. The individual PL spectra are presented in Figure
5.4c and the extracted PLQY values as a function of acceptor concentration are presented in
Figure 5.4d. Measurements of the pristine D18 and PMI-FF-PMI films highlight the excellent
emissive properties of both donor and acceptor. PLQY values of around 15% and 22% were
observed for neat D18 and PMI-FE-PM]I, respectively. Increasing the acceptor concentration
to 1%, 10%, and 25% results in a continuous reduction of the PLQY. A further increase of the
acceptor concentration to 75% or 90% leads to a rise of PLQY values, resulting in an overall
u-shape as depicted in Figure 5.4d. In a typical quenching experiment, the reduction of the
PL intensity upon the introduction of a quencher is monitored. It is worth noting that due to
the strong emissivity of the quencher (PMI-FF-PMI) and the strong spectral overlap of donor
and acceptor emission (see Figure 5.4c), the evaluation of the quenching efficiency is difficult.
An increased acceptor concentration on the one hand quenches the polymer emission, but on
the other hand, leads to a significant PL emission from the acceptor itself. However, for the
D18:PMI-FF-PMI film with an optimized solar cell D/A ratio of 1:1, a mutual PL quenching
is expected, where the emission of the donor is efficiently quenched by the presence of the
acceptor and vice versa. The PLQY of the D18:PMI-FF-PMI 1:1 blend is reduced from 14.4% to
3.8% compared to the pristine D18 film.

In addition to the quenching experiments, time-correlated single-photon counting (TCSPC)
measurements were performed to analyze the PL lifetimes of D18:PMI-FF-PMI blends with
varying acceptor concentrations. TCSPC measurements of the thin films used in the PLQY
quenching experiments (see Figure 5.4c&d) are presented in Figure 5.5a&b. For both mea-
surements, the excitation wavelength was set to 530 nm to ensure a balanced absorption
between D18 and PMI-FF-PMI (see Figure S5.6). Based on the PL spectra presented in Figure
5.4¢, the detection wavelength was set to 650 nm (PMI-FF-PMI emission peak) and 700 nm
(D18 emission peak), respectively. Both TCSPC measurements suggest that an increase of the
acceptor concentration shifts the decay behavior from D18 dominated to PMI-FF-PMI domi-
nated. The PL lifetimes of the blend films are found in between the lifetimes of pristine D18
and PMI-FF-PMI. A comparison of Figure 5.5a&b indicates that the measured lifetime can be
manipulated by changing the detection wavelength from 650 nm (Figure 5.5a, pronounced
PMI-FF-PMI emission) to 700 nm (Figure 5.5b, pronounced D18 emission). The lifetime of the
D18:PMI-FF-PMI 1:1 blend (yellow curve) in Figure 5.5a is significantly increased compared
to the pristine D18 lifetime, while in Figure 5.5b the lifetimes of the 1:1 blend and the pristine
D18 film are almost identical. Figure 5.5¢c shows the PL decay behavior of a D18:PMI-FF-PMI
film with a D/A ratio of 99:1 in comparison to the behavior of analog D18 blends with
state-of-the-art fullerene (PC7;BM) and non-fullerene (Y6) acceptors. For the highly efficient
D/A blends D18:Y6 and D18:PC7 BM (EQEpy > 80%), even a small amount of acceptor in the
polymer film significantly reduces the observed PL lifetime as depicted in Figure 5.5¢c. On the
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contrary, the decay curves of the pristine D18 film (black) and the D18:PMI-FF-PMI 99:1 film

(dark blue) are congruent and no lifetime reduction can be observed.
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Figure 5.5: Time-correlated single-photon counting measurements. Time-resolved PL measurements

of films of D18, PMI-FF-PMI, and D18:PMI-FF-PMI blends with varying D/ A ratios. For
all films, an excitation wavelength of 530 nm was chosen, while the detection wavelength
was set to a) 650nm and b) 700nm. c¢) Comparison of the time-resolved PL decay of
pristine D18 versus D18:acceptor films with a D/A ratio of 99:1. The three materials
PMI-FF-PMI, Y6, and PC71BM were used as acceptors. The excitation and detection
wavelengths were set to 530 nm and 700 nm, respectively, except for the D18:PMI-FF-PMI
(99:1) film where an excitation wavelength of 413 nm was used as rationalized in the text.
In all three panels the instrument response function (IRF), which indicates the minimum
time resolution of the experiment, is displayed as a black dashed curve. Additionally, the
value where the normalized intensity is reduced to 1/e of its initial value is indicated by
the grey dotted line. This value was used to compare the PL lifetimes.

In Figure 5.6a, the energy difference between the relaxed ground and excited state (Ey—o)
of the D18:PMI-FF-PMI solar cell (2.02 eV) was determined from the crossing point of the

reduced EQEpy and the reduced EL spectrum.!® The orange curve represents the absorption

spectrum of the D18:PMI-FF-PMI solar cell determined from its EL spectrum using the

reciprocity relation EL/®y, , where ®y, is the black body radiation at 300 K. In Figure
5.6b, the determined voltage loss contributions (see Equation 2.36) of D18:PMI-FF-PMI are
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compared to the ones from high-performance D18 solar cells based on Y6 and PC7;BM
acceptors. The measured ELQY values of D18:PMI-FF-PMI, D18:Y6, D18:PC7BM, and
pristine D18 devices are summarized in Figure 5.6c. The star symbols highlight the situation
where the injection current is equal to the short circuit current under AM1.5G illumination.
Figure 5.6d presents the photovoltaic parameters of the individual solar cells, normalized
with respect to their maximum parameters in the Schockley-Queisser limit. The photovoltaic
parameters in the SQ limit were calculated assuming an ideal step function EQEpy!1% and an
optical gap of the small gap component of 1.36 (Y6), 2.02 (D18), and 1.78 eV (PC7;BM).
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Figure 5.6: Analysis of the CT state energy, Voc losses, ELQY, and photovoltaic parameters. a)
Reduced EL (light blue) and reduced EQEpy (dark blue) spectra of the D18:PMI-FF-PMI
solar cell. The dashed parabolas were calculated from Equations 2.23 and 2.24 using the
derived fit parameters Eq_g and A, which are presented in the small inset. b) Comparison
of the voltage losses derived for the D18:PMI-FF-PMI device with the ones reported for
highly efficient non-fullerene (D18:Y6) and fullerene-based (D18:PC7; BM) solar cells.I5
The respective data is presented in Table 5.4. ¢) ELQY measurements of D18:PMI-FF-
PMI, D18:Y6, D18:PC7BM, and pristine D18 devices. The dashed lines represent the
ELQY values calculated from Equation 2.37 assuming a non-radiative voltage loss of
0.20V,0.25V, and 0.33 V for D18:Y6, D18:PMI-FF-PMI, and D18:PC7;BM, respectively. The
orange bar highlights the large discrepancy between the measured and calculated ELQY
for D18:PMI-FE-PMI solar cells. d) Illustration of the relative photovoltaic parameters
of D18:Y6, D18:PMI-FF-PMI, and D18:PC71BM in % of their respective values in the SQ
limit.
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5.5 Discussion

In the following, the photovoltaic parameters of D18:PMI-FF-PMI solar cells (see Figure 5.3a)
are compared to highly efficient solar cells based on D18 in combination with a fullerene
(PC7;BM) and non-fullerene acceptor (Y6). The two materials were chosen as examples of
state-of-the-art fullerene and non-fullerene acceptors, which provide a good benchmark for
the PMI-FF-PMI acceptor. D18:Y6 and D18:PC7;BM solar cells are characterized by high
EQEpy values beyond 80 %. Thus, optimizing the EQEpy of the D18:PMI-FF-PMI blend
(EQEpy ~ 50 %) can be identified as one of the main challenges to close the performance gap
to state-of-the-art fullerene and non-fullerene-based solar cells. Therefore, in the next section,
the presented experimental results are used to investigate the origin of the moderate EQEpy
values of D18:PMI-FF-PMI solar cells.

5.5.1 Charge Generation Efficiency in D18:PMI-FF-PMI Blends

acceptor domain

electrode
polymer domain
unable to reach rad. or non-rad.
not absorbed D/Ainterface exciton recombination
madent excxtcm dlffusiem to
photon formatmn D/A interface
dlff
P } rad. or non-rad. SRH or bimolecular
CT recombination recombination
CT state A free CS state A extraction
formatlon formatlon at contacts

d1ss

Figure 5.7: Photovoltaic conversion process of OSCs. Graphical and schematic illustration of the
five efficiencies determining the EQEpy of OSCs. It should be noted that the charge
collection efficiency 7. represents the combined efficiencies of charge transport and
charge extraction. Common parasitic processes altering the respective efficiencies are
indicated by the small red arrows.
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As illustrated in Figure 5.7, the EQEpy of OSCs is determined by the efficiencies of five
processes: light absorption (77,ps), exciton diffusion to the D/A interface (74;¢), CT state
formation (y7¢ct), CT dissociation into free charges (14iss), and charge collection (7). In
principle, a shortcoming in one or more of the five efficiencies can cause the moderate
EQEpy values of D18:PMI-FF-PMI solar cells. The IQEpy of the solar cell was estimated (see
Figure 5.3¢c) to exclude adverse effects on the EQEpy due to limited photon absorption. The
IQEpy spectrum suggests that in the high absorption region of D18:PMI-FF-PMI, the EQEpy
is only slightly reduced due to reflection losses. At the maximum EQEpy, the reflectance
of the solar cell is approaching the reflectance of the glass/air interface ( 4 %), suggesting
that almost all the photons are absorbed within the solar cell stack. As shown in Figure
5.3b, the determined dissociation probability suggests that once a CT state is formed at a
D18/PMI-FF-PMI interface, it has an extremely high probability of 96 % to dissociate into
free charges. With an estimated charge collection efficiency of 75 %, none of the discussed
processes is expected to severely limit the maximum EQEpy value. Therefore, either a reduced
driving force for CT state formation (low 7ct) or a non-ideal blend morphology with D/A
domain sizes exceeding the exciton diffusion length (low 74i) is expected to be responsible
for the moderate EQEpy values in D18:PMI-FF-PMI solar cells. This hypothesis is in good
agreement with the presented bias-dependent PL measurements in Figure 5.4b. For an ideal
PV device, the PL intensity is expected to vanish when the applied bias is swept from V¢ to
Isc conditions. At Voc conditions the photogenerated charge carriers are forced to recombine
radiatively within the device, resulting in a PL emission signal. At Isc conditions, ideally,
all photogenerated charge carriers are extracted at the contacts and charge carriers do not
recombine in the active layer (no PL emission). Experimentally, a similar behavior has been
reported for highly efficient perovskite solar cells (EQEpy > 85 %), where the PL intensity is
strongly reduced when operated at Isc conditions.['8] With few exceptions, the PL of organic
solar cells show very little or no bias-dependence.[">! Typically, the small bias-dependent
fraction of the PL signal is buried under a large bias-insensitive PL signal stemming from
singlet emission of the pristine donor or acceptor components. It should be noted that
we recently have investigated the high-performance D/ A system D18:Y6 (EQEpy >80 %),
which showed a moderate PL reduction of almost 10 % when measured at Isc conditions.[>!]
Bias-dependent PL measurements of an efficient D18:Y6 solar cell are presented in Figure
S5.11, ESI. Even the emission of this high-efficiency D/ A blend primarily consists of a bias-
insensitive component, which accounts for the majority (>90 %) of the observed PL signal.
However, the fact that there is a noticeable difference between Is- and V¢ conditions is
separating this system from most other D/A combinations and highlights its exceptional
performance. In OPV blends the singlet emission can be caused by photovoltaically inactive,
isolated pure donor or acceptor domains which can be a result of a non-ideal morphology.
When the size of these domains exceeds the exciton diffusion length, the photogenerated
excitons cannot diffuse to the D/A interface and are forced to recombine in the pure material.
Even in the case of an ideal BHJ morphology with domain sizes smaller than the exciton
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diffusion length, the PL emission can be dominated by singlet exciton recombination if
the driving force to form a CT state is weak. Thus, there is a direct competition between
radiative and non-radiative exciton decay into the ground state and the formation of a
CT state, if the rate for charge transfer is not significantly faster than the rate of singlet
exciton recombination. Due to the typically high oscillator strength of singlet transitions in
pristine donor or acceptor molecules, even a small fraction of recombining singlet excitons
can overpower the weak emission from radiative CT state recombination. Therefore, the
bias-insensitivity of the PL signal of D18:PMI-FF-PMI solar cells (see Figure 5.4b) suggests
that the recorded emission is dominated by radiative recombination of excitons, which do not
contribute to the photocurrent. As discussed above, the photovoltaically inactive excitons are
either caused by the presence of large domains of pristine material (non-ideal morphology)
or a low charge transfer state efficiency. Various attempts to change the D/ A morphology
by common processing techniques like (post-) annealing, solvent additives, solvent mixing,
varying D/ A ratios, or the processing temperature did not lead to a significant increase in
the observed EQEpy or Jsc values as summarized in Figure S5.12, ESI. Although non-ideal
domain sizes cannot be excluded from the presented optimization trials, the inability to
significantly improve the Jsc of the solar cells strongly suggests investigating the driving
force of CT state formation. Especially, as electrochemical measurements of D18 and PMI-
FE-PMI (see Figure 5.2¢c) hint at small energetic offsets between the individual HOMO and
LUMO levels of donor and acceptor. Atomic force microscopy (AFM) measurements did
not allow to distinguish between donor and acceptor domains and could not be used to
quantify the domain sizes. A common way to investigate the charge generation efficiency in
a D/A blend is to perform a PL quenching experiment.[”*] As shown in Figure 5.4c&d, PLQY
measurements were used to study the quenching of the PL intensity of D18 polymer thin
films with increasing acceptor concentrations. The PLQY can be defined as the ratio of the
radiative recombination rate (k;) to the sum of the rates of radiative (k;) and non-radiative
(knr) and the quenching rate (kq), as shown in Equation 5.1.1160]

ky

PLQYpjend = R (5.1)
r nr q

PLQY pristine = L (5.2)
P kr + knr
PLQYblend

E—=1_ _ > blend .
Q PLQYpristine (5 3)

The quenching rate depends on the efficiency of the deactivation process of the excited state.
In OPV blends quenching occurs when photogenerated excitons in a pristine domain can
diffuse to a D/A interface and form a CT state. The radiative recombination rate of the
CT state is typically several orders of magnitude lower compared to the one of the pristine

materials and is thus assumed negligible. It should be stated that the quenching rate does
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not allow to differentiate between the effects of non-ideal morphology (74i¢) or CT state
formation efficiency (77ct). For pristine materials, the rate kq is zero, and Equation 5.1 can
be reduced to Equation 5.2. The quenching efficiency QE can be calculated according to
Equation 5.3. It should be noted that the denominator in Equations 5.1 and 5.2 is dominated
by the fastest rate. Fullerene-based solar cells are typically characterized by extremely fast
CT rates and exhibit strong PL quenching efficiencies beyond 95 %.[1®1l In contrast, the
quenching efficiency for the D18:PMI-FF-PMI film with a D/ A ratio of 1:1 is around 74 %. It
has been shown that for a variety of different D/A pairs the quenching efficiency directly
correlates with the maximum IQEpy of the solar cell.[”*! For D18:PMI-FF-PMI this would
lead to a maximum IQEpy which is approximately 20 % below the one from high efficient
fullerene blends. This observation is in good agreement with the reduced EQEpy of D18:PMI-
FE-PMI solar cells (~ 50 %) compared to EQEpy values >80 % for D18:Y6 or D18:PC7;BM
solar cells. It should be noted that D18:PC7BM and D18:Y6 films with a D/ A ratio of 99:1
showed a strong PLQY quenching below the detection limit of the integrating sphere setup.
Assuming a PLQY detection limit of 1 % allows estimating a lower limit for the quenching
efficiency for D18:Y6 and D18:PC7;BM thin films. From this estimation, the QEs of D18:Y6
and D18:PC7;BM blends are expected to be larger than 93 %. As discussed in Note S5.4, ESI,
PLQY and PL lifetime measurements (Tmeas) Of a pristine D18 film allow the calculation of
the radiative (k;) and non-radiative (knr) recombination rates in the pure polymer. Assuming
that k, and ky, of the polymer in D/ A blends are not affected by the presence of the acceptor
allows determining the quenching rate kq from PLQY measurements of the blends. Table
5.3 shows that a PLQYpjeng of 11.9 % for the D18:PMI-FF-PMI 99:1 blend yields a quenching
rate of 3.4 x 108s~!, which is almost identical to the calculated radiative recombination rate
(ke = 2.3 x 108 s71). In contrast, the quenching rates of D18:Y6 and D18:PCy;BM films with a
D/ A ratio of 99:1 are estimated to be beyond 2.2 x 101571, if a PLQY}jeng <1 % is assumed.
The film morphologies of all three 99:1 D/A blends are expected to be similar since the
morphology is mainly determined by the D18 polymer. The unbalanced D/ A ratio of 99:1
suggests large domains of pristine D18, while the small amount of acceptor is assumed to be
evenly distributed in the polymer matrix. In this case, the diffusion of an exciton to the D/A
interface (774i¢) is assumed equally efficient for all three films. Consequently, the quenching
rate kq is directly related to the efficiency for CT state formation (7ct) and can be used to
compare the driving force for charge transfer between the three D/A blends. The comparison
between the quenching rates of D18:PMI-FF-PMI (~ 2 x 10%s7!) and D18:Y6 (~ 2 x 101957 1)
suggests that a reduced driving force for charge transfer can be identified as the main factor
limiting the EQEpy of D18:PMI-FF-PMI solar cells.

A similar conclusion can be drawn from TCSPC measurements of the three 99:1 films as shown
in Figure 5.5c. The PL lifetime of a pristine D18 film can be identified as the denominator in
Equation 5.1 with kq = 0 (see Equation S5.5, ESI). Consequently, a quenching rate kq which

is in the same order of magnitude or larger than k; and ky, should lead to a significant

121 / 174



JXU

Chapter 5 5.5. DISCUSSION UNIVERSITY LINZ

Table 5.3: PLQY and TCSPC lifetimes. PLQY and TCSPC measurements of D18 films with small
amounts of PMI FF PMI, Y6, and PC7 BM. The individual rates are calculated according to
Note S5.4, ESI.

D/A blend D/Aratio PLQY Tmeas k& keale ke
(%) (ns) (s (s (s
Pristine D18 1:0 144  0.62 23x10% 1.4x10° -
D18:PMI-FE-PMI 99:1 119 0.62 23x10% 1.4x10°  3.4x108
D18:Y6 99:1 <1 035 23x10% 1.4x10° >2.2x10%
D18:PC7BM 99:1 <1 045 23x10% 14x10° >22x109

reduction of the PL lifetime for D18 films with an acceptor concentration of 1%. Indeed,
the measured PL lifetimes (Tmeas) of high-performance D18:Y6 and D18:PC7BM blends are
significantly lower (0.35ns and 0.45 ns, respectively) compared to the lifetime of pristine D18
films (Tmeas = 0.62ns). On the contrary, the lifetime of the D18:PMI-FF-PMI blend does not
show any reduction and highlights the low quenching efficiency of this blend compared to
efficient D18:Y6 or D18:PC7 BM blends. Considering Equation S5.5, ESI, the lack of lifetime
reduction upon the introduction of a quencher for the D18:PMI-FF-PMI blends (see Figure
5.5a-c) seems counterintuitive. However, such a behavior can be rationalized by the strong
emission contribution of pristine domains as discussed in Note S5.5, ESI.

5.5.2 CT State & Voltage Loss Analysis

In OSC blends the driving force for charge transfer is thought to be strongly related to
the energetic offset between the local exciton (LE) state of the low bandgap component
and the CT state (AE;g_cT). The proposed low driving force for CT state formation in
D18:PMI-FF-PMI solar cells is in good agreement with the experimental results of EQEpy
and EL measurements. No clear evidence of CT state absorption or emission features can
be extracted from the measurements of D18:PMI-FF-PMI solar cells (see Figure 5.3d and
Figure 5.4a). To confirm these observations a common method suggested by Vandewal et
al.®%1 was performed to determine the CT state energy (see Section 2.2.1). For solar cells
with a prominent CT state absorption and emission, Equations 2.23 and 2.24 can be used
to fit the low energy CT absorption and high energy CT emission behavior as shown for
D18:PCy BM.I5U In this case the crossing point Eg_ can be identified as the CT state energy
Ect. As shown in Figure 5.6a the reduced emission spectrum of the D18:PMI-FF-PMI device
does not show any sign of CT state emission. Therefore, Equation 2.24 was used to fit the high-
energy part of the singlet emission peak. A two-parameter fit using a Levenberg-Marquardt
iteration algorithm was performed. The final fit parameters Eg_g and A are presented in the
inset in Figure 5.6a and were used to construct the reduced absorption and emission curves

using Equations 2.23 and 2.24. Figure 5.6a shows that the reduced absorption curve (dashed
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parabola) is in excellent agreement with the experimentally observed EQEpy spectrum.
Moreover, the reciprocity relation between the electroluminescence and the EQEpy can be
used to express the latter as the EL spectrum divided by the blackbody radiation at 300 K.
The calculated EQEpy spectrum using the reciprocity relation EL/®y, perfectly reproduces
the experimentally observed EQEpy behavior as shown in Figure 5.6a. The analysis strongly
highlights the importance of the D18 singlet absorption and emission properties, which
completely dominate the EL and EQEpy spectrum of D18:PMI-FF-PMI solar cells. In this
case, the derived parameter Ej_g represents the optical bandgap of D18, and no exact value
for the CT state energy can be derived from the performed measurements. The analysis
suggests that potential CT state features are buried under the strong D18 singlet emission
and absorption. Even if no exact value for the CT state energy could be determined, the lack
of additional CT state absorption or emission features indicates that the CT state energy is
not significantly lower than the singlet state energy of D18. As discussed in the introduction,
a better understanding of the voltage losses in OPV devices is of paramount importance for
future device optimization. The extremely high Voc beyond 1.4 V makes the D18:PMI-FF-PMI
blend an interesting candidate to closely investigate the individual open circuit voltage loss
contributions described in Equation 2.36. The EQEpy measurements of the D18:PMI-FF-PMI
device presented in Figure 5.3c&d were used to perform the open-circuit voltage loss analysis
as outlined in Equations 2.33 - 2.36. The results are summarized in Table 5.4. Despite the
extremely high Voc under AM1.5G illumination, the D18:PMI-FE-PMI solar cell exhibits a
relatively high total open circuit voltage loss of 0.61 V. Furthermore, Table 5.4 shows the
result of the voltage loss analysis for D18:Y6 and D18:PC7BM solar cells. The individual
loss contributions of all three solar cells are summarized in Figure 5.6b. The comparison
of the voltage losses of solar cells based on the three different acceptors clearly shows that
the PMI-FF-PMI device exhibits higher losses in all three categories compared to the highly
efficient Y6-based device. Especially the non-radiative voltage loss of 0.25V of the D18:PMI-
FE-PMI solar cell is considerably higher than the 0.20V of the D18:Y6 device. Still, the
D18:PMI-FE-PMI device shows significantly less AVS}?’b'g' and AVS ™ Josses compared to
the fullerene-based device. The results confirm the frequently observed trend that NFA-based
solar cells suffer from less open circuit voltage losses than their fullerene-based counterparts.
As shown in Section 2.2.2, the non-radiative voltage loss can be directly linked to the ELQY
of a solar cell device according to Equation 2.37. Therefore, additional measurements of
the ELQY of the solar cell can be used to validate the performed voltage loss analysis. As
shown in Figure 5.6¢, the calculated ELQYs (ELQY ) from non-radiative voltage losses
(dashed lines) are in good agreement with the measured ELQY (ELQYmeas) for D18:Y6 and
D18:PC7;BM solar cells. As highlighted by the orange bar in Figure 5.6¢, the ELQY meas
values of the D18:PMI-FF-PMI solar cell are approximately a factor of ten higher than the
ELQY calculated from the observed non-radiative voltage loss of 0.25 V. ELQY meas values as
high as 0.1 % were recorded for the D18:PMI-FF-PMI device, which would correspond to a
non-radiative voltage loss of only 0.18 V. The Voc of such devices should be as high as 1.48V,
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which is contradictory to the experimentally observed Voc values. The large discrepancy
between the measured and calculated ELQY is further discussed in the next section.

Table 5.4: Comparison of the voltage losses in D18 solar cells with different acceptor molecules.

Material ~ Eopt/q AVESS? y5Q AVSSPE  ymd  aAyponrad  yoo Apteal Source

D18: V) V) V) V) V) V) VM)
PMI-FF-PMI  2.02 030 172 006 166 025 141 061 Thiswork
Y6 1.38 027 111 004 107 020 087 051 [51]
PC7BM 1.78 030 148 017 131 033 098 0.80 [51]

In addition to the voltage losses, the photovoltaic performance of D18:PMI-FF-PMI,
D18:PC7;BM, and D18:Y6 solar cells was compared. Due to the different effective bandgaps of
the three solar cells, the measured photovoltaic parameters were normalized by the respective
photovoltaic parameters in the SQ limit. With the knowledge of the effective bandgap of the
blends and assuming an ideal step-like EQEpy, ]gQ and ]Sg can be calculated using Equations
2.34 and 2.35. The derived values can be used to construct the J-V-curve in the SQ limit using

the following formula.

J(V) =J52 (exp <I?BVT> - 1) —J2 (5.4)

The photovoltaic parameters in the SQ limit can then be extracted from the obtained J-V-
curves. The measured photovoltaic parameters and calculated SQ photovoltaic parameters
are summarized in Table S5.4, ESI. In addition, the measured photovoltaic parameters of all
three solar cells in percent of their respective SQ limit are graphically illustrated in Figure 5.6d.
The Vo of the D18:PMI-FF-PMI cell reaches an impressive value of 82 % of its maximum
value, which once again highlights the extraordinary high Voc in this D/A blend. Moreover,
it can be seen that the overall performance of this blend is limited by the moderate Jsc
values. Only 42 % of the ideal Jsc in the SQ limit is reached, which is significantly lower
than the 72 % of the highly efficient D18:Y6 system. Once again, the moderate EQEpy values
of the D18:PMI-FF-PMI solar cell can be identified as the main factor limiting the overall
photovoltaic performance. In addition, Figure 5.6d shows that the D18:PMI-FF-PMI device
reaches only 66 % of its FF°? compared to approximately 80 % for D18:Y6 and D18:PC7;BM,
indicating another possibility to further optimize the device performance.

5.5.3 ELQY vs. Non-Radiative Voltage Loss

To elucidate the large differences between ELQY meas and ELQY 1, the non-radiative voltage
losses and electroluminescence properties of D18:PMI-FF-PMI solar cells are discussed within
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the framework of a three-state-model reported by Chen and co-workers, which specifically
incorporates the interaction (hybridization) between LE and CT states.!'#?! Their model ac-
counts for the thermal population of LE and CT states and can be used to determine the
radiative and non-radiative recombination rates of OPV devices. With the extended three-
state model they are able to explain the energy gap law dependence found in fullerene-based
blends!”®!, as well as the deviation from the energy gap law in state-of-the-art NFA-based
blends. The three-state model highlights the importance of the AE;g_cr offset and the elec-
tronic coupling between LE and CT state (f;g_ct). Moreover, they show that for low AE;g_ct
offset systems the ELQY approaches the ELQY of the pristine low bandgap component,
which is ultimately determining the minimum non-radiative voltage loss for any D/A blend.
Within the framework of the energy gap law and the three-state model, the D18:PMI-FF-PMI
solar cell is expected to exhibit minimal non-radiative voltage losses. As discussed above,
the presented experimental data show no clear CT state absorption or emission features and
suggest that the CT state is energetically close to the LE state of D18 (~2eV). The assump-
tion of a small AE;g_cr offset system is supported by the low quenching efficiency and the
moderate EQEpy values of D18:PMI-FF-PMI solar cells. According to the energy gap law, the
high CT state energy should lead to a reduced wavefunction overlap between the relaxed CT
state and higher-order vibrational modes of the ground state. Moreover, as suggested by the
three-state model, the D18:PMI-FF-PMI blend should benefit from LE-CT state hybridization
due to a low AE;g_cr offset. Both of these properties hint at a D/A blend with an extremely
low non-radiative voltage loss. However, these predictions cannot be confirmed with the
presented voltage loss analysis, as a moderate AVSX" 4 loss of 0.25V, corresponding to an
ELQY. a1 of 6.4 x 1073 %, was observed. As highlighted in Figure 5.6¢, there exists a vast
discrepancy between ELQY . and the measured ELQY of the solar cell (1.2 x 107! %). Tt
should be noted that the ELQY of the D18:PMI-FF-PMI solar cell is indeed approaching the
ELQY of the pristine D18 device as predicted by the three-state model. However, the high
measured ELQY values do not translate to a reduced non-radiative voltage loss of the solar
cell device. In the following, we will argue that the measured ELQY value is overestimating
the radiative efficiency of the solar cell. From PLQY quenching and bias-dependent PL
experiments we have derived that the PLQY of a D18:PMI-FF-PMI blend with a D/A ratio of
1:1 is approximately 3 %, and we have observed that the emission spectrum of the solar cell is
independent of the applied bias. At Voc conditions all the photogenerated free charge carriers
are forced to recombine within the active layer, while at Isc conditions the PL intensity should
be reduced due to the extraction of these free charge carriers. The minimal detectable change
in PL intensity of the experimental setup is assumed to be 1 %. Considering the invariance of
the PL intensity upon the applied bias leads to the conclusion that the additional emission
from radiative recombination of free charge carriers accounts for less than 1 % of the total
emission. Thus, the ELQY of free charge carrier recombination in the D18:PMI-FF-PMI blend
has to be lower than 3 x 1072 %. The derived ELQY value from the voltage loss analysis
(ELQY e = 6.4 x 1073%.) is consistent with the derived upper limit of 3 x 1072 %. On
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the contrary, recombination of injected free charge carriers can be ruled out as an origin of
the experimentally measured, large ELQY values (ELQYmeas = 1.2 X 10~ %), since such a
large free-carrier contribution would lead to a significant bias-sensitive component in the
bias-dependent PL measurement. As clearly shown in Figure 5.4b, a bias dependency of
the PL signal is not observed for the D18:PMI-FF-PMI device. However, the source of the
additional EL emission contribution, leading to an overestimation of the measured ELQY,
remains unclear. A possible explanation for the increased ELQY is the charge injection into
pure donor or acceptor domains. Especially for large applied voltages, the electrical energy
of injected charge carriers might be high enough to elevate an electron into the LUMO level
of the polymer or a hole into the HOMO level of the acceptor, owing to the small energetic
offsets between D18 and PMI-FF-PMI. Subsequent recombination of an electron and a hole
on the pristine material would be able to explain the boosted ELQY of the solar cell due to
the typically larger ELQYSs of pristine devices. A schematic sketch of the band diagram of
D18:PMI-FF-PMI depicts the electron injection from a metal electrode at different forward
bias conditions and highlights the possibility of direct electron injection into the polymer for
an OPV blend with small LUMO offsets (see Figure S5.13a, ESI). Moreover, Figure S5.13b,
ESI shows that the pristine D18 device already exhibits high ELQY values at applied voltages
between 1.4-1.5V (close to Voc of the solar cell). Thus, even at moderate applied voltages,
an efficient electron injection in the D18 device is expected. It should be noted that also the
reverse process of injecting a hole into the HOMO of the acceptor molecule cannot be ex-
cluded. This process is conceivable for all small Agomo or Apumo offset systems and could in
principle affect ELQY measurements of most common wide-bandgap donor, small bandgap
acceptor systems (e.g. OSCs based on the Y-acceptor series). In addition to the effect of direct
charge injection, the measured ELQY can be strongly affected by the applied bias voltage,
charge carrier mobility, and injection barriers. Regardless of these challenges, various reports
have shown excellent agreement between ELQY ;1. and ELQY peas, supporting the feasibility

(142162] However, our

of deriving the AVS2 ™4 Joss of a solar cell from ELQY measurements.
detailed study of the emission properties of D18:PMI-FF-PMI solar cells indicates that this is
not generally true. Our results suggest that there are exceptions, where the measured ELQY
is massively overestimating the ELQY derived from the AVS%“_rad losses of the solar cell.
Despite being common practice to determine the AVI2" ™ Joss from ELQY measurements,
our results strongly emphasize that solely relying on this method is precarious and that the
derived AVS" "4 values should always be validated by performing a voltage loss analysis

as described earlier.

5.5.4 Application in Triple Junction Devices & Optimization Potential

The recent success of NFA-based tandem devices highlights the great potential of increasing

OPV efficiencies by a more efficient photon-to-energy conversion due to reduced thermaliza-
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tion losses in multi-junction OPV devices. As discussed in the introduction, the promising
development of ultra-low bandgap OPV blends with strong infrared absorption up to 1100 nm
unlocks the possibility of efficient triple-junction OPV stacks. With an effective bandgap
of around 2.02 eV, the D18:PMI-FF-PMI device can be identified as an ideal candidate for a
wide-bandgap sub-cell in all-organic triple-junction devices. The impressive Voc of 1.41V
for the D18:PMI-FF-PMI system suggests triple-junction open-circuit voltages close to 3V,
as theoretically shown in Figure S5.14, ESI. Here, the OPV blends D18:PMI-FF-PMI, PBDBT-
2F:IT-4F, and PTB7-Th:COTIC-4F are presented as possible candidates for an all-organic
triple-junction device. The simple model described in Note S5.6, ESI predicts that triple
junction efficiencies around 15 % and 20 % can be realized if the maximum EQEpy of the
wide-bandgap (D18:PMI-FF-PMI) and small-bandgap sub-cell (PTB7-Th:COTIC-4F) can be
improved to 70 % and 85 %, respectively. Thus, in order to fabricate efficient triple-junction
devices, further device and material optimizations are necessary to improve the EQEpy of
D18:PMI-FF-PMI solar cells. The presented experimental results indicate that a slight modifi-
cation of the PMI-FF-PMI molecule to increase the Agomo or ALymo offset between donor
and acceptor could be beneficial for the charge generation efficiency. An often-used approach
to slightly reduce the energy levels of NFAs is halogenation (e.g. chlorination or fluorination).
Chemical modification of the perylene 7r-system by functionalization at the bay positions!!®3!
could be a feasible strategy to further improve the EQEpy of D18:PMI-FF-PMI solar cells.
Alternatively, it could be beneficial to increase the bandgap of the acceptor (ideally without
increasing its LUMO). A larger bandgap would lead to strong complementary absorption in
the UV —blue region of the solar spectrum in addition to the strong D18 absorption between
450-630 nm. Moreover, a complementary absorption increases the overlap of acceptor emis-
sion and donor absorption and enhances the energy transfer from the acceptor to the donor
(Forster Resonant Energy Transfer, FRET). In our case, this would leave the Agomo offset of
the blend unimportant and could have a positive effect on the charge generation efficiency
as discussed in Reference [74]. A possible design strategy to increase the bandgap of the
PMI-FF-PMI molecule is to replace the perylene monoimide unit with a smaller conjugated
molecule (e.g. naphthalene monoimide). Alternatively, it has been shown that increasing the
lateral extension of the perylene core can lead to a stronger UV absorption.[164'165] In addition,
the usage of ester rather than imide end groups might present another possibility to increase

the bandgap of perylene-based acceptors.[166167]

5.6 Summary & Conclusion

In summary, the non-fullerene acceptor PMI-FF-PMI based on two perylene monoimide
units bridged via a dihydroindenol[1,2-b]fluorene linker exhibits excellent absorption and
emission properties in the visible regime and shows good solubility and film formation prop-

erties. The PMI-FF-PMI acceptor was used in combination with the commercially available,
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high-performance donor polymer D18 to fabricate organic BH]J solar cells. Electrochemical
measurements (EVS & CV) were used to determine the energy levels of donor and accep-
tor molecules. HOMO energy levels of 5.62 eV and 5.80 eV and LUMO,y; energy levels of
3.58eV and 3.74eV were obtained for D18 and PMI-FF-PMI, respectively. This material
combination thus represents a wide bandgap D/A blend with small Agomo and Arumo
offsets. J-V-response measurements reveal that D18:PMI-FF-PMI solar cells are characterized
by an extremely high Voc of 1.41V, which to the best of our knowledge is the highest Vo
value reported for solution-processed, single-junction organic solar cells to date. A maximum
EQEpy of 52 % indicates moderately efficient charge generation in this D/A blend. PLQY
quenching and PL lifetime measurements were performed to investigate the charge transfer
efficiency of D18:PMI-FF-PMI. Both experiments suggest a lower driving force for charge
transfer compared to highly efficient D18:Y6 or D18:PC7;BM blends. The low driving force
was identified as the main factor restricting the maximum EQEpy of D18:PMI-FF-PMI solar
cells. Both, highly sensitive EQEpy and EL measurements did not show any additional CT
absorption or emission features. Thus, the presented CT state analysis could not be used
to determine an exact value for the CT state energy. Nevertheless, the experimental results
indicate a small offset between the LE and CT state. Finally, the photovoltaic parameters and
the open-circuit voltage losses of D18:PMI-FF-PMI solar cells were analyzed and compared
to high-performance D18:Y6 and D18:PC71BM devices, representing state-of-the-art fullerene
and non-fullerene based OSCs. Despite its high Voc, the D18:PMI-FF-PMI suffers from
significantly higher AV ™4 Josses (0.25V) compared to the solar cell based on D18:Y6
(0.20V). It was found that the ELQY measured for D18:PMI-FF-PMI OSCs is significantly
higher than the ELQY values derived from the non-radiative voltage losses. To conclude,
the effective bandgap of about 2.02 eV and the extremely high Voc make D18:PMI-FF-PMI
solar cells ideal candidates for the application as a wide-bandgap sub-cell in all-organic
triple-junction devices. Considering the large potential to optimize the CT driving force of
the D18:PMI-FF-PMI blend in combination with the great possibilities to fine-tune optical and
electronic properties of the perylene 7r-system, we hope that our work can help to accelerate
the development of future wide-bandgap NFAs. In addition, our experimental results reveal
that in exceptional cases the measured ELQY of a solar cell device cannot be used to derive
its non-radiative voltage loss. ELQY measurements of D18:PMI-FF-PMI solar cells show that
ELQYmeas might overestimate the actual radiative efficiency of the solar cell by more than a
magnitude. The direct injection of electrons in the LUMO of the donor polymer or holes in
the HOMO of the acceptor molecule are presented as possible explanations for the enhanced
ELQY values. Regardless, the large discrepancy between ELQYmeas and ELQY 1 values
observed in D18:PMI-FF-PMI solar cells strongly suggests that solely relying on the measured
ELQY can lead to severe misinterpretation of the observed AVE2 ™4 Joss. Therefore, our
results should encourage OPV researchers to always validate the ELQY meas values with the
ELQY i values derived from a voltage loss analysis.
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5.8 Supplementary Information

Synthesis of PMI-FF-PMI
(o] — — CaH CgH7
7N gHi7 —Br
\ /
o] \_/ © NS CaH o7
PMI-BPin l Br-FF-Br

CgHi7 CgHyr

o CgH47 CaH47

PMI-FF-PMI CeHir = S

Figure S5.1: Synthesis scheme of PMI-FF-PML

Note S5.1.

In a Schlenk tube, operated under nitrogen, 500mg (0.823mmol, 2.1equiv.) of 8-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide (PMI-BPin) and 337 mg (0.392 mmol, 1.0equiv.) of 2,8-dibromo-6,6,12,12-
tetraoctyl-6,12-dihydroindeno[1,2 b]fluorene (Br-FF-Br, CAS Number 264281-45-0) were
dissolved in 50 mL toluene followed by the addition of 1M K,CO; (5ml) and 1 drop of
Aliquat 336. Afterwards, Pd(PPhs), (0.039 mmol, 0.1 equiv.) was added and the reaction
mixture was heated at 100 °C for 24 h. Upon completion, the reaction mixture was extracted
with H,O and dried over Na,SO, followed by evaporation of the solvent under reduced
pressure. The residue was purified by column chromatography (eluent: CH,Cl, /pentane —
10/1) and further recrystallized using CH,Cl, /hexane to yield PMI-FF-PMI as a violet solid.
Yield: 228 mg (35 %). Rf = 0.39 — 0.52 (CH,Cl,) 'H NMR (500 MHz, CDCl,): 6 = 8.71 (dd, ]
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= 7.8 Hz, 4H), 8.60 (d, ] = 8.0 Hz, 2H), 8.58-8.52 (m, 6H), 8.11 (d, ] = 8.5Hz, 2H) 7.97 (d, ] =
7.7Hz, 2H) 7.79 (s, 2H), 7.73 (d, ] = 7.7 Hz, 2H), 7.62 (t, ] = 7.8 Hz 2H), 7.58 (dd, ] = 7.7, 1.1 Hz,
2H), 7.56 (s, 2H), 7.49 (t, ] = 7.8 Hz, 2H) 7.35 (d, ] = 7.8 Hz, 4H), 2.79 (hept, ] = 6.9 Hz, 4H),
2.18-2.09 (m, 8H), 1.24-1.10 (m, 64H), 0.90-0.78 (m, 20H) ppm. 13C NMR (75 MHz, CDCl,): §
= 1642, 151.7, 150.9, 145.9, 144.3, 141.5, 140.6, 138.5, 138.0, 137.8, 133.1, 132.3, 132.3, 131.3,
130.8, 129.7, 129.6, 129.0, 128.7, 128.6, 128.5, 127.2, 127.1, 124.9, 124.2, 124.1, 123.8, 121.2, 121.0,
120.5, 120.2, 119.8, 114.5, 55.2, 40.8, 32.0, 30.2, 29.5, 29.4, 29.3, 24.2, 22.8, 14.3 ppm. HRMS
(MALDI-TOF) calc. for C,,,H;,4N,0,H 1662.9987, found 1662.9929.

PII-FF-PMI

45000 -t
o0
=

8 a ' 2 ' d wem

Figure S5.2: 'H NMR (500 MHz, CDCl,) spectrum of PMI-FF-PMI with an inset of the aromatic
region, referenced to TMS.

PMI-FF-PMI 13C

| TN 0 YO

J[h'll[i ||_li| T * . I
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Figure S5.3: 13C APT NMR (75 MHz, CDCl,) spectrum of PMI-FF-PM], referenced to CDCl,.
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Additional Optical Characterizations
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Figure S5.5: Optical characterization of D18 and PMI-FF-PMI solutions dissolved in chlorobenzene.
a) Molar extinction coefficient obtained from absorbance measurements. The average
spectrum of the two pristine materials (yellow dashed line) coincides with the measured
1:1 mix of D18 and PMI-FF-PMI. b) Excitation and emission scans of D18 and PMI-FF-
PMI solutions. Excitation wavelengths during emission, and detection wavelengths
during excitation scans are presented in the legend.

131 / 174



JXU

Chapter 5 5.8. SUPPLEMENTARY INFORMATION UNIVERSITY LINZ
. 2x10° T T T : :
E :E;ﬂ‘?-FF-PMi
2 e D18:PMI-FF-PMI 1:1
T 1.5x10° .
0
(5]
&
[eh]
8  1x10°1
ey
K=
a
] 5x10%
H o |
<
0

400 500 600 700 800 900
Wavelength (nm)

Figure S5.6: Absorption coefficients of D18, PMI-FF-PMI, and D18:PMI-FE-PMI (1:1) calculated from

transmission and reflection measurements of thin films on glass substrates.

EVS & CV Measurements

Note S5.2.

a) Evaluation procedure

An exact determination of the energy levels of donor and acceptor is of key importance for
OPV performance analysis and future material design. Fine-tuning of the energy levels is
necessary to find the optimal balance between small AV(’)‘gn_rad losses (low AE;g_cr offset)
and sufficient driving force for charge generation (large AE;g_ct offset). Contradicting
reports for HOMO and LUMO levels of organic materials suggest that commonly used
techniques such as ultraviolet electron spectroscopy (UPS) or cyclic voltammetry (CV) suffer
from large measurement and evaluation errors.®>8¢] Depending on the used method, HOMO
and LUMO levels may vary significantly, often leading to deviations in the magnitude of
several tenths of eV. The difficulty in defining the reduction and oxidation onsets from
electrochemical measurements is considered the main contribution to the evaluation error.
A so-called tangent evaluation method is commonly used, where a tangent is fitted to the
slope of the CV peak and the baseline, respectively. The intersection point is considered as
the onset of the electrochemical reaction. Another possibility often used to evaluate EVS
data, is to define the first deviation from the baseline as the reduction/oxidation onset. In
Figure 5.2¢, the results from the “first deviation method” were used to plot the box diagram.
The whiskers represent the values obtained from the “tangent evaluation method” and
should be considered as a maximum evaluation error, which can still be justified by the
measurement data. A detailed illustration of the different evaluation methods is presented
in Note S5.2b. Figure 5.2c shows that regardless of the evaluation method the HOMO
level of donor and acceptor can be determined with good accuracy. The determination

of the LUMO levels on the other hand shows a strong variation between the evaluation
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methods. Especially the LUMO of the polymer is hard to identify, which is further discussed
in Note S5.2b. Reliable measurements of the HOMO energy levels and difficulties to
determine the LUMO energy levels suggest estimating the LUMO level by adding the re-
spective optical bandgap (Eqpt) to the HOMO energy levels of donor and acceptor (LUMOqpt).

b) EVS vs. CV measurements

Typically, a tangent method, as described in Note S5.2a, is used to determine the reduction
and oxidation onsets from CV measurements. As it can be seen from the CV oxidation
peaks in Figure S5.7a, determining the tangent is often ambiguous and leaves great scope for
interpretation. To reduce evaluation errors, EVS measurements were used as an alternative
to estimate the HOMO and LUMO levels of OPV materials. In EVS, the onset of reduction
or oxidation is simply defined as the first deviation from the baseline, which significantly
reduces the evaluation uncertainty. Furthermore, EVS is used to measure specifically the
start of the electrochemical reaction and is thus ideally suited to investigate reduction and
oxidation onsets. As shown in Figure S5.7a, the reaction onsets measured in EVS can be
associated with the oxidation and reduction peaks in CV experiments. In the following, the
CV and EVS measurements were evaluated with both methods. The results from the 15
deviation method should be regarded as a lower limit for the energy levels of donor and
acceptor (box), while the tangent method should be considered as an upper limit (whiskers).
Figure S5.7b shows the evaluation of the EVS data for D18 and PMI-FF-PMI, respectively. The
analysis shows that the HOMO levels of both, donor and acceptor, can be determined with
good accuracy regardless of the evaluation method. On the contrary, the determination of the
LUMO level of D18 is difficult due to a delayed reduction onset. The delayed onset leads to a
large discrepancy between the values obtained from the 1! deviation and the tangent method.
To a lesser extent, the same is true for the PMI-FF-PMI acceptor. To avoid this problem the
LUMO levels of both materials were calculated by adding the optical bandgaps Eop: to the
respective HOMO levels. LUMO,, is represented by the yellow bars in Figure S5.7b&ec. It
is worth noting that the delayed reduction onset for the D18 polymer is not displayed in
the CV data and leads to an electrochemical bandgap which is approximately 0.5 eV larger
than the optical bandgap. A similar delayed reductive behavior has been observed for all
the investigated donor polymers (PTB7, PTB7-Th, PBDB-T, PM6, PTQ11, PTZ1). Our results
suggest that CV measurements largely overestimate the LUMO levels of state-of-the-art
donor polymers. Figure S5.7c gives a summary of the derived energy levels for D18 and
PMI-FE-PMI using both methods and evaluation techniques. A comparison of the HOMO
levels suggests that for both donor and acceptor the EVS data exhibits less dependency on
the evaluation method and validates the usage of the EVS method over the CV method.
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Figure S5.7: Electrochemical characterization of D18 and PMI-FF-PMI films. a) Comparison of EVS
and CV measurements of D18 and PMI-FF-PML. b) Summary of the derived HOMO and
LUMO levels from CV and EVS measurements of D18 and PMI-FF-PMLI. c¢) Graphical
illustration of the two discussed evaluation methods. The values obtained from the 15t

deviation and tangent method are indicated by the red and black triangle and diamond
symbols, respectively. The LUMO level, determined from the HOMO level and the
optical bandgap, is highlighted in yellow.

D18:PMI-FF-PMI solar cells fabricated in the inverted structure
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Figure S5.8: J-V-characteristics measured in the dark and under 100 mW cm 2 AM1.5G illumination
of typical D18:PMI-FF-PMI based solar cells prepared in the inverted device architecture
and with different D/ A ratios (see also Table S5.1).

134 / 174



JXU

Chapter 5 5.8. SUPPLEMENTARY INFORMATION UNIVERSITY LINZ

Table S5.1: Characteristic device parameters of D18:PMI-FE-PMI based solar cells prepared in in-
verted architecture (ITO/ZnO/D18:PMI-FF-PMI/MoQO3/Ag). The D/ A weight ratio was
varied from 1:0.66 to 1:1.33.

D:A ratio Voc Jsc FF PCE

(V) (mA cm~?) (%) (%)

1:0.66 best cell 1.26 6.0 57.1 4.32
average 124+001 57+£02 558+11 392+0.21

11 best cell 1.34 7.1 60.1 5.69
average 135+£001 64+05 598+£22 513+032

113 best cell 1.34 5.7 60.9 4.65

average 132+0.03 53=+£03 568+60 4.00+0.51

Light-dependent J-V measurements

a) b)
3]
< B D18:PMI-FF-PMI (1:1) - B D18:PMI-FF-PMI (1:1)
é Linear fit g g —— Linear fit
:?:,\ & Voe = nkgTig In(F',,gh‘]
2 g 185, 1A
o s

o
= S
3 5 13
=1 3
=3 y=a+ba = |Equation yoa by
0 D18 PME-FF-PMI (1:1) 0 Flat CABPMILFF-PMI (1.1}
e NoWeighlrg c Waight Mo Weigting
=3 118346 * [LO0GH @ 1.25- Inercegl 120011 £ 0.00465
[&] 099953 £ 0.00435 (el Siopa 0.09403 2 0.00269
= 1.2BOD4E4 O Residual Sum of Squares 5ABSIBES
(5] ke Peu:am'sl-_ - .5a878
E [ FeSenare foet i u o R Biotrs
& 10 100 10 100
Light intensity (mW/cm?) Light intensity (mW/cm?)
Figure S5.9: Intensity-dependent Jsc and Vpc measurements.
Mobilities
Note S5.3.

The OFET devices were fabricated in a bottom gate, top contact geometry. The aluminum
bottom gate electrode was thermally evaporated onto a glass substrate. A 32 nm aluminum
oxide layer (dielectric layer) was obtained by electrochemical anodization. Benzocyclobutene
(BCB) was used as a dielectric passivation layer. The PMI-FF-PMI acceptor was spin-coated
(33 rps for 30s) from a 9mg/mL chloroform solution resulting in typical thicknesses of
around 75 nm. Finally, aluminum source and drain top contacts were thermally evaporated
resulting in transistors with a channel width W of 2000 pm and a channel length L of 65 pm.
The device structure and the detailed fabrication process of the electrodes and dielectric
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layers are described elsewhere.['¥] In the saturation regime, the drain current I4;,i, can be
described with

WC ,
Lirain = B LOX y:at (Vgate - VTh) ’ (851)

where Coy is the capacitance per unit area, u$" is the electron saturation mobility, Vgate is
the gate and V7, is the threshold voltage. Rearranging Equation S5.1 allows calculating the
saturation mobility y? from the slope of the (Vgate — V1n) 9. v/ldrain plot:

2
sat __ 2L ( am )

He = (55.2)
WCox (Vgate - VTh)
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Figure $5.10: OFET transfer characteristic and saturation mobility. a) Transfer characteristic of a
PMI-FF-PMI OFET. The devices were measured with an Agilent BIS00A semiconductor
device parameter analyzer. The OFET transfer curves were measured by sweeping
the gate voltage from 0 to 15V and back to 0V in 100 mV steps. After each sweep, the
drain voltage was increased by 3 V until a final drain voltage of 15V was reached. The
solid curves indicate the drain current on a logarithmic scale (left y-axis), while the
dashed curves represent the square root of the drain current on a linear scale (right
y-axis). The straight black line indicates the linear fit of \/Tgain. The intersection of the
black line with the x-axis allows to read out the values of the threshold voltage V1y,. b)
The measurements presented in a) were used to derive the saturation mobility curves
following Equation S5.2.
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Bias PL reduction of D18:Y6
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Figure S5.11: Bias dependent Photoluminescence. PL of a high efficient D18:Y6 solar cell with a D/A
ratio of 1:1.6. The detailed device fabrication and characterization of the solar cells are
reported in Reference [51]. Measured PL signal decreases about 8 % upon changing
bias conditions from V¢ to Isc. A further increase to reverse bias conditions (-1 V)
does not alter the PL signal.

D18:PMI-FF-PMI optimization

As shown in Figure S5.12a, varying the D/A weight ratio of D18:PMI-FF-PMI solar cells only
slightly affects the solar cell performance. D/ A blends with a ratio of 1:0.6 exhibit the highest
Jsc values but suffer from a reduced Vpc and FE. On the contrary, if the ratio is changed to
1:1.3 the solar cell FF slightly increases compared to the 1:1 blend, but the Jsc is continuously
reduced. Overall, the optimum performance was found for solar cells with a balanced D/A
ratio of 1:1. No further improvements were obtained upon annealing of the D/ A blend prior
to the evaporation of the top contact. Extraordinary thermal stability of D18:PMI-FF-PMI
solar cells was observed showing no significant change up to annealing temperatures of
200 °C. Pre-heating of the substrates prior to the spin coating process resulted in D/A films
with an increased thickness and is the reason for the slightly reduced FFs in those solar cells.
As seen in Figure S5.12¢, the device structure with PEDOT:PSS as hole transport layer (HTL)
and Ca as electron transport layer (ETL) resulted in solar cells with the best performance.
Inverting the structure and using ZnO as ETL and MoO; as HTL slightly increased the
current but led to reduced V¢ and FF values. Replacing Ca with ETLs like PDIN or PFN-Br
significantly reduced the performance. Most probably the high-work function Ca layer is
needed to form an ohmic contact with the wide-bandgap (high LUMO) acceptor PMI-FF-PMI.
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Various tries

to use different solvents, solvent mixtures or solvent additives did not result in

an improvement in either Voc, Jsc, or FF as depicted in Figure S5.12d-f.
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Figure S$5.12: D18:PMI-FF-PMI solar cell device optimizations. a) J-V-curves of solar cells with

varying D/ A ratios. b) J-V-curves of D18:PMI-FF-PMI 1:1 solar cells upon changing
the annealing temperature and time. The dashed lines represent J-V-curves where the
substrates have been heated prior to the spin-coating process. c) J-V-curves of D18:PMI-
FF-PMI solar cells with different device geometry. d) J-V-curves of D18:PMI-FF-PMI 1:1
solar cells fabricated using different organic solvents and solvent mixtures including
chlorobenzene (CB), chloroform (CF), and dichlorobenzene (DCB). e) J-V-curves of
D18:PMI-FF-PMI 1:1 solar cells using CB and CF as solvents and adding DCB and CB
as respective additives. f) ]-V-curves of D18:PMI-FF-PMI 1:1 solar cells using CB as
a solvent and adding solvent additives like ferrocene (Fc), diiodooctane (DIO), and
N-methyl pyrrolidone (NMP), and diphenyl ether (DPE). The presented J-V-curves are
averaged over at least 6 solar cells.
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Calculation of radiative, non-radiative, and quenching rates

Note S5.4.
According to Equation 5.2, the PLQY of the pristine D18 film can be used to express the ratio
between k,, and k; as

knr B 1-— PLQYpristine

L (S5.3)
kr PLQYpristine

The denominator in Equation 5.2 can be interpreted as the TCSPC lifetime of the pristine D18
film (see Equation S5.5). Therefore, Tmeas 0f D18 can be used to calculate the absolute values
of knr and k;. With the knowledge of k,r and k; the quenching rate k; can be determined from
Equation S5.3 as follows:

kr — kr X PLQYblend — knr X PLQYblend

kg = S5.4
K PLQYypjend (554)

Table S5.2 summarizes the derived values for the D18:PMI-FF-PMI films with varying accep-
tor concentrations from 1 % to 50 %.

Table S5.2: Calculated radiative, non-radiative, and quenching rates of D18:PMI-FF-PMI films with
varying acceptor concentrations. Equation S5.5 was used to calculate 7.

D/Aratio PLQY kn/ki  Tmeas keale keale k& Teae
(%) (au) (ns) s7h sh shH  (ns)

D18 pristine  14.4 59  0.62 232x10% 1.38x10° - 0.62
99:1 11.9 - - 232x10% 1.38x10° 3.4 x10® 051

9:1 6.6 - - 232x10% 1.38x10° 19x10° 0.28

3:1 3.9 - - 232x10% 138x10° 43x10° 0.17

1:1 3.7 - - 232x10% 1.38x10° 47x10° 0.16

TCSPC lifetime of D18:PMI-FF-PMI blends

Note S5.5.
In a simple model, the denominator of Equation 5.1 can be identified as the PL lifetime (1) of
a D/A blend:

1 1

T (S5.5)

The calculated lifetime T, can be derived from the rate constants derived as described
in Note 55.4 and presented in Table 5.3. A comparison of the measured and calculated
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lifetimes of the three 99:1 D/A films as shown in S5.3 indicates that the measured lifetime
is significantly larger than the calculated one for all the investigated blends. The large
discrepancy between the measured and calculated lifetime suggests that Equation S5.5 has to
be adapted to describe the measured lifetime in a TCSPC measurement. Strong emission from
pristine donor domains is expected for D18 films with a low acceptor concentration of 1 %.
The unbalanced D/ A ratio of 99:1 gives rise to large D18 domains exceeding the diffusion
length of photogenerated excitons. Therefore, we propose that the measured TCSPC lifetime
of any D18 film with 1 % acceptor concentration is a weighted average, consisting of two
contributions according to

1

T R TR

Tmeas = Wp X TD +WB X T = W (55.6)

PERP R,
The weight coefficient wp represents the emission contribution of excitons created within
large domains of D18. With the domain sizes larger than the exciton diffusion length, the
excitons are not able to reach a D/ A interface (kq = 0) and are forced to recombine into the
ground state. The weight coefficient wg represents the emission contribution of excitons
that are created within the diffusion length of a D/A interface and have a chance to form a
charge-transfer state with a quenching rate kq. Accordingly, the TCSPC lifetime of a D18:PMI-
FF-PMI blend (99:1) with large domain sizes and a moderate quenching rate is expected
to approach the PL lifetime of the pristine D18 film. For films with high quenching rates
(D18:Y6 or D18:PCyBM), a reduction of the measured lifetime can be realized as depicted
in Figure 5.5¢c. However, even for highly efficient D/ A blends the emission of pristine D18
domains affects the measured lifetime, as indicated by the large difference between Tmeas
and Tyc. With a similar approach, it is possible to explain the TCSPC results presented in
Figure 5.5a&b. As discussed in the experimental section, the lifetimes of the D18:PMI-FF-
PMI blend films with varying acceptor concentrations are found in between the lifetimes
of the pristine donor and acceptor. This can be explained by the fact that the PL of the
D18:PMI-FE-PMI solar cell with an optimized BH] morphology is entirely dominated by
singlet emission of pristine donor or acceptor. From the bias PL measurements in Figure 5.4b
we know that the PL signal is insensitive to an applied bias (Isc vs. Voc conditions). The
minimal detectable change in PL intensity of the experimental setup is assumed to be 1 %.
Accordingly, the insensitivity of the bias-PL signal of D18:PMI-FF-PMI suggests that more
than 99 % of the emission stems from bias-insensitive singlet emission and that the radiative
recombination of free charge carriers via the CT-state accounts for less than 1 % of the total
emission. Consequently, the measured PL lifetime in TCSPC experiments is expected to be
a weighted average of the pristine donor and pristine acceptor lifetimes. In this case, the
summation in Equation S5.6 has to be extended with an acceptor term (wD X 74). For blends
with a low quenching rate such as D18:PMI-FF-PMI, the third term in Equation S5.6 does
not lead to a significant reduction of the lifetime. Thus, the measured lifetime is governed

by the weighted average of the pristine lifetimes of donor and acceptor, as confirmed by the
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experimental results in Figure 5.5a&b. Moreover, changing the detection wavelength from
650 (PMI-FF-PMI emission peak) to 700 nm (D18 emission peak) allows manipulating the
weight coefficients wp and wa. Consequently, the lifetime of the D18:PMI-FF-PMI 1:1 blend
(yellow curve in Figure 5.5a) is significantly increased compared to the pristine D18 lifetime
due to the increased PMI-FF-PMI emission at a detection wavelength of 650 nm. In contrast,
at a detection wavelength of 700 nm (enhanced D18 emission), the lifetimes of the 1:1 blend

and the pristine D18 film are almost identical as shown in Figure 5.5b.

Table S5.3: Measured and calculated PL lifetime of different D/A blends. Equation S5.5 was used to
calculate 7, from the rates summarized in Table 5.3.

D/A blend D/Aratio Tmeas  Tealc

(ns)  (ns)

Pristine D18 1:0 0.62 0.62

D18:PMI-FF-PMI 99:1 0.62 0.51
D18:Y6 99:1 035 <0.04
D18:PC71BM 99:1 045 <0.04

Solar cell performance in % of the SQ limit

Table S5.4: Measured photovoltaic parameters of D18:PMI-FF-PMI, D18:Y6, and D18:PC7BM solar
cells in comparison with their respective parameters in the SQ limit.

Voc Jsc FF PCE
(V)  (mAcm=2) (%) (%)

measured 1.41 6.09 60.9 5.34
D18:PMI-FF-PMI SQ limit 1.72 14.25 923 226
% of SQ limit  82.0% 42.7% 66.0% 23.6%

measured 0.87 24.46 70.5 15.2
D18:Y6 SQ limit 1.09 33.98 89.0 332
% of SQ limit  79.8% 72.0% 79.2% 45.6%

measured 0.98 11.26 71.4 8.0
SQ limit 1.48 20.07 91.3 27.1
% of SQ limit 66.1% 56.1% 782% 29.3%
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Charge injection model
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Figure S5.13: Charge carrier injection. a) Schematic sketch of the electron injection into the D/A
blend from a high work function metal electrode. Due to the small energetic offset
between the LUMO levels of donor and acceptor, the electron injection into the LUMO
level of the donor is possible at a large forward bias. b) ELQY measurements of pristine
D18 and D18:PMI-FF-PMI 1:1 devices versus the applied voltage.

Triple junction EQEpy optimization potential
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Figure S5.14: Optimization potential of an all-organic triple-junction solar cell. a) The measured
EQEpy spectra of D18:PMI-FF-PMI, PBDBT-2F:IT-4F, and PTB7-Th:COTIC-4F solar
cells. The EQEpy of the PTB7-Th:COTIC-4F was taken from Reference [142].

Note S5.6.

The single-junction solar cells D18:PMI-FF-PMI, PBDBT-2F:1T-4F, and PTB7-Th:COTIC-4F
were chosen as possible candidates for an application in triple junction devices. The pho-
tovoltaic parameters of the solar cells are summarized in Table S5.5. As discussed in the
introduction, the PTB7-Th:COTIC-4F device shows strong optical absorption until approxi-
mately 1100 nm, which makes this solar cell an ideal candidate for the small-bandgap sub-cell
of a triple-junction device. The EQEpy of this device was extracted from the data presented
in Reference [142]. The EQEpy of D18:PMI-FF-PMI and PBDBT-2F:IT-4F were measured with
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the EQEpy setup described in the methods section. The single-junction EQEpy spectra were
used to derive a simple model to estimate the efficiency of the triple-junction device. We
assume that the Voc of the triple-junction device is the sum of the open-circuit voltages of
the sub-cells and that the FF of the triple-junction device is the average of the observed FFs
of the individual sub-cells. Furthermore, the current of the triple junction device is limited
by the minimum current of the three sub-cells, which highlights the importance of “current
matching” of the individual sub-cells. In our simple model, the short circuit currents of
the sub-cells are calculated by integrating the product of the EQEpy and the AM1.5G solar
spectrum within the spectral boundaries highlighted in Figure S5.14a (shaded area under
the curves). Once again it should be emphasized that this model is derived to give a rough
estimate of the triple-junction device performance. Optical modeling would be necessary to
incorporate interference or layer thickness effects. The model also assumes that all the light
within the spectral absorption region of the front and middle sub-cells is absorbed and is not
transmitted to the sub-cells below. With these assumptions, a power conversion efficiency of
10.6 % is derived for this specific triple-junction stack. According to our model an impressive
Voc around 2.85V, a Jsc around 5.8 mA cm 2, and a FF around 64 % can be expected from
the measured single-junction EQEpy spectra. As shown in Figure S5.14a, the currents of
the sub-cell are not ideally matched and lead to a serious performance decrease. The large
current mismatch could be reduced by increasing the EQEpy of the D18:PMI-FF-PMI and
PTB7-Th:COTIC-4F sub-cells. Further improvements of wide and small-bandgap sub-cells
can substantially boost the overall performance as shown in Figure 55.14b&c. Assuming a
maximum EQEpy of 70 % in combination with an increased average FF of 70 % significantly
reduces the current mismatch and allows for PCEs around 15 %. In an optimization scenario,
where the EQEpy maximum of all the sub-cells is improved to 85 % and with an increased
average FF of 75 %, PCEs beyond 20 % seem feasible. EQEpys of 85 % and FFs of 75 % have
been reported for state-of-the-art single-junction cells and are thus considered as best-case
scenarios for D18:PMI-FF-PMI and PTB7-Th:COTIC-4F sub-cell optimization.

Table S5.5: Measured photovoltaic parameters of D18:PMI-FF-PMI, PBDBT-2F:IT-4F, and PTB7-
Th:COTIC-4F solar cells. PTB7-Th:COTIC-4F data has been taken from the ESI of Refer-

ence [142].
Material Voc Jsc FF PCE
(V) (mAcm™2) (%) (%)
D18:PMI-FE-PMI  1.41 6.1 61 5.3
PBDBT-2F: IT-4F  0.87 20.1 70 122
PTB7-Th:COTIC-4F 0.57 23.1 60 7.8
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Device fabrication of solar cells in the inverted structure

Note S5.7.

A zinc oxide precursor solution was prepared by dissolving 0.5 g zinc acetate dihydrate in
5mL 2 methoxyethanol and 150 pL ethanolamine followed by stirring for at least 12h. The
filtered (PVDF syringe filter, pore size: 0.451um) precursor solution was spin-coated onto
patterned, cleaned and plasma etched glass/ITO substrates (15 x 15 x 1.1 mm?, 15Q/ sq,
Luminescence Technology Corp.) at 4000 rpm for 30 s and afterward annealed at 150 °C for 15
minutes in air. The donor/acceptor solutions in chlorobenzene were prepared in an N, filled
glove box with D/ A weight ratios of 1/0.66,1/1, and 1/1.3 by mixing the respective amounts
of 10mg/mL stock solutions of donor and acceptor. Before mixing, the stock solutions were
stirred overnight at 70 °C. The spin coating was performed using hot solutions and substrates
(85°C). The solar cell fabrication was completed by thermal evaporation of MoO; (10 nm)
and Ag (100nm) layers at a pressure of 1 x 107> mbar. J-V-characteristics were recorded
under a nitrogen atmosphere using a Keithley 2400 SMU and a LabView-based software.
[lumination (100 mW cm~2) was provided by a Dedolight DLH400 lamp, calibrated using a
monocrystalline silicon WPVS reference solar cell (Fraunhofer ISE). The active area of the

solar cells was defined by a shadow mask (2.65 x 2.65 mm) used for the illumination.
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Chapter 6

Optimization of D18:PMI-FF-PMI

6.1 Introduction

In the previous chapter, we have analyzed organic solar cells based on the novel NFA PMI-FF-
PMI. In combination with the donor polymer D18, the wide bandgap acceptor PMI-FF-PMI
enables organic solar cells with extraordinarily high open-circuit voltages of 1.41 V. It was
shown that the effective bandgap of about 2.02 eV in combination with the extremely high
Voc makes D18:PMI-FF-PMI solar cells ideal candidates for the application in organic triple-
junction devices. The limited Jsc was identified as the main parameter hampering the device
performance of D18:PMI-FF-PMI solar cells. This limitation is even more critical in tandem
or triple-junction devices since the total device current is equal to the lowest current of the

individual subcells.

As discussed in Section 5.5, optimization efforts trying to increase the EQEpy or Jsc of the
D18:PMI-FF-PMI solar cells did not lead to a significant improvement. The optimization
attempts were mainly focused on improving the D/A morphology by common processing
techniques like (post-) annealing, solvent additives, solvent mixing, varying D/A ratios,
or the processing temperatures. The low driving force for CT formation was determined
as the main factor restricting the maximum EQEpy of D18:PMI-FF-PMI solar cells. While
this finding in general remains valid, a direct comparison between D18:PMI-FF-PMI solar
cells in the “standard” and “inverted” device architecture indicates the potential to improve
the Jsc. Figure 6.1 compares the J-V measurements of the best cells in the standard (ITO/
PEDOT:PSS/D18:PMI-FF-PMI/Ca/Al) and inverted (ITO/ZnO/D18:PMI-FE-PMI/MoQO3/
Ag) device architecture initially presented in the previous chapter. In accordance with the
findings of Chapter 5, both device geometries exhibit moderate EQEpy values below 60 %.
However, the solar cells in the inverted geometry with ZnO as ETL show higher Jsc values.
At the same time, the Voc of this devices is significantly lower leading to a similar PCE.
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Figure 6.1: Left: Comparison of the |-V characteristic of D18:PMI-FF-PMI solar cells in the stan-
dard and inverted device geometry. Right: Summary and comparison of the derived
photovoltaic parameters.

These findings raise the question of whether an optimum device geometry can be achieved,
where Jsc and Voc can be maximized at the same time. The exceptionally low work func-
tion of Ca (2.9 eVI10l) jg thought to be responsible for the enhanced V¢ in the standard
configuration. An electrode material with an extremely low work function seems to be
beneficial to form a “good” (ohmic) contact with the high LUMO level of the wide bandgap
acceptor PMI-FF-PMI. The ZnO work function is reported between -4.1 and -4.3 eV!168-170]
and is most likely significantly lower than the Ca/Al WE. The WF of the Ca/Al interlayer is
expected to lie between the WF of the two pristine metals (between -4.3 and -2.9 eV).l'! An
effective work function of 3.7 eV has been reported for a Ca/Al contact, which is comparable
to the determined LUMO level of PMI-FF-PMI and could explain the superior Voc in Ca/Al
devices.'”!l The reported WF levels are graphically summarized in Figure 6.2. In order to
replace the Jsc-limiting calcium layer, while maintaining the high Voc of D18:PMI-FF-PMI
devices, an alternative interlayer has to be developed which is capable of increasing the
work function of aluminum to a similar extent. It has been shown that polymers like PEIE or
PFN-Br can reduce the work function of ITO or ZnO layers by forming dipole moments on

the electrode surface.[80172,173]

In the course of optimizing the electron injection layer in OLEDs, Ohisa et al. have recently
demonstrated that a 1:1 blend of PEIE and PFN-Br reduces the WF of ZnO nanoparticles
more effectively than using either PEIE or PFN-Br as interlayer.'”4l In fact, the work function
of unmodified ZnO NPs (4.21 eV) could be reduced to ~3.7 eV by inserting either a PEIE
or PFN-Br interlayer, while the blend of PEIE:PFN-Br surprisingly decreased the WF of the
ZnO NPs to values of 3.46 eV. This synergetic WF reduction effect is not fully understood.
According to the authors, the enhanced WF reduction of the blend could be explained by the
compliment WF reduction effects of both PEIE and ionic functionalities of PEN-Br. Inspired
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by this result, the PEIE:PFN-Br blend is investigated as a potential alternative to the calcium
ETL of D18:PMI-FF-PMI solar cells in the “standard” device architecture.

2.5 PFN-Br i) ZnO/PFN-Br or ZnQO/PEIE
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Figure 6.2: Estimated work functions of ETL-modified and pristine contact materials. The WF data
for Ca and Al is taken from Reference [101]. The WF data for sol-gel ZnO and ZnO
modified (ZnO/PEIE, ZnO/PFN-Br and ZnO/PEIE:PFN-Br(1:1)) electrodes is taken from
References [168] and [174]. In addition, the HOMO and LUMO level of D18:PMI-FF-PMI
is depicted.

6.2 Experimental Notes

Addendum: Materials & device preparation

The device preparation of the reference D18:PMI-FF-PMI solar cells (ITO/PEDOT:PSS/AL/
Ca/Al) was done according to the recipe reported in Section 5.3. The devices with PEIE:PFN-
Br electron transport layer were prepared analogously. Before evaporating Al top contacts a
0.9 mg/mL PEIE:PEN-Br solution in methanol (MeOH) was spin-coated on top of the active
layer (30 s/2000 rpm /2000 rpm s7). The PEIE 5 mg/mL Master solution in MeOH described
in Section 2.3.2 was mixed with a 0.5 mg/mL solution of PFN-Br in MeOH using a volume
ratio of 1:10 in order to obtain a 0.9 mg/mL solution of PEIE:PFN-Br with a mass ratio of
1:1.
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6.3 Results & Discussion

6.3.1 Optimization of D18:PMI-FF-PMI Solar Cells
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Figure 6.3: Photovoltaic performance of D18:PMI-FF-PMI devices using PEIE:PFN-Br and Ca as ETL.

As indicated by the J-V measurements shown in Figure 6.3a, the PEIE:PFN-Br interlayer
allows the fabrication of D18:PMI-FF-PMI solar cells with high Vc. In fact, devices with a
PEIE:PFN-Br interlayer even showed slightly higher Voc values than the reference devices
using Ca as ETL. These results suggest that the PEIE:PFN-Br blend tremendously decreases
the work function of Al to extremely low values, which are comparable to those obtained
using a thin Ca ETL. Moreover, the implementation of PEIE:PFN-BR significantly increased
the Jsc of D18:PMI-FF-PMI (1:1) solar cells by almost 2mA cm™. The FF of these devices is
slightly worse compared to Ca devices. Eventually, this effect could be reduced by further
optimization of the novel PEIE:PFN-Br interlayer in terms of e.g. thickness or processing
conditions. Nevertheless, the improved Jsc already significantly boosts the overall PCE of
PEIE:PFN-Br devices above 6 % and could be further improved to around 7 % if the FF of
the Ca device can be maintained. EQEpy measurements of PEIE:PFN-Br devices confirm
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the observed Jsc increase. As shown in Figure 6.3c, the EQEpy is increased over the entire
absorption region of the D18:PMI-FF-PMI blend and reaches a maximum value of almost
60 %. The semi-logarithmic plot in Figure 6.3d shows that the sub-bandgap EQEpy behavior
of D18:PMI-FF-PMI solar cells is unaffected by the variation of ETL. Similarly, no significant
change in the emissive properties (EL, PL) was observed (not shown here).

As depicted in Figure 6.4a, the variation of the PEIE:PFN-Br concentration strongly affects the
interlayer thickness and the overall performance of D18:PMI-FF-PMI solar cells. A too thick
PEIE:PFN-Br interlayer (1.96 mg/mL) leads to a severe S-shaped J-V-curve. This behavior
is indicative of a hindered charge extraction and a pile-up of charges at the contact. Here, a
severe increase in the serial resistance due to a thick insulating PEIE:PFN-Br film is thought to
be responsible for the observed behavior. Reducing the film thickness below 10 nm eliminates
the conductivity problem due to an enhanced tunneling probability of electrons and prevents
the formation of an S-shaped J-V-curve. A concentration of 0.09 mg/mL is thought to result
in either no film or too thin films, leading to a similar performance as shown in Figure 6.4b

for solar cells with no ETL.

In order to compare the effect of different ETL /metal contacts, additional solar cells with
no ETL/Al, PFN-Br/Al, and PEIE:PFN-Br/Ag were prepared and compared to the Ca/Al
and PEIE:PFN-Br/Al devices. The direct comparison of the presented solar cells in Figure
6.4b allows us to evaluate the Voc and estimate the WF enhancement effects of the different
ETLs. The device with bare Al electrodes suffers from a significantly reduced Vpoc due to the
low WF of Al Insertion of a PFN-Br interlayer boosts the V¢ to values around 1.3V, which
is however still significantly lower than the V¢ of Ca or PEIE:PEN-Br devices. The WF of
silver is thought to be slightly lower than Al (~4.6eVI1%), which could explain the reduced
Voc in the PEIE:PFN-Br/Ag solar cells compared to their PEIE:PFN-Br/Al counterparts.
Interestingly the synergetic WF enhancement of PEIE:PFN-Br apparently achieves lower WFs
with Ag electrodes than pristine PFN-Br in combination with AL

Since the PEIE:PFN-Br blend was initially developed in combination with ZnO NP we have
investigated the incorporation of PEIE:PFN-Br in D18:PMI-FF-PMI solar cells in the inverted
device geometry (ITO/ZnO/AL/MoOs/Ag). Here, PEIE:PFN-Br is used as an additional
interlayer on top of the ZnO film. A comparison of the device performance of solar cells with
pristine ZnO, ZnO/PEN-Br, and ZnO/PEIE:PEN-Br is presented in Figure 6.4c. Once again
the lowering of the contacts WF continuously increases the Voc of the device. Extremely
high Vo values of 1.42 V have been found. Moreover, solar cells in this device architecture
showed the highest FF (>62 %) of all measured D18:PMI-FF-PMI solar cells.
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Figure 6.4: |-V characteristics of D18:PMI-FF-PMI solar cells with varying PEIE:PFN-Br thickness,
varying ETL materials and in the inverted device geometry.

6.3.2 Universality of the PEIE:PFN-Br Interlayer Approach

Having demonstrated the beneficial effect of PEIE:PFN-Br interlayers on the solar cell per-

formance of D18:PMI-FF-PMI leads to the question of the universality of this approach. To

that end, Figure 6.5 compares the photovoltaic performance of other D/A systems upon
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the incorporation of PEIE:PFN-Br as ETL. D18:PC7BM was chosen as a representative of a
high-performance fullerene-based solar cell, while the established D/A combination PTB7-
Th:EH-IDTBR was chosen as an alternative NFA-based system.

As shown in Figure 6.5a the D18:PC7 BM/PEIE:PFN-Br/Al device showed comparable
performance to the Ca/ Al reference device. The PEIE:PFN-Br ETL had a positive effect on
the Voc and Jsc but led to a decreased FF. Thus, the overall PCE of both devices is almost

identical.

Figure 6.5b shows that the J-V-curve of the PTB7-Th:EH-IDTBR/PEIE:PFN-Br/ Al device
exhibits a slight S-shape giving rise to a very low FF value. Hence, despite increasing its Jsc
and Vpc compared to the Ca/Al reference device, the overall photovoltaic performance of
the PEIE:PFN-Br/Al device is lower. Interestingly, if the electrode material is changed from
Al to Ag, the S-shape completely vanishes and the measured FF values are even higher than
those of the Ca/ Al control device. In combination with a significant increase of Voc and Jsc
the PCE of the PEIE:PFN-Br device increases impressively from around 6 to 9 %.
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Figure 6.5: |-V characteristics of D18:PC;;BM and PTB7-Th:EH-IDTBR in combination with the
PEIE:PFN-Br electron transport layer.
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6.4 Summary & Conclusion

To conclude, we have reported the applicability of the polymer blend PEIE:PFN-Br as a
suitable electron transport layer in organic solar cells. The combination of these two well-
known surface-modifying interlayers was first studied by Oshia et al. as a low-WF electron
injecting layer for OLEDs.['74] In addition to the reported capability of modifying the WF of
ZnO nanoparticle films, we have shown that PEIE:PFN-Br interlayers can be successfully
used to modify the WF of ZnO sol-gel films or metal electrodes (e.g. Al, Ag). The high LUMO
level of the PMI-FF-PMI acceptor requires a low WF electrode interface such as calcium to
form a good ohmic contact. The sensitivity of the D18:PMI-FF-PMI solar cell’s Voc on WF
variations could be used to qualitatively estimate the WF lowering effect of different ETLs.
The reported synergetic WF reduction effect of the PEIE:PFN-Br blend could be confirmed
and was exploited to optimize the photovoltaic performance of D18:PMI-FF-PMI solar cells.
Compared to devices with Ca/Al electrodes the EQEpy could be significantly improved,
while the exceptionally high V¢ of the Ca devices could be maintained. As discussed in
Section 5.5, these minor improvements in the EQEpy are of paramount importance for the
application of D18:PMI-FF-PMI in organic triple-junction solar cells. Moreover, the benefit of
incorporating a PEIE:PFN-Br interlayer instead of the widely used Ca interlayer has been
demonstrated for other D/ A systems underlining the general validity of this approach. Both,
devices based on another donor:NFA combination (PTB7-Th:EH-IDTBR) and a D18:fullerene
blend (D18:PC7BM) have shown a similar or better performance when using PEIE:PFN-Br
as ETL.
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Summary & Outlook

A comparison with state-of-the-art inorganic or perovskite solar cells allows us to identify the
enhanced open-circuit voltage loss of organic solar cells as one of the main factors limiting
their overall power conversion efficiency. Therefore, in this thesis, special emphasis has
been placed on investigating the open-circuit voltage losses of state-of-the-art as well as
newly developed OSCs. Particularly, the non-radiative voltage loss of OPV devices has
to be reduced in order to close the gap to their inorganic or perovskite counterparts. The
loss mechanisms in the D/ A blend D18:Y6, which is considered one of the most efficient
NFA-based OSCs to date, were investigated and compared to devices based on D18:PC7BM
blends. The direct comparison between the two devices based on the same donor polymer
highlights the differences in photovoltaic and optical performance between the intensively
investigated fullerene acceptor (PC71BM) and a representative of the new class of efficient
NFAs based on the Y-series (Y6). Besides the apparent increase of the spectral absorption
range due to the NIR absorption of the Y6 acceptor, the excellent luminescence properties of
this new family of acceptors seem to separate them from their fullerene-based counterparts.
Moreover, the ability to fine-tune the energy level alignment in polymer:NFA blends allows
reducing the HOMO-HOMO offset in these systems. In accordance with the so-called
three-state model a strong electronic coupling and a decreased energy offset result in a
hybridization of localized exciton and charge transfer states which is thought to significantly
improve the radiative efficiency. Thus, the reduced non-radiative voltage loss is caused by the
improved electroluminescence quantum yield according to the respective reciprocity relation.
In addition, the three-state model predicts that the maximum radiative efficiency of the solar
cell is ultimately limited by the radiative efficiency of the low-bandgap component, which
suggests to focus novel NFA design strategies on improving their luminescence properties.
The validity and conclusions drawn from the three-state model are still under debate. It
should be noted that the results of the high-performance blend D18:Y6 presented in this
thesis are in good agreement with the predictions of the three-state model and support its
validity.
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In general, it has been observed that a stepwise reduction of the energetic offsets to increase
the radiative efficiency will at some point result in a decrease in the Jsc as the driving force
for CT formation and dissociation is thought to scale with the energy offsets. Therefore, the
critical question arises on how these new D/ A blends are capable of efficiently forming and
separating CT states despite minimal energetic offsets. Although several studies suggest
the important role of intermolecular electrostatic fields and/or enhanced exciton diffusion
due to an efficient energy transfer from donor to acceptor, the secret behind the success of
current acceptors based on the Y-series remains ambiguous. However, the current extensive
research effort of analyzing the prototypical NFA Y6 may lead to the elucidation of the
relevant mechanisms, which can subsequently be transferred to other classes of NFAs.

A unique selling point of OPV is the broad variety and tunability of organic materials.
Especially the possibility to tune the bandgap of organic semiconductors allows developing
solar cells with tailor-made spectral absorption properties. These properties in combination
with the simple, solution-based fabrication process make organic solar cells prime candidates
to be employed in tandem and multi-junction devices. The great advantage of multi-junction
devices with different optical bandgaps is the reduction of the fundamental thermalization
loss compared to single-junction devices. Therefore, the development of multi-junction OSCs
can be considered as a complementary approach aiming to minimize the Voc deficit of
OSCs compared to other inorganic or perovskite PV technolgies. With an effective bandgap
around 2 eV and an extremely high V¢, the novel D/ A blend D18:PMI-FF-PMI constitutes
an ideal candidate for the application as a wide-bandgap sub-cell in all-organic triple-junction
applications. However, a detailed photovoltaic and spectroscopic analysis of the D18:PMI-
FF-PMI system suggests that the charge generation in this D/A blend is limited by a low
driving force for charge transfer state formation. The limited Jsc/EQEpy was thus identified
as the main parameter hampering the device performance of D18:PMI-FF-PMI solar cells.
This limitation is even more critical in tandem or triple-junction devices where the total
device current is equal to the lowest current of the individual subcells. Encouragingly,
by optimizing the device geometry the EQEpy of D18:PMI-FF-PMI solar cells could be
enhanced by about 10 %. At the current development stage, organic triple-junction devices
incorporating D18:PMI-FF-PMI subcells are expected to reach efficiencies of about 15 % with
Voc values of almost 3 V. Improvements in the field of NIR absorbing OSCs as well as further
development of the D18:PMI-FF-PMI are needed to significantly boost the triple-junction
performance beyond 20 %.

Based on the gained knowledge from the high-performance material combination D18:Y6
and findings from the detailed analysis of D18:PMI-FF-PMI solar cells, the following de-
sign strategies to improve the performance of future wide-bandgap PMI-linker-PMI based
acceptors can be formulated:
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* Halogenation (e.g. PMI bay-positions) of the PMI-FE-PMI acceptor could improve the
driving force for CT state formation and improve the EQEpy. Furthermore, halogenation
could reduce the LUMO level of the PMI-FF-PMI acceptor and might help to improve
the air stability of the D18:PMI-FF-PMI solar cell.

¢ Reducing the steric hindrance by replacing the 2,6-diisopropylphenyl group with less
bulky side chains could improve the 7-7r-overlap and increase the electron mobility
and FF of the solar cell. However, one should be aware that this approach could
negatively impact the solubility and film formation properties due to a pronounced
stacking behavior.

* It could be beneficial to increase the bandgap of the acceptor to realize complementary
absorption. In addition to increasing the absorption in the UV-blue region of the
spectrum, the complementary absorption should improve the FRET efficiency, which
has been shown beneficial for Y6 based solar cells. A straightforward approach could
be to replace the PMI units with smaller naphthalene imide units.

¢ The high-performance Y6 acceptor employs an A-D-A’-D-A structure in contrast to the
A-D-A structure of PMI-FF-PMI. In addition to testing a variety of new donor-type
linker molecules, one could try to incorporate linkers with a D-A’-D structure mirroring

the successful structure of Y6.

To conclude the discussion of the novel PMI-FF-PMI acceptor it should be emphasized that
D18:PMI-FE-PMI solar cells match extremely well with common 2700 K LED light sources
and could be an intriguing candidate for indoor-PV applications. However, within the scope
of this PhD work, no tests under these light conditions have been performed. Therefore,
evaluating the potential of D18:PMI-FF-PMI solar cells under indoor illumination could be

an interesting subject of future studies.

To sum up the current state of OPV from a bigger perspective, the demonstration of high-
performance devices with PCEs >20 % is only the first step towards the commercialization
of organic solar cells. The gained knowledge from developing and characterizing these
high-performance devices has to be applied to reduce the synthetic complexity (i.e. cost) of
current OPV materials in combination with improving the device stability. Only when the
three requirements of efficiency, cost, and lifetime can be fulfilled satisfactorily, broad com-
mercialization of the OPV technology seems feasible. Therefore, with the impressive boost
in device efficiency in recent years, the focus of future research efforts should be primarily
shifted on device stability and evaluation of the scale-up potential of high-performance OPV
materials.
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Nomenclature

Technical Abbreviations

AFM
AM1.5G
APT NMR
BH]J

CE

CT

Ccv
D/A
EL
ELQY
EQEpy
ERE
ESP
ETL
EVS

FA

FF
FRET
GS
HOMO
HTL

atomic force microscopy

air mass 1.5 global spectrum
attached proton test nuclear magnetic resonance
bulk heterojunction

counter electrode

charge transfer

cyclic voltametry

donor:acceptor

electroluminescence
electroluminescence quantum yield
photovoltaic external quantum efficiency
external radiative efficiency
electrostatic potential

electron transport layer
electrochemical voltage spectroscopy
fullerene acceptor

electrical fill factor

Forster resonant energy transfer
ground state

highest occupied molecular orbital
hole transport layer

short-circuit current
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IoT
IQEpy
IRF
ITO
Jsc

LE
LED
LP
LUMO
MALDI-TOF
NFA
NHE
NP
NREL
OFET
OPrV
OsC
PCE
PDI

PL
PLQY
PMI
PV

QE

RE
SMU
SQ
TCSPC
UuPs
UV-vis-NIR
Voc
WE
WEF

internet of things

photovoltaic internal quantum efficiency
instrument response function

indium tin oxide

short-circuit current density

local exciton

light emitting diode

long-pass

lowest unoccupied molecular orbital
matrix-assisted laser desorption/ionization-time of flight
non-fullerene acceptor

normal hydrogen electrode
nanoparticles

National Renewable Energy Laboratory
organic field effect transistor

organic photovoltaics

organic solar cell

power conversion efficiency

perylene diimide

photoluminescence
photoluminescence quantum yield
perylene monoimide

photovoltaics

quenching efficiency

reference electrode

Source Meter Unit (Keithley 2401)
Shockley and Queisser

time-correlated single-photon counting
ultraviolet photoelectron spectroscopy
ultraviolet-visible-near infrared
open-circuit voltage

working electrode

work function
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